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 a b s t r a c t

The electron screening effect was studied in the 1H(7Li,𝛼)4He, 2H(6Li,𝛼)4He, 2H(6Li,p0)7Li and 2H(6Li,p1)7Li nu-
clear reactions on thin Ti, thick Pd and thin amorphous carbon targets containing hydrogen and deuterium. In the 
first three reactions, we measured high electron screening potentials for all targets that are significantly above 
the theoretical upper limit given by the adiabatic model, but in the last reaction we did not detect any enhance-
ment of the cross section due to electron screening. This is the first time that different screening potentials were 
measured for the p0 and p1 reaction channels.

1.  Astrophysical motivation

The study of charged-particle-induced nuclear reactions at astro-
physical energies as a means of element production in the universe has 
been the focus of comprehensive theoretical and experimental research. 
While the predictions of Standard Big-Bang Nucleosynthesis (SBBN) 
theory [1,2] and stellar nucleosynthesis can explain the production of 
nearly all elements of the periodic table, the unresolved “Cosmologi-
cal Lithium Problem” presents a significant challenge. In particular, the 
severe discrepancy between SBBN predictions and the abundances of 
lithium isotopes (6Li and 7Li) observed from metal-poor stars has yet 
to be resolved [3]. The role of lithium destruction in understanding the 
abundance problem is undeniable: it may be enhanced by unknown or 
poorly measured resonances or other unknown effects that increase re-
action rates [4]. Moreover, in the context of stellar nucleosynthesis, the 
7Li(p,𝛼)4He reaction is the final step in the hydrogen-to-helium burn-
ing chain [5], contributing to approximately 10% of the energy bud-
get provided by the whole proton-proton chain [5,6]. To match precise 
abundance observations with a theory, we need to enhance our under-
standing of nuclear reaction processes at low energies.

In the case of charged-particle-induced nuclear reactions at energies 
relevant to astrophysics (well below the Coulomb barrier), the cross sec-
tion (𝜎(E)) decreases steeply as the reaction energy (E) decreases. This 
decrease is due to the strong repulsive Coulomb barrier in the entrance 
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channel, which can only be overcome by the tunneling effects. However, 
when tunneling through the potential barrier, the probability of the re-
action taking place drops sharply as beam energy decreases, making the 
study of nuclear reactions at astrophysical energies very challenging. 
Indeed, low energy cross-sections are usually estimated by an extrapo-
lation of the energy dependence of 𝜎(E) measured at higher energies. 
To simplify extrapolation, the astrophysical S(E) factor is usually intro-
duced: 
𝜎(𝐸) =

𝑆(𝐸)
𝐸

𝑒−2𝜋𝜂 . (1)

S(E) contains all nuclear effects and, differently from the cross section, 
in the case of non-resonant reactions varies smoothly with energy [4]. 
Here 𝐸 denotes the center-of-mass energy and 𝜂(E)=Z1Z2𝛼(𝜇c2/2E)1∕2
is the Sommerfeld parameter (Z1 and Z2 are atomic numbers of the target 
and projectile, 𝛼 is the fine structure constant, 𝜇 is the reduced mass, and 
c is the velocity of light). However, a drawback of extrapolation is that 
it can fail to predict important contributions to the excitation functions 
such as sub-threshold and low-energy resonances.

In Eq. (1), it is assumed that the Coulomb potential between the 
target nucleus and the projectile arises from bare nuclei. However, in 
nuclear reactions induced by charged low-energy particles, atomic elec-
trons can play a role by screening the nuclear charge. Consequently, 
instead of decreasing with projectile energy as in the case of bare nu-
clei, due to the presence of electrons the barrier penetrability is constant 
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below a certain energy, leading to an increase in the measured cross sec-
tion at astrophysical energies. This effect is known as electron screening 
and was anticipated for classical plasmas [7] in the 1950s and experi-
mentally observed 30 years later in nuclear reactions on gaseous targets 
[8]. Theory provides an upper limit for the electron screening potential 
(𝑈𝑒) (the adiabatic limit) for which the reduction of the Coulomb barrier 
can be estimated as a gain in electron binding energy before and after 
fusion [9]. However, numerous research groups (see Refs. [10–18] and 
references therein) have reported values for electron screening poten-
tials significantly higher than the adiabatic limit. The potentials mea-
sured in gas targets, where only bound atomic electrons contribute, are 
consistent with the adiabatic limit [12]. The situation changes, however, 
for metallic targets, where the main contribution to the screening energy 
results from quasi-free conduction electrons. Experiments on solid tar-
gets have shown that electron screening is particularly strong when light 
target nuclei are embedded in metals [10–14,16–18]. In these cases, a 
strong material dependence of screening energies was observed, and val-
ues more than one order of magnitude higher than the corresponding 
adiabatic limit were measured [17,18]. The theoretical approach based 
on the self-consistent dielectric function theory [15,19], taking into ac-
count polarization of free and bound electrons as well as the contri-
bution of cohesion energy may correctly describe high material depen-
dence, but fails by a factor of about three in absolute values of screening 
energies. Large electron screening was measured for the d+d reaction 
in different metallic environments [10–12], for experiments with 6Li 
and 7Li [11,13,20] and for other nuclear reactions [21–23] as well as in 
experiments employing inverse kinematics [17,18].

This discrepancy might be explained by a series of experiments per-
formed in inverse kinematics [17,18] where it was shown that the 
presence of specific defects in a crystal lattice, induced by long-term
irradiation or mechanical stress of the target, significantly increases the 
experimental values of the screening potential. These defects predeter-
mine at which position in the crystal lattice of the host material the 
target nuclei will be trapped. As certain positions in the crystal lattice 
will have higher densities of valence electrons, this will cause higher 
electron screening. Accordingly, target nuclei are brought to positions 
in the crystal lattice with electron densities around the implanted target 
nuclei that are much higher than those occupied by the target nuclei in 
regular interstitial positions. An example of this behavior is observed in 
palladium; when the same target was cold-rolled, it exhibited electron 
screening several times larger compared to the case when it was an-
nealed [17,18]. An independent study of the d+d reaction [24] showed 
similar lattice-dependent effects of electron screening potential induced 
by implanted deuterium and small amounts of oxygen impurities.

Understanding electron screening is very important for nucleosyn-
thesis calculations. Precise reaction rates should be known at very low 
energies where the contribution of screening effects is significant, and 
electron screening must be included in most calculations related to the 
nucleosynthesis of elements. However, this is currently impossible be-
cause we lack sufficient knowledge about this effect. A classical the-
ory [25] on electron dynamics, together with the simple view of Ref. 
[8], as well as different approaches describing weakly and strongly cou-
pled plasmas, taking into account classical and quantum mechanical ef-
fects [26] were employed to describe electron screening in plasma. At 
present, however, there is no existing experimental study of the screen-
ing effect in stellar plasmas, though this might be achievable in the fu-
ture with reaction experiments utilizing high-powered lasers [27,28]. 
The electron screening effect is especially important for the proton-
deuteron-mixture plasma in dense atmospheres of giant planets, brown 
and white dwarfs, where the reaction rates can increase by many or-
ders of magnitude due to the screening effect [26]. Plasma electrons 
could be viewed similarly to valence electrons in metals, constantly re-
placing each other near target nuclei due to their higher mobility. In 
plasma, the electrons and ions move nearly independent of each other, 
resulting in many quasi-free electrons. Accordingly, the screening is so 
large in inverse kinematics because the hydrogen nucleus floats in a sea 

of valence electrons, coming much closer to the nucleus than its own 
electron. However, a unified theory of electron screening effects consid-
ering collective electron interaction leading to localization of electrons 
around the crystal vacancies and an increase of its effective masses is 
still missing. To answer some of these questions, new experiments de-
voted to study of electron screening in both plasma and solid materials 
are necessary.

To account for electron screening, the enhancement factor 𝑓 of the 
nuclear reaction cross section can be defined as the ratio of the screened 
(𝜎𝑠) and bare-nucleus (𝜎𝑏) cross sections [15]: 

𝑓 (𝑈𝑒) =
𝜎𝑠
𝜎𝑏

= exp

[

𝑍1𝑍2𝑒
2∕2𝜖0ℏ

(

√

𝜇
2𝐸

−
√

𝜇
2(𝐸 + 𝑈𝑒)

)]

. (2)

The bare nucleus cross section at astrophysical energies can be mea-
sured under certain kinematic conditions by applying indirect methods 
[29] such as the Trojan Horse Method (THM) (see Spitaleri [30] and the 
references therein). The THM is based on the Quasi-Free (QF) mecha-
nism reaction theory (see, [34] and references therein) and allows mea-
surement of bare nucleus cross sections inside the Gamow energy win-
dow without the difficulties related to Coulomb barrier suppression or 
electron screening contribution to the cross section. However, indirect 
methods can only be applied to a limited number of cases.

We recently achieved interesting results in an electron screening 
study in the 7Li+p and 6Li+d nuclear reactions with H and D implanted 
in different targets.

2.  Experimental setup and target preparation

The experimental study of the electron screening effect was per-
formed in inverse kinematics using the 2 MV Tandetron accelerator at 
the Microanalytical Center of Jožef Stefan Institute (JSI) by measuring 
the rates of the following nuclear reactions: 
7Li + p → 8Be∗ → 4He + 4He,
6Li + d → 8Be∗ → 4He + 4He,→ 7Li + p0,→ 7Li∗ + p1,

(3)

on thin titanium and two differently prepared thick palladium targets 
containing hydrogen and deuterium, and thin amorphous carbon targets 
containing hydrogen (aCH) and deuterium (aCD).

Protons and 𝛼 particles emitted from the reactions were detected by 
a 300 𝜇m thick silicon detector with an active area of 50 mm2, placed 
32 mm from the target at an angle of 135◦ compared to the direction 
of the lithium ion beams (see the scheme in Fig. 1). The detector was 
calibrated using an 241Am 𝛼-particle source, and we obtained a geomet-
ric efficiency of 0.00478. The energy resolution of the detection system 
was 28 keV for 𝛼 particles. In order to prevent scattered beam particles 
from hitting the detector, an 8 𝜇m thick Al absorber was placed in front 
of the silicon detector. The electronic threshold was set at 50 keV.

The reaction induced with 7Li was measured in an energy region 
between 0.439 and 2.063 MeV, while the energy of the 6Li beam was 
in the range between 0.331 and 3.072 MeV. The beam currents were 
between 0.3 and 10 𝜇A, depending on the beam energy. The numbers 
of incident ions were deduced by measuring the charge collected in the 

Fig. 1. The scheme of the experimental setup used for the experiments per-
formed in inverse kinematics.
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electrically isolated target chamber. To correct the detected yields for 
the 𝛼-particle background present in the laboratory, background spectra 
were recorded for several days without beam.

For our study of electron screening, we chose Ti, Pd and C as hosting 
materials as these materials have the ability to absorb large volumet-
ric quantities of hydrogen. The Ti target was a 110 nm thick Ti layer 
deposited by sputtering on a Ta backing and then implanted with hy-
drogen or deuterium (H/D) using a Tectra IonEtch ion gun. The foil was 
bombarded for about 24 h with the hydrogen or deuterium beam accel-
erated by an extraction voltage of 3.5 kV. The beam current was 200 𝜇A, 
and was wide enough that the implantation spot size covered the whole 
target. During implantation, the target was mounted on a 10 cm long 
copper holder with a diameter of 5 cm for passive cooling, which ef-
fectively prevented substantial heating of the foil. In spite of the fact 
that proton range at 3.5 keV is 41 nm [31] in Ti, due to hydrogen diffu-
sion, the foil had a uniform hydrogen concentration through its whole 
thickness (see Fig. 2).

Two 2.5x2.5 cm2 palladium targets were used. The first target was 
Chempur’s 100 𝜇m thick palladium foil (Soft Pd) and the second was a 
100 𝜇m thick cold rolled palladium foil (Hard Pd) produced according to 
our specifications, 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 the 
first target. The purities of both were above 99.9%, and to prepare the 
targets for electron screening studies, samples were loaded with H/D by 
leaving them in the corresponding gas at the pressure of 1 bar and the 
temperature of 24 ◦C for 24 hours.

The hydrogen gas used for the Ti and Pd target loading was natural, 
however, deuterium gas was a mixture containing 85 at. % deuterium 
and 15% hydrogen.

The last two targets were H/D-containing targets consisting of dense, 
plasma-deposited thin amorphous hydrocarbon (aCH) and deuterated 
hydrocarbon (aCD) films grown on a single crystal silicon (100) sub-
strate [32]. The thickness of the aCH target was 60 nm and of aCD was 
275 nm, as measured with tactile profilometry. The H/D amount rel-
ative to the number of C atoms was about 52% with a total relative 
uncertainty of 10% [32].

To determine the deuterium depth distribution, we performed quan-
titative deuterium depth profiling with the Nuclear Reaction Analysis 
(NRA) technique for each target. For this purpose, high-energy pro-

Fig. 2. Deuterium concentration relative to palladium and titanium as a func-
tion of depth in the target, measured in Soft Pd (red line), Hard Pd (blue line) and 
thin titanium targets using the Nuclear Reaction Analysis technique recorded af-
ter the samples were bombarded with an energetic Li ion beam for several hours 
causing H/D evaporation. Shaded areas represent errors to the fitted deuterium 
concentrations obtained using SIMNRA code [33].

tons emitted in the 2H(3He,p)4He reaction were measured at six 3He
energies, in an energy range from 0.629 to 4.297 MeV. The deuterium 
depth profiles were obtained by fitting the NRA spectra using the SIM-
NRA code [33]. Fig. 2 shows deuterium depth distributions measured in 
our targets.

A uniform deuterium depth distribution was found in all targets even 
after the samples were bombarded with an energetic Li ion beam causing 
H/D evaporation (see Fig. 2). Since we do not expect the two hydrogen 
isotopes to behave differently, we assumed a uniform depth distribution 
for protons, as well. In the Ti target we measured a maximum concen-
tration of H/D relative to the number of metallic atoms of 200% with 
an uncertainty of 4% as estimated with SIMNRA [33]. Although both 
of our Pd targets had uniform D distribution and were loaded with H/D 
at the same time in the same gas chamber, in the Soft Pd 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 
[34] when approximately 70% of the octahedral holes are occupied. 
However, the cold-rolled (Hard Pd) foil could be loaded only up to 47% 
of H/D per metallic atom as determined gravimetrically. Uncertainties 
of hydrogen concentration were less than 0.5%.

To effectively prevent substantial heating of the targets during the 
experiment, samples were mounted on a 5x5 cm and 1 cm thick copper 
holder. Targets were positioned in a high vacuum chamber perpendicu-
larly to the beam direction. During the experiment, we monitored hydro-
gen and deuterium loss in all targets by repeatedly measuring the yields 
at the beam energies of 2.063 and 3.072 MeV for the 7Li+p and 6Li+d 
reactions, respectively, before and after each measurement at other en-
ergies. The highest hydrogen loss was obtained in the Hard Pd target, 
typically of about 18% between the first and last control measurements, 
and the smallest, of about 6%, was found in aCH and aCD targets. To 
correct for the H/D loss, we normalized the detected yields for a given 
beam energy to the average of the two control measurements.

3.  Electron screening in the 𝟕Li+p→2𝜶 and 𝟔Li+d→2𝜶 reactions

According to the definition of the cross section 𝜎 in the case of a thin 
target [35], the experimentally measured 𝛼-particle yield 𝑁𝛼 is defined 
by the equation: 

𝑁𝛼 = 2𝜖𝜎𝑊𝛼𝑁𝐿𝑖𝑛
𝜌𝑁𝐴𝑥
𝑀

, (4)

where 𝜖 is the efficiency of the detector, 𝑊𝛼 is the angular distribution 
factor for emitted 𝛼 particles, 𝑁𝐿𝑖 is the number of incident Li ions and 
the value 𝑛 𝜌𝑁𝐴𝑑

𝑀  represents the surface density of H/D atoms in the tar-
get (𝑛 being the number of H/D atoms per crystal lattice atom, 𝑥 the 
target thickness, 𝑁𝐴, 𝜌 and 𝑀 the Avogadro’s number, target density 
and molar mass, respectively). The factor of 2 in this equation takes 
into account two identical 𝛼 particles emitted in the observed reaction.

Since the 7Li+p and 6Li+d reactions do not have any known reso-
nances in the studied lithium energy range, the 𝛼-particle yield for thick 
targets with a homogeneous distribution of hydrogen, has to be calcu-
lated by transforming Eq. (4) into a differential form and integrating 
over energies from the beam energy 𝐸0 to 0: 

𝑁𝛼 = 𝑁𝐿𝑖𝑛
𝜌𝑁𝐴
𝑀 ∫

0

𝐸0

𝜖𝑊𝛼
𝜎𝐸

𝑑𝐸𝐿𝑖∕𝑑𝑥
𝑑𝐸𝐿𝑖. (5)

The stopping power 𝑑𝐸𝐿𝑖∕𝑑𝑥 was calculated using the SRIM code [31] 
and the angular distributions were taken from [36].

The detected number of 𝛼 particles 𝑁𝛼 was deduced by subtract-
ing the background from 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, 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 reac-
tions. The target thickness was divided into many thin layers for which 
the energy loss (ΔE) is negligible compared to the beam energy, and the 
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cross section was calculated for each of these layers. An example of the 
recorded spectrum showing peaks of 𝛼-particles and protons (p0 and p1) 
coming from the 2H(6Li,𝛼)4He, 2H(6Li,p0)7Li and 2H(6Li,p1)7Li reaction 
channels, respectively, is shown in Fig. 3.

To determine the electron screening potential, according to Eq. (2), 
first we calculated the enhancement factors by dividing our experimen-
tally deduced screened-nucleus S-factors with the bare-nucleus 𝑆-factors 
determined using the THM [30] from Lamia[6] for the 1H(7Li,𝛼)4He 
nuclear reaction and from Spitaleri [37] for the 2H(6Li,𝛼)4He reaction. 
The enhancement factors 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 
potentials listed in Table 1. Fig. 4 shows the integrated enhancement fac-
tor for the 1H(7Li,𝛼)4He reaction as a function of center-of-mass energy 
E in our targets. The integrated enhancement factor for the 2H(6Li,𝛼)4He 
reaction as a function of E is shown in Fig. 5. Surprisingly, much larger 
electron screening was measured for the 2H(6Li,𝛼)4He reaction than in 
the 1H(7Li,𝛼)4He reaction in all three targets, showing isotopic depen-
dence of the screening potential for many of the targets. However, we 
did not notice such dependence in previous experiments, where we stud-
ied the 19F+1H and 19F+2H nuclear reactions in H/D containing pal-
ladium targets with the 19F beam [18]. The reason for this difference 
may be due to the use of the overly simplified Gamow factor for bar-
rier penetration in the case of the 6Li+2H reaction. As seen in Fig. 6, 
the bare-nucleus astrophysical S-factor increases towards lower ener-
gies, meaning that the barrier penetration probability is higher than the 
Gamow factor predictions. On top of that, we apply the screening poten-
tial that enhances the error in barrier penetration. The 6Li+d reaction 
has not been studied before in electron screening studies, so it might be 
that this is a special reaction, possibly due to the cluster structure of 6Li, 

Fig. 3. The spectrum obtained in the silicon detector for the Hard Pd target 
at 6Li beam energy of 2.057 MeV. Peaks corresponding to 𝛼 particles and pro-
tons (p0 and p1) coming from the 2H(6Li,𝛼)4He, 2H(6Li,p0)7Li and 2H(6Li,p1)7Li 
reaction channels, respectively, can be seen clearly.

Table 1 
The electron screening potentials 𝑈𝑒 measured in the 1H(7Li,𝛼)4He, 
2H(6Li,𝛼)4He and 2H(6Li,p0)7Li reactions in the Ti, Hard Pd, Soft Pd, 
aCH and aCD targets. The predicted upper limit for the screening po-
tential given by the adiabatic model is 0.24 keV for all reactions.
 Reaction 𝑈𝑒 [keV]

 Ti  Hard Pd  Soft Pd  aCH/aCD
1H(7Li,𝛼)4He  1.7 ± 0.8  2.8 ± 1.0 ≤ 1.4  3.2 ± 1.5
2H(6Li,𝛼)4He  11.0 ± 2.1  8.4 ± 1.2  5.2 ± 1.4  13.1± 1.9
2H(6Li,p0)7Li  11.0 ± 3.4  12.2 ± 1.5  –  17.2 ± 4.0

Fig. 4. The integrated enhancement factor as a function of the center-of-mass 
energy for the 1H(7Li,𝛼)4He reaction in the Ti (blue rhombus), Hard Pd (red 
up-pointing triangles), Soft Pd (green down-pointing triangles) and aCH (black 
circles) targets. Points represent the experimental data and solid lines represent 
least-squares fits using Eq. (2). Dashed orange line represents no-enhancement-
baseline, when 𝑈𝑒=0.

Fig. 5. The integrated enhancement factor as a function of the center-of-mass 
energy for the 2H(6Li,𝛼)4He reaction in the Ti (blue rhombus), Hard Pd (red 
up-pointing triangles), Soft Pd (green down-pointing triangles) and aCD (black 
circles) targets. Points represent the experimental data and solid lines represent 
least-squares fits using Eq. (2). Dashed orange line represents no-enhancement-
baseline, when 𝑈𝑒=0.

which is composed of a tightly bound alpha particle and a deuteron. It 
is possible that some reorientation might occur before the reaction at 
low energies, and that this effect is more pronounced in the presence of 
electrons.

The comparison of the bare-nucleus astrophysical S-factor deter-
mined by the THM [37] with the screened-nucleus astrophysical S-
factor measured in this study with the amorphous carbon target con-
taining deuterium is shown in Fig. 6. The difference between the THM 
and our experimental S-factor is as expected. At high energies the elec-
tron screening has little influence and the two S-factors agree with each 
other, while at lower energies the screening-influenced experimental S-
factor gradually becomes much larger than the THM one.
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Fig. 6. The astrophysical S-factors as a function of the center-of-mass energy for 
the 2H(6Li,𝛼)4He reaction. The black points and black solid line represent the 
bare-nucleus astrophysical S-factor, which is not affected by the screening effect 
and was determined by the Trojan Horse method [37]. The red triangles rep-
resent the screened-nucleus astrophysical S-factor measured in this study with 
the amorphous carbon target containing deuterium. The difference between the 
two data sets is due to the screening effect influencing our data.

4.  Electron screening in the 𝟔Li+d→𝟕Li+p𝟎 and 𝟔Li+d→𝟕Li+p𝟏
channels

The detected numbers of protons from the p0 and p1 channels 𝑁𝑝
was deduced by fitting the corresponding peak in recorded spectra with 
Gaussian shape, and the background in the spectra was subtracted by a 
linear function, including a step function. An example of the recorded 
spectrum is shown in Fig. 3.

The electron screening potential was calculated similarly as for the 
nuclear reaction with two 𝛼 particles in the exit channel. We tried to 
calculate the enhancement factors by taking the cross sections from 
Elwyn[38]. However, the astrophysical S-factors determined from our 
experimental data did not agree well with the S-factors in Elwyn[38] 
for both channels. Namely, the two data sets did not follow the same 
trend and our points toward lower energies were below the points from 
Elwyn[38]. As a result, we deduced the bare-nucleus astrophysical S-
factors for two channels assuming that the screening potential for the 
p0 reaction channel in our Soft Pd target is the same as measured in 
the reaction with two 𝛼-particles in the exit channel, as in this target 
we measured the smallest screening potential. In this manner the proce-
dure would introduce the smallest error in the case that a wrong value 
for the screening potential is assumed. By fitting 𝑈𝑒=5.2 keV in Soft Pd, 
we deduced the bare-nucleus astrophysical S-factor: 
𝑆(𝐸) = 24.45 − 34.54𝐸 + 18.04𝐸2[𝑀𝑒𝑉 𝑏] (6)

for the 2H(6Li,p0)7Li reaction channel with normalization.
This result for the bare-nucleus astrophysical S-factor also perfectly 

fit our experimental data for the astrophysical S-factor of 2H(6Li,p1)7Li 
reaction channel in the same target, so we assume no electron screening 
in Soft Pd for the p1 channel. Eq. 6 was then used to calculate the en-
hancement factors by dividing our experimentally deduced screened S-
factors for both reaction channels in all targets. The screening potentials 
resulting from the one-parameter least-squares fit to the experimental 
enhancement factors fit by Eq. (2) with the electron screening potential 
𝑈𝑒 left as the only free parameter, are listed in Table 1). Fig. 7 shows the 
integrated enhancement factor for the 2H(6Li,p0)7Li and 2H(6Li,p1)7Li 
reaction channels as a function of 𝐸 in Ti, Hard Pd and aCD targets.

Large electron screening was measured in all four targets for the 
2H(6Li,p0)7Li reaction channel (see Table 1). However, the results 

Fig. 7. The integrated enhancement factor as a function of the center-of-mass 
energy for the 2H(6Li,p0)7Li and 2H(6Li,p1)7Li∗ reaction channels in the Ti, Hard 
Pd and aCD targets. Points represent the experimental data and solid lines are 
least-squares fits using Eq. (2). Dashed orange line represents no-enhancement-
baseline, when 𝑈𝑒=0.

showed no electron screening for the 2H(6Li,p1)7Li channel. This can-
not be explained by the static picture of electron screening given by the 
adiabatic model, but could be interpreted by understanding the details 
of the reaction mechanism: the spins and parities of both particles in the 
entrance channel, 6Li and 2H, are J𝜋=1+. The ground state of 7Li has 
J𝜋=3/2−, meaning that the proton p0 has to carry away no orbital an-
gular momentum. When leaving the compound nucleus 8Be, it only has 
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to cross the Coulomb barrier, which in this case amounts to 1.9 MeV. 
The Q-value of the reaction is 5 MeV and the excitation energy lifts p0
above the Coulomb barrier, making it free to leave the compound nu-
cleus. However, the situation is different in the case of the 2H(6Li,p1)7Li 
reaction channel. The first excited state of 7Li has spin J𝜋=1/2− mean-
ing that the proton p1 has to carry away one unit of angular momentum. 
The combined Coulomb and centrifugal barriers are more than 10 MeV 
in this case, meaning that the proton p1 has to tunnel through the bar-
rier like in the entrance channel. However, the electron that screened 
the barrier in the entrance channel is now gone, and the barrier in the 
exit channel is not screened - hence, there is no enhancement of this exit 
channel at low beam energies.

5.  Conclusions

The electron screening effect was studied in the 1H(7Li,𝛼)4He, 
2H(6Li,𝛼)4He, 2H(6Li,p0)7Li and 2H(6Li,p1)7Li nuclear reactions on thin 
Ti, thick Pd and thin amorphous carbon targets containing hydrogen and 
deuterium. In the first three reactions we measured high electron screen-
ing potentials for all targets that are significantly above the theoretical 
upper limit given by the adiabatic model, but in the last reaction we did 
not detect any enhancement of the cross section due to electron screen-
ing above the adiabatic limit, respecting statistical uncertainties. This is 
the first time that different screening potentials were measured for the 
p0 and p1 reaction channels and sheds new light on the long-standing 
electron screening problem. With the 6Li ion beam we measured much 
larger electron screening than with 7Li in all targets. However, an iso-
topic dependence was not observed in previous experiments where we 
studied the 19F+1H and 19F+2H nuclear reactions [18] in H/D contain-
ing palladium targets with the 19F beam. This could indicate a wrong 
penetration factor for the 2H+6Li nuclear reaction; the bare-nucleus as-
trophysical S-factor increases towards lower energies, meaning that the 
barrier penetration probability is higher than the Gamow factor predic-
tions (additionally we applied the screening potential that enhances the 
error in barrier penetration). The 6Li+d reaction has not been studied 
before in electron screening studies. It could be that this is a special re-
action, possibly due to the cluster structure of 6Li, which is composed 
of a tightly bound alpha particle and a deuteron. Possibly some reori-
entation might occur before the reaction at low energies, and that this 
effect is more pronounced in the presence of electrons.

Our results clearly show that the large screening effect cannot be 
caused by the static electron densities around interacting nuclei, since 
this approach can only describe small electron screenings obtained in 
gases or virgin solid targets. Our results show the necessity of adopting 
a new approach for electron screening calculations considering a collec-
tive electron interaction leading to localization of electrons around the 
crystal vacancies and an increase of its effective masses.

It is recommended to perform new measurements to investigate 
this newly discovered dependence of screening energies on reaction
channels.
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