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Re ent measurements of the rea tion H(d,p) H in metalli environments at very low energies
performed by dierent experimental groups point to an enhan ed ele tron s reening ee t. However, the resulting s reening energies dier strongly for divers host metals and dierent experiments.
Here, we present new experimental results and investigations of interfering pro esses in the irradiated targets. These measurements inside metals set spe ial hallenges and pitfalls whi h make them
and the data analysis parti ularly error-prone. There are multi-parameter ollateral ee ts whi h
are ru ial for the orre t interpretation of the observed experimental yields. They mainly originate
from target surfa e ontaminations due to residual gases in the va uum as well as from inhomogeneities and instabilities in the deuteron density distribution in the targets. In order to address
these problems an improved dierential analysis method beyond the standard pro edures has been
implemented. Profound s rutiny of the other experiments demonstrates that the observed unusual
hanges in the rea tion yields are mainly due to deuteron density dynami s simulating the alleged
s reening energy values. The experimental results are ompared with dierent theoreti al models
of the ele tron s reening in metals. The Debye-Hü kel model that has been previously proposed
to explain the inuen e of the ele tron s reening on both nu lear rea tions and radioa tive de ays
ould be learly ex luded.
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I. INTRODUCTION
The ross se tion for nu lear rea tions between harged
parti les at low energies is mainly determined by the penetration probability through the Coulomb barrier, whi h
results in a steep exponential de rease towards lower energies. At su iently low energies, however, this de rease
is slowed down due to s reening the Coulomb barrier by
the inevitable presen e of surrounding ele trons. The
ele tron s reening was originally taken into a ount for
nu lear rea tions pre eding in dense astrophysi al plasmas in the interior of stars [1℄ where the nu lear rea tion
rates an be in reased even by many orders of magnitude.
For laboratory investigations of nu lear rea tions at very
low energies, this ee t was theoreti ally des ribed [2℄
and experimentally observed in dierent fusion rea tions
on gas targets, e.g. [3℄. The orresponding enhan ement
of the nu lear ross se tion ould be explained by the
gain of ele tron binding energies between the initial distant atoms and the nal fused atom. This was attributed
to the raise of the kineti energy of olliding nu lei and
alled ele tron s reening energy. For the rst time, the
ele tron s reening ee t resulting from mu h more important for astrophysi al appli ations free ele trons was
investigated in the d+d fusion rea tions taking pla e in
metalli environments [4, 5, 6℄. The experimentally determined s reening energies for some heavier metals were
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one order of magnitude larger than the gas target value
[7℄ and larger by a fa tor of about four than the theoreti al predi tions [8℄. These experimental results were also
onrmed by other authors [9, 10, 11, 12, 13, 14℄.
Meanwhile, the ele tron s reening ee t in the d+d fusion rea tions has been studied for over 50 dierent metals and some insulators [12, 13, 14℄ allowing, in prin iple,
for a systemati study of the target material dependen e
of the ele tron s reening energy. Unfortunately, there are
some dis repan ies between experimental values obtained
by dierent groups [15℄. They probably arise from some
experimental systemati un ertainties onne ted with oxidation of the target surfa e or with a high mobility of
the implanted deuterons under beam irradiation, whi h
an lead to unstable deuteron density proles within the
target. Both ee ts play a ru ial role for the experimental determination of the s reening energies [6, 16℄. The
basi quantity re eived from the experiment is the nulear rea tion yield whi h is given for a thi k target as an
RR
integral over the range of the proje tiles Y = 0 [nσ] dx
with the target nu lei density distribution n and the ross
se tion σ . So deviations in the observed yield have the
two prin ipal auses: hanges in the deuteron density
prole and modi ation of the ross se tion, probably by
the s reening ee t, whi h are merged in the integrant
produ t [nσ]. Some standard experimental di ulties
have been already dis ussed in our pre eding paper [16℄
where an espe ially adapted data a quisition and analysis
method, allowing us to dis ern between hanges in n and
σ , has been presented in a systemati manner. Based on
this method, we report here some new experimental re-
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sults and estimate experimental un ertainties of previous
experiments. We additionally ompare data obtained by
dierent groups and dis uss systemati errors of applied
experimental and analyti al methods.
From the theoreti al point of view, the large number
of experimental data orre ted for the dis ussed experimental un ertainties enables a omparison with theoreti al predi tions. The rst ab-initio quantum me hani al
al ulation of the s reening energy in a rystal environment has been re ently performed using realisti wave
fun tions [17℄. However, the results are still unsatisfying
be ause of the very high demand for omputational power
limiting the model a ura y. Thus, the self- onsistent diele tri fun tion theory developed previously [18℄ will be
used here for the al ulation of the s reening energy ontributions oming not only from free ele trons but also
from bound ele trons of rea ting nu lei and host metals. Additionally, the intera tion with the rystal latti e
will be in luded. The theoreti al results will be extended
for omparison with the last experimental studies of the
ele tron s reening in nu lear rea tions between heavier
nu lei [19, 20, 21℄ and in radioa tive de ays [22, 23, 24℄.
On the other hand, it has re ently been suggested that
the enhan ed ele tron s reening an be explained within
the lassi al Debye-Hü kel model [13℄. The idea has been
supported by an observation of the predi ted inverse proportionality of the experimental s reening energies to the
square root of the absolute target temperature [25, 26℄.
As a onsequen e one ould expe t a magni ation of the
α and β + de ay rates when radioa tive sour es would be
put in metals at ryogeni temperatures. Even though
the Debye s reening annot be applied to strongly oupled ele tron plasmas, as metals at moderate temperatures are, the suggestion has found mu h publi interest
[23, 27, 28, 29℄. Thus, both experimental and theoreti al
aspe ts of the temperature ee t of the ele tron s reening will be subje t of a riti al dis ussion learly showing
the inappli ability of the Debye-Hü kel model for these
issues.

ondary ele trons. The isolated target holder is onne ted
to a urrent integrator. The targets were disks made from
dierent pure metals be oming self-implanted deuterium
targets under the beam irradiation. Four Si-dete tors at
the laboratory angles of 90◦ , 110◦ , 130◦ and 150◦ were
used for the dete tion of all harged parti les, p, t, 3 He,
of the rea tions 2 H(d,p)t and 2 H(d,n)3 He. The dete tors
needed to be shielded from the ba ks attered deuterons
in order to prevent a ongestion of them and the data
a quisition system. Therefore grounded Al-foils of thi knesses from 120 − 150 µg/cm2 were pla ed in front of the
dete tors. The thi kness is su ient to blo k deuterons
up to 60 keV while all other eje tiles ould pass. The
dete tor voltage pulses travel through pre-ampliers and
spe tros opi ampliers. The signals are digitized by four
ADCs in an embedded VME system onne ted to a omputer whi h automati ally integrates the proton lines of
the spe tra in xed time intervals [75℄ and re ords the
four dierential ounting numbers N (θ) and the harge
q of the integrated beam urrent at the target in a le
whi h then an be further pro essed. An example spe trum is shown in g 1; all eje tile lines are learly identiable. Due to the anisotropi angular distribution of the
eje tiles of the d+d fusion rea tions even at the lowest
energies, a total ounting number N is al ulated providing the tabulated fun tion N (q) whi h is the basi
quantity for the further data analysis.
Correspondingly, the experimental rea tion yield is
given by
Y (E) =

ze dN
ε dq

where the number of impa ting proje tiles is already substituted by their harge, ε is the dete tor e ien y and
z the harge state of the proje tile. On the other hand
the yield an be al ulated for an innitely thi k target
(regarding the proje tile range R) by
Ytheo (E) =

II. EXPERIMENTAL SET-UP, DATA
ACQUISITION AND ANALYSIS
The experiments have been arried out at an a elerator optimized for low energy beams. Fig. 1 illustrates the
prin ipal set-up and the data a quisition system. The
a elerator onsists of a radio frequen y ion sour e, an
a eleration line powered by a highly stabilized 60 kV
supply and subsequent ele tri quadrupoles for fo using
and a magneti dipole for beam analysis. The beam impinges onto a Faraday up just inside the target hamber
where beam adjustment an be done without disturbing
the deuteron density in the targets. A horizontal magneti steerer is used to dee t the beam onto the target,
su h removing neutral parti les and ontaminations arried along by the beam. A ylinder box set to a negative
potential surrounds the target in order to suppress se -

(1)

Z

0

R

n · σ (E (x)) dx

(2)

with the number density of the target nu lei n and the
ross se tion σ . Unlike other hemi al ompounds the
small hydrogen atoms are not trapped in rm hemi al
bonds with metals. The hydrogen density is not bound
to a xed stoi hiometri ratio and an and indeed does
hange under ion irradiation. Changes in the yield may
now originate from both the deuteron density and the
ross se tion and need to be dis riminated. The density is here a fun tion of the target depth, the proje tile
energy, the implanted harge, the beam ux and other
target material dependent and environmental onditions.
The tabulated fun tion N (q) provided by our data a quisition system makes it possible to retain the dierentiation in (1) and thereby gain information on the harge
development of a depth averaged density n (q). So assuming depth homogeneity of the deuteron density in (2)
the depth x an be substituted by the proje tile energy
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Figure 1: Experimental set-up
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Sin e both the ross se tion in the metalli environment
and the deuteron density are unknown the yield need to
be set in relation to a known gas target ross se tion. We
therefore hose the parameterization from [31℄ be ause it
has the highest pre
√ ision. It forms together with the low
energy fun tion ( E ) of the stopping power (3) the integral in the denominator on the right hand side. The
gray printed expression is per se a onstant. So if the redu ed yield is not onstant it is based on deviations of the
pres ribed progression in the ross se tion or in the fun tional dependen e of the stopping powers or hanges in
the density. It is a sensitive measure for su h deviations
but the distin tion of the possible reasons is a matter of
reasonable interpretation. Fig. 2 shows plots of the redu ed yield at two dierent energies. One an see long
term hanges in the individual measurements indi ated
by the straight lines. These are attributed to hanges in
the deuteron density proles s attered by the ounting
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where cM and cD are the stopping power oe ients in
the metal and in hydrogen, nD the appendant hydrogen
density. Applying this substitution one arrives at a motivation and an expression for the redu ed yield [5, 6, 16℄

3.5 ×10
2  −1
y ((cm √ keV u ) )

E with the stopping power dierential equation [30℄


√
n(q)
dE
cD
= − cM +
E
(3)
dx
nD

q ( µC)

Figure 2: Analysis pro edure at the example of Zir onium at
10 keV

statisti s, of ourse. In ontrast, the large dis ontinuities
of the redu ed yield at the swit hing of the beam energy
result from a modi ation of the ross se tion. This is
taken into a ount by the enhan ement fa tor F (E) in
(4). Sin e the absolute quantity of the deuteron density is unknown for the pra ti al analysis a normalized
enhan ement fa tor is dened
Fnorm (E) :=

y(E)
F (E)
=
y(E0 )
F (E0 )

(5)

with the normalization energy E0 whi h is hosen to be
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Figure 3: Exemplary results for the enhan ement fa tor
F
. S reening enhan ement for Zr theoreti ally des ribed
by the urve with the single parameter U .
norm

e

25 keV for the monitor measurements. The gray re tangles indi ate the points from whi h the experimental
error for Fnorm is inferred. Thus not only errors from
the ounting statisti s but also from long term hanges
of the density are in luded. Results obtained for dierent
proje tile energies are displayed in Fig. 3. Assuming ele tron s reening as the reason for the in rease of Fnorm and
adopting Ue as a kineti energy shift parameter alled the
s reening energy in the ross se tion [2℄ of the yield one
re eives [5, 6, 16℄
F (E) =

RE
0

σ(E+2Ue )
√
dE
E
R E σ(E)
√ dE
0
E

(6)

for the s reening enhan ement fa tor of thi k target
yields [76℄. The fa tor 2 arises from the CM-Labtransformation. So F is an enhan ement fa tor for thi k
targets in analogy to the enhan ement fa tor for thin
targets from [2℄
f (ECM ) :=
=
≃

σ (ECM + Ue )
σ (ECM )

(7)

1
−2πη(ECM +Ue )
ECM +Ue S (ECM + Ue ) e
1
−2πη(ECM )
ECM S(ECM )e
”
“
πη(ECM ) EUe
CM
, Ue ≪ ECM ,
e

using the S-fa tor parametrization of the ross se tion
with the Sommerfeld parameter η in the se ond line
and applying an approximation in the third line, whi h
demonstrates its qualitative behaviour as a roughly exponential in rease for de reasing energies. The orresponding urve in Fig. 3 obtained for a tted value of
Ue supports the s reening hypothesis. Our data analysis pro edure is thus independent of the absolute value
of the deuteron densities inside the targets and the stopping power oe ients whi h otherwise would introdu e
errors of 10 − 20%. The fun tional
dependen y of the
√
stopping powers on the energy E has been repeatedly
onrmed, see [32℄ and referen es therein. The redu ed

yield an be used to al ulate a deuteron density estimate by solving (4) for n (q) and supposing F = 1 [16,
Eq. (10)℄. Only for this purpose the stopping power oef ients are expli itly required. A orresponding density
plot for an initial implantation in Al is shown in Fig. 1.
The numbers above the gray boxes in Fig. 2 are density
estimates for that areas.
This is in brief the basi experimental pro edure as of
[5, 6, 16℄. For the study of the ele tron s reening ee t
two experimental ampaigns were exe uted. Sin e the
spe ial physi o- hemi al properties of the hydrogen ompounds and the beam indu ed hemi al rea tions at the
target heavily inuen e the obtained results [6, 16℄, the
se ond more extensive ampaign needed to investigate
these interfering ee ts [16, Se . 4℄ whi h are sket hed in
a on ise survey in the next se tion III.

III. EXPERIMENTAL SPECIALTIES AND
PITFALLS
The investigation of nu lear rea tion ross se tions on
deuterium in metals should be performed at the lowest
possible energies. This means that the omposition of the
topmost atomi layers of the metalli target is of ru ial
importan e be ause of the qui kly de reasing range of the
beam ions, onsiderably below 1 µm. This exa tly is unusual for experimental nu lear physi s. The usual set-ups
in experimental nu lear physi s are onstru ted in high
va uum te hnology. But here the ontained water vapour
from the surfa es of all materials leads under ion impa t
to a progressing oxidation of the target metal be ause
of the stronger ele tron negativity of oxygen in omparison to hydrogen. Hen e, hydrogen is ontained in metal
oxides only in segregation at low and unstable densities.
Consequently, the oxidation diminishes and eventually
destroys the s reening ee t with the growing thi kness
of the metal oxide layer. Carbon hydrides ontained in
HV systems pose another problem leading to arbon layers on the target as will be dis ussed below. In su h a way
generated alterations in the depth prole of the deuteron
density distribution in the target is the singular dominating error sour e for the observed enhan ement and
the inferred s reening energies. Our va uum system is
made of aluminium with elastomer gaskets pumped by
turbo mole ular pumps with auxiliary oil lubri ated two
stage rotary vane pumps and LN2 ooled ryogeni traps
[16, Fig. 1℄. A residual gas analyzer (RGA) was used in
order to monitor the omposition of the residual gas in
the va uum. This is here merely a on ise presentation;
for a more extensive des ription see [16℄.
In a ordan e to the literature about HV systems the
main onstituent of the residual gas is water. Water
vapour is due to its extraordinarily high dipole moment
very adhesive to solids and is hen e hemisorbed to surfa es. Now under the ion irradiation several pro esses
are enabled. Via heating and phonon ex itation at the
surfa e the beam provides the a tivation energy for dis-
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Figure 4: S anning ele tron mi ros opi pi tures of target
surfa es. Left: Symptoms of embrittlement for Al. Right:
Beginning layer formation for Ta in island growth mode.
so iative hemisorption of the water mole ule, i.e. the
protons are splitted o and the remaining oxygen radi al
forms a hemi al bond to the metal atoms. Essentially,
the same happens by dire t impa t ex itation of the water mole ule by the ions. The hydrogen implantation
into the metal auses aside from the usual surfa e deterioration a in depth destru tion of the rystal integrity of
the material known as embrittlement whi h always o urs if the hydrogen loading rate is too high and not
pro eeding in thermal equilibrium [33℄. Thus, the surfa e is fra talized and the oxidation an progress into
the bulk of the metal qui kly reating a thi k metal oxide layer. Fig. 4 ontains as an example for it a pi ture
of the surfa e of an Al target whi h turned into a sponge
like stru ture. The rate of the oxidation pro ess depends
on the on rete form of the mutual intera tion potential
between the water mole ule and the surfa e atoms, establishing a material dependen y. The energy supply of
the beam enables these pro esses even for the noble metals. Albeit generally spoken, more rea tive metals apt
more to oxidation and embrittlement while for the latter the stru tural dieren e between the metal and the
metal hydride is more important. Aside from the overall
beam heating the energy of the proje tiles is also important be ause lower energy proje tiles are more ee tive
at the surfa e [34℄. The partial pressure of water in HV
is so high that there are ample supplies for the surfa e
hemi al rea tions. The hit rate of water mole ules with
a sti king oe ient of almost one is in omparable orders of magnitude as usual beam urrents of 10 − 100 µA.
This implies a dependen e on the ion ux, too. There
are two ountera ting pro esses: Sputtering and thermal or ion stimulated desorption. The sputtering yield
of the lightweight deuterons is far too low in order to
keep the surfa e lean with the resulting sputtering rate.
One would expe t that an in reased temperature of the
surfa e would in rease the desorption rate of the water
mole ules. If the a tivation energy barrier for disso iative
hemisorption of water is positive an in reased temperature yet proliferates the oxidation[77℄. Similar is valid for
ion stimulated desorption/ hemisorption. Su h again depends on the intera tion potential but usually oxidation
prevails. Unless UHV systems equipped for entire baking are used the oxidation annot be avoided. A deuteron
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Figure 5: Ee ts of dierent surfa e ompositions on the inferred s reening energy for Ta. Ta-A has a small C-ex ess,
Ta-E has slight C-tra es, Ta-C a thi k C-layer, Ta-D a thi k
MO -layer.
x

irradiation of only 1 C is enough to produ e a onsiderable metal oxide layer, see [16, Fig. 6℄. There is, however, a pro ess that is nonetheless able to prevent oxidation: large arbon hydride mole ules, e.g. ba kstreaming
from the forepumps, an be physisorbed at the surfa e,
ra ked up and the arbon atoms an rea t with the oxygen radi als to arbon monoxide keeping in that way the
surfa e lean. Dierently from water, arbon hydrides
are physisorbed to surfa es. The strength of this weaker
bond in reases with growing mole ular mass. The ratio
of absorption and desorption under the ion irradiation
has similar dependen ies. An eviden e for this hemi al surfa e rea tion is the dete tion of a onsiderable
CO fra tion by the RGA whi h was below the dete tion
threshold without beam irradiation [16, Fig. 7℄. These
pro esses were thoroughly explored by the regulated infusion of de ane with monitoring feedba k as the main
part of the se ond experimental ampaign. The surfa e
an only be kept lean if the fra tion of water and arbon
hydrides in the residual gas are in an equilibrium whi h
is of ourse also dependent on prementioned parameters.
If the fra tion of arbon hydrides is too low the surfa e
will oxidize. If it is too high a arbon layer will build
up. Both is essentially irreversible. Fig. 5 shows some of
the results of these experiments for Ta demonstrating the
high spread in the inferred s reening energies depending
on the surfa e omposition whi h were veried by ele tron dispersive X-ray mi ro analysis (EDX).
In order to limit the layer formation the totally implanted harge was redu ed [16, Se . 4.2℄. For the analysis a more sophisti ated expression for the yield in (4,
5) was used based on a model of the target with three
sta ked layers [16, Se . 4.3℄: The top layer onsisting of
either metal oxide or arbon, a deuterized zone of the
metal and the bulk of the metal ontaining essentially
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no hydrogen. Ea h an have dierent thi knesses and
relative deuterium ontents. The results for Ue in Fig.5
were obtained with only the additional parameter ξM for
the thi kness of the deuterated zone in the metal in energy equivalent units of the stopping [16, Se . 5℄. The
dieren es for Ta-A and Ta-E are already onsiderable
though the thi knesses of the surfa e layers were small
and just started forming. Fig. 4 shows the beginning
of the formation of a arbon layer starting from islands
whi h will eventually over the whole surfa e in on ordan e with experien es from thin lm te hnology [34℄.
Ta-C has already a relatively thi k arbon layer whi h
strongly redu ed the s reening energy. Just as the metal
oxide layer does in Ta-D. Those layers were just thi k
enough in order to be in luded in the model and infer
their thi
√ kness. The thi kness of the metal oxide layer
is 0.09 keV, whi h onforms to about 7 nm. The orresponding s reening energy would be 433 eV [16, Se .
5, Table 2℄. 15 nm are enough to let the s reening enhan ement ompletely vanish [16, Se . 4.3℄. The dedu ed
deuteron density is hardly ae ted and still in the vi inity of the stoi hiometri ratio as the example in Fig. 6(a)
shows [16, Se . 6, Fig. 13.(e,f)℄. Mu h thinner surfa e
layers already redu e the inferred s reening energy onsiderably. So the real value for the s reening energy of Ta
is possibly around 400 eV [16, Se . 5, Table 2℄. Anyhow,
the s reening energy values ranging from 210 − 460 eV
give an imagination of the systemati error originating
from the surfa e layer formation. Carbon an a hieve
high deuteron densities but it does not show the ele tron
s reening ee t as Fig. 7 proves. Thin deuterated arbon
layers an, however, simulate a s reening enhan ement
as inhomogeneous density proles an do [16, Se . 4.3℄.
Though the former ould be ex luded in our experiments
but is a theoreti al possibility when thin deuterated arbon layers form on targets ontaining few deuterium in
segregation as below.
As already said, the metal oxide ontains only few deuterium in segregation. Those low densities are unstable
and hange under dierent onditions. At the example of
a Na target with a very thi k metal oxide layer the development of the al ulated deuteron density is illustrated
in Fig. 6(b) (also [16, Fig. 13.(b-d)℄). The density estimates are al ulated from the redu ed yield as previously
des ribed. Before the monitor measurement at 25 keV a
measurement at a low energy had been taken. Then the
density qui kly de reased at 25 keV. Thereafter a measurement at 12 keV were started. Now, the density very
qui kly in reased rea hing a higher level than at 25 keV.
But the dis ontinuity at the beginning was in the opposite dire tion. The density for the sequen ing monitor
measurement started on e again at a high density whi h
qui kly de reased. The dis ontinuity at the beginning
was on e again in the wrong dire tion. So there is definitely no s reening in ontrast to the positive ase of
Fig. 2. The qui k shifts in the densities after the hange
of the implantation energy going to a 'saturation' level
originate from a shift of the deuteron distribution depth

Figure 6: Development of deuteron densities depi ting
ounter examples to the s reening enhan ement as in Fig. 2.
(a) A medium thi k layer obliterates the s reening enhan ement dis ontinuities at high densities, here at the example
of an oxide layer on Ta. The full line shows the progression from a renement of the statisti s by re al ulation with
an in reased stepsize. Targets featuring low hydrogen binding
ability hen e allowing only for low and unstable densities with
qui k prole shifts: (b) A thi k metal oxide layer overtopping
the ion range on a metalli Na disk. ( ) Heating vanquishs
the hydrogen metal bond, here beam heating of a 7 µm Ta
foil.
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prole in the metal oxide linked to the dierent ranges
of the ions [16, Se . 6, Fig. 14℄. With our method of
re ording a yield fun tion Y (q) over the implanted harge
we an re ognize those shifts and reje t them. If, however, only the total yields of the long time measurements
are regarded as in the usually applied standard method
(like in the other experiments dis ussed in Se . V A) their
omparison would erroneously lead to a s reening interpretation.
The same problem arises when working with low implantation densities below the stoi hiometri ratio even
when the metal oxide layer is negligible. Ex ept for insuf ient implantation the density remains low if the thermal energy of the deuterons is higher than their hemi al binding energy to the metal so that they an oat.
This applies mainly to transition metals with low ability
to bind hydrogen (groups 6A-8A, 1B) or if the metals
are heated. An example for the onsequen es of heating is shown in Fig. 6( ) for a Ta-foil of 7 µm whi h was
heated by the beam power. One observes the same behaviour and no real s reening enhan ement. The density
returns to an equal saturation level if the surrounding
onditions are the same, i.e. same beam energy, urrent,
target heat ow et . Tests with a Au-foil showed an alike
behaviour. The most ee tive heat transportation me hanism in solids is the free ele tron gas. Cooling the target
holder has little ee t sin e the thermal resistan e at the
onne tion is very high. Besides from heating the density
prole of the deuterons in target materials with low binding ability for deuterons (metal oxides, metals with low
anity to hydrogen, metals at high temperatures) is also
hanged by dire t proje tile hits and lose phonon generation at the target deuterons depending on the beam
energy. Furthermore, the metal oxide as a thermal insulator will be onsiderably heated by the beam power. It
is therefore preferable to use thi k target disks at moderate temperatures with high densities. On the other side,
ooling a target to very deep temperatures would transform it into a ryogeni trap a umulating water in thi k
layers on its surfa e prior to irradiation promoting the
oxidation. The detailed investigation is overed in [6℄.
Summarizing, our data analysis method is independent
of the absolute deuteron density and allows for the disrimination between hanges in the rea tion yield due to
the density dynami s as in Fig. 6(b, ) whi h are reje ted
and a tual hanges in the ross se tion whi h be ome
manifest in the dis ontinuities at the edges of the measurements like in Fig. 2. That the dis ontinuities signify
ross se tion modi ations is further ensured by analyzing measurements whi h are taken in proximity of the
stoi hiometri ratio only, where hanges of parameters
like beam ux and temperature have marginal inuen e
on the overall deuteron density, at most. The error of
Fnorm is a onvolution of the error from the ounting
statisti s and long term hanges of the density. The use
of high va uum systems will inevitably ause the build-up
of ontamination layers. Thanks to our analysis method
those layers an only diminish the inferred s reening en-

Metal
Ta
Zr
Al
Sr
Li
Na
Pd
C

Table I: S reening energies
MD a
0.9
2.1
0.8
1.0
0.03
0.03
0.3db

x

U in eV
322 ± 15
297 ± 8
190 ± 15
350 - 800
. 150

313 ± 2
0
e

a Approximate average deuterium ontents in relation to the number density of the metal
b The initial implantation was deliberately prematurely aborted.
An oxidation layer impeded the determination of Ue
d Carbon density unknown. See text.

ergy sin e feigned enhan ements due to density dynami s get reje ted [16, Se . 6℄. The utilization of arbon
hydrides embanks the layer formation enabling the results in HV at all [16, Se . 4.2℄. Indeed this is a di ult
and labile equilibrium in the residual gas. So layers are
present, whi h were examined by EDX allowing for a relative measurement of element abundan es [6℄. But the
thi kness an hardly be quantied be ause of the fra tal
stru ture of the target surfa es (e.g. Fig. 4). Though the
model suggests that 15 nm are su ient to ompletely
dispose of the s reening enhan ement. All in all, the
obtained s reening energies represent lower limits to the
real value. The magnitude of the dominating systemati
error from the unknown layer thi kness an be assessed
by the measurements in Fig. 5.

IV. RESULTS
A. Experiment
The experimentally determined results for the s reening energies are summarized in Table I. The values from
the ampaign I are in the upper part of the table. In the
lower part of the table are a essory results from the ampaign II. In the se ond olumn of the table are the ratios
of the deuterium number density to that of the hostmetals. Sin e the deuteron density an and does vary during
a measurement these values are estimated averages. The
values for Strontium and Lithium are heavily impaired
by the layer formation due to the high rea tivity of both
metals, for Li more than for Sr. Su h expressed itself
as strong variations in the deuteron densites and a ordingly in the redu ed yields during the ourse of the measurement, leading to ambiguous values for the dis ontinuities of the redu ed yields. So these s reening energies
should be regarded as estimations, at best. The results
were obtained utilizing the equilibrium in the residual
gas in order to keep the target surfa e lean whi h was
subsequently veried by EDX analysis (Se . III and more
detailed [16, Se . 4.2℄).
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1.8

Pd
Ue= (313±2) eV


ξM= (1.461±0.014) √keV

1.6
1.4
1.2
1.0
0.8
1.3

C

Fnorm

1.2
1.1
1.0
0.9
0.8
1.3

with about 5 · 1022 cm−3 . Howbeit, these are only estimates sin e the arbon densities are not known and as
a result the orre t stopping power oe ient whi h is
required (4) [16, Eq. (10)℄ neither. Anyway, the resulting
enhan ement fa tors show no signi ant disagreement.
Thus, arbon lms present no signs of ele tron s reening. These results are listed in the lower part of Table I.
The highly rea tive metal natrium orroded so easily
that only low deuteron densities ould be a hieved and
no s reening was visible. Two tests with Y and Er led to
thi k metal oxide layers, too. Dierent to the other metals the on omitant analysis of the 3 He spe tral peak revealed in both experimental ampaigns for Li, Na and Sr
a signi ant suppression of the neutron rea tion hannel
and a simultaneous alteration of the angular anisotropy
[6, 37℄.

B. Theory

Al-C
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Figure 7: Measured values of F
dierent ompositions

norm

for Pd and Carbon in two

From the theoreti al point of view the deuterized metals an be treated as a strongly oupled plasma [8℄.
Sin e the velo ity of rea ting nu lei is smaller than the
Fermi velo ity, the ele tron s reening ee t orresponds
to a stati polarization of surrounding ondu tion and
bound ele trons. Consequently, the ele trostati potential energy between rea ting nu lei of harges Z1 and Z2
shielded in a metalli medium an be des ribed within
the self- onsistent diele tri fun tion theory [18℄:
Z1 Z2 e2
Φ (r)
r
Z
4πeϕ1 (q) eϕ2 (q)
Z1 Z2 e2
exp (iqr) d3 q
=
3
εν (q) εc (q) q 2
(2π)

V (r) =

The rst plot in Fig. 7 is a measurement on palladium
with roughly equal residual gas onditions as for the Tameasurements [16, Se . 5℄. The totally implanted harge
was limited for the same reason, i.e. layer formation, as in
the Ta-measurements of Fig. 5. The beam spot ontains
tra es of arbon spe i ally some dark stains [16, Fig.
8℄. The other two plots are the experimental prove that
arbon has no s reening enhan ement. The drop to the
lower energies originated from a lower deuterium ontent
in the upper layers of the targets. This drop an also
be aused by the voltage drop in the plasma inside the
RF-ion sour e [35℄ [16, Se . 2℄ whi h has a higher impa t
for lower energies relative to the monitor measurement
at 25 keV. The two arbon targets were preparated with
dierent methods. The rst one was made by deposition
of soot from a ethine ame on a ba king plate. A ame
of ethine (C2 H2 ) burning with insu ient oxygene supply produ es very pure arbon. However, the material is
amorphous and rather uy. A ordingly, the deuteron
density rea hes only values of about 1.5 · 1022 cm−3 . The
se ond target is a arbon lm produ ed by the irradiation
of aluminium with high de ane pressure. That in su h
way deposited arbon was ompa tied by the impa ting
beam ions while for ing it to adopt the latti e stru ture of
the substrate to a ertain extend [36℄. Hen e the density
of the arbon atoms is higher, so is the deuteron density

r→0

−→

Z1 Z2 e2
− Upol
r

(8)

The wave-number dependent diele tri fun tions εν and
εc des ribe polarization of valen e and ore ele trons of
host atoms indu ed by a harged impurity taking into
a ount the short range ele tron orrelation and the
ex hange intera tion between ele trons (for details see
[18℄). Φ (r) and ϕi (q) fun tions are the s reening fun tion and ele troni harge-formfa tors of rea ting nu lei,
respe tively. At small distan es (appli able for nu lear
rea tions and de ays) the potential energy an be approximated using the energy independent polarization
s reening energy Up whi h s ales with the produ t of the
harges of the involved nu lei. For the d+d rea tions we
used the self- onsistent harge form-fa tor ϕ (q) within
the Thomas-Fermi approximation [18, 38℄:
ϕ (q) = 1 − z +

zq 2
(q 2 + kT2 F )

(9)

Here, the Thomas-Fermi wave number kT2 F = 6πe2 n/EF
has been applied; n and EF are the ele tron number
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Figure 8: (Color online) Comparison between experimental Figure 9: (Color online) Experimental and theoreti al polarand theoreti al s reening energies
ization s reening energies versus the ele tron gas parameter
r . For omparison the Thomas-Fermi s reening of the ele tron gas is presented.
S

density and the Fermi energy, respe tively. The number z orresponds to the fra tion of ele trons bound to
deuterons and is for metals lose to unity. Sin e we are interested in the evaluation of the strongest possible s reening ee t, we uniformly set z = 1 for all target materials.
In the absen e of s reening εν ≡ εc ≡ 1 and z = 0, V (r)
redu es to the bare Coulomb potential (Φ (r) ≡ 1).
In the metalli latti e, besides ele trons also positive
ions an ontribute to the s reening of the Coulomb barrier between rea ting nu lei. This ee t, alled ohesion
s reening [18℄, an be al ulated as a gain of the potential energy of two deuterons in the latti e eld of the host
metal ompared to that of the helium atom produ ed in
the fusion rea tion. To al ulate the potential energies
we used the universal ion-ion intera tion given by Ziegler,
Biersa k and Littmark [39℄. For a rough estimation of the
ohesion s reening energy Ucoh , we al ulated the potential energy gain resulting from the surrounding 12 host
atoms assuming the same f
rystal stru ture for all target materials investigated. The ohesion s reening is a
slowly in reasing fun tion of the atomi number. The
total s reening energy is the sum of both ontributions
Ue = Upol + Ucoh .
The results of the theoreti al al ulations obtained for
the d+d rea tions taking pla e in dierent metalli targets are presented in Fig. 8 together with our experimental values. The ele tron s reening energies moderately in rease with the atomi number of host atoms [15℄
rea hing for heavier nu lei the value of about 300 eV.
The experimental target material dependen e agrees with
the theoreti al expe tations. However, the experimental
s reening energies are larger by a fa tor of about 2 ompared to the theoreti al values. Sin e the experimental s reening energies obtained for insulating materials
are mu h smaller (< 50 eV) [15℄ and taking into a ount
that the s reening ontributions arising from polarization of bound host ele trons and ohesion should be sim-

ilar for both metalli and insulating targets, we an onlude that the enhan ed s reening ee t results from ondu ting ele trons. Thus, for a omparison between different target materials the ele tron-gas parameter rS =
1
[3/ (4πn)] 3 /a0 where n and a0 are the valen e ele tron
density and the Bohr radius, respe tively, is mu h more
suitable. Using this parameter, the experimental polarization s reening energies obtained by subtra tion of the
theoreti al ohesion ontribution are displayed in Fig. 9
together with the theoreti al polarization s reening energies. Now, the quality of the theoreti al des ription is
mu h better visible. In ontrast to the simple ThomasFermi model [38℄ providing for free ele trons a smooth
dependen e of the s reening energy given by UT F =
1

 1 − 1
1
Z1 Z2 e2 [4/ (πa0 )] 2 3π 2 n 6 = 2Z1 Z2 e2 9/ 4π 2 6 rS 6
the diele tri fun tion theory des ribes u tuations of
the experimental polarization s reening energy very well.
The u tuations result from the polarization of bound
( ore) ele trons whi h ontribution to the total s reening energy depends very strongly on their binding energy
[18℄. If the bound ele tron ontribution is eliminated
from the experimental polarization s reening energies we
get experimental values for the free ele tron polarization
whi h an be parameterized by a smooth dependen e on
1
rS Upolf,f = Z1 Z2 (250 ± 20) eV/rS2 . This result an be
used for an estimation of the free ele tron ontribution
in metalli environment to the s reening energy in rea tions between nu lei with harges Z1 and Z2 . Dierent
to the d+d rea tions, the ontribution oming from ele trons bound by heavier rea ting nu lei is mu h larger
and should be in luded separately. This an be al ulated as the gain in ele tron binding energies between
distant atoms and the nal united atom. Similar results
are to obtain using the Thomas-Fermi model leading to
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The diele tri fun tion theory does not predi t any
temperature dependen e of the polarization s reening energy unless the ele tron density of the target material remains onstant and the proje tile velo ity is smaller than
the Fermi velo ity. That is typi al for a strongly oupled
plasma. For velo ities higher than the Fermi velo ity the
ele trons are not able to follow the ions and the ele tron
s reening gets weaker. In this limit of a weakly oupled plasma (Debye-Hü kel limit) the s reening length
be omes larger than the mean atomi distan e and lassi des ription of the ele tron s reening is appli able. The
s reening energy is inversely proportional to the square
root of the kineti energy or equivalently of the plasma
temperature (Ue ∼ √1E ∼ √1T ). An analyti al formula
onne ting both limits has been derived by Lifs hitz and
Arista [41℄ for the stopping power of moving ions in the
ele tron gas and an be applied for the ele tron s reening
in nu lear rea tions [15℄. Thus, the velo ity dependen e
of the s reening energy an be given as follows:
2
Udyn

=

2
Uad



v + vF
1 vF2 − v 2
+
ln
2
4vF v
v − vF



(10)

where Udyn and Uad denote dynami and adiabati
s reening energies, respe tively. The Fermi velo ity vF
depends on the ele tron density and therefore is hara teristi for the target material. The above relation al ulated for the d+d rea tions in the Ta environment is presented in Fig. 10. Additionally, the energy dependen e of
the Debye-Hü kel s reening is shown. It is visible that the
ele tron s reening an be des ribed by the Debye-Hü kel
theory only for proje tile energies higher than the Fermi
energy (the Fermi energy of deuterons in Ta amounts
to about 56 keV) or equivalently for temperatures higher
than the Fermi temperature (for Ta ∼ 1.8 · 105 K). Thus,
in the ases dis ussed here, the Debye-Hü kel s reening is
not appli able for both nu lear rea tions and radioa tive
de ays.

V. COMPARISON WITH OTHER
EXPERIMENTS
In view of the augmented information provided by our
dierential analysis method and experimental pro edure
the results of other groups will be dis ussed.

2

Screening Energy (arb. units)

 1
 32
1
/a0 [40℄. In the
Ue,b (T F ) = 1.13Z1 Z2 e2 Z12 + Z22
ase of heavier nu lei the ohesion s reening energy an
be negle ted, sin e the strength of the intera tion with
the latti e atoms in reases mu h weaker than the produ t
Z1 Z2 . Thus, the total s reening energy is only the sum of
the free ele tron and bound ele tron ontributions. The
same estimation an also be applied for radioa tive α and
β de ays [40℄.

strong screening

Ta

weak (Debye) screening

1
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Figure 10: (Color online) S reening energy dependen e on the
proje tile energy. The Debye s reening is appli able 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 · 10 K for Ta).
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A. d+d Experiments
In Fig. 11 an overview of s reening energy results and
appendant deuteron densities from other experiments is
plotted. All were arried out in high va uum systems
hen e suering from the same progressive oxidation proess under ion irradiation with the inherent problems as
of Se . III and [16℄. A qui k glan e already shows that
the s reening energy results are pretty mu h s attered
not revealing a pattern. But in onjun tion with the
deuterium metal ratio aka the deuteron density pe uliarities be ome evident. Our high s reening energy results
(Table I) were a hieved at high absolute densities in the
proximity of the hemi al stoi hiometri ratio where the
ion beam ux has no inuen e on the target deuteron distribution. Whereas the high s reening results of the other
groups were ex lusively attained at low deuteron densities 10−1...−2 below the metal number density. Complementary high densities did not yield enhan ed s reening
in those experiments. Both lasses of s reening results
are asso iated to groups in the periodi table exposing
the hemi al relationship with respe t to the surfa e rea tions and hydrogen binding ability of the targets as des ribed in Se . III. Parti ularly manifest is that in Fig. 11
for the group 3A metals in luding the lanthanoides whi h
have low s reening values at high densities and onform
to the ounter example ase of Fig. 6(a). But also the
transition metals show three lusters of high s reening
results at low densities in Fig. 11 orresponding to the
ase of Fig. 6(b) and Fig. 6( ) respe tively. Su h will be
substantiated in the following.
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Figure 11: Overview of s reening experiment results. Legend: Gar hing 1990 [42℄; Tohoku 1998 [9℄, 2002 [10℄; Bo hum 2002
[12℄, 2003 [13℄, 2004 [14℄. Bottom: S reening energies U . Top: Deuterium to metal ratio x. The values for x of [10℄ were
estimated from Fig. 2 therein. The values of [14℄ are the data base; data points from [12, 13℄ are in luded if they dier, only.
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1. The Gar hing Experiment
The rst a elerator experiment with the aim to sear h
for modi ations of the ross se tion in the d+d fusion
rea tions aused by the metalli environment was done
on Ti [42℄. No enhan ement ould be observed. The
measurements were performed on a 3 µm Ti foil xed
in a opper target holder frame with ow hannels for
LN2 ooling and a thermo ouple for temperature determination. No eort was made to spe ify the deuteron
density in the target. Instead a xed value from material resear h was adopted whi h is inadequate. Due to
the deep ooling of the target water is a umulated on
its surfa e, whi h produ es under ion irradiation a onsiderable oxide layer [78℄. In addition, the beam urrent
up to 0.1 mA leads to a distin t temperature in rease inside the de-a eleration volume of the ions in the thin
foil whi h will also alter the density prole away from
the supposed unit value. All further measurements on Ti
in Fig. 11 resulted in very low s reening values with densities in proximity of the hemi al stoi hiometri ratio.
The higher the deuteron density, the lower the s reening
value. Ti is hemi ally very similar to Zr, both belong
to the group 4A. From our experien e Zr oxidizes readily. So a relatively thi k metal oxide layer omplying to
the third ase in [16, Fig. 13.(e,f)℄, Fig. 6(a) explains the

results.

2. The Tohoku Experiments
The results of [9, 10℄ are based on the analysis of the
total yield of the proton measurements [9, Eq. (1)℄ with
one dete tor at the lab-angle 90◦ and at the proje tile
energy Ed ∈ [2.5, 10] keV
−1

ZEd
dE
dE
Yt (Ed ) = εND σ (E)
dx

(11)

0

after depth energy substitution (Se . II) with the proton
dete tion e ien y ε a ross se tion parameterization σ
of [43℄ and nally the target deuteron number density
ND whi h is presumed to be onstant for all energies
and ranges. With the stopping power relation the additional error of the stopping power oe ients is introdu ed. In order to determine and observe the density
value repeated monitor measurements were performed at
10 keV. The density was then al ulated from the yield
Yt (10 keV) by solving (11) for ND with the supposition
that the s reening enhan ement is there negligible. A ording to the not unambigious text ([10℄ and suitable
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ba k referen es) for the quanti ation of the enhan ement and extra tion of the s reening energy the yields
are normalized to the experimental one at 10 keV thus
be oming independent of the a tual value of ND :
Ynorm (E) =

f (E) · Yt (E)
Yt (10 keV)



Y (E)
Ue
f (E) =
= exp πη (ECM )
Ybare (E)
ECM

(12)

(13)

where the theoreti al expression for the thi k target enhan ement fa tor f is simply adopted from the approximated term in (7) of [2℄ for the enhan ement of the ross
se tions in thin targets. This expression is, however, derived for ross se tions based on an in rease of the effe tive proje tile energy. It might be introdu ed in the
integrant in (11) at the most and must not be pulled
out of the integral in that manner. A thi k target enhan ement fa tor should retain the energy integration
like in (6). The approximation as in (7) is only valid
for ECM ≫ Ue whi h is not longer fullled by the given
experimental ir umstan es with beam energies of some
keVand s reening energies of several hundred eV. This
also means that the supposition of a negligible s reening
enhan ement at 10 keV is not valid either. Moreover, the
term (13) diverges for energies approa hing zero. While
the invalid approximation leads to an underestimation of
the derived s reening energy the negle t of the enhan ement at 10 keV ee tuates a gross exaggeration be ause
the urvature of the enhan ement urve must be greater
in order to des ribe the steeper slope of the data (analog
to the dieren e in the urves #1 and #2 in [16, Fig.
12℄). The in lusion of measurements taken at higher energies would have revealed su h. The deuteron density
value obtained at 10 keV ought be heavily altered, too.
The target holder was ooled with LN2 . The onstan y
(and then e on luded the homogeneity) of the density in
the target was investigated by measurements at 10 keV
with target heating by dierent beam ux or a mounted
heater in the ase of Pd in the interval [170, 230] K determined with a thermo ouple. The results in [10, Fig. 1℄
show a strong dependen y of the 'saturation' density on
the target temperature and material with a onsiderable
general de rease with raising temperatures. The density
des ends from Ti over Au, Fe, Pd to PdO. Conspi uous
are the dieren es in the deuteron densities between [9℄
and [10℄ for Ti, Au and Pd whi h are almost one order of magnitude while the orresponding s reening values a ord within their errors (Fig. 11) though the latter
Ue are generally higher. This dis repan y remains unexplained in [10℄. While Au and Fe do not build up rm
bonds to hydrogen the a hieved densities are proportionally higher at these deep temperatures. A deliberately
produ ed 30 nm thi k PdO layer on a Pd target in [10℄
yielded an espe ially high s reening energy with an espeially low density. Su h a thi k PdO layer would show
qui k shifts in the deuteron density proles with higher

averaged densities at lower proje tile energies like in the
se ond ase in [16, Fig. 13.(b-d)℄, Fig. 6(b) when hanging the proje tile energy and using the dierential analysis method. So this large s reening is simulated by the
density alteration during the total yield measurement.
Whereas the density in the Pd target of [10℄ is noti eably low whi h points on the formation of an oxide layer
distin tly thi ker than on the Ti target approa hing the
PdO target. This means that the s reening value is also
rather generated by density dynami s and the agreement
with our value is by han e. Albeit our Pd value was obtained from measurements with a limited total ion dose
and still growing densities prior to saturation in order
to minimize surfa e ontaminations the highest density
of all experiments was a hieved. While the targets as
des ribed in [10℄ are thi k enough ∼ 1 mm to guarantee
an ee tive heat transport in the bulk of the material by
the ele tron gas, the heterogeneous target Au/Pd/PdO
with a total thi kness of only 60 µm (thereof 0.1µm Au)
[9℄ is too thin therefore leading to a onsiderable temperature in rease in the beam stopping volume whi h is
to this extent not dete table by any outside mounted
thermo ouple. So, the observed high s reening energy of
(602 ± 23) eV an be explained by the shifts in the density prole due to elevated temperatures like in Fig. 6( ),
[16, Fig. 13.a℄ and the heterogeneity of the target and
a ordingly the density.
In order to explain the as ertained relation between the
s reening energy and the density depi ted in [10, Fig. 4℄,
i.e. high s reening omes along with low deuteron densities, the on ept of a deuteron 'uidity' was introdu ed in
[10℄ where uid deuterons and ondu tion ele trons are
to behave like a hot plasma. But in palladium oxide there
are no ondu tion ele trons. In view of the stated density
dynami s this explanation is de repit. The explanation
by density dynami s is also sustained by the signi antly
larger standard deviations of the repeated density measurements at 10 keV for targets with low densities in [10,
Fig. 2℄. Indeed, the saturation density in our experiments
returns to the same level for the same onditions but with
higher deviations. In order to avoid the observed temperature hanges of the deuteron densities in the targets the
beam urrent was adapted in su h a way that the power
input into the target was kept onstant. Although in [10℄
is admitted that this pro edure does not keep onstant
the power density due to the stopping power relation the
mobility of the deuterons is not only inuen ed by the
indire t ambient temperature but also by dire t ion intera tion and hanges in the distribution of the stopped
proje tile deuterons. The authors on eded that they
were not able do dete t possible short time hanges in
the proton ounting rate. With our dierential method
we did not observe any dis ontinuity belonging to s reening on oxidized targets with low absolute densities being
independent of the a tual beam urrent and power input. The trustiest s reening value seems to be the result
for Au in [9℄ obtained at a high density whi h onforms
to our test with a Au foil at a very low density yielding
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no enhan ed s reening. But under ion irradiation even
noble metals an oxidize.
Posts ript: Very re ently the experiments have been
ontinued using the same a elerator set-up, pro edure,
and analyzing method as above [44℄; onsequently the
same onsiderations apply. As before the target holder
was ooled with LN2 further approa hing the boiling temperature of nitrogen. For the Sm target a s reening energy of (520 ± 56) eV was dedu ed [79℄. But not even an
estimate for the deuteron density was given unlike in the
previous pupli ations. The high statisti al errors in [44,
Fig. 5℄ and the vague statements regarding the deuteron
'uidity' obtrude the inferen e of a low density with the
same onsequen es, too.

3. The Bo hum Experiments
The largest data set of s reening energies is provided
by [12, 13, 14℄. The applied experimental pro edure and
data analysis method explained in [11, 12℄ is exa tly the
standard strategy in nu lear astrophysi s as des ribed
in [45℄ in luding measuring relative ex itation fun tions
with normalization to known ross se tions. As su h it
is a step ba k behind [9℄ where already on essions to
the spe ial situation of hydrogen in metals were made.
Again just the total yield for the thi k target of the measurement of the protons with 4 dete tors at the polar
lab-angle of θ = 130◦ at the energy Ed ∈ [5, 30] keV
was determined. The total yield Y (Ed , θ) was repeatedly taken at xed energies with equal stepsizes ∆ of
0.5 keV and 1.0 keV for Ed > 10 keV. Thereof an energy
dierentiated yield Y ′ (Ed , θ) is al ulated (14) in order
to extra t the ross se tion (15) [11, Eq. (5), (7), (8)℄[80℄:
Y ′ (Ed , θ) = (Y (Ed , θ) − Y (Ed − ∆, θ))/∆
= σ(Eeff )εeff (Ed )−1 ×
ΩKΩ (Ed , θ)W (Ed , θ)
{z
}
|

(14)
(15)

εeff (Ed ) = εD (Ed ) + xεM (Ed )

(16)

!

α=const.

The energy integration prior to (15) vanished by means
of the mean value theorem of al ulus leaving behind
the integrand to be evaluated at the ee tive energy
Eeff ∈ (Ed − ∆, Ed ) where one half of the yield is attained. Ex ept for σ for all other fa tors in (15) is assumed that their hange within the energy interval an
be negle ted. Moreover, the angular terms are olle ted
in the fa tor α whi h is supposed to be onstant for the
whole energy range of the measurement. Ω is the solid
angle of the dete tors, KΩ its transformation to the CMsystem and W the angular distribution of the rea tion
yield. ε is there the stopping ross se tion, i.e. the
 energy loss per parti le areal density eV/ atoms/cm2 and
not the linear stopping power dE
dx keV/µm. The ee tive stopping ross se tion is assembled from the one for
deuterium and the host metal [11, Eq. (9)℄:

with the metal atom fra tion Mx D. Thus, the dependen e of the omposition of the target is ompletely shufed from the stopping fa tor into x. Consequently, the
deuteron density des ribed by x is for ed to be xed for
all proje tile energies, the range in the target and the
whole measurement series on the target. For the determination of the absolute value of the ross se tion in (15)
x was s aled to a known ross se tion for gaseous deuterium [7℄ at Ed = 30 keV. This means that the dedu ed
uniform deuteron density for the whole measurement series is only dependent on the one value at 30 keV and
only there validated, at most. So this method is even
less sensitive to hanges of the density during the ourse
of the experiment than [9℄. Then the S-fa tor is al ulated. The s reening energy is obtained from another
t to the S-fa tor data with three parameters of the expression in the se ond line of (7) together with a linear
S-fa tor fun tion. Furthermore, additional error sour es
were introdu ed without need by sti king to the standard
pro edure: repeated yield dieren es at xed energies,
introdu tion of the ee tive energy, the stopping power
oe ients, S-fa tor omputation. The errors of the omputed S-fa tors are said to be dominated by the spread in
the yields Y ′ from various runs ([11, Se . 4, p. 380℄, [12,
Se . 2, p. 195℄), i.e. the yields were repeatedly measured
with stepwise in reasing and de reasing beam energies.
(This implies that the errors from dierent Y -values are
distin tly higher than the orresponding statisti al errors, whi h an be seen in [12, 14, Fig. 1℄.) As an be
seen from the position and errorbars of the datapoints
in [12, 14, Fig. 1℄ the dieren es of the Y -values must be
signi ant. It omplies with our experien e that the density prole returns to the same depth averaged value for
the same surrounding onditions but with higher deviations at lower densities. The omparatively large errors
relative to the number of the datapoints from the nonlinear t routine for the parameter Ue ree t a signi ant
orrelation between the 3 t parameters (as ould have
been read o the ovarian e matrix) and hen e judging
the apableness of the applied model.
From Fig. 11 one an re ognize on e again the onspi uous onne tion between the deuteron density and
the s reening energy like in the data of [9, 10℄. High
densities are linked to low s reening energies be ause of
moderately thi k metal oxide layers as in the third ase
of [16, Fig. 13.(e,f)℄, Fig. 6(a). Examples are the elements of the groups 3A (21 S , 39 Y and the lanthanoides
Z = 57 − 71) and 4A (Ti, Zr and 72 Hf) emphasizing the
hemi al kinship with regard to the des ribed surfa e rea tions in [16, Se . 4.1℄, Se . III. Low densities generate
high s reening energy ndings due to shifts in the density prole either in thi k metal oxide layers or materials
with low hydrogen binding ability as in [16, Fig. 13.(ad)℄, Fig. 6(b, ). Su h an be re ognized at the transition
metals (groups 6A-8A: Z = 24 − 28, 42 − 46, 74 − 78) for
example. It is argued in [12℄ that the large enhan ement
ndings are most likely due to ele tron s reening be ause
the data ould be tted well with the s reening param-
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eter Ue . In view of the dispersion of the data points in
[12, 14, Fig. 1℄ their fun tional progression an also be
des ribed with the target model of [16, Se . 4.3℄. It implements a simple stati stepfun tion for the density prole.
The model an mimi a exponential like in rease towards
low energies quite passable by an inhomogeneous density
prole with a super-deuterated surfa e layer alone without s reening enhan ement, i.e. Ue ≡ 0, [16, Fig. 10. ℄.
A existing s reening in rease an also be largely exaggerated by the density prole of a deuterated zone in the
metal with a limited thi kness [16, Fig. 10.d℄. Those were
only stati density proles. A density prole dynami ally
hanging with the energy as vindi ated by Fig. 6, [16, Fig.
13℄ ould perfe tly imitate the exponential-like s reening
enhan ement given the data distribution. In ontradistin tion thereto our data does not allow for su h a des ription as quantitatively demonstrated in [16, Se . 5,
Fig. 12℄. The Monte-Carlo ode Srim for the simulation
of ion stopping pro esses in matter was used in order to
ratify the assumption of a homogeneous depth distribution of the deuterons over the range of the ions [11℄. But
Srim does not take into a ount the ability of hydrogen
to diuse. The homogeneity assumption was experimentally re onrmed by a subsequent o-line ERDA on a
4 MV tandem a elerator with the out ome that the distribution is uniform within 10% for 'most' materials [12℄.
Self-evidently a subsequent examination annot dete t
dynami hanges but only the state of thermodynami
equilibration. Having been pointed to the problem of oxidation [46℄ RBS analysis was performed on the targets
with the result that there were 'no dete table surfa e ontaminations' with the ex eption of Al where there was
an Al2 O3 layer with a thi kness of about 150 monolayers
[13, 14℄. Those ndings prove that the resolution and
sensitivity of the applied analysis te hniques are too low;
at least the passivation oxide layers from the unavoidable exposition to air with the used equipment should
have been visible. For both ERDA and RBS it is valid
that light proje tile ions with a kineti energy of some
MeV annot provide a wide energy spe trum of the eje tiles whi h would be ne essary in order to resolve single
atomi layers. Therefore a HIERDA with in ident energies of the heavy ions in the 0.1 GeV order of magnitude
would be required with sophisti ated magneti analyzing systems (e.g. [36℄). This is additionally ompli ated
by the ir umstan e that these methods deliver expressive results only if heterogeneous samples are made up of
well dened layers. This is not fullled for the implantation targets with indistin t hemi al omposition and
surfa es fra talized by embrittlement and beam deterioration (Fig. 4, [16, Fig. 8℄). So the applied methods are
not able to dete t metal oxides with a thi kness of a few
tens monolayers (some nanometers), whi h is already suf ient to obliterate the s reening enhan ement (Se . III,
[16, Se . 4.3℄) while they are not thi k enough to ae t
the applied density determination at 30 keV signi antly.
The thi k oxide layer found on Al was dened to be of
natural origin due to the said property of Al to readily

oxidize on air. Hen e a Kr ion sputtering treatment at 15
or 35 keV was applied prior to the implantation measurements in order to remove those natural metal oxide layers
whi h is the main dieren e from [12℄ to [13℄ and [14℄.
This pro edure does not take into a ount that the major ause of the oxidation is ontributed by the water in
HV systems under deuteron irradiation whi h keeps going
on nevertheless. While the high sputter yield of the Kr
ions may allow for a surfa e leaning the large Kr atoms
thoroughly destroy the rystal stru ture of the target and
get trapped in the material fra talizing the surfa e and
thus possibly even promoting the oxidation pro ess under
subsequent deuteron irradiation sin e the ne essary annealing step is omitted. The deviations in the s reening
energies between [12℄, [13℄ and [14℄ are in both dire tions, anyhow giving an indi ation for the magnitude of
the true error in the determination of the s reening energies in this way similar to our experiments on Ta (Fig. 5).
Whether the in rease or de rease of the s reening nding
omes from an in rease or de rease of the thi kness of the
oxide layer, or low hydrogen binding ability of the metal,
or a too thin overheated target foil an s ar ely be told
afterwards on the basis of the available information. But
there are pe uliarities. It be omes not lear whi h beam
urrents were used, i.e. 54, 5 or 2.4 µA, and how they inuen e the stability and the inferred s reening values. In
[12℄ it was reported about instable yields dependent on
the beam urrent for In and 'other elements with a low
melting point' [81℄. The elements of the group 1B (Cu,
Ag, Au) had a small s reening value in [12, 13℄ omplying
to the gas target value whi h be ame large in [14℄. That
is in ontradi tion to the very low s reening energy for
Au of [9℄ and our nding of no s reening. The extraordinary high s reening value for Pd does not hange with the
Kr sputtering but mat hes best to the PdO value of [10℄
whi h is another proof for the nevertheless ontinued oxidation pro ess. Due to the moderately thi k metal oxide
layer and the stable deuteron density lose to the stoi hiometri ratio the metals of the groups 3A, 4A in luding
the lanthanoides neither allow for a real s reening observation nor a simulated s reening by density dynami s in
the experiment of [14℄. In the oextensive publi ations
[25, 26℄ these metals where heated to 200◦ C thus overoming the hemi al bond between the metal atoms and
deuterium onveying it into segregation and leading to
a density drop of two orders of magnitude, i.e. the ase
of [16, Fig. 13.(e,f)℄, Fig. 6(a) is transformed to [16, Fig.
13.(a-d)℄, Fig. 6(b, ). The than observed high s reening
energies again an be informally explained by the density dynami s due to the high mobility of the deuterons
indu ed by the high temperature and onje tural promoted metal oxide layer formation. This is made lear
at the example of Ti where ve datapoints taken at different temperatures show the transition in [25, 26, Fig.
3℄. In [13℄ it was reported on di ulties in attaining
stable rea tion yields for Ta at high temperatures whi h
was subsequently not further elu idated. The stability
test for the density in [25℄ is inappli able sin e the used
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analysis method annot re ognize the short time hanges
of the density.
The intention of these omprising experiments was to
nd a onne tion between the observed s reening energy
and some ele troni properties of the elements, something that is to be unders ored sin e it is an important
step towards the understanding of this phenomenon. The
authors propose the Hall oe ient to be this quantity
stating that the ee tive density neff of the free harge
arriers, i.e. ele trons and holes likewise, form a Debye
sphere RD around the deuterons and thus generate the
s reening potential [13℄:
s
ε0 kT
RD =
(17)
e2 neff ρa
e2 Zp
4πε0 RD
r
r
ρa
neff
e3 Zp
=
4πε0 ε0 k
T

Ue =

(18)
(19)

with ρa the number density of the atoms T the temperature of the free ele tron gas and Zp the atomi number
of the proje tile. The lassi al Debye s reening is, however, not appli able for low temperatures (ele tron energies below the Fermi energy) and dense plasmas (solid
states) where the quantum me hani al ee ts dominate
and the s reening ee t depends only on the harged parti le density and not on the temperature [1, 15, 40℄. Additionally, the motion of the bound ele trons simulating
the hole is not free but governed by quantum me hanial tunneling between neighbor atoms. The fa t that the
s reening energy is vanishing for high deuteron densities
is explained by the assertion that these metal hydrides
are insulators. This is not right for the majority of the
metal hydrides whi h are metalli ly or ovalently bound
and retain their metalli properties. In fa t, the ele trons of the hydrogen are added to the ondu tion band
of the metal. The Baranowsky- urve of the ele tri resistan e of metal hydrides shows that the resistan e at
the hemi al stoi hiometri ratio is even lower than for
somewhat lower densities and omparable to the metal
[33℄. Using a 3 He beam on a deuterated 78 Pt target via
the rea tion d(3 He,p)4 He [12℄ a s reening energy was inferred about twi e as high ((730 ± 60) eV at 1 − 3 µA)
as for the d beam ((440 ± 50) eV) whi h was regarded as
a onrmation of the Zp dependen y (19) of the Debye
hypothesis [13℄. In [14℄ however the s reening energies
for 3 He ((680 ± 60) eV) and d beams ((670 ± 50) eV) at
Pt be ame equal without explanation. The in onsisten y
of the Pt-data also omprises the measurements [25, 26℄
for the veri ation of the temperatur dependen e (19) of
1
T − 2 . With the ex eption of the room temperature data
point the other four data points are equal within their
error interval. So the temperature dependen e is based
on a single un ertain point. Furthermore, the ndings for
the metals of the groups 3A and 4A are in ontradi tion
to it whi h annot be resolved by the introdu tion of a
highhanded fun tion [25, 26, Eq. (4)℄.

No.
1
2
3b
4d
5b
6

a

Table II: Spearman rank orrelation tests
orrel.
r
P -value
U ↔n
0.4894
0.0130
U ↔x
−0.7997
5.1404 · 10
U ↔n
0.2830
0.0768
0.1240
0.4171
0.0174
0.9096
U ↔x
−0.7466
2.3602 · 10
s

e

eff

−14

e
e

e

eff

−16

Data of [14, Table 1℄.
In luding [25, 26, Table 1℄.
In luding [25, 26, Table 1℄ and neff for the omitted elements.
d Additional onsideration of the sign of the Hall oe ient.

a
b

In order to arrive at a more quantitative assessment of
the hypotheses, methods of statisti al data des ription
and analysis an be applied (e.g. [47℄). Of the 58 examined elements in [14, Table 1℄ the ee tive harge densities al ulated from the Hall oe ient RH are sele tively
spe ied for the 25 elements with high s reening values
only, be ause the authors erroneously pre ondemned the
others to be insulators with zero harge arriers. Effe tive harge densities for the elements In, Sn, Sb, Pb,
Bi whi h do not t in the explanation s heme were also
omitted [82℄. It needs to be parti ularly pointed out that
the authors impute themselves a at error of 20% for
the Hall oe ients but not the original experimental
un ertainties. Both have severe impa t on the interpretation. A visual survey based on Fig. 12 already shows
that the distribution in the s atter plot for the ase of
Ue ↔ neff is rather dispersed while the distribution for
Ue ↔ x roughly indi ates a hyperboli onne tion. The
temperature dependent data points for Ti [25, 26, Table
1℄ are additionally in luded in the bottom s atter plot
(tagged with a star) demonstrating the transition from a
high stable density to a low instable density allowing for
the density dynami s whi h simulate the high s reening
ndings. Three testing methods for ontinuous variables
were used: Pearson's linear orrelation r whi h assumes
a linear asso iation between the variables. The Spearman rank orrelation rs measures the monotone asso iation between the variables and is therefore invariant under monotone transformations. Kendall's τ is even more
nonparametri sin e it uses only the relative ordering of
the ranks by ounting the inversions in the paired data
points. It also enables the easy in lusion of errors by
adaptive binning. The latter both are robust in opposition to the linear orrelation. All su h tests attempt to
falsify the null hypothesis of no orrelation. Their orrelation oe ient des ribes the strength of the orrelation
ranging in [−1, 1] where 0 stands for no orrelation and
(-)1 for total (anti) orrelation. Complementary the P value determines the signi an e of the obtained orrelation, the lower P the higher is the signi an e. The results are in tenden y ongruent wherefore representatives
from the Spearman rank orrelation are listed in Table II.
The assumed fun tional dependen y in (19) is tested on

16

800.0

b

7→ ln Ue
2

χ
110.6
136.0
385.3

Q-value
1.99 · 10
5.01 · 10
1.50 · 10

−13
−18
−56

Data of [14, Table 1℄.
eff = 10%
In luding [25, 26, Table 1℄ and neff for the omitted elements.

Ue in eV
400.0

200.0

0

2

4

6

8

neff from CHall

800.0

Ue in eV

600.0

400.0

✰
✰
✰
200.0

✰
0.0

a

eff

a
b δn

600.0

0.0

Table III: Regressions on ln n

No. a b σ σ
1b 5.87 0.41 0.03 0.04
2 5.91 0.34 0.03 0.04
3 6.03 -0.02 0.02 0.01
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Figure 12: S atter plots. Top: U ↔ n with n from the
Hall oe ient C . Bottom: U ↔ x with x being the
deuterium ontents in the ompound MD . The star denotes
temperature dependent points for Ti.
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the restri ted data set [14, Table 1℄ (#1); the orrelation oe ient is below 0.5 with a low signi an e. In
ontradistin tion thereto the orrelation to the density x
has onsiderably higher values with utmost strong signifi an es (#2). In luding the temperature dependent data
[25, 26, Table 1℄ into the al ulations leads to a onsiderable de rease in the orrelation oe ient (#3) whi h
is further redu ed when neff for the omitted elements In,

Sn, Sb, Pb, Bi is regarded (#4), with a on urrent derease in the signi an e. The onsideration of the sign
of the Hall oe ient lets the orrelation approa h zero
(#5). On the other hand the enlarged data set has only
slight impa t on the orrelation to x (#6). Logarithmizing (19) leads to a linear model with a slope of b = 12
and a positive inter ept a ontaining the other quantities.
Regression attempts based on it are listed in Table III,
σi is here the orresponding standard error of the two
parameters. The inuen e of the error δneff an be seen
in omparison of #1 and #2, where #1 has the willfully
by the authors imputed error of 20% while #2 adopts a
more realisti value of 10% in ontrast. Anyway, the resulting slopes denitely stay behind the ne essary value
of 12 . Making worse the Q-value whi h is the goodness
of the t remains tiny. Conventionally if the goodness is
smaller than 10−3 the model is onsidered in orre t or
the errors are still roughly underestimated. Here (#3)
the in lusion of the temperature dependent data [25, 26,
Table 1℄ and neff for the omitted elements In, Sn, Sb,
Pb, Bi into the al ulations leads to a slope lose to zero
and a goodness disqualifying the linear model. The value
of the Hall oe ient of Pd was doubted in [14℄ and repla ed by an own measurement with minor impa t. So
in both instan es, orrelation and regression, the explanation by the Debye hypothesis is ruled out. The disarmation of the Debye hypothesis on basis of the orrelation tests alone might be disputable, together with
the other aforementioned points it is de repeted. The
density hypothesis as an alternative learly ould not be
falsied. Complemented by the pre eding argumentation
and the physi o- hemi al ee ts as des ribed in [16, Se .
4, 6℄and Se . III the deuteron density dynami s provide
the explanation for the alleged s reening results. Thus
the assumptions for rea tions with heavier nu lei and radioa tive de ay are refuted as well with the onsequen e
that any experimental eviden e oered for them need to
ome under s rutiny, Se . V B, V C.

B. Experiments with heavier nu lei
As a onsequen e of Se . V A the errati high s reening ndings of the other groups annot really serve as a
onrmation of our results. Therefore the experiments
on Li target nu lei a hieve spe ial signi an e as a independent reassuran e for the overall ee t of the enhan e-
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ment of nu lear rea tions in metalli environments. With
regard to the reliability the most outstanding result disussed in Se . V is from the experiment d+Li in binary
alloys with Pd and Au [19℄. The α-yield from the rea tions at 6,7 Li (natural abundan e: 7.42% 6 Li, 92.58%
7
Li) in both alloys was observed normalized to the yield
at 75 keV in omplete analogy to the pro edure for the
d+d rea tion [9, 10℄ and set in relation to LiF targets.
The inferred s reening energies are (1500 ± 310) eV for
PdLix and (60 ± 150) eV for AuLix , where x was initially at 5-10% for the alloys. The s reening energy for
PdLix is therewith one order of magnitude higher than
our value of (190 ± 50) eV for 6 LiF whi h is in agreement
with the simple theory [48℄. The latter s reening energy
is substantially smaller than the (380 ± 250) eV from [49℄.
This is be ause a signi ant share of the in rease of the
observed S-fa tor towards low energies
 is aused by a
2+ subthreshold resonan e at Ex 8 Be = 22.2 MeV. It
needs to be in luded in the data analysis by sophistiated nu lear rea tion theoreti al al ulations [48, 50℄.
The advantage of this experiment on Li targets over deuterium is that the small hydrogen atoms have a mobility
in metals whi h is several orders of magnitude greater
than other atom spe ies. Thus, dierent to the auto implanted deuterium targets there is no su h fatal target
atom density dynami s possible as in [16, Fig. 13.(a-d)℄,
Fig. 6(b, ). The also here inevitable oxidation pro ess
will only de rease  but not ompletely supplant  the
Li fra tion in the surfa e layers. This explains together
with the higher sputtering yield for light atoms the observed asymptoti bise tion of the yield with the ion dose
[19, Fig. 2℄ at the monitor energy of 75 keV. Both leads
to an inhomogeneous depth distribution of the Li target
atoms with a lower Li fra tion at the surfa e and due to
the higher beam energies ≥ 30 keV with lower impa t. So
this time the observed enhan ement an be regarded as a
lower limit, too. Whereas the inferred value of the s reening energy needs to be orre ted for the inuen e of the
subthreshold resonan e and the same questions regarding the s reening energy al ulation of the authors apply
as in the ase of deuterium. The low value for AuLix
is so far in onformity with the negative ndings for the
d+d rea tion in Au [9, 10, 12, 13℄. A similar experiment [20℄ was later performed using the proton indu ed
rea tions on 6,7 Li in an environment of Li2 WO4 , Li-metal
and PdLix (x = 1%, 0.01%). The results for the s reening
energies of the rea tion 7 Li(p,α)α are (185 ± 150) eV for
Li2 WO4 , (1280±60) eV for the metal and (3790±330) eV
for PdLi1% whi h were obtained using standard pro edures (14), (15), [11, 45℄. The results for LiPd0.01% and
the rea tion 6 Li(p,α)3 He agree within 1σ . In a mi ros opi view it is universally valid that the s reening ee t
depends on the impa t of the ele troni onguration of
the environment on the Coulomb barrier of the entran e
hannel only (e.g. [51, 52℄), i.e. the pure Coulomb energy
is modied by a Yukawa fa tor for simpli ity W (r) =
2
r
1 Zp Zt e − λA
with λA being the s reening length. As
e
4πε0
r
su h the inferred s reening energy is merely the se ond
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1 Zp Zt e
term in a Taylor-expansion of W (r), i.e. Ue = 4πε
λA ,
0
and a oarse mathemati al parametrization in the simple
model [2℄, (7), [16, Eq. (20)℄. The s reening modi ation of the Coulomb potential only a ts as if the proje tile gained Ue . So there is no 'a eleration me hanism'
in reality and one must neither de ompose the s reening ee t nor transfer the result of one environment to
another as in [20℄ where the 'atomi ' s reening energy
for 7 Li→H2 is used as a linear addend in the s reening
energy for p→(Li-metal or PdLix ). Consequently, the
s reening energy is independent of the isotopes in the
rea tion and should be equal for 1,2 H+6,7 Li in [19℄ and
[20℄. Whereas there are two dis repan ies between [20℄
and [19℄: First, the more than twi e as high s reening
energy for PdLix of [20℄ relative to [19℄. But 4 of the
7 datapoints lay oside the tted urve and only the t
error is given for Ue [20, Fig. 1,2℄. Se ond the assertion
in [20℄ that the yield remained stable better than 10%
while [19℄ observed a bise tion of the yield at 6 C whi h
is plausible due to irradiation ee ts. Both dis repanies an be explained by the dierent target fabri ation
te hniques. In [19℄ Pd and Li are made into an alloy by
ar melting while in [20℄ Li was inserted in a Pd-disk in
a plasma dis harge. The latter is prone to depth inhomogeneities. This was veried by a NRA analysis of the
target using the Eα = 958 keV resonan e with a width
of Γ = 4 keV in the rea tion 7 Li(α,γ )11 B yielding the
as ertainment of a homogeneous depth distribution [20℄.
However, the depth resolution of this method is limited
by the energy un ertainty and spread of the beam and
the width of the resonan e. The most prominent example of the NRA is the EN = 6.385 MeV resonan e with
a width of Γ = 1.8 keV in the 1 H(15 N,αγ )12 C for the
investigation of hydrogen distributions. It has a minimal resolution ranging 5 − 15 nm [53℄. So the resolution
of the Li-NRA is worse given a 2.2 times higher width
of the resonan e. Sin e most of the yield is ontributed
by the topmost atomi layers here too ([16, Se . 4.3, Fig.
10.d℄), an enlarged Li ontents below the NRA-resolution
at the surfa e would explain the more than two times
higher s reening energy and the mu h lower de rease of
the yield with the ion dose. The high s reening value
for PdLix was regarded as a onrmation for the Debye
model. If this was true the measurements for AuLix [19℄
should also have yielded a high value and not one lose
to zero, sin e the d+d s reening energy for Au of [14℄
was about 280 eV in dieren e to [9, 10, 12, 13℄ and our
observation.

The theoreti al model of the ele tron s reening presented in Se . IV B predi ts dierent s reening energies
for dierent target material environments. In the ase of
an insulator the ele tron s reening should rea h the value
of 190 eV, whi h results only from the gain of the ele tron binding energies. For metalli environments the ontribution oming from free ele trons has to be in luded
additionally. Due to dierent ele tron densities for Pd
(rS = 1.4) and Li (rS = 3.4) the free ele tron ontributions to the s reening energy is equal to 660 eV and
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420 eV, respe tively. Thus, we nally expe t total s reening energies of 190 eV for an insulating target material,
610 eV for metalli Lithium targets and 850 eV for the
PdLix alloy. Experimental results, despite large un ertainties, onrm dierent ele tron s reening energies for
insulating and metalli materials with various ele tron
densities.
Extending this thread, a rst eort was undertaken
in [21℄ to study the environmental inuen e for heavy
nu lei using the (p,n) rea tion on 50 V and 176 Lu nu lei
in an oxide, as pure metal, and as an alloy with Pd in
the energy range 0.75 − 1.5 MeV. Be ause of insu ient
ross se tion data the s reening energies were obtained by
omparison with the metal oxides VO2 and Lu2 O3 . The
inferred s reening energies are (27 ± 9) keV and (33 ±
11) keV for V and PdV10% and (32 ± 2) keV and (33 ±
2) keV for Lu and PdLu10% . The omparison was done
by taking the ratio of the yields between the metal and
the oxide alias the insulator
R Ep
δn (E)ε−1
Ym (E)
m (E)σm (E)dE
= R0Ep
R(Ep ) =
(20)
Yi (E)
δn (E)ε−1 (E)σi (E)dE
0

i

where δn is the e ien y of the neutron dete tor. It is
now assumed that the ratio of the stopping ross se tions
between the two materials an be expressed by an energy
independent onstant α = εi (E)/εm (E) whi h is mathemati ally doubtful onsidering Bragg's rule [54℄. So the
following substitutions where done εm (E) = α−1 εi (E)
and σm (E) = f (E)σi (E) with the enhan ement fa tor
f as in (7) with the presupposition of a onstant S .
The ratio of the integrals is further simplied by the energy dierentiation of the yields using the ee tive energy as in (14), (15) [11, Eq. (5), (7), (8)℄ arriving at
R(Ep ) = αf (Eeff ). The s reening energy resulted together with α from a t to the yield ratios. This pro edure was, however, only applied to V. The s reening energies for Lu were gathered from the shift of the Lewis peak
along the energy axis between the dierent targets originating from a narrow resonan e lose to Ep = 0.8 MeV
[21, Fig. 3℄. The Lewis ee t omes from the dis rete energy loss of the proje tiles in the target [55℄. This energy
shift was indeed erroneously interpreted as the s reening energy. As already pointed out the s reening ee t
is merely a modi ation of the Coulomb barrier and no
real energy shift. So this shift an not originate from
the s reening ee t. Thus, it is probable that the energy
shift is aused by target properties. Strikingly the oxide
targets being the normalization standard are made by
pressing a metal oxide powder into a ylindri al hole of
a Cu disk. It is well known from powder metallurgy and
sili ate te hnology that pressing of a powder like in this
ase is insu ient in order to remove the hollow spa es
between the powder parti les unless a sintering step is
performed. So the used metal oxide targets ontain hollow spa es with a size of the same order of magnitude as
the powder parti les. Consequently the stopping of MeV
protons is heavily altered in omparison to a monolithi

metal oxide erami and dierent in its mathemati al des ription to [30℄. We observed ee ts of porous targets
on the stopping [37, Fig. 2℄. So the shift of the lewis
peak an be explained by the dieren es of the stopping
between the porous metal oxide target and the metal
targets. Additionally, it is well known that the position
and form of the Lewis peak depends very riti ally on
the omposition, homogeneity and ontamination of the
target [55, 56, 57℄ also [45℄. This in turn asts serious
doubts on the results for V. A riti al point of the data
analysis (20) is the presupposition that the ratio of the
stopping ross se tions of the metal oxide and the metal
is a onstant over the energy. This is inappropriate for
the porous target and an lead to a misinterpretation of
the data. The onspi uously high errors of the s reening and α values from the t  about 33% making the
ee t ompatible with zero within 3σ  are a strong
indi ation for a high orrelation between the two t parameters showing the improperness of the t model. The
ovarian e matrix of the t parameters ould have given
information about this.
From the theoreti al point of view the large s reening
energies obtained for the d+d rea tions at energies below
20 keV annot be used for the estimation of the s reening
energies in the above ase sin e the proton energy is mu h
higher and does not fulll the adiabati approximation.
Sin e the surrounding ele trons are mu h slower than the
protons, the resulting s reening energy obeys rather assumptions of the sudden approximation and thus should
be of order of a few keV in ontradi tion to statements
involved in [20, 21℄.

C. Radioa tive de ay of embedded nu lei
As the ele tron s reening enhan es the ross se tion
at low impa t energies, a similar ee t an be expe ted
for the radioa tive de ay. However, sin e the energies of
the de ay produ ts are xed by the Q value, only a few
nu lei with lowest-energy emitters are andidates for a
measurable hange in the lifetime. In general, for positive harged eje tiles (α and β + de ay), s reening redu es the Coulomb barrier and therefore enhan es the
de ay rate while the opposite is true for β − de ay. As reently pointed out by Zinner [58℄ the ee t of a hanged
Coulomb barrier is partially an eled by a modied Q
value that stems from the extension of the s reened potential into the inner part of the nu leus. For heavy nulei the ee t an still be strong as the s reening potential s ales approximately with the produ t of the harge
number of the end nu lei.
Re ently, based on an extrapolation of the DebyeHü kel ele tron s reening model to low temperatures, it
has been suggested that half-lives of radioa tive isotopes
may hange by orders of magnitude if they are embedded
in a metal latti e and ooled to ryogeni temperatures
[21, 23, 25, 27, 28℄ [83℄. In support of these predi tions, a
series of measurements has been published the results of
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Table IV: De ay of radionu lides embedded in host metals
Ref. nu lide de ay mode host predi tion measurement
[22℄ Na
90% β Pd
11% (1.2 ± 0.2)%
[59℄ Au 100% β Au
-34% (-4.0 ± 0.7)%
[60℄ Po 100% α Cu 3300% (6.3 ± 1.4)%
22

+

198

−

210

whi h are listed in the table IV, together with the halflife hanges predi ted by the Debye-Hü kel model. The
striking disagreement with the predi tions have been attributed to an oxygen layer build-up on the metal surfa e
leading to an insu ient implantation of the radioisotope
[84℄.
A re ently published measurement [61, 62℄ where 22 Na
was a tivated in Al (and therefore deeply implanted)
learly shows a zero ee t on a level of 0.04%, again
in striking disagreement to the results by [22℄ with a
reported lifetime hange of (1.2 ± 0.2) % (see table IV).
No des ription has been given in [22℄ how the data have
been analyzed. If the 511-keV annihilation line has been
in luded in the analysis, the results are ertainly not orre t (see [63℄). For the α de ay, even the observed 6% [60℄
hange is surprising as embedding radioa tive nu lei in
metals and ooling the samples to ryogeni temperatures
is a routine pro edure in low temperature nu lear orientation (LTNO) experiments sin e several de ades [85℄.
Stone et al. [64℄ studied in detail the expe ted ee t
w.r.t. α de ay on omplete de ay hains starting with
224
Rn, 225 Ra, and 227 A and ompared it with available
LTNO data. None of those data indi ate any hange of
the lifetime of any of the nu lei involved when they are
implanted into Iron, neither at room temperature nor
when ooled to 20 millikelvin. The same applies for β
a tive nu lei in multiple host metals, see [64℄ and referen es therein. The pre ision of these measurements is
typi ally 1% and less. Another follow-up measurement
performed at ISOLDE/CERN [65℄ fo used on a possible
hange of the 221 Fr (α de ay) half-life when embedded in
a metal and an insulator; there is also no lear ee t (50%
error) on a level of 0.3%. Severijns et al. [66℄ investigated
the α de ay of 253 Es in Fe between 4 K and 50 mK and
ould not observe any ee t on a level of 2%. Finally, also
the β − de ay of 198 Au embedded in Au and Al-Au has
been measured independently by three dierent groups
[62, 67, 68℄, and no lifetime hange ould be observed
on a sub-per ent level when the sample was ooled to
≈10 K. The latest result [62℄ was measured with a 30
times better error but the same onditions as in [59℄.
In on lusion, all the follow-up measurements are in
agreement with the theoreti al expe tations presented
already in Se . IV B. The Debye-Hü kel s reening an
be applied only for temperatures higher than the Fermi
temperature being typi ally 105 K, far above the evaporation temperature of metals. For lower temperatures
one should not observe any temperature dependen e of
the s reening energy.
However, another ee t an be expe ted [40℄: a hange

of the lifetime by just embedding the unstable nu lei into
a metal, but this requires an absolute measurement of
the lifetime and therefore mu h more experimental effort. A re-analysis of past lifetime measurements data
with respe t to the hemi al omposition ould also reveal su h a dependen e. For instan e, the lifetime of 238 U
has been determined with ele troplated samples (metalli
uranium), with U3 O8 , and other ompounds, see [69, 70℄.
Although the measurements s atter by 1-2%, no systemati enhan ement of the de ay rate an be seen for the
metalli uranium. As an be seen from the aforementioned CERN measurement [65℄ the ee t will be small
anyway even for high s reening values but an eviden e
would be a great ontribution to a better understanding of the s reening me hanism from a very dierent approa h.

VI. CONCLUSION
We presented some new experimental ele tron s reening energies for d+d rea tions taking pla e in dierent
target material environments. We applied a dierential
data analysis method whi h gains the maximum information from the raw data. The method is independent of the unpre ise stopping power oe ients and
the a tual absolute value of the deuteron number density in the targets. It enables the on-line monitoring
of the deuteron densities and the observation of short
time deuteron density prole hanges. Thus, it allows
for the re ognition and reje tion of measurements with
unwanted shifts in the density depth distribution prole. Therefore, it adequately onsiders the spe ial situation of potentially highly mobile hydrogen in solid states
where neither a homogeneous nor a stable density distribution an be presupposed any longer. The problem of
the density dynami s is entangled with the ee ts from
the a tual target omposition, i.e. the undesirable density
prole hanges o ur in targets with low hydrogen binding ability, like many of the transition metals, at elevated
temperatures and heterogeneous targets with metal oxide
or arbon layers or dierent (relatively) thin metal layers. The formation of metal oxide layers is inevitable in
ommon high va uum systems used in experimental nulear physi s while the other unpropitious environments
were produ ed deliberately. Thorough investigation of
the ontamination layer formation showed their momentousness and assured together with the dierential analysis method that our s reening energy values ranging between 190−320 eV represent lower limits. In addition the
alteration of the inferred s reening energies due to layer
formation under beam irradiation depends on many parameters. Logi ally it makes no sense to measure larger
portions of the periodi table sin e any observed material dependen e results from dieren es in the hemi al
rea tivity and related physi o- hemi al properties for the
ontamination layer formation, unless this problem is reliably solved. Dierent to the other two groups our high
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s reening energy results were a hieved at high densities in
the proximity of the hemi al stoi hiometri ratio learly
without eviden e for short time density prole shifts.
Whereas the high s reening results of the other groups
were ex lusively attained at low densities yielded from
the ustomary analysis of the total yields of the measurements whi h is blind for the then happening density
dynami s. The target diagnosis methods are unusable
be ause of their too bad resolution and o-line appli ation. So the inferred s reening energies are onje turally
simulated by the density dynami s. Utilization of explorative statisti s to the data sets in luding the temperature measurements sustains this explanation while on
the other hand the Debye-Hü kel hypothesis is learly
falsied. It is likewise falsied from the theoreti al side
sin e al ulations performed within an improved diele tri fun tion theory predi t only a weak material dependen e of Ue on the valen e ele tron density. The quantitative s ale of the phenomenon is not yet understood,
sin e our analyti al model still fails to des ribe the values
by at least a fa tor of 2. So further unidentied ee ts
play a role. Consequently any on lusion based on the alleged material dependen e of the inferred s reening energies is premature. For it the pre ise determination of the
s reening energies is demandable whi h is only feasible in
an ultra high va uum system with pressures well below
10−10 hPa, where only hydrogen and noble gases are in
the residual gas, and equipped with in-situ target diagnosis te hniques. We performed the rst measurements
under UHV onditions, whose results onrm the previous measurements and the framework of surfa e physi s

and hemi al ee ts [71℄.
Nu lear rea tions with heavier nu lei embedded in
metalli environments gave eviden e for an alike enhan ed s reening ee t. However, there are analogue
problems. The results for deuterated metals with 3 He
proje tiles are ontradi tory, most probably due to
deuteron dynami s. The data for Li nu lei are partially
oni ting between the Tohoku and the Bo hum group,
whi h used dierent target preparation te hniques, and
an be attributed to inhomogeneous densities and inadequate diagnosis te hniques as well. The results, however, onrm theoreti al predi tions based on the diele tri fun tion theory on erning the free ele tron density
of the target material. The s reening energy data for the
heavier nu lei V and Lu were obtained from a omparison between a metal and a metal oxide powder target
ignoring the hollow spa es in the powder and its strong
inuen es on beam stopping, thus disabling on lusions.
As dis ussed, the predi tions of the Debye-Hü kel hypothesis given by the Bo hum group for the temperature dependen e of the radioa tive de ay of embedded
nu lei ould not be veried by their own experiments;
the measured values are orders of magnitude below their
predi tions. Moreover, their experimental results are in
ontradi tion to all other experiments, in parti ular the
LTNO measurements of the past 30 years. A material
dependen e is on eivable though a small ee t. Otherwise it would have been already dis overed given that
nu lei of importan e for nu lear te hnology have been
investigated in multiple hemi al ompounds in luding
pure metals for de ades.
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