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Enhanement of the Deuteron-Fusion Reations in Metals and its ExperimentalImpliationsA. Huke,1, ∗ K. Czerski,2, 1 P. Heide,1 G. Rupreht,3, 1 N. Targosz,2 and W. �ebrowski21Institut für Optik und Atomare Physik, Tehnishe Universität BerlinHardenbergstraÿe 36, 10623 Berlin, Germany2Institute of Physis, University of Szzein, Szzein, Poland3TRIUMF, Vanouver, B.C., CanadaReent measurements of the reation 2H(d,p)3H in metalli environments at very low energiesperformed by di�erent experimental groups point to an enhaned eletron sreening e�et. How-ever, the resulting sreening energies di�er strongly for divers host metals and di�erent experiments.Here, we present new experimental results and investigations of interfering proesses in the irradi-ated targets. These measurements inside metals set speial hallenges and pitfalls whih make themand the data analysis partiularly error-prone. There are multi-parameter ollateral e�ets whihare ruial for the orret interpretation of the observed experimental yields. They mainly originatefrom target surfae ontaminations due to residual gases in the vauum as well as from inhomo-geneities and instabilities in the deuteron density distribution in the targets. In order to addressthese problems an improved di�erential analysis method beyond the standard proedures has beenimplemented. Profound srutiny of the other experiments demonstrates that the observed unusualhanges in the reation yields are mainly due to deuteron density dynamis simulating the allegedsreening energy values. The experimental results are ompared with di�erent theoretial modelsof the eletron sreening in metals. The Debye-Hükel model that has been previously proposedto explain the in�uene of the eletron sreening on both nulear reations and radioative deaysould be learly exluded.PACS numbers: 25.45.-z, 25.60.Pj, 26.20.+f, 23.90.+wI. INTRODUCTIONThe ross setion for nulear reations between hargedpartiles at low energies is mainly determined by the pen-etration probability through the Coulomb barrier, whihresults in a steep exponential derease towards lower en-ergies. At su�iently low energies, however, this dereaseis slowed down due to sreening the Coulomb barrier bythe inevitable presene of surrounding eletrons. Theeletron sreening was originally taken into aount fornulear reations preeding in dense astrophysial plas-mas in the interior of stars [1℄ where the nulear reationrates an be inreased even by many orders of magnitude.For laboratory investigations of nulear reations at verylow energies, this e�et was theoretially desribed [2℄and experimentally observed in di�erent fusion reationson gas targets, e.g. [3℄. The orresponding enhanementof the nulear ross setion ould be explained by thegain of eletron binding energies between the initial dis-tant atoms and the �nal fused atom. This was attributedto the raise of the kineti energy of olliding nulei andalled eletron sreening energy. For the �rst time, theeletron sreening e�et resulting from muh more im-portant for astrophysial appliations free eletrons wasinvestigated in the d+d fusion reations taking plae inmetalli environments [4, 5, 6℄. The experimentally de-termined sreening energies for some heavier metals were
∗Eletroni address: huke�physik.tu-berlin.de, Armin.Huke�web.de

one order of magnitude larger than the gas target value[7℄ and larger by a fator of about four than the theoret-ial preditions [8℄. These experimental results were alsoon�rmed by other authors [9, 10, 11, 12, 13, 14℄.Meanwhile, the eletron sreening e�et in the d+d fu-sion reations has been studied for over 50 di�erent met-als and some insulators [12, 13, 14℄ allowing, in priniple,for a systemati study of the target material dependeneof the eletron sreening energy. Unfortunately, there aresome disrepanies between experimental values obtainedby di�erent groups [15℄. They probably arise from someexperimental systemati unertainties onneted with ox-idation of the target surfae or with a high mobility ofthe implanted deuterons under beam irradiation, whihan lead to unstable deuteron density pro�les within thetarget. Both e�ets play a ruial role for the experimen-tal determination of the sreening energies [6, 16℄. Thebasi quantity reeived from the experiment is the nu-lear reation yield whih is given for a thik target as anintegral over the range of the projetiles Y =
∫ R

0
[nσ] dxwith the target nulei density distribution n and the rosssetion σ. So deviations in the observed yield have thetwo prinipal auses: hanges in the deuteron densitypro�le and modi�ation of the ross setion, probably bythe sreening e�et, whih are merged in the integrantprodut [nσ]. Some standard experimental di�ultieshave been already disussed in our preeding paper [16℄where an espeially adapted data aquisition and analysismethod, allowing us to disern between hanges in n and

σ, has been presented in a systemati manner. Based onthis method, we report here some new experimental re-
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2sults and estimate experimental unertainties of previousexperiments. We additionally ompare data obtained bydi�erent groups and disuss systemati errors of appliedexperimental and analytial methods.From the theoretial point of view, the large numberof experimental data orreted for the disussed experi-mental unertainties enables a omparison with theoret-ial preditions. The �rst ab-initio quantum mehanialalulation of the sreening energy in a rystal environ-ment has been reently performed using realisti wavefuntions [17℄. However, the results are still unsatisfyingbeause of the very high demand for omputational powerlimiting the model auray. Thus, the self-onsistent di-eletri funtion theory developed previously [18℄ will beused here for the alulation of the sreening energy on-tributions oming not only from free eletrons but alsofrom bound eletrons of reating nulei and host met-als. Additionally, the interation with the rystal lattiewill be inluded. The theoretial results will be extendedfor omparison with the last experimental studies of theeletron sreening in nulear reations between heaviernulei [19, 20, 21℄ and in radioative deays [22, 23, 24℄.On the other hand, it has reently been suggested thatthe enhaned eletron sreening an be explained withinthe lassial Debye-Hükel model [13℄. The idea has beensupported by an observation of the predited inverse pro-portionality of the experimental sreening energies to thesquare root of the absolute target temperature [25, 26℄.As a onsequene one ould expet a magni�ation of the
α and β+ deay rates when radioative soures would beput in metals at ryogeni temperatures. Even thoughthe Debye sreening annot be applied to strongly ou-pled eletron plasmas, as metals at moderate tempera-tures are, the suggestion has found muh publi interest[23, 27, 28, 29℄. Thus, both experimental and theoretialaspets of the temperature e�et of the eletron sreen-ing will be subjet of a ritial disussion learly showingthe inappliability of the Debye-Hükel model for theseissues. II. EXPERIMENTAL SET-UP, DATAACQUISITION AND ANALYSISThe experiments have been arried out at an aelera-tor optimized for low energy beams. Fig. 1 illustrates theprinipal set-up and the data aquisition system. Theaelerator onsists of a radio frequeny ion soure, anaeleration line powered by a highly stabilized 60 kVsupply and subsequent eletri quadrupoles for fousingand a magneti dipole for beam analysis. The beam im-pinges onto a Faraday up just inside the target hamberwhere beam adjustment an be done without disturbingthe deuteron density in the targets. A horizontal mag-neti steerer is used to de�et the beam onto the target,suh removing neutral partiles and ontaminations ar-ried along by the beam. A ylinder box set to a negativepotential surrounds the target in order to suppress se-

ondary eletrons. The isolated target holder is onnetedto a urrent integrator. The targets were disks made fromdi�erent pure metals beoming self-implanted deuteriumtargets under the beam irradiation. Four Si-detetors atthe laboratory angles of 90◦, 110◦, 130◦ and 150◦ wereused for the detetion of all harged partiles, p, t, 3He,of the reations 2H(d,p)t and 2H(d,n)3He. The detetorsneeded to be shielded from the baksattered deuteronsin order to prevent a ongestion of them and the dataaquisition system. Therefore grounded Al-foils of thik-nesses from 120− 150 µg/cm2 were plaed in front of thedetetors. The thikness is su�ient to blok deuteronsup to 60 keV while all other ejetiles ould pass. Thedetetor voltage pulses travel through pre-ampli�ers andspetrosopi ampli�ers. The signals are digitized by fourADCs in an embedded VME system onneted to a om-puter whih automatially integrates the proton lines ofthe spetra in �xed time intervals [75℄ and reords thefour di�erential ounting numbers N (θ) and the harge
q of the integrated beam urrent at the target in a �lewhih then an be further proessed. An example spe-trum is shown in �g 1; all ejetile lines are learly identi-�able. Due to the anisotropi angular distribution of theejetiles of the d+d fusion reations even at the lowestenergies, a total ounting number N is alulated pro-viding the tabulated funtion N (q) whih is the basiquantity for the further data analysis.Correspondingly, the experimental reation yield isgiven by

Y (E) =
ze

ε

dN

dq
(1)where the number of impating projetiles is already sub-stituted by their harge, ε is the detetor e�ieny and

z the harge state of the projetile. On the other handthe yield an be alulated for an in�nitely thik target(regarding the projetile range R) by
Ytheo (E) =

∫ R

0

n ·σ (E (x)) dx (2)with the number density of the target nulei n and theross setion σ. Unlike other hemial ompounds thesmall hydrogen atoms are not trapped in �rm hemialbonds with metals. The hydrogen density is not boundto a �xed stoihiometri ratio and an and indeed doeshange under ion irradiation. Changes in the yield maynow originate from both the deuteron density and theross setion and need to be disriminated. The den-sity is here a funtion of the target depth, the projetileenergy, the implanted harge, the beam �ux and othertarget material dependent and environmental onditions.The tabulated funtion N (q) provided by our data a-quisition system makes it possible to retain the di�eren-tiation in (1) and thereby gain information on the hargedevelopment of a depth averaged density n (q). So as-suming depth homogeneity of the deuteron density in (2)the depth x an be substituted by the projetile energy
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Figure 1: Experimental set-up
E with the stopping power di�erential equation [30℄

dE

dx
= −

(

cM +
n(q)

nD

cD

)√
E (3)where cM and cD are the stopping power oe�ients inthe metal and in hydrogen, nD the appendant hydrogendensity. Applying this substitution one arrives at a mo-tivation and an expression for the redued yield [5, 6, 16℄

y(E; q) :=
Y (E; q)

∫ E

0
σ(E)√

E
dE

=
n(q)

cM + n(q)
nD

cD

×F (E) . (4)Sine both the ross setion in the metalli environmentand the deuteron density are unknown the yield need tobe set in relation to a known gas target ross setion. Wetherefore hose the parameterization from [31℄ beause ithas the highest preision. It forms together with the lowenergy funtion (√E) of the stopping power (3) the in-tegral in the denominator on the right hand side. Thegray printed expression is per se a onstant. So if the re-dued yield is not onstant it is based on deviations of thepresribed progression in the ross setion or in the fun-tional dependene of the stopping powers or hanges inthe density. It is a sensitive measure for suh deviationsbut the distintion of the possible reasons is a matter ofreasonable interpretation. Fig. 2 shows plots of the re-dued yield at two di�erent energies. One an see longterm hanges in the individual measurements indiatedby the straight lines. These are attributed to hanges inthe deuteron density pro�les sattered by the ounting
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10 keVstatistis, of ourse. In ontrast, the large disontinuitiesof the redued yield at the swithing of the beam energyresult from a modi�ation of the ross setion. This istaken into aount by the enhanement fator F (E) in(4). Sine the absolute quantity of the deuteron den-sity is unknown for the pratial analysis a normalizedenhanement fator is de�ned

Fnorm(E) :=
y(E)

y(E0)
=

F (E)

F (E0)
(5)with the normalization energy E0 whih is hosen to be
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F (E) =

∫ E

0
σ(E+2Ue)√

E
dE

∫ E

0
σ(E)√

E
dE

(6)for the sreening enhanement fator of thik targetyields [76℄. The fator 2 arises from the CM-Lab-transformation. So F is an enhanement fator for thiktargets in analogy to the enhanement fator for thintargets from [2℄
f(ECM) :=

σ (ECM + Ue)

σ (ECM)
(7)

=
1

ECM+Ue
S (ECM + Ue) e−2πη(ECM+Ue)

1
ECM

S(ECM)e−2πη(ECM)

≃ e

“

πη(ECM) Ue
ECM

”

, Ue ≪ ECM ,using the S-fator parametrization of the ross setionwith the Sommerfeld parameter η in the seond lineand applying an approximation in the third line, whihdemonstrates its qualitative behaviour as a roughly ex-ponential inrease for dereasing energies. The orre-sponding urve in Fig. 3 obtained for a �tted value of
Ue supports the sreening hypothesis. Our data analy-sis proedure is thus independent of the absolute valueof the deuteron densities inside the targets and the stop-ping power oe�ients whih otherwise would introdueerrors of 10 − 20%. The funtional dependeny of thestopping powers on the energy √

E has been repeatedlyon�rmed, see [32℄ and referenes therein. The redued

yield an be used to alulate a deuteron density esti-mate by solving (4) for n (q) and supposing F = 1 [16,Eq. (10)℄. Only for this purpose the stopping power oef-�ients are expliitly required. A orresponding densityplot for an initial implantation in Al is shown in Fig. 1.The numbers above the gray boxes in Fig. 2 are densityestimates for that areas.This is in brief the basi experimental proedure as of[5, 6, 16℄. For the study of the eletron sreening e�ettwo experimental ampaigns were exeuted. Sine thespeial physio-hemial properties of the hydrogen om-pounds and the beam indued hemial reations at thetarget heavily in�uene the obtained results [6, 16℄, theseond more extensive ampaign needed to investigatethese interfering e�ets [16, Se. 4℄ whih are skethed ina onise survey in the next setion III.III. EXPERIMENTAL SPECIALTIES ANDPITFALLSThe investigation of nulear reation ross setions ondeuterium in metals should be performed at the lowestpossible energies. This means that the omposition of thetopmost atomi layers of the metalli target is of ruialimportane beause of the quikly dereasing range of thebeam ions, onsiderably below 1 µm. This exatly is un-usual for experimental nulear physis. The usual set-upsin experimental nulear physis are onstruted in highvauum tehnology. But here the ontained water vapourfrom the surfaes of all materials leads under ion impatto a progressing oxidation of the target metal beauseof the stronger eletron negativity of oxygen in ompari-son to hydrogen. Hene, hydrogen is ontained in metaloxides only in segregation at low and unstable densities.Consequently, the oxidation diminishes and eventuallydestroys the sreening e�et with the growing thiknessof the metal oxide layer. Carbon hydrides ontained inHV systems pose another problem leading to arbon lay-ers on the target as will be disussed below. In suh a waygenerated alterations in the depth pro�le of the deuterondensity distribution in the target is the singular domi-nating error soure for the observed enhanement andthe inferred sreening energies. Our vauum system ismade of aluminium with elastomer gaskets pumped byturbo moleular pumps with auxiliary oil lubriated twostage rotary vane pumps and LN2 ooled ryogeni traps[16, Fig. 1℄. A residual gas analyzer (RGA) was used inorder to monitor the omposition of the residual gas inthe vauum. This is here merely a onise presentation;for a more extensive desription see [16℄.In aordane to the literature about HV systems themain onstituent of the residual gas is water. Watervapour is due to its extraordinarily high dipole momentvery adhesive to solids and is hene hemisorbed to sur-faes. Now under the ion irradiation several proessesare enabled. Via heating and phonon exitation at thesurfae the beam provides the ativation energy for dis-



5
Figure 4: Sanning eletron mirosopi pitures of targetsurfaes. Left: Symptoms of embrittlement for Al. Right:Beginning layer formation for Ta in island growth mode.soiative hemisorption of the water moleule, i.e. theprotons are splitted o� and the remaining oxygen radialforms a hemial bond to the metal atoms. Essentially,the same happens by diret impat exitation of the wa-ter moleule by the ions. The hydrogen implantationinto the metal auses aside from the usual surfae deteri-oration a in depth destrution of the rystal integrity ofthe material known as embrittlement whih always o-urs if the hydrogen loading rate is too high and notproeeding in thermal equilibrium [33℄. Thus, the sur-fae is fratalized and the oxidation an progress intothe bulk of the metal quikly reating a thik metal ox-ide layer. Fig. 4 ontains as an example for it a pitureof the surfae of an Al target whih turned into a spongelike struture. The rate of the oxidation proess dependson the onrete form of the mutual interation potentialbetween the water moleule and the surfae atoms, es-tablishing a material dependeny. The energy supply ofthe beam enables these proesses even for the noble met-als. Albeit generally spoken, more reative metals aptmore to oxidation and embrittlement while for the lat-ter the strutural di�erene between the metal and themetal hydride is more important. Aside from the overallbeam heating the energy of the projetiles is also impor-tant beause lower energy projetiles are more e�etiveat the surfae [34℄. The partial pressure of water in HVis so high that there are ample supplies for the surfaehemial reations. The hit rate of water moleules witha stiking oe�ient of almost one is in omparable or-ders of magnitude as usual beam urrents of 10−100 µA.This implies a dependene on the ion �ux, too. Thereare two ounterating proesses: Sputtering and ther-mal or ion stimulated desorption. The sputtering yieldof the lightweight deuterons is far too low in order tokeep the surfae lean with the resulting sputtering rate.One would expet that an inreased temperature of thesurfae would inrease the desorption rate of the watermoleules. If the ativation energy barrier for dissoiativehemisorption of water is positive an inreased tempera-ture yet proliferates the oxidation[77℄. Similar is valid forion stimulated desorption/hemisorption. Suh again de-pends on the interation potential but usually oxidationprevails. Unless UHV systems equipped for entire bak-ing are used the oxidation annot be avoided. A deuteron
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6no hydrogen. Eah an have di�erent thiknesses andrelative deuterium ontents. The results for Ue in Fig.5were obtained with only the additional parameter ξM forthe thikness of the deuterated zone in the metal in en-ergy equivalent units of the stopping [16, Se. 5℄. Thedi�erenes for Ta-A and Ta-E are already onsiderablethough the thiknesses of the surfae layers were smalland just started forming. Fig. 4 shows the beginningof the formation of a arbon layer starting from islandswhih will eventually over the whole surfae in onor-dane with experienes from thin �lm tehnology [34℄.Ta-C has already a relatively thik arbon layer whihstrongly redued the sreening energy. Just as the metaloxide layer does in Ta-D. Those layers were just thikenough in order to be inluded in the model and infertheir thikness. The thikness of the metal oxide layeris 0.09
√

keV, whih onforms to about 7 nm. The or-responding sreening energy would be 433 eV [16, Se.5, Table 2℄. 15 nm are enough to let the sreening en-hanement ompletely vanish [16, Se. 4.3℄. The dedueddeuteron density is hardly a�eted and still in the viin-ity of the stoihiometri ratio as the example in Fig. 6(a)shows [16, Se. 6, Fig. 13.(e,f)℄. Muh thinner surfaelayers already redue the inferred sreening energy on-siderably. So the real value for the sreening energy of Tais possibly around 400 eV [16, Se. 5, Table 2℄. Anyhow,the sreening energy values ranging from 210 − 460 eVgive an imagination of the systemati error originatingfrom the surfae layer formation. Carbon an ahievehigh deuteron densities but it does not show the eletronsreening e�et as Fig. 7 proves. Thin deuterated arbonlayers an, however, simulate a sreening enhanementas inhomogeneous density pro�les an do [16, Se. 4.3℄.Though the former ould be exluded in our experimentsbut is a theoretial possibility when thin deuterated ar-bon layers form on targets ontaining few deuterium insegregation as below.As already said, the metal oxide ontains only few deu-terium in segregation. Those low densities are unstableand hange under di�erent onditions. At the example ofa Na target with a very thik metal oxide layer the devel-opment of the alulated deuteron density is illustratedin Fig. 6(b) (also [16, Fig. 13.(b-d)℄). The density esti-mates are alulated from the redued yield as previouslydesribed. Before the monitor measurement at 25 keV ameasurement at a low energy had been taken. Then thedensity quikly dereased at 25 keV. Thereafter a mea-surement at 12 keV were started. Now, the density veryquikly inreased reahing a higher level than at 25 keV.But the disontinuity at the beginning was in the oppo-site diretion. The density for the sequening monitormeasurement started one again at a high density whihquikly dereased. The disontinuity at the beginningwas one again in the wrong diretion. So there is def-initely no sreening in ontrast to the positive ase ofFig. 2. The quik shifts in the densities after the hangeof the implantation energy going to a 'saturation' leveloriginate from a shift of the deuteron distribution depth
Figure 6: Development of deuteron densities depitingounter examples to the sreening enhanement as in Fig. 2.(a) A medium thik layer obliterates the sreening enhane-ment disontinuities at high densities, here at the exampleof an oxide layer on Ta. The full line shows the progres-sion from a re�nement of the statistis by realulation withan inreased stepsize. Targets featuring low hydrogen bindingability hene allowing only for low and unstable densities withquik pro�le shifts: (b) A thik metal oxide layer overtoppingthe ion range on a metalli Na disk. () Heating vanquishsthe hydrogen metal bond, here beam heating of a 7µm Tafoil.



7pro�le in the metal oxide linked to the di�erent rangesof the ions [16, Se. 6, Fig. 14℄. With our method ofreording a yield funtion Y (q) over the implanted hargewe an reognize those shifts and rejet them. If, how-ever, only the total yields of the long time measurementsare regarded as in the usually applied standard method(like in the other experiments disussed in Se. VA) theiromparison would erroneously lead to a sreening inter-pretation.The same problem arises when working with low im-plantation densities below the stoihiometri ratio evenwhen the metal oxide layer is negligible. Exept for insuf-�ient implantation the density remains low if the ther-mal energy of the deuterons is higher than their hem-ial binding energy to the metal so that they an �oat.This applies mainly to transition metals with low abilityto bind hydrogen (groups 6A-8A, 1B) or if the metalsare heated. An example for the onsequenes of heat-ing is shown in Fig. 6() for a Ta-foil of 7 µm whih washeated by the beam power. One observes the same be-haviour and no real sreening enhanement. The densityreturns to an equal saturation level if the surroundingonditions are the same, i.e. same beam energy, urrent,target heat �ow et. Tests with a Au-foil showed an alikebehaviour. The most e�etive heat transportation meh-anism in solids is the free eletron gas. Cooling the targetholder has little e�et sine the thermal resistane at theonnetion is very high. Besides from heating the densitypro�le of the deuterons in target materials with low bind-ing ability for deuterons (metal oxides, metals with lowa�nity to hydrogen, metals at high temperatures) is alsohanged by diret projetile hits and lose phonon gen-eration at the target deuterons depending on the beamenergy. Furthermore, the metal oxide as a thermal insu-lator will be onsiderably heated by the beam power. Itis therefore preferable to use thik target disks at moder-ate temperatures with high densities. On the other side,ooling a target to very deep temperatures would trans-form it into a ryogeni trap aumulating water in thiklayers on its surfae prior to irradiation promoting theoxidation. The detailed investigation is overed in [6℄.Summarizing, our data analysis method is independentof the absolute deuteron density and allows for the dis-rimination between hanges in the reation yield due tothe density dynamis as in Fig. 6(b,) whih are rejetedand atual hanges in the ross setion whih beomemanifest in the disontinuities at the edges of the mea-surements like in Fig. 2. That the disontinuities signifyross setion modi�ations is further ensured by analyz-ing measurements whih are taken in proximity of thestoihiometri ratio only, where hanges of parameterslike beam �ux and temperature have marginal in�ueneon the overall deuteron density, at most. The error of
Fnorm is a onvolution of the error from the ountingstatistis and long term hanges of the density. The useof high vauum systems will inevitably ause the build-upof ontamination layers. Thanks to our analysis methodthose layers an only diminish the inferred sreening en-

Table I: Sreening energiesMetal MDx
a Ue in eVTa 0.9 322 ± 15Zr 2.1 297 ± 8Al 0.8 190 ± 15Sr 1.0 350 - 800Li 0.03 . 150Na 0.03 �Pd 0.3b 313 ± 2C �d 0aApproximate average deuterium ontents in relation to the num-ber density of the metalbThe initial implantation was deliberately prematurely aborted.An oxidation layer impeded the determination of UedCarbon density unknown. See text.ergy sine feigned enhanements due to density dynam-is get rejeted [16, Se. 6℄. The utilization of arbonhydrides embanks the layer formation enabling the re-sults in HV at all [16, Se. 4.2℄. Indeed this is a di�ultand labile equilibrium in the residual gas. So layers arepresent, whih were examined by EDX allowing for a rel-ative measurement of element abundanes [6℄. But thethikness an hardly be quanti�ed beause of the fratalstruture of the target surfaes (e.g. Fig. 4). Though themodel suggests that 15 nm are su�ient to ompletelydispose of the sreening enhanement. All in all, theobtained sreening energies represent lower limits to thereal value. The magnitude of the dominating systematierror from the unknown layer thikness an be assessedby the measurements in Fig. 5.IV. RESULTSA. ExperimentThe experimentally determined results for the sreen-ing energies are summarized in Table I. The values fromthe ampaign I are in the upper part of the table. In thelower part of the table are aessory results from the am-paign II. In the seond olumn of the table are the ratiosof the deuterium number density to that of the hostmet-als. Sine the deuteron density an and does vary duringa measurement these values are estimated averages. Thevalues for Strontium and Lithium are heavily impairedby the layer formation due to the high reativity of bothmetals, for Li more than for Sr. Suh expressed itselfas strong variations in the deuteron densites and aord-ingly in the redued yields during the ourse of the mea-surement, leading to ambiguous values for the disonti-nuities of the redued yields. So these sreening energiesshould be regarded as estimations, at best. The resultswere obtained utilizing the equilibrium in the residualgas in order to keep the target surfae lean whih wassubsequently veri�ed by EDX analysis (Se. III and moredetailed [16, Se. 4.2℄).
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Figure 7: Measured values of Fnorm for Pd and Carbon in twodi�erent ompositionsThe �rst plot in Fig. 7 is a measurement on palladiumwith roughly equal residual gas onditions as for the Ta-measurements [16, Se. 5℄. The totally implanted hargewas limited for the same reason, i.e. layer formation, as inthe Ta-measurements of Fig. 5. The beam spot ontainstraes of arbon spei�ally some dark stains [16, Fig.8℄. The other two plots are the experimental prove thatarbon has no sreening enhanement. The drop to thelower energies originated from a lower deuterium ontentin the upper layers of the targets. This drop an alsobe aused by the voltage drop in the plasma inside theRF-ion soure [35℄ [16, Se. 2℄ whih has a higher impatfor lower energies relative to the monitor measurementat 25 keV. The two arbon targets were preparated withdi�erent methods. The �rst one was made by depositionof soot from a ethine �ame on a baking plate. A �ameof ethine (C2H2) burning with insu�ient oxygene sup-ply produes very pure arbon. However, the material isamorphous and rather �u�y. Aordingly, the deuterondensity reahes only values of about 1.5 · 1022 cm−3. Theseond target is a arbon �lm produed by the irradiationof aluminium with high deane pressure. That in suhway deposited arbon was ompati�ed by the impatingbeam ions while foring it to adopt the lattie struture ofthe substrate to a ertain extend [36℄. Hene the densityof the arbon atoms is higher, so is the deuteron density

with about 5 · 1022 cm−3. Howbeit, these are only esti-mates sine the arbon densities are not known and asa result the orret stopping power oe�ient whih isrequired (4) [16, Eq. (10)℄ neither. Anyway, the resultingenhanement fators show no signi�ant disagreement.Thus, arbon �lms present no signs of eletron sreen-ing. These results are listed in the lower part of Table I.The highly reative metal natrium orroded so easilythat only low deuteron densities ould be ahieved andno sreening was visible. Two tests with Y and Er led tothik metal oxide layers, too. Di�erent to the other met-als the onomitant analysis of the 3He spetral peak re-vealed in both experimental ampaigns for Li, Na and Sra signi�ant suppression of the neutron reation hanneland a simultaneous alteration of the angular anisotropy[6, 37℄. B. TheoryFrom the theoretial point of view the deuterized met-als an be treated as a strongly oupled plasma [8℄.Sine the veloity of reating nulei is smaller than theFermi veloity, the eletron sreening e�et orrespondsto a stati polarization of surrounding ondution andbound eletrons. Consequently, the eletrostati poten-tial energy between reating nulei of harges Z1 and Z2shielded in a metalli medium an be desribed withinthe self-onsistent dieletri funtion theory [18℄:
V (r) =

Z1Z2e
2

r
Φ (r)

=
Z1Z2e

2

(2π)3

∫
4πeϕ1 (q) eϕ2 (q)

εν (q) εc (q) q2
exp (iqr) d3q

r→0−→
Z1Z2e

2

r
− Upol (8)The wave-number dependent dieletri funtions εν and

εc desribe polarization of valene and ore eletrons ofhost atoms indued by a harged impurity taking intoaount the short range eletron orrelation and theexhange interation between eletrons (for details see[18℄). Φ (r) and ϕi (q) funtions are the sreening fun-tion and eletroni harge-formfators of reating nulei,respetively. At small distanes (appliable for nulearreations and deays) the potential energy an be ap-proximated using the energy independent polarizationsreening energy Up whih sales with the produt of theharges of the involved nulei. For the d+d reations weused the self-onsistent harge form-fator ϕ (q) withinthe Thomas-Fermi approximation [18, 38℄:
ϕ (q) = 1 − z +

zq2

(q2 + k2
TF )

(9)Here, the Thomas-Fermi wave number k2
TF = 6πe2n/EFhas been applied; n and EF are the eletron number
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Figure 8: (Color online) Comparison between experimentaland theoretial sreening energiesdensity and the Fermi energy, respetively. The num-ber z orresponds to the fration of eletrons bound todeuterons and is for metals lose to unity. Sine we are in-terested in the evaluation of the strongest possible sreen-ing e�et, we uniformly set z = 1 for all target materials.In the absene of sreening εν ≡ εc ≡ 1 and z = 0, V (r)redues to the bare Coulomb potential (Φ (r) ≡ 1).In the metalli lattie, besides eletrons also positiveions an ontribute to the sreening of the Coulomb bar-rier between reating nulei. This e�et, alled ohesionsreening [18℄, an be alulated as a gain of the poten-tial energy of two deuterons in the lattie �eld of the hostmetal ompared to that of the helium atom produed inthe fusion reation. To alulate the potential energieswe used the universal ion-ion interation given by Ziegler,Biersak and Littmark [39℄. For a rough estimation of theohesion sreening energy Ucoh, we alulated the poten-tial energy gain resulting from the surrounding 12 hostatoms assuming the same f rystal struture for all tar-get materials investigated. The ohesion sreening is aslowly inreasing funtion of the atomi number. Thetotal sreening energy is the sum of both ontributions
Ue = Upol + Ucoh.The results of the theoretial alulations obtained forthe d+d reations taking plae in di�erent metalli tar-gets are presented in Fig. 8 together with our experi-mental values. The eletron sreening energies moder-ately inrease with the atomi number of host atoms [15℄reahing for heavier nulei the value of about 300 eV.The experimental target material dependene agrees withthe theoretial expetations. However, the experimentalsreening energies are larger by a fator of about 2 om-pared to the theoretial values. Sine the experimen-tal sreening energies obtained for insulating materialsare muh smaller (< 50 eV) [15℄ and taking into aountthat the sreening ontributions arising from polariza-tion of bound host eletrons and ohesion should be sim-
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[3/ (4πn)]
1
3 /a0 where n and a0 are the valene eletrondensity and the Bohr radius, respetively, is muh moresuitable. Using this parameter, the experimental polar-ization sreening energies obtained by subtration of thetheoretial ohesion ontribution are displayed in Fig. 9together with the theoretial polarization sreening en-ergies. Now, the quality of the theoretial desription ismuh better visible. In ontrast to the simple Thomas-Fermi model [38℄ providing for free eletrons a smoothdependene of the sreening energy given by UTF =

Z1Z2e
2 [4/ (πa0)]

1
2

(
3π2n

) 1
6 = 2Z1Z2e

2
[
9/

(
4π2

)] 1
6 r

− 1
6

Sthe dieletri funtion theory desribes �utuations ofthe experimental polarization sreening energy very well.The �utuations result from the polarization of bound(ore) eletrons whih ontribution to the total sreen-ing energy depends very strongly on their binding energy[18℄. If the bound eletron ontribution is eliminatedfrom the experimental polarization sreening energies weget experimental values for the free eletron polarizationwhih an be parameterized by a smooth dependene on
rS Upolf,f = Z1Z2(250 ± 20) eV/r

1
2

S . This result an beused for an estimation of the free eletron ontributionin metalli environment to the sreening energy in rea-tions between nulei with harges Z1 and Z2. Di�erentto the d+d reations, the ontribution oming from ele-trons bound by heavier reating nulei is muh largerand should be inluded separately. This an be alu-lated as the gain in eletron binding energies betweendistant atoms and the �nal united atom. Similar resultsare to obtain using the Thomas-Fermi model leading to
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Ue,b (TF ) = 1.13Z1Z2e

2
(

Z
1
2

1 + Z
1
2

2

) 2
3

/a0 [40℄. In thease of heavier nulei the ohesion sreening energy anbe negleted, sine the strength of the interation withthe lattie atoms inreases muh weaker than the produt
Z1Z2. Thus, the total sreening energy is only the sum ofthe free eletron and bound eletron ontributions. Thesame estimation an also be applied for radioative α and
β deays [40℄.The dieletri funtion theory does not predit anytemperature dependene of the polarization sreening en-ergy unless the eletron density of the target material re-mains onstant and the projetile veloity is smaller thanthe Fermi veloity. That is typial for a strongly oupledplasma. For veloities higher than the Fermi veloity theeletrons are not able to follow the ions and the eletronsreening gets weaker. In this limit of a weakly ou-pled plasma (Debye-Hükel limit) the sreening lengthbeomes larger than the mean atomi distane and las-si desription of the eletron sreening is appliable. Thesreening energy is inversely proportional to the squareroot of the kineti energy or equivalently of the plasmatemperature (Ue ∼ 1√

E
∼ 1√

T
). An analytial formulaonneting both limits has been derived by Lifshitz andArista [41℄ for the stopping power of moving ions in theeletron gas and an be applied for the eletron sreeningin nulear reations [15℄. Thus, the veloity dependeneof the sreening energy an be given as follows:

U2
dyn = U2

ad

[
1

2
+

v2
F − v2

4vF v
ln

∣
∣
∣
∣

v + vF

v − vF

∣
∣
∣
∣

] (10)where Udyn and Uad denote dynami and adiabatisreening energies, respetively. The Fermi veloity vFdepends on the eletron density and therefore is hara-teristi for the target material. The above relation alu-lated for the d+d reations in the Ta environment is pre-sented in Fig. 10. Additionally, the energy dependene ofthe Debye-Hükel sreening is shown. It is visible that theeletron sreening an be desribed by the Debye-Hükeltheory only for projetile energies higher than the Fermienergy (the Fermi energy of deuterons in Ta amountsto about 56 keV) or equivalently for temperatures higherthan the Fermi temperature (for Ta ∼ 1.8 · 105 K). Thus,in the ases disussed here, the Debye-Hükel sreening isnot appliable for both nulear reations and radioativedeays. V. COMPARISON WITH OTHEREXPERIMENTSIn view of the augmented information provided by ourdi�erential analysis method and experimental proedurethe results of other groups will be disussed.
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Figure 11: Overview of sreening experiment results. Legend: Garhing 1990 [42℄; Tohoku 1998 [9℄, 2002 [10℄; Bohum 2002[12℄, 2003 [13℄, 2004 [14℄. Bottom: Sreening energies Ue. Top: Deuterium to metal ratio x. The values for x of [10℄ wereestimated from Fig. 2 therein. The values of [14℄ are the data base; data points from [12, 13℄ are inluded if they di�er, only.1. The Garhing ExperimentThe �rst aelerator experiment with the aim to searhfor modi�ations of the ross setion in the d+d fusionreations aused by the metalli environment was doneon Ti [42℄. No enhanement ould be observed. Themeasurements were performed on a 3 µm Ti foil �xedin a opper target holder frame with �ow hannels forLN2 ooling and a thermoouple for temperature deter-mination. No e�ort was made to speify the deuterondensity in the target. Instead a �xed value from mate-rial researh was adopted whih is inadequate. Due tothe deep ooling of the target water is aumulated onits surfae, whih produes under ion irradiation a on-siderable oxide layer [78℄. In addition, the beam urrentup to 0.1 mA leads to a distint temperature inrease in-side the de-aeleration volume of the ions in the thinfoil whih will also alter the density pro�le away fromthe supposed unit value. All further measurements on Tiin Fig. 11 resulted in very low sreening values with den-sities in proximity of the hemial stoihiometri ratio.The higher the deuteron density, the lower the sreeningvalue. Ti is hemially very similar to Zr, both belongto the group 4A. From our experiene Zr oxidizes read-ily. So a relatively thik metal oxide layer omplying tothe third ase in [16, Fig. 13.(e,f)℄, Fig. 6(a) explains the

results. 2. The Tohoku ExperimentsThe results of [9, 10℄ are based on the analysis of thetotal yield of the proton measurements [9, Eq. (1)℄ withone detetor at the lab-angle 90◦ and at the projetileenergy Ed ∈ [2.5, 10] keV

Yt (Ed) = εND

Ed∫

0

σ (E)

(
dE

dx

)−1

dE (11)after depth energy substitution (Se. II) with the protondetetion e�ieny ε a ross setion parameterization σof [43℄ and �nally the target deuteron number density
ND whih is presumed to be onstant for all energiesand ranges. With the stopping power relation the ad-ditional error of the stopping power oe�ients is intro-dued. In order to determine and observe the densityvalue repeated monitor measurements were performed at
10 keV. The density was then alulated from the yield
Yt (10 keV) by solving (11) for ND with the suppositionthat the sreening enhanement is there negligible. A-ording to the not unambigious text ([10℄ and suitable



12bak referenes) for the quanti�ation of the enhane-ment and extration of the sreening energy the yieldsare normalized to the experimental one at 10 keV thusbeoming independent of the atual value of ND:
Ynorm (E) =

f (E) ·Yt (E)

Yt (10 keV)
(12)

f (E) =
Y (E)

Ybare (E)
= exp

(

πη (ECM)
Ue

ECM

) (13)where the theoretial expression for the thik target en-hanement fator f is simply adopted from the approxi-mated term in (7) of [2℄ for the enhanement of the rosssetions in thin targets. This expression is, however, de-rived for ross setions based on an inrease of the ef-fetive projetile energy. It might be introdued in theintegrant in (11) at the most and must not be pulledout of the integral in that manner. A thik target en-hanement fator should retain the energy integrationlike in (6). The approximation as in (7) is only validfor ECM ≫ Ue whih is not longer ful�lled by the givenexperimental irumstanes with beam energies of some
keVand sreening energies of several hundred eV. Thisalso means that the supposition of a negligible sreeningenhanement at 10 keV is not valid either. Moreover, theterm (13) diverges for energies approahing zero. Whilethe invalid approximation leads to an underestimation ofthe derived sreening energy the neglet of the enhane-ment at 10 keV e�etuates a gross exaggeration beausethe urvature of the enhanement urve must be greaterin order to desribe the steeper slope of the data (analogto the di�erene in the urves #1 and #2 in [16, Fig.12℄). The inlusion of measurements taken at higher en-ergies would have revealed suh. The deuteron densityvalue obtained at 10 keV ought be heavily altered, too.The target holder was ooled with LN2. The onstany(and thene onluded the homogeneity) of the density inthe target was investigated by measurements at 10 keVwith target heating by di�erent beam �ux or a mountedheater in the ase of Pd in the interval [170, 230]K deter-mined with a thermoouple. The results in [10, Fig. 1℄show a strong dependeny of the 'saturation' density onthe target temperature and material with a onsiderablegeneral derease with raising temperatures. The densitydesends from Ti over Au, Fe, Pd to PdO. Conspiuousare the di�erenes in the deuteron densities between [9℄and [10℄ for Ti, Au and Pd whih are almost one or-der of magnitude while the orresponding sreening val-ues aord within their errors (Fig. 11) though the latter
Ue are generally higher. This disrepany remains unex-plained in [10℄. While Au and Fe do not build up �rmbonds to hydrogen the ahieved densities are proportion-ally higher at these deep temperatures. A deliberatelyprodued 30 nm thik PdO layer on a Pd target in [10℄yielded an espeially high sreening energy with an espe-ially low density. Suh a thik PdO layer would showquik shifts in the deuteron density pro�les with higher

averaged densities at lower projetile energies like in theseond ase in [16, Fig. 13.(b-d)℄, Fig. 6(b) when hang-ing the projetile energy and using the di�erential anal-ysis method. So this large sreening is simulated by thedensity alteration during the total yield measurement.Whereas the density in the Pd target of [10℄ is notie-ably low whih points on the formation of an oxide layerdistintly thiker than on the Ti target approahing thePdO target. This means that the sreening value is alsorather generated by density dynamis and the agreementwith our value is by hane. Albeit our Pd value was ob-tained from measurements with a limited total ion doseand still growing densities prior to saturation in orderto minimize surfae ontaminations the highest densityof all experiments was ahieved. While the targets asdesribed in [10℄ are thik enough ∼ 1 mm to guaranteean e�etive heat transport in the bulk of the material bythe eletron gas, the heterogeneous target Au/Pd/PdOwith a total thikness of only 60 µm (thereof 0.1µm Au)[9℄ is too thin therefore leading to a onsiderable tem-perature inrease in the beam stopping volume whih isto this extent not detetable by any outside mountedthermoouple. So, the observed high sreening energy of
(602 ± 23) eV an be explained by the shifts in the den-sity pro�le due to elevated temperatures like in Fig. 6(),[16, Fig. 13.a℄ and the heterogeneity of the target andaordingly the density.In order to explain the asertained relation between thesreening energy and the density depited in [10, Fig. 4℄,i.e. high sreening omes along with low deuteron densi-ties, the onept of a deuteron '�uidity' was introdued in[10℄ where �uid deuterons and ondution eletrons areto behave like a hot plasma. But in palladium oxide thereare no ondution eletrons. In view of the stated densitydynamis this explanation is derepit. The explanationby density dynamis is also sustained by the signi�antlylarger standard deviations of the repeated density mea-surements at 10 keV for targets with low densities in [10,Fig. 2℄. Indeed, the saturation density in our experimentsreturns to the same level for the same onditions but withhigher deviations. In order to avoid the observed temper-ature hanges of the deuteron densities in the targets thebeam urrent was adapted in suh a way that the powerinput into the target was kept onstant. Although in [10℄is admitted that this proedure does not keep onstantthe power density due to the stopping power relation themobility of the deuterons is not only in�uened by theindiret ambient temperature but also by diret ion in-teration and hanges in the distribution of the stoppedprojetile deuterons. The authors oneded that theywere not able do detet possible short time hanges inthe proton ounting rate. With our di�erential methodwe did not observe any disontinuity belonging to sreen-ing on oxidized targets with low absolute densities beingindependent of the atual beam urrent and power in-put. The trustiest sreening value seems to be the resultfor Au in [9℄ obtained at a high density whih onformsto our test with a Au foil at a very low density yielding



13no enhaned sreening. But under ion irradiation evennoble metals an oxidize.Postsript: Very reently the experiments have beenontinued using the same aelerator set-up, proedure,and analyzing method as above [44℄; onsequently thesame onsiderations apply. As before the target holderwas ooled with LN2 further approahing the boiling tem-perature of nitrogen. For the Sm target a sreening en-ergy of (520 ± 56) eV was dedued [79℄. But not even anestimate for the deuteron density was given unlike in theprevious pupliations. The high statistial errors in [44,Fig. 5℄ and the vague statements regarding the deuteron'�uidity' obtrude the inferene of a low density with thesame onsequenes, too.3. The Bohum ExperimentsThe largest data set of sreening energies is providedby [12, 13, 14℄. The applied experimental proedure anddata analysis method explained in [11, 12℄ is exatly thestandard strategy in nulear astrophysis as desribedin [45℄ inluding measuring relative exitation funtionswith normalization to known ross setions. As suh itis a step bak behind [9℄ where already onessions tothe speial situation of hydrogen in metals were made.Again just the total yield for the thik target of the mea-surement of the protons with 4 detetors at the polarlab-angle of θ = 130◦ at the energy Ed ∈ [5, 30] keVwas determined. The total yield Y (Ed, θ) was repeat-edly taken at �xed energies with equal stepsizes ∆ of
0.5 keV and 1.0 keV for Ed > 10 keV. Thereof an energydi�erentiated yield Y ′(Ed, θ) is alulated (14) in orderto extrat the ross setion (15) [11, Eq. (5), (7), (8)℄[80℄:

Y ′(Ed, θ) = (Y (Ed, θ) − Y (Ed − ∆, θ))/∆ (14)
= σ(Eeff)εeff(Ed)−1 × (15)

ΩKΩ(Ed, θ)W (Ed, θ)
︸ ︷︷ ︸

α
!
=const.The energy integration prior to (15) vanished by meansof the mean value theorem of alulus leaving behindthe integrand to be evaluated at the e�etive energy

Eeff ∈ (Ed − ∆, Ed) where one half of the yield is at-tained. Exept for σ for all other fators in (15) is as-sumed that their hange within the energy interval anbe negleted. Moreover, the angular terms are olletedin the fator α whih is supposed to be onstant for thewhole energy range of the measurement. Ω is the solidangle of the detetors, KΩ its transformation to the CM-system and W the angular distribution of the reationyield. ε is there the stopping ross setion, i.e. the en-ergy loss per partile areal density eV/
(
atoms/cm2

) andnot the linear stopping power dE
dx

keV/µm. The e�e-tive stopping ross setion is assembled from the one fordeuterium and the host metal [11, Eq. (9)℄:
εeff(Ed) = εD(Ed) + xεM(Ed) (16)

with the metal atom fration MxD. Thus, the depen-dene of the omposition of the target is ompletely shuf-�ed from the stopping fator into x. Consequently, thedeuteron density desribed by x is fored to be �xed forall projetile energies, the range in the target and thewhole measurement series on the target. For the deter-mination of the absolute value of the ross setion in (15)
x was saled to a known ross setion for gaseous deu-terium [7℄ at Ed = 30 keV. This means that the dedueduniform deuteron density for the whole measurement se-ries is only dependent on the one value at 30 keV andonly there validated, at most. So this method is evenless sensitive to hanges of the density during the ourseof the experiment than [9℄. Then the S-fator is alu-lated. The sreening energy is obtained from another�t to the S-fator data with three parameters of the ex-pression in the seond line of (7) together with a linearS-fator funtion. Furthermore, additional error soureswere introdued without need by stiking to the standardproedure: repeated yield di�erenes at �xed energies,introdution of the e�etive energy, the stopping poweroe�ients, S-fator omputation. The errors of the om-puted S-fators are said to be dominated by the spread inthe yields Y ′ from various runs ([11, Se. 4, p. 380℄, [12,Se. 2, p. 195℄), i.e. the yields were repeatedly measuredwith stepwise inreasing and dereasing beam energies.(This implies that the errors from di�erent Y -values aredistintly higher than the orresponding statistial er-rors, whih an be seen in [12, 14, Fig. 1℄.) As an beseen from the position and errorbars of the datapointsin [12, 14, Fig. 1℄ the di�erenes of the Y -values must besigni�ant. It omplies with our experiene that the den-sity pro�le returns to the same depth averaged value forthe same surrounding onditions but with higher devia-tions at lower densities. The omparatively large errorsrelative to the number of the datapoints from the non-linear �t routine for the parameter Ue re�et a signi�antorrelation between the 3 �t parameters (as ould havebeen read o� the ovariane matrix) and hene judgingthe apableness of the applied model.From Fig. 11 one an reognize one again the on-spiuous onnetion between the deuteron density andthe sreening energy like in the data of [9, 10℄. Highdensities are linked to low sreening energies beause ofmoderately thik metal oxide layers as in the third aseof [16, Fig. 13.(e,f)℄, Fig. 6(a). Examples are the ele-ments of the groups 3A (21S, 39Y and the lanthanoides
Z = 57 − 71) and 4A (Ti, Zr and 72Hf) emphasizing thehemial kinship with regard to the desribed surfae re-ations in [16, Se. 4.1℄, Se. III. Low densities generatehigh sreening energy �ndings due to shifts in the den-sity pro�le either in thik metal oxide layers or materialswith low hydrogen binding ability as in [16, Fig. 13.(a-d)℄, Fig. 6(b,). Suh an be reognized at the transitionmetals (groups 6A-8A: Z = 24− 28, 42− 46, 74− 78) forexample. It is argued in [12℄ that the large enhanement�ndings are most likely due to eletron sreening beausethe data ould be �tted well with the sreening param-



14eter Ue. In view of the dispersion of the data points in[12, 14, Fig. 1℄ their funtional progression an also bedesribed with the target model of [16, Se. 4.3℄. It imple-ments a simple stati stepfuntion for the density pro�le.The model an mimi a exponential like inrease towardslow energies quite passable by an inhomogeneous densitypro�le with a super-deuterated surfae layer alone with-out sreening enhanement, i.e. Ue ≡ 0, [16, Fig. 10.℄.A existing sreening inrease an also be largely exag-gerated by the density pro�le of a deuterated zone in themetal with a limited thikness [16, Fig. 10.d℄. Those wereonly stati density pro�les. A density pro�le dynamiallyhanging with the energy as vindiated by Fig. 6, [16, Fig.13℄ ould perfetly imitate the exponential-like sreeningenhanement given the data distribution. In ontradis-tintion thereto our data does not allow for suh a de-sription as quantitatively demonstrated in [16, Se. 5,Fig. 12℄. The Monte-Carlo ode Srim for the simulationof ion stopping proesses in matter was used in order toratify the assumption of a homogeneous depth distribu-tion of the deuterons over the range of the ions [11℄. ButSrim does not take into aount the ability of hydrogento di�use. The homogeneity assumption was experimen-tally reon�rmed by a subsequent o�-line ERDA on a
4 MV tandem aelerator with the outome that the dis-tribution is uniform within 10% for 'most' materials [12℄.Self-evidently a subsequent examination annot detetdynami hanges but only the state of thermodynamiequilibration. Having been pointed to the problem of ox-idation [46℄ RBS analysis was performed on the targetswith the result that there were 'no detetable surfae on-taminations' with the exeption of Al where there wasan Al2O3 layer with a thikness of about 150 monolayers[13, 14℄. Those �ndings prove that the resolution andsensitivity of the applied analysis tehniques are too low;at least the passivation oxide layers from the unavoid-able exposition to air with the used equipment shouldhave been visible. For both ERDA and RBS it is validthat light projetile ions with a kineti energy of some
MeV annot provide a wide energy spetrum of the eje-tiles whih would be neessary in order to resolve singleatomi layers. Therefore a HIERDA with inident ener-gies of the heavy ions in the 0.1 GeV order of magnitudewould be required with sophistiated magneti analyz-ing systems (e.g. [36℄). This is additionally ompliatedby the irumstane that these methods deliver expres-sive results only if heterogeneous samples are made up ofwell de�ned layers. This is not ful�lled for the implan-tation targets with indistint hemial omposition andsurfaes fratalized by embrittlement and beam deterio-ration (Fig. 4, [16, Fig. 8℄). So the applied methods arenot able to detet metal oxides with a thikness of a fewtens monolayers (some nanometers), whih is already suf-�ient to obliterate the sreening enhanement (Se. III,[16, Se. 4.3℄) while they are not thik enough to a�etthe applied density determination at 30 keV signi�antly.The thik oxide layer found on Al was de�ned to be ofnatural origin due to the said property of Al to readily

oxidize on air. Hene a Kr ion sputtering treatment at 15or 35 keV was applied prior to the implantation measure-ments in order to remove those natural metal oxide layerswhih is the main di�erene from [12℄ to [13℄ and [14℄.This proedure does not take into aount that the ma-jor ause of the oxidation is ontributed by the water inHV systems under deuteron irradiation whih keeps goingon nevertheless. While the high sputter yield of the Krions may allow for a surfae leaning the large Kr atomsthoroughly destroy the rystal struture of the target andget trapped in the material fratalizing the surfae andthus possibly even promoting the oxidation proess undersubsequent deuteron irradiation sine the neessary an-nealing step is omitted. The deviations in the sreeningenergies between [12℄, [13℄ and [14℄ are in both dire-tions, anyhow giving an indiation for the magnitude ofthe true error in the determination of the sreening ener-gies in this way similar to our experiments on Ta (Fig. 5).Whether the inrease or derease of the sreening �ndingomes from an inrease or derease of the thikness of theoxide layer, or low hydrogen binding ability of the metal,or a too thin overheated target foil an sarely be toldafterwards on the basis of the available information. Butthere are peuliarities. It beomes not lear whih beamurrents were used, i.e. 54, 5 or 2.4 µA, and how they in-�uene the stability and the inferred sreening values. In[12℄ it was reported about instable yields dependent onthe beam urrent for In and 'other elements with a lowmelting point' [81℄. The elements of the group 1B (Cu,Ag, Au) had a small sreening value in [12, 13℄ omplyingto the gas target value whih beame large in [14℄. Thatis in ontradition to the very low sreening energy forAu of [9℄ and our �nding of no sreening. The extraordi-nary high sreening value for Pd does not hange with theKr sputtering but mathes best to the PdO value of [10℄whih is another proof for the nevertheless ontinued ox-idation proess. Due to the moderately thik metal oxidelayer and the stable deuteron density lose to the stoihio-metri ratio the metals of the groups 3A, 4A inludingthe lanthanoides neither allow for a real sreening obser-vation nor a simulated sreening by density dynamis inthe experiment of [14℄. In the oextensive publiations[25, 26℄ these metals where heated to 200◦C thus over-oming the hemial bond between the metal atoms anddeuterium onveying it into segregation and leading toa density drop of two orders of magnitude, i.e. the aseof [16, Fig. 13.(e,f)℄, Fig. 6(a) is transformed to [16, Fig.13.(a-d)℄, Fig. 6(b,). The than observed high sreeningenergies again an be informally explained by the den-sity dynamis due to the high mobility of the deuteronsindued by the high temperature and onjetural pro-moted metal oxide layer formation. This is made learat the example of Ti where �ve datapoints taken at dif-ferent temperatures show the transition in [25, 26, Fig.3℄. In [13℄ it was reported on di�ulties in attainingstable reation yields for Ta at high temperatures whihwas subsequently not further eluidated. The stabilitytest for the density in [25℄ is inappliable sine the used



15analysis method annot reognize the short time hangesof the density.The intention of these omprising experiments was to�nd a onnetion between the observed sreening energyand some eletroni properties of the elements, some-thing that is to be undersored sine it is an importantstep towards the understanding of this phenomenon. Theauthors propose the Hall oe�ient to be this quantitystating that the e�etive density neff of the free hargearriers, i.e. eletrons and holes likewise, form a Debyesphere RD around the deuterons and thus generate thesreening potential [13℄:
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√
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(19)with ρa the number density of the atoms T the temper-ature of the free eletron gas and Zp the atomi numberof the projetile. The lassial Debye sreening is, how-ever, not appliable for low temperatures (eletron ener-gies below the Fermi energy) and dense plasmas (solidstates) where the quantum mehanial e�ets dominateand the sreening e�et depends only on the harged par-tile density and not on the temperature [1, 15, 40℄. Ad-ditionally, the motion of the bound eletrons simulatingthe hole is not free but governed by quantum mehani-al tunneling between neighbor atoms. The fat that thesreening energy is vanishing for high deuteron densitiesis explained by the assertion that these metal hydridesare insulators. This is not right for the majority of themetal hydrides whih are metallily or ovalently boundand retain their metalli properties. In fat, the ele-trons of the hydrogen are added to the ondution bandof the metal. The Baranowsky-urve of the eletri re-sistane of metal hydrides shows that the resistane atthe hemial stoihiometri ratio is even lower than forsomewhat lower densities and omparable to the metal[33℄. Using a 3He beam on a deuterated 78Pt target viathe reation d(3He,p)4He [12℄ a sreening energy was in-ferred about twie as high ((730 ± 60) eV at 1 − 3 µA)as for the d beam ((440 ± 50) eV) whih was regarded asa on�rmation of the Zp dependeny (19) of the Debyehypothesis [13℄. In [14℄ however the sreening energiesfor 3He ((680 ± 60) eV) and d beams ((670 ± 50) eV) atPt beame equal without explanation. The inonsistenyof the Pt-data also omprises the measurements [25, 26℄for the veri�ation of the temperatur dependene (19) of

T− 1
2 . With the exeption of the room temperature datapoint the other four data points are equal within theirerror interval. So the temperature dependene is basedon a single unertain point. Furthermore, the �ndings forthe metals of the groups 3A and 4A are in ontraditionto it whih annot be resolved by the introdution of ahighhanded funtion [25, 26, Eq. (4)℄.

Table II: Spearman rank orrelation testsNo.a orrel. rs P -value1 Ue ↔ neff 0.4894 0.01302 Ue ↔ x −0.7997 5.1404 · 10−143b Ue ↔ neff 0.2830 0.07684 0.1240 0.41715d 0.0174 0.90966b Ue ↔ x −0.7466 2.3602 · 10−16aData of [14, Table 1℄.bInluding [25, 26, Table 1℄.Inluding [25, 26, Table 1℄ and neff for the omitted elements.dAdditional onsideration of the sign of the Hall oe�ient.In order to arrive at a more quantitative assessment ofthe hypotheses, methods of statistial data desriptionand analysis an be applied (e.g. [47℄). Of the 58 exam-ined elements in [14, Table 1℄ the e�etive harge densi-ties alulated from the Hall oe�ient RH are seletivelyspei�ed for the 25 elements with high sreening valuesonly, beause the authors erroneously preondemned theothers to be insulators with zero harge arriers. Ef-fetive harge densities for the elements In, Sn, Sb, Pb,Bi whih do not �t in the explanation sheme were alsoomitted [82℄. It needs to be partiularly pointed out thatthe authors impute themselves a �at error of 20% forthe Hall oe�ients but not the original experimentalunertainties. Both have severe impat on the interpre-tation. A visual survey based on Fig. 12 already showsthat the distribution in the satter plot for the ase of
Ue ↔ neff is rather dispersed while the distribution for
Ue ↔ x roughly indiates a hyperboli onnetion. Thetemperature dependent data points for Ti [25, 26, Table1℄ are additionally inluded in the bottom satter plot(tagged with a star) demonstrating the transition from ahigh stable density to a low instable density allowing forthe density dynamis whih simulate the high sreening�ndings. Three testing methods for ontinuous variableswere used: Pearson's linear orrelation r whih assumesa linear assoiation between the variables. The Spear-man rank orrelation rs measures the monotone assoia-tion between the variables and is therefore invariant un-der monotone transformations. Kendall's τ is even morenonparametri sine it uses only the relative ordering ofthe ranks by ounting the inversions in the paired datapoints. It also enables the easy inlusion of errors byadaptive binning. The latter both are robust in opposi-tion to the linear orrelation. All suh tests attempt tofalsify the null hypothesis of no orrelation. Their orre-lation oe�ient desribes the strength of the orrelationranging in [−1, 1] where 0 stands for no orrelation and(-)1 for total (anti)orrelation. Complementary the P -value determines the signi�ane of the obtained orrela-tion, the lower P the higher is the signi�ane. The re-sults are in tendeny ongruent wherefore representativesfrom the Spearman rank orrelation are listed in Table II.The assumed funtional dependeny in (19) is tested on
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Figure 12: Satter plots. Top: Ue ↔ neff with neff from theHall oe�ient CHall. Bottom: Ue ↔ x with x being thedeuterium ontents in the ompound MDx. The star denotestemperature dependent points for Ti.the restrited data set [14, Table 1℄ (#1); the orrela-tion oe�ient is below 0.5 with a low signi�ane. Inontradistintion thereto the orrelation to the density xhas onsiderably higher values with utmost strong signif-ianes (#2). Inluding the temperature dependent data[25, 26, Table 1℄ into the alulations leads to a onsid-erable derease in the orrelation oe�ient (#3) whihis further redued when neff for the omitted elements In,

Table III: Regressions on ln neff 7→ ln UeNo.a a b σa σb χ2 Q-value1 5.87 0.41 0.03 0.04 110.6 1.99 · 10−132b 5.91 0.34 0.03 0.04 136.0 5.01 · 10−183 6.03 -0.02 0.02 0.01 385.3 1.50 · 10−56aData of [14, Table 1℄.bδneff = 10%Inluding [25, 26, Table 1℄ and neff for the omitted elements.Sn, Sb, Pb, Bi is regarded (#4), with a onurrent de-rease in the signi�ane. The onsideration of the signof the Hall oe�ient lets the orrelation approah zero(#5). On the other hand the enlarged data set has onlyslight impat on the orrelation to x (#6). Logarith-mizing (19) leads to a linear model with a slope of b = 1
2and a positive interept a ontaining the other quantities.Regression attempts based on it are listed in Table III,

σi is here the orresponding standard error of the twoparameters. The in�uene of the error δneff an be seenin omparison of #1 and #2, where #1 has the willfullyby the authors imputed error of 20% while #2 adopts amore realisti value of 10% in ontrast. Anyway, the re-sulting slopes de�nitely stay behind the neessary valueof 1
2 . Making worse the Q-value whih is the goodnessof the �t remains tiny. Conventionally if the goodness issmaller than 10−3 the model is onsidered inorret orthe errors are still roughly underestimated. Here (#3)the inlusion of the temperature dependent data [25, 26,Table 1℄ and neff for the omitted elements In, Sn, Sb,Pb, Bi into the alulations leads to a slope lose to zeroand a goodness disqualifying the linear model. The valueof the Hall oe�ient of Pd was doubted in [14℄ and re-plaed by an own measurement with minor impat. Soin both instanes, orrelation and regression, the expla-nation by the Debye hypothesis is ruled out. The dis-a�rmation of the Debye hypothesis on basis of the or-relation tests alone might be disputable, together withthe other aforementioned points it is derepeted. Thedensity hypothesis as an alternative learly ould not befalsi�ed. Complemented by the preeding argumentationand the physio-hemial e�ets as desribed in [16, Se.4, 6℄and Se. III the deuteron density dynamis providethe explanation for the alleged sreening results. Thusthe assumptions for reations with heavier nulei and ra-dioative deay are refuted as well with the onsequenethat any experimental evidene o�ered for them need toome under srutiny, Se. VB, VC.B. Experiments with heavier nuleiAs a onsequene of Se. VA the errati high sreen-ing �ndings of the other groups annot really serve as aon�rmation of our results. Therefore the experimentson Li target nulei ahieve speial signi�ane as a inde-pendent reassurane for the overall e�et of the enhane-



17ment of nulear reations in metalli environments. Withregard to the reliability the most outstanding result dis-ussed in Se. V is from the experiment d+Li in binaryalloys with Pd and Au [19℄. The α-yield from the re-ations at 6,7Li (natural abundane: 7.42% 6Li, 92.58%
7Li) in both alloys was observed normalized to the yieldat 75 keV in omplete analogy to the proedure for thed+d reation [9, 10℄ and set in relation to LiF targets.The inferred sreening energies are (1500 ± 310) eV forPdLix and (60 ± 150) eV for AuLix, where x was ini-tially at 5-10% for the alloys. The sreening energy forPdLix is therewith one order of magnitude higher thanour value of (190±50) eV for 6LiF whih is in agreementwith the simple theory [48℄. The latter sreening energyis substantially smaller than the (380±250) eV from [49℄.This is beause a signi�ant share of the inrease of theobserved S-fator towards low energies is aused by a
2+subthreshold resonane at Ex

(
8Be

)
= 22.2 MeV. Itneeds to be inluded in the data analysis by sophisti-ated nulear reation theoretial alulations [48, 50℄.The advantage of this experiment on Li targets over deu-terium is that the small hydrogen atoms have a mobilityin metals whih is several orders of magnitude greaterthan other atom speies. Thus, di�erent to the auto im-planted deuterium targets there is no suh fatal targetatom density dynamis possible as in [16, Fig. 13.(a-d)℄,Fig. 6(b,). The also here inevitable oxidation proesswill only derease � but not ompletely supplant � theLi fration in the surfae layers. This explains togetherwith the higher sputtering yield for light atoms the ob-served asymptoti bisetion of the yield with the ion dose[19, Fig. 2℄ at the monitor energy of 75 keV. Both leadsto an inhomogeneous depth distribution of the Li targetatoms with a lower Li fration at the surfae and due tothe higher beam energies ≥ 30 keV with lower impat. Sothis time the observed enhanement an be regarded as alower limit, too. Whereas the inferred value of the sreen-ing energy needs to be orreted for the in�uene of thesubthreshold resonane and the same questions regard-ing the sreening energy alulation of the authors applyas in the ase of deuterium. The low value for AuLixis so far in onformity with the negative �ndings for thed+d reation in Au [9, 10, 12, 13℄. A similar experi-ment [20℄ was later performed using the proton induedreations on 6,7Li in an environment of Li2WO4, Li-metaland PdLix (x = 1%, 0.01%). The results for the sreeningenergies of the reation 7Li(p,α)α are (185 ± 150) eV forLi2WO4, (1280±60) eV for the metal and (3790±330) eVfor PdLi1% whih were obtained using standard proe-dures (14), (15), [11, 45℄. The results for LiPd0.01% andthe reation 6Li(p,α)3He agree within 1σ. In a miro-sopi view it is universally valid that the sreening e�etdepends on the impat of the eletroni on�guration ofthe environment on the Coulomb barrier of the entranehannel only (e.g. [51, 52℄), i.e. the pure Coulomb energyis modi�ed by a Yukawa fator for simpliity W (r) =

1
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λA with λA being the sreening length. Assuh the inferred sreening energy is merely the seond

term in a Taylor-expansion ofW (r), i.e. Ue = 1
4πε0

ZpZte2
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,and a oarse mathematial parametrization in the simplemodel [2℄, (7), [16, Eq. (20)℄. The sreening modi�a-tion of the Coulomb potential only ats as if the proje-tile gained Ue. So there is no 'aeleration mehanism'in reality and one must neither deompose the sreen-ing e�et nor transfer the result of one environment toanother as in [20℄ where the 'atomi' sreening energyfor 7Li→H2 is used as a linear addend in the sreeningenergy for p→(Li-metal or PdLix). Consequently, thesreening energy is independent of the isotopes in thereation and should be equal for 1,2H+6,7Li in [19℄ and[20℄. Whereas there are two disrepanies between [20℄and [19℄: First, the more than twie as high sreeningenergy for PdLix of [20℄ relative to [19℄. But 4 of the7 datapoints lay o�side the �tted urve and only the �terror is given for Ue [20, Fig. 1,2℄. Seond the assertionin [20℄ that the yield remained stable better than 10%while [19℄ observed a bisetion of the yield at 6 C whihis plausible due to irradiation e�ets. Both disrepan-ies an be explained by the di�erent target fabriationtehniques. In [19℄ Pd and Li are made into an alloy byar melting while in [20℄ Li was inserted in a Pd-disk ina plasma disharge. The latter is prone to depth inho-mogeneities. This was veri�ed by a NRA analysis of thetarget using the Eα = 958 keV resonane with a widthof Γ = 4 keV in the reation 7Li(α,γ)11B yielding theasertainment of a homogeneous depth distribution [20℄.However, the depth resolution of this method is limitedby the energy unertainty and spread of the beam andthe width of the resonane. The most prominent exam-ple of the NRA is the EN = 6.385 MeV resonane witha width of Γ = 1.8 keV in the 1H(15N,αγ)12C for theinvestigation of hydrogen distributions. It has a mini-mal resolution ranging 5 − 15 nm [53℄. So the resolutionof the Li-NRA is worse given a 2.2 times higher widthof the resonane. Sine most of the yield is ontributedby the topmost atomi layers here too ([16, Se. 4.3, Fig.10.d℄), an enlarged Li ontents below the NRA-resolutionat the surfae would explain the more than two timeshigher sreening energy and the muh lower derease ofthe yield with the ion dose. The high sreening valuefor PdLix was regarded as a on�rmation for the Debyemodel. If this was true the measurements for AuLix [19℄should also have yielded a high value and not one loseto zero, sine the d+d sreening energy for Au of [14℄was about 280 eV in di�erene to [9, 10, 12, 13℄ and ourobservation.The theoretial model of the eletron sreening pre-sented in Se. IVB predits di�erent sreening energiesfor di�erent target material environments. In the ase ofan insulator the eletron sreening should reah the valueof 190 eV, whih results only from the gain of the ele-tron binding energies. For metalli environments the on-tribution oming from free eletrons has to be inludedadditionally. Due to di�erent eletron densities for Pd(rS = 1.4) and Li (rS = 3.4) the free eletron ontri-butions to the sreening energy is equal to 660 eV and
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420 eV, respetively. Thus, we �nally expet total sreen-ing energies of 190 eV for an insulating target material,
610 eV for metalli Lithium targets and 850 eV for thePdLix alloy. Experimental results, despite large uner-tainties, on�rm di�erent eletron sreening energies forinsulating and metalli materials with various eletrondensities.Extending this thread, a �rst e�ort was undertakenin [21℄ to study the environmental in�uene for heavynulei using the (p,n) reation on 50V and 176Lu nuleiin an oxide, as pure metal, and as an alloy with Pd inthe energy range 0.75 − 1.5 MeV. Beause of insu�ientross setion data the sreening energies were obtained byomparison with the metal oxides VO2 and Lu2O3. Theinferred sreening 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 doneby taking the ratio of the yields between the metal andthe oxide alias the insulator

R(Ep) =
Ym(E)

Yi(E)
=

∫ Ep

0 δn(E)ε−1
m (E)σm(E)dE

∫ Ep

0 δn(E)ε−1
i (E)σi(E)dE

(20)where δn is the e�ieny of the neutron detetor. It isnow assumed that the ratio of the stopping ross setionsbetween the two materials an be expressed by an energyindependent onstant α = εi(E)/εm(E) whih is mathe-matially doubtful onsidering Bragg's rule [54℄. So thefollowing substitutions where done εm(E) = α−1εi(E)and σm(E) = f(E)σi(E) with the enhanement fator
f as in (7) with the presupposition of a onstant S.The ratio of the integrals is further simpli�ed by the en-ergy di�erentiation of the yields using the e�etive en-ergy as in (14), (15) [11, Eq. (5), (7), (8)℄ arriving at
R(Ep) = αf(Eeff). The sreening energy resulted to-gether with α from a �t to the yield ratios. This proe-dure was, however, only applied to V. The sreening ener-gies for Lu were gathered from the shift of the Lewis peakalong the energy axis between the di�erent targets orig-inating from a narrow resonane lose to Ep = 0.8 MeV[21, Fig. 3℄. The Lewis e�et omes from the disrete en-ergy loss of the projetiles in the target [55℄. This energyshift was indeed erroneously interpreted as the sreen-ing energy. As already pointed out the sreening e�etis merely a modi�ation of the Coulomb barrier and noreal energy shift. So this shift an not originate fromthe sreening e�et. Thus, it is probable that the energyshift is aused by target properties. Strikingly the oxidetargets being the normalization standard are made bypressing a metal oxide powder into a ylindrial hole ofa Cu disk. It is well known from powder metallurgy andsiliate tehnology that pressing of a powder like in thisase is insu�ient in order to remove the hollow spaesbetween the powder partiles unless a sintering step isperformed. So the used metal oxide targets ontain hol-low spaes with a size of the same order of magnitude asthe powder partiles. Consequently the stopping of MeVprotons is heavily altered in omparison to a monolithi

metal oxide erami and di�erent in its mathematial de-sription to [30℄. We observed e�ets of porous targetson the stopping [37, Fig. 2℄. So the shift of the lewispeak an be explained by the di�erenes of the stoppingbetween the porous metal oxide target and the metaltargets. Additionally, it is well known that the positionand form of the Lewis peak depends very ritially onthe omposition, homogeneity and ontamination of thetarget [55, 56, 57℄ also [45℄. This in turn asts seriousdoubts on the results for V. A ritial point of the dataanalysis (20) is the presupposition that the ratio of thestopping ross setions of the metal oxide and the metalis a onstant over the energy. This is inappropriate forthe porous target and an lead to a misinterpretation ofthe data. The onspiuously high errors of the sreen-ing and α values from the �t � about 33% making thee�et ompatible with zero within 3σ � are a strongindiation for a high orrelation between the two �t pa-rameters showing the improperness of the �t model. Theovariane matrix of the �t parameters ould have giveninformation about this.From the theoretial point of view the large sreeningenergies obtained for the d+d reations at energies below
20 keV annot be used for the estimation of the sreeningenergies in the above ase sine the proton energy is muhhigher and does not ful�ll the adiabati approximation.Sine the surrounding eletrons are muh slower than theprotons, the resulting sreening energy obeys rather as-sumptions of the sudden approximation and thus shouldbe of order of a few keV in ontradition to statementsinvolved in [20, 21℄.C. Radioative deay of embedded nuleiAs the eletron sreening enhanes the ross setionat low impat energies, a similar e�et an be expetedfor the radioative deay. However, sine the energies ofthe deay produts are �xed by the Q value, only a fewnulei with lowest-energy emitters are andidates for ameasurable hange in the lifetime. In general, for pos-itive harged ejetiles (α and β+ deay), sreening re-dues the Coulomb barrier and therefore enhanes thedeay rate while the opposite is true for β− deay. As re-ently pointed out by Zinner [58℄ the e�et of a hangedCoulomb barrier is partially aneled by a modi�ed Qvalue that stems from the extension of the sreened po-tential into the inner part of the nuleus. For heavy nu-lei the e�et an still be strong as the sreening poten-tial sales approximately with the produt of the hargenumber of the end nulei.Reently, based on an extrapolation of the Debye-Hükel eletron sreening model to low temperatures, ithas been suggested that half-lives of radioative isotopesmay hange by orders of magnitude if they are embeddedin a metal lattie and ooled to ryogeni temperatures[21, 23, 25, 27, 28℄ [83℄. In support of these preditions, aseries of measurements has been published the results of



19Table IV: Deay of radionulides embedded in host metalsRef. nulide deay mode host predition measurement[22℄ 22Na 90% β+ Pd 11% (1.2 ± 0.2)%[59℄ 198Au 100% β− Au -34% (-4.0 ± 0.7)%[60℄ 210Po 100% α Cu 3300% (6.3 ± 1.4)%whih are listed in the table IV, together with the half-life hanges predited by the Debye-Hükel model. Thestriking disagreement with the preditions have been at-tributed to an oxygen layer build-up on the metal surfaeleading to an insu�ient implantation of the radioisotope[84℄.A reently published measurement [61, 62℄ where 22Nawas ativated in Al (and therefore deeply implanted)learly shows a zero e�et on a level of 0.04%, againin striking disagreement to the results by [22℄ with areported lifetime hange of (1.2 ± 0.2)% (see table IV).No desription has been given in [22℄ how the data havebeen analyzed. If the 511-keV annihilation line has beeninluded in the analysis, the results are ertainly not or-ret (see [63℄). For the α deay, even the observed 6% [60℄hange is surprising as embedding radioative nulei inmetals and ooling the samples to ryogeni temperaturesis a routine proedure in low temperature nulear orien-tation (LTNO) experiments sine several deades [85℄.Stone et al. [64℄ studied in detail the expeted e�etw.r.t. α deay on omplete deay hains starting with
224Rn, 225Ra, and 227A and ompared it with availableLTNO data. None of those data indiate any hange ofthe lifetime of any of the nulei involved when they areimplanted into Iron, neither at room temperature norwhen ooled to 20 millikelvin. The same applies for βative nulei in multiple host metals, see [64℄ and refer-enes therein. The preision of these measurements istypially 1% and less. Another follow-up measurementperformed at ISOLDE/CERN [65℄ foused on a possiblehange of the 221Fr (α deay) half-life when embedded ina metal and an insulator; there is also no lear e�et (50%error) on a level of 0.3%. Severijns et al. [66℄ investigatedthe α deay of 253Es in Fe between 4 K and 50 mK andould not observe any e�et on a level of 2%. Finally, alsothe β− deay of 198Au embedded in Au and Al-Au hasbeen measured independently by three di�erent groups[62, 67, 68℄, and no lifetime hange ould be observedon a sub-perent level when the sample was ooled to
≈10 K. The latest result [62℄ was measured with a 30times better error but the same onditions as in [59℄.In onlusion, all the follow-up measurements are inagreement with the theoretial expetations presentedalready in Se. IVB. The Debye-Hükel sreening anbe applied only for temperatures higher than the Fermitemperature being typially 105 K, far above the evap-oration temperature of metals. For lower temperaturesone should not observe any temperature dependene ofthe sreening energy.However, another e�et an be expeted [40℄: a hange

of the lifetime by just embedding the unstable nulei intoa metal, but this requires an absolute measurement ofthe lifetime and therefore muh more experimental ef-fort. A re-analysis of past lifetime measurements datawith respet to the hemial omposition ould also re-veal suh a dependene. For instane, the lifetime of 238Uhas been determined with eletroplated samples (metalliuranium), with U3O8, and other ompounds, see [69, 70℄.Although the measurements satter by 1-2%, no system-ati enhanement of the deay rate an be seen for themetalli uranium. As an be seen from the aforemen-tioned CERN measurement [65℄ the e�et will be smallanyway even for high sreening values but an evidenewould be a great ontribution to a better understand-ing of the sreening mehanism from a very di�erent ap-proah. VI. CONCLUSIONWe presented some new experimental eletron sreen-ing energies for d+d reations taking plae in di�erenttarget material environments. We applied a di�erentialdata analysis method whih gains the maximum infor-mation from the raw data. The method is indepen-dent of the unpreise stopping power oe�ients andthe atual absolute value of the deuteron number den-sity in the targets. It enables the on-line monitoringof the deuteron densities and the observation of shorttime deuteron density pro�le hanges. Thus, it allowsfor the reognition and rejetion of measurements withunwanted shifts in the density depth distribution pro-�le. Therefore, it adequately onsiders the speial situa-tion of potentially highly mobile hydrogen in solid stateswhere neither a homogeneous nor a stable density distri-bution an be presupposed any longer. The problem ofthe density dynamis is entangled with the e�ets fromthe atual target omposition, i.e. the undesirable densitypro�le hanges our in targets with low hydrogen bind-ing ability, like many of the transition metals, at elevatedtemperatures and heterogeneous targets with metal oxideor arbon layers or di�erent (relatively) thin metal lay-ers. The formation of metal oxide layers is inevitable inommon high vauum systems used in experimental nu-lear physis while the other unpropitious environmentswere produed deliberately. Thorough investigation ofthe ontamination layer formation showed their momen-tousness and assured together with the di�erential anal-ysis method that our sreening energy values ranging be-tween 190−320 eV represent lower limits. In addition thealteration of the inferred sreening energies due to layerformation under beam irradiation depends on many pa-rameters. Logially it makes no sense to measure largerportions of the periodi table sine any observed mate-rial dependene results from di�erenes in the hemialreativity and related physio-hemial properties for theontamination layer formation, unless this problem is re-liably solved. Di�erent to the other two groups our high



20sreening energy results were ahieved at high densities inthe proximity of the hemial stoihiometri ratio learlywithout evidene for short time density pro�le shifts.Whereas the high sreening results of the other groupswere exlusively attained at low densities yielded fromthe ustomary analysis of the total yields of the mea-surements whih is blind for the then happening densitydynamis. The target diagnosis methods are unusablebeause of their too bad resolution and o�-line applia-tion. So the inferred sreening energies are onjeturallysimulated by the density dynamis. Utilization of explo-rative statistis to the data sets inluding the temper-ature measurements sustains this explanation while onthe other hand the Debye-Hükel hypothesis is learlyfalsi�ed. It is likewise falsi�ed from the theoretial sidesine alulations performed within an improved diele-tri funtion theory predit only a weak material depen-dene of Ue on the valene eletron density. The quan-titative sale of the phenomenon is not yet understood,sine our analytial model still fails to desribe the valuesby at least a fator of 2. So further unidenti�ed e�etsplay a role. Consequently any onlusion based on the al-leged material dependene of the inferred sreening ener-gies is premature. For it the preise determination of thesreening energies is demandable whih is only feasible inan ultra high vauum system with pressures well below
10−10 hPa, where only hydrogen and noble gases are inthe residual gas, and equipped with in-situ target diag-nosis tehniques. We performed the �rst measurementsunder UHV onditions, whose results on�rm the previ-ous measurements and the framework of surfae physis

and hemial e�ets [71℄.Nulear reations with heavier nulei embedded inmetalli environments gave evidene for an alike en-haned sreening e�et. However, there are analogueproblems. The results for deuterated metals with 3Heprojetiles are ontraditory, most probably due todeuteron dynamis. The data for Li nulei are partiallyon�iting between the Tohoku and the Bohum group,whih used di�erent target preparation tehniques, andan be attributed to inhomogeneous densities and inad-equate diagnosis tehniques as well. The results, how-ever, on�rm theoretial preditions based on the diele-tri funtion theory onerning the free eletron densityof the target material. The sreening energy data for theheavier nulei V and Lu were obtained from a ompar-ison between a metal and a metal oxide powder targetignoring the hollow spaes in the powder and its strongin�uenes on beam stopping, thus disabling onlusions.As disussed, the preditions of the Debye-Hükel hy-pothesis given by the Bohum group for the tempera-ture dependene of the radioative deay of embeddednulei ould not be veri�ed by their own experiments;the measured values are orders of magnitude below theirpreditions. Moreover, their experimental results are inontradition to all other experiments, in partiular theLTNO measurements of the past 30 years. A materialdependene is oneivable though a small e�et. Oth-erwise it would have been already disovered given thatnulei of importane for nulear tehnology have beeninvestigated in multiple hemial ompounds inludingpure metals for deades.[1℄ E. E. Salpeter, Aust. J. Phys. 7, 373 (1954).[2℄ H. J. Assenbaum, K. Langanke, and C. Rolfs, Z. Phys.A327, 461 (1987).[3℄ C. Rolfs and E. Somorjai, Nul. Instrum. Methods B, 297(1995).[4℄ K. Czerski, A. Huke, P. Heide, M. Hoeft, andG. Rupreht, in Nulei in the Cosmos V, edited byN. Prantzos and S. Harissopulos (Editions Frontières, Vo-los, Greee, 1998), Proeedings of the International Sym-posium on Nulear Astrophysis, p. 152.[5℄ K. Czerski, A. Huke, A. Biller, P. Heide, M. Hoeft, andG. Rupreht, Europhys. Lett. 54, 449 (2001).[6℄ A. Huke, Ph.D. thesis, Tehnis-he Universität Berlin (2002), URLhttp://edos.tu-berlin.de/diss/2002/huke_armin.htm .[7℄ U. Greife, F. Gorris, M. Junker, C. Rolfs, and D. Zahnow,Z. Phys. A 351, 107 (1995).[8℄ S. Ihimaru, Rev. Mod. Phys. 65, 252 (1993).[9℄ H. Yuki, J. Kasagi, A. G. Lipson, T. Ohtsuki, T. Baba,T. Noda, B. F. Lyakhov, and N. Asami, JETP Lett. 68,823 (1998).[10℄ J. Kasagi, H. Yuki, T. Baba, T. Noda, T. Ohtsuki, andA. G. Lipson, J. Phys. So. Jpn. 71, 2881 (2002).[11℄ F. Raiola et al., Eur. Phys. J. A 13, 377 (2002).[12℄ F. Raiola et al., Phys. Lett. B 547, 193 (2002).[13℄ C. Bonomo et al., Nul. Phys. A 719, 37 (2003).
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22the previous value whih altogether rather omplies tothe urve from a metal oxide build up in [16, Fig. 6℄,C/O=0.4.[79℄ The experiment was meant to sustain the temperaturedependene of the inappliable Debye model (Eq. 19),see next subsetion thereto.[80℄ The symbol names granted by the authors have beenhanged for the sake of the uniformity of the notationand omparability.[81℄ In [14℄ In has a very high sreening value without ex-planation whether the problem has been solved or sim-ply ignored, likewise the elements Bi, Tl, Zn whih havea low melting point. The elements Rh, Re and Ir weremeasured with a beam urrent of 2.4 µA in [12℄ result-ing in high sreening energies whih dereased onsider-ably in [13, 14℄. Re dereased from (700 ± 70) eV over
(420 ± 45) eV to (230 ± 30) eV indiating a beam ur-rent dependene even though these elements have highmelting points.[82℄ The Hall oe�ients originate from [73℄. In [13℄ the val-

ues for neff for Sn and Pb in Table 1 were left out on thegrounds that they were unreasonably high (Table foot-note 'f'). In [14, Table 1℄ the values for In (−82), Sn(−84), Sb (−0.09), Pb (21), Bi (−4 · 10−4) were omittedwithout vindiation (the values for Sb and Bi are muhsmaller than expeted). Instead the Hall oe�ient for Pdwas remeasured with a better �tting result giving reasonto doubt other values for the Hall oe�ients. But nodesription of the measurement proedure was given.[83℄ This e�et has also been proposed as a new method ofdisposing radioative waste from nulear power plants[23, 27, 28℄.[84℄ Publiations onerning a hange in 7Be lifetime are nottaken into aount as 7Be deays via apture of s-waveeletrons whih is not in�uened by eletron sreening.[85℄ It should be noted that polonium is known to be verymovable in metals [74℄, therefore an alteration of the mea-sured ativity ould be due to hanges in the poloniumdistribution.


