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An overview of our experimentsandtheir resultsconcerningtheelectronscreeningeffects
in metallic environmentsarepresented.The measurementsof the reactions2H(d,p)3H and
2H(d,n)3He wereperformedwith anelectrostaticacceleratorat incidentdeuteronenergiesbe-
tween5 and60keV atdifferentself-implantedtargetmaterials.Theresultingscreeningenergy
valuesareaboutoneorderof magnitudelargercomparedto gastargetexperimentsandexceed
significantlythetheoreticalpredictions.A thoroughinvestigationof theprocessesin thetargets
underion irradiationshows that therearemulti-parametercollateraleffectswhich arecrucial
for thecorrectinterpretationof theobservedenhancements.They mainlyoriginatefrom target
surfacecontaminationsdueto residualgasesin thevacuumaswell asfrom inhomogeneities
in thedeuterondensitydistribution in heterogeneoustargets.For thespecialsituationof deu-
teriumin themetallicenvironmentan improvedanalysismethodhasbeendevelopedbeyond
thestandardprocedures.Experimentalevidencefor theinfluenceof sucheffectsanda math-
ematicalmodelfor their assessmentaregivenandcomparedwith theresultsof othergroups.
We alsopresenta numericalmodelof the electronscreeningeffect in metallic latticesbased
onanab-initio Hartree-Focksimulation.

1 Introduction

A wayfor thein depthexplorationof thecoldfusionphenomenais thereductionof theunknownnumberof
freeparametersdeterminingthestandardelectrolysisandgascell experimentsby theascriptionto known
andmorecontrolledconditions. Suchis doneherewith acceleratorexperimentsat known energiesin a
bettercontrollableenvironment.Therewith, we werefirst ableto demonstratethat thescreeningenergies
in deuteratedmetaltargetsareoneorderof magnitudelargerthanin gaseoustargetsandhenceto providean
initial explanationfor theadoptednuclearreactionrateenhancementin cold fusioncellsby thescreening
effect [1, 2, 3]. Meanwhileour resultsreceivedconfirmationfrom othergroups[4, 5, 6, 7, 8, 9]. However,
thereareparticularitiesandpitfalls in this kind of experimentsmaking themspecialcomparedto usual
nuclearphysicsprocedures.Takingthis not into accountresultsin fatalmisinterpretationsof theobtained
raw data.This is discussedin comparisonwith resultsfrom othergroups.Theacceleratorexperimentscan
furthermoreprovide accessto thebranchingratio of thechannelsof thefusionreactionswhosealteration
couldbeobserved, too [10]. Additionally to analyticmodelsin [11] a numericalsimulationis presented
for thepre-reactionimpactof thedeuteronsin thecrystallattice.
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2 Accelerator experiments

2.1 Set-up and data acquisition and analysis

The experimentshave beencarriedout at an acceleratoroptimizedfor low energy beams. Fig. 1 illus-
tratesthe principal set-upandthe dataacquisitionsystem.The acceleratorconsistsof a radio frequency
ion source,an accelerationline poweredby a highly stabilized60kV supply and subsequentelectric
quadrupolesfor focusinganda magneticdipolefor beamanalyzation.Thebeamimpingesontoa Faraday
cup just inside the target chamberwherebeamadjustmentcanbe donewithout disturbingthe deuteron
densityin the targets. A horizontalmagneticsteereris thenusedto deflectthe beamonto the targetand
removesneutralparticlesandcontaminationscarriedalong by the beam. A cylinder box set to a neg-
ative potentialsurroundsthe target in order to suppresssecondaryelectrons.The isolatedtarget holder
is connectedto a currentintegrator. The targetsweredisksmadefrom differentpuremetalsbecoming
self-implanteddeuteriumtargetsunderthebeamirradiation. Four Si-detectorsat the laboratoryanglesof
90
�
, 110

�
, 130

�
and150

�
wereusedfor the detectionof all chargedparticles,p, t, 3He, of the reactions

2H(d,p)t and2H(d,n)3He. Thedetectorsneededto beshieldedfrom thebackscattereddeuteronsin order
to prevent a congestionof themandthe dataacquisitionsystem. ThereforegroundedAl-foils of thick-
nessesfrom 120 � 150 � g � cm2 wereplacedin front of the detectors.The thicknessis sufficient in order
to block deuteronsup to 60keV andlet passall otherejectiles.Thedetectorvoltagepulsestravel through
pre-amplifiersandspectroscopicamplifiers.Thesignalsaredigitizedby four ADC’s in anembeddedVME
systemconnectedto acomputerwhichautomaticallyintegratestheprotonlinesof thespectrain fixedtime
intervals1 andrecordsthefour differentialcountingnumbersN � θ � andthechargeq of theintegratedbeam
currentat thetargetin a file which thencanbefurtherprocessed.An examplespectrumis shown in fig 1;
all ejectilelinesareclearly identifiable. Due to theanisotropicangulardistribution of theejectilesof the
d+d fusion reactionseven at the lowestenergies,a total countingnumberN is calculated2 providing the
tabulatedfunctionN � q � which is thebasicquantityfor thefurtherdataanalysis.

Correspondingly, theyield from theexperimentis givenby

Y � E ��� ze
ε

dN
dq

(1)

wherethenumberof impactingprojectilesis alreadysubstitutedby theircharge,ε is thedetectorefficiency
andz thechargestateof theprojectile.Ontheotherhandtheyield is calculatedfor aninfinitely thick target
(regardingtheprojectilerangeR) from scatteringtheoryby

Ytheo � E ��� R	
0

n 
 σ � E � x ��� dx (2)

with thenumberdensityof thetargetnuclein andthecross-sectionσ. Unlike otherchemicalcompounds
the small hydrogenatomsarenot trappedin firm chemicalbondswith metals. The hydrogendensityis
not boundto a fixedstoichiometricratio andcanandindeeddoeschangeunderion irradiation. Changes
in theyield maynow originatefrom both thedensityandthecross-sectionandneedto bediscriminated.
Thedensityis herea functionof thedepth,theprojectileenergy, theimplantedcharge,thebeamflux and
othermaterialdependentandenvironmentalconditions.ThetabulatedfunctionN � q � providedby ourdata
acquisitionsystemmakesit possibleto retainthedifferentiationin (1) andtherebygaininformationon the
charge developmentof a depthaverageddensityn � q � . So assumingdepthhomogeneityof the deuteron
densityin (2) thedepthx canbesubstitutedby theprojectileenergy E with thestoppingpowerdifferential
equation[12]

dE
dx

���� cM � n � q �
nD

cD ��� E (3)

1down to 10s limited by theserialline
2seealso[10]
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Figure1: Experimentalset-up
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wherecM and cD are the stoppingpower coefficients in the metal and in hydrogen,nD the appendant
hydrogendensity. Onearriveswith thissubstitutionatamotivationandaninterpretativeexpressionfor the
heredefinedreduced yield

y � E;q � : � Y � E;q �
E�
0

σ � E ��
E

dE

� n � q �
cM � n � q �

nD
cD � F � E ��� (4)

Sinceboth the crosssectionin the metallic environmentandthe deuterondensityareunknown the yield
needto besetin relationto aknown gastargetcrosssection.Wethereforechosetheparameterizationfrom
[13] becausethey have thehighestprecision.It forms togetherwith the low energy function( � E) of the
stoppingpower(3) theintegralin thedenominatorontheright handside.Thegrayprintedexpressionis per
seaconstant.Soif thereducedyield is not constantit is basedondeviationsof theprescribedprogression
in thecross-sectionor thefunctionaldependency of thestoppingpowersor changesin thedensity. It is a
sensitive measurefor suchdeviationsbut thedistinctionof thepossiblereasonsis a matterof reasonable
interpretation.Fig. 2 shows plots of the reducedyield at two differentenergies. Onecanseelong term
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Figure2: Analysisprocedureat theexampleof Zirconiumat10keV

changesin theindividual measurementsindicatedby thestraightlines. Theseareattributedto changesin
thedensityprofilesscatteredby thecountingstatistics,of course.In contrast,the largediscontinuitiesof
thereducedyield at theswitchingof thebeamenergy resultfrom a modificationof thecrosssection.This
is taken into accountby theenhancementfactorF � E � in (4). Sincetheabsolutequantityof thedeuteron
densityis unknown for thepracticalanalysisa normalizedenhancementfactoris defined

Fnorm � E � : � y � E �
y � E0 � � F � E �

F � E0 � (5)

with the normalizationenergy E0 which is chosento be25keV for themonitormeasurements.Thegray
rectanglesindicatethe points from which the error for Fnorm is inferred. Thusnot only errorsfrom the
countingstatisticsbut alsofrom long term changesof the densityareincluded. Resultsaredisplayedin
fig. 3. Assumingelectronscreeningasthereasonfor theenhancementandadoptingUe asa kinetic energy
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shift parameterin thecross-section[14] of theyield onereceives

F � E ���
E�
0

σ � E � 2Ue ��
E

dE

E�
0

σ � E ��
E

dE

(6)

for the screeningenhancementfactorof thick target yields3. The correspondingcurve in fig. 3 fits well
to the datasupportingthe screeninghypothesis.Our dataanalysisprocedureis thus independentof the
absolutevalueof thedeuterondensitiesinsidethetargetsandthestoppingpower coefficientswith errors
from 10 � 20%.Thefunctionaldependency of thestoppingpowerson theenergy � E hasbeenrepeatedly
confirmed,see[16] andreferencestherein.Thereducedyield canbeusedto calculatea deuterondensity
estimateby solving (4) towardsn � q � andsupposingF � 1. Only for this purposethe stoppingpower
coefficientsareexplicitely required.A correspondingdensityplot for aninitial implantationin Al is shown
in fig. 1. Thenumbersabovethegrayboxesin fig. 2 aredensityestimatesfor thatareas.

2.2 Experimental specialties and pitfalls

The investigationof nuclearreactioncross-sectionson deuteriumin metalsshouldbe performedat the
lowestpossibleenergies. This meansthat the compositionof the topmostatomic layersof the metallic
targetisof crucialimportancebecauseof thequicklydecreasingrangeof thebeamions,considerablybelow
1 � m. This exactly is unusualfor experimentalnuclearphysics.Theusualset-upsin experimentalnuclear
physicsareconstructedin highvacuumtechnology. But herethecontainedwatervapourfrom thesurfaces

3Thescreeningenergy Ue shouldonly beappliedto theCoulombbarrierpenetrationin σ, see[11,15]. Thecorrectionbecomesonly
importantfor far lower beamenergies.
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of all materialsleadsunderion impact to a progressingoxidation of the metal becauseof the stronger
electronnegativity of oxygenin comparisonto hydrogen.Hencehydrogenis containedin metaloxides
only in segregationat low andunstabledensities.Consequentlythe oxidationdiminishesandeventually
destroys thescreeningeffect with thegrowth of themetaloxide layer. Carbonhydridescontainedin HV
systemsposeanotherproblemleadingto carbonlayerson thetargetaswill bediscussedbelow. In sucha
waygeneratedalterationsin thedepthprofileof thedeuterondensitydistributionin thetargetis thesingular
dominatingerror sourcefor the observedenhancementandthe inferredscreeningenergies. Our vacuum
systemis madeof aluminiumwith elastomergasketspumpedby turbomolecularpumpswith auxiliaryoil
lubricatedtwo stagerotaryvanepumpsandLN2 cooledcryogenictraps.A residualgasanalyzer(RGA)
wasusedin order to monitor the compositionof the residualgasin the vacuum. In accordanceto the
literatureaboutHV systemsthe main constituentof the residualgasis water. Water vapouris due to
its extraordinarilyhigh dipolemomentveryadhesive to solidsandis hencechemisorbedto surfaces.Now
undertheion irradiationseveralprocessesareenabled.Via heatingandphononexcitationat thesurfacethe
beamprovidestheactivationenergy for dissociative chemisorptionof thewatermolecule,i.e. theprotons
aresplittedoff andtheremainingoxygenradicalformsachemicalbondto themetalatoms.Essentiallythe
samehappensby direct impactexcitationof the watermoleculeby the ions. The hydrogenimplantation
into themetalcausesasidefrom theusualsurfacedeteriorationain depthdestructionof thecrystalintegrity
of thematerialknownasembrittlementwhichalwaysoccursif thehydrogenloadingrateis toohighandnot
proceedingin thermalequilibrium[10, 17]. Thusthesurfaceis fractalizedandtheoxidationcanprogress
into thebulk of themetalquickly creatinga thick metaloxidelayer. Fig. 4 containsasanexamplefor it a
pictureof thesurfaceof anAl targetwhich turnedinto a spongelike structure.The rateof theoxidation

µm

300µm

Ta

10

Al

Figure4: Scanningelectronmicroscopicpicturesof targetsurfaces.Left: Symptomsof embrittlementfor
Al. Right: Beginninglayerformationfor Ta in islandgrowth mode.

processdependson the concreteform of the mutual interactionpotentialbetweenthe water molecule
andthesurfaceatoms,establishinga materialdependency. Theenergy supplyof thebeamenablesthese
processesevenfor thenoblemetals.Albeit generallyspoken,morereactive metalsaptmoreto oxidation
andembrittlementwhile for the latter the structuraldifferencebetweenthe metalandthe metalhydride
is more important. Aside from the overall beamheatingthe energy of the projectilesis also important
becauselower energy projectilesaremoreeffective at the surface[18]. The partial pressureof water in
HV is so high that thereare amplesuppliesfor the surfacereactions. The hit rate of water molecules
with a stickingcoefficient of almostoneis in comparableordersof magnitudeasusualbeamcurrentsof
10 � 100 � A. This implies a dependency on the ion flux, too. Thereare two counteractingprocesses:
Sputteringandthermalor ion stimulateddesorption.Thesputteringyield of the lightweightdeuteronsis
far too low in order to keepthe surfacecleanwith the resultingsputteringrate. Onewould expect that
an increasedtemperatureof the surfacewould increasethe desorptionrate of the water molecules. If
the activation energy barrierfor dissociative chemisorptionof water is positive an increasedtemperature
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yet proliferatesthe oxidation4. Similar is valid for ion stimulateddesorption/chemisorption.Suchagain
dependson the interactionpotentialbut usually oxidation prevails. UnlessUHV systemsequippedfor
entirebakingareusedthe oxidationcannotbe avoided. A deuteronirradiationof only 1C is enoughto
producea considerablemetaloxidelayer, see[20, fig. 1]. Thereis, however, a processthatis nonetheless
ableto preventoxidation: largecarbonhydridemolecules,e.g.backstreamingfrom theforepumps,canbe
physisorbedat thesurface,crackedup andthecarbonatomscanreactwith theoxygenradicalsto carbon
monoxidekeepingin thatwaythesurfaceclean.Differentlyfrom water, carbonhydridesarephysisorbedto
surfaces.Thestrengthof thisweakerbondincreaseswith growing molecularmass.Theratioof absorption
anddesorptionunderthe ion irradiationhassimilar dependencies.An evidencefor this chemicalsurface
reactionis thedetectionof aconsiderableCOfractionby theRGA whichwasbelow thedetectionthreshold
without beamirradiation. Theseprocesseswerethoroughlyexploredby the regulatedinfusionof decane
with monitoringfeedback.Thesurfacecanonly bekeptcleanif thefractionof waterandcarbonhydridesin
theresidualgasarein anequilibriumwhichis of coursealsodependentonprementionedparameters.If the
fractionof carbonhydridesis too low thesurfacewill oxidize. If it is toohighacarbonlayerwill build up.
Both is essentiallyirreversible.Fig. 5 showssomeof theresultsof theseexperimentsfor Tademonstrating
thehighspreadin theinferredscreeningenergiesdependingonthesurfacecompositionwhichwereverified
by EDX5. In orderto limit thelayer formationthetotally implantedchargewasreduced.For theanalysis
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Figure5: Effectsof differentsurfacecompositionson the inferredscreeningenergy for Ta. Ta-A hasa
smallC-excess,Ta-EhasslightC-traces,Ta-Ca thick C-layer, Ta-Da thick MOx-layer.

a moresophisticatedexpressionfor theyield in (4, 5) wasusedbasedon a modelof thetargetwith three
stackedlayers[20]: Thetop layerconsistingof eithermetaloxideor carbon,adeuterizedzoneof themetal
and the bulk of the metal containingessentiallyno hydrogen. Eachcanhave different thicknessesand
relative deuteriumcontents.The resultsfor Ue in fig.5 wereobtainedwith only the additionalparameter
ξM for the thicknessof the deuteratedzonein the metal in energy equivalentunits of the stopping. The
differencesfor Ta-A andTa-Earealreadyconsiderablethoughthe thicknessesof thesurfacelayerswere
small and just startedforming. Fig. 4 shows the beginning of the formation of a carbonlayer starting
from islandswhichwill eventuallycoverthewholesurfacein concordancewith experiencesfrom thin film
technology[18]. Ta-C hasalreadya relatively thick carbonlayer which stronglyreducedthe screening
energy. Justas the metaloxide layer doesin Ta-D. Thoselayerswere just thick enoughin order to be
includedin themodelandinfer their thickness.Thethicknessof themetaloxidelayeris 0 � 09 � keV, which

4seee.g.[19] or any surfacephysicstextbook
5Electrondispersive X-ray microanalysis.
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conformsto about7nm. The correspondingscreeningenergy would be433eV. 15nm areenoughto let
the screeningenhancementcompletelyvanish. Much thinnersurfacelayersalreadyreducethe inferred
screeningenergy considerably. Sotherealvaluefor thescreeningenergy of Ta is possiblyaround400eV.
Carboncan achieve high densitiesbut it doesnot show the electronscreeningeffect as fig. 3 proves.
Thin deuteratedcarbonlayerscan,however, simulatea screeningenhancementasinhomogeneousdensity
profilescando [20]. As alreadysaid,themetaloxidecontainsonly few deuteriumin segregation. Those
low densitiesareunstableandchangeunderdifferentconditions.At theexampleof aNatargetwith avery
thick metaloxide layer the developmentof the densityis illustratedin fig. 6. The densityestimatesare
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Figure6: Developmentof low deuterondensities.Left: Na targetwith a thick metaloxidelayer. Right: A
beamheatedthin Ta foil.

calculatedfrom the reducedyield aspreviously described.Beforethe monitor measurementat 25keV a
measurementat a low energy hadbeentaken. The densityquickly decreasedthenat 25keV. Thereafter
a measurementat 12keV werestarted.Thedensityvery quickly increasedreachinga higherlevel thanat
25keV. But thediscontinuityat thebeginningwasin thewrongdirection.Thedensityfor thesequencing
monitormeasurementstartedonceagainat a high densitywhich quickly decreased.Thediscontinuityat
thebeginningwasonceagainin thewrongdirection.Sothereis definitelyno screening.Thequick shifts
in the densitiesafter the changeof the implantationenergy going to a ’saturation’level originatefrom a
shift of thedeuterondistribution depthprofile in themetaloxidelinkedto thedifferentrangesof theions.
With our methodof recordinga yield function Y � q � over the implantedcharge we can recognizethose
shifts andreject them. If, however, only the total yields of the long time measurementsareregardedas
in thestandardmethodtheir comparisonwould erroneouslyleadto a screeninginterpretation.Thesame
problemariseswhenworkingwith low implantationdensitiesbelow thestoichiometricratioevenwhenthe
metaloxidelayeris negligible. Exceptfor insufficient implantationthedensityremainslow if thethermal
energyof thedeuteronsis higherthantheirchemicalbindingenergy to themetalsothatthey canfloat. This
appliesmainly to transitionmetalswith low ability to bind hydrogen(groups6A-8A, 1B) or if themetals
areheated.An examplefor the consequencesof heatingis shown in fig. 6 for a Ta-foil of 7 � m which
washeatedby the beampower. Oneobservesthe samebehaviour andno real screeningenhancement.
Thedensityreturnsto anequalsaturationlevel if thesurroundingconditionsarethesame,i.e. samebeam
energy, current,targetheatflow etc.Themosteffectiveheattransportationmechanismin solidsis thefree
electrongas. Cooling the target holderhaslittle effect sincethe thermalresistanceat the connectionis
very high. Besidesfrom heatingthedensityprofile of the deuteronsin targetmaterialswith low binding
ability for deuterons(metaloxides,metalswith low affinity to hydrogen,metalsat high temperatures)is
alsochangedby directprojectilehitsandclosephonongenerationat thetargetdeuteronsdependingon the
beamenergy. Furthermore,themetaloxideasa thermalinsulatorwill beconsiderablyheatedby thebeam
power. It is thereforepreferableto usethick target disksat moderatetemperatureswith high densities.
On the other side, cooling a target to very deeptemperatureswould transformit into a cryogenictrap
accumulatingwaterin thick layerson its surfaceprior to irradiationpromotingtheoxidation.Thedetailed
investigationis coveredin [3].
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2.3 Comparison

Payingattentionto all the above discussedexperimentalproblemswe canstatethatour resultsrepresent
lower limits to the realscreeningenergy values: � 190 � 15� eV for Al, � 297 � 8� eV for Zr, � 313 � 2� eV
for Pdand � 322 � 15� eV for Ta. Due to our monitoringmethodwe estimatethe upperlimit of Ue to be
probablynot larger thanadditional100eV. The value for Sr rangesbetween350 and800eV sincethe
measurementwasimpairedby layer formation,even morefor Li whereonly an upperboundof 150eV
could be determinedandno screeningfor Na (fig. 6). Two testswith Y andEr led to thick metaloxide
layers,too. In fig. 7 anoverview of screeningresultsfrom otherexperimentsis plotted. Historically the
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two elementsPdandTi wereof specialinterest.Sooneof thefirst acceleratorexperimentswasdoneonTi
[21]. Theauthorsmadenoeffort to determinethedeuterondensitybut useda literaturevalueandobtained
no enhancement.All further measurementson Ti resultedin very low screeningvalues. The higherthe
deuterondensity, the lower the screeningvalue. Ti is chemicallyvery similar to Zr, both belongto the
group4A. From our experienceZr oxidizesreadily. So a relatively thick metaloxide layer explainsthe
resultsandthediscrepancy to thevaluein [22]. It wasobtainedwith aglow dischargeof  0 � 5A deuteron
current. Despiteof the low sputteringyield of the deuteronsthe high currentpermitsa sputteringrate
which is sohigh that it canimpair theoxidationenough.A deliberatelyproduced30nm thick PdOlayer
onaPdtargetin [5] yieldedanespeciallyhighscreeningenergy with a low densityobtainedfrom thetotal
yield only. Sucha thick PdOlayer would show quick shifts in the densityprofileswith higheraveraged
densitiesat lower projectileenergieslike in theNa examplein fig. 6 whenchangingtheprojectileenergy
andusingthedifferentialanalysismethod.So this screeningis simulatedby the densityalterationin the
total yield. The sameappliesto the extraordinaryhigh screeningvalue for Pd of [9] at a low density.
The screeningenergiesfor Pd of [4] and [5] agreewithin their errorsthoughobtainedat very different
densitiesandbothatdeeptemperatures.Thevaluein [5] is in concordancewith our result.For Au thereis
a discrepancy between[4] and[5] in thedensitiesat low screeningenergy valuesanddeeptemperatures.
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We madea test with a thin Au foil and observed a behaviour like for the Ta foil in fig. 6 without the
screeningenhancementdiscontinuities. While the targetsasdescribedin [5] are thick enough  1mm
to guaranteeaneffective heattransportin thebulk of thematerialby theelectrongas,theheterogeneous
target Au/Pd/PdOwith a total thicknessof only 60 � m (thereof0 � 1 � m Au) is too thin thereforeleading
to a considerabletemperatureincreasein thebeamstoppingvolumewhich is to this extendnot detectable
by an outsidemountedthermocouple.So the observed high screeningenergy of � 602 � 23� eV can be
explainedby the shifts in the densityprofile due to elevatedtemperaturesand the heterogeneityof the
targetandaccordinglythe density. In orderto explain the relationbetweenthe screeningenergy andthe
densitythe conceptof a deuteron’fluidity’ was introducedin [5] wherefluid deuteronsandconduction
electronsareto behave like a hot plasma.But in palladiumoxide thereareno conductionelectrons.In
view of the stateddensitydynamicsthis explanationis decrepit. The explanationby densitydynamics
is alsosustainedby the significantly larger standarddeviationsof the repeateddensitymeasurementsat
10keV for targetswith low densitiesin [5, fig. 2]. Indeedthesaturationdensityin ourexperimentsreturns
to the samelevel for the sameconditionsbut with higherdeviations. The largestdatasetof screening
energiesis providedby [9, 8, 7]. They only observedthetotal yield of themeasurement,too. Thedensity
is determinedby a global fit to the previously extractedrelative cross-sectionsby using the unprecise
stoppingpowercoefficientsto aknown cross-sectionat30keVandconsequentlyobtainsadensityestimate
which is valid at 30keV only [6]. The intentionis to find a connectionbetweenthe observed screening
energy andsomeelectronicpropertiesof theelements.TheauthorsproposetheHall coefficient to bethis
quantitystatingthatthefreechargecarriers,i.e.electronsandholeslikewise,form aDebyespherearound
the deuteronsandthusgeneratethe screeningpotential. The classicalDebyescreeningis, however, not
applicablefor low temperatures(electronenergiesbelow theFermienergy)anddenseplasmas(solidstates)
wherethe quantummechanicaleffects dominateand the screeningeffect dependsonly on the charged
particledensityandnotonthetemperature[23]. Additionally themotionof theboundelectronssimulating
the hole is not free but governedby quantummechanicaltunnelingbetweenneighboratoms. The fact
that thescreeningenergy is vanishingfor high deuterondensitiesis explainedby theassertionthat these
metalhydridesareinsulators.This is not right for themajority of themetalhydrideswhich aremetallicly
or covalentlyboundandretaintheir metallicproperties.TheBaranowsky-curveof theelectricresistance
of metal hydridesshows that the resistanceat the chemicalstoichiometricratio is even lower than for
somewhatlower densitiesandcomparableto themetal.Usinga 3He beamon a deuterated78Pt targetvia
the reactiond(3He,p)4He a screeningenergy was inferredabouttwice ashigh as for the d beamwhich
was regardedas a confirmationof the Z dependency of the Debyehypothesis[8]. In [9] however the
screeningenergiesfor 3He andd beamsat Pt becameequal. The homogeneityof the depthdistribution
of the deuteronsin the targetswas reconfirmedby a subsequentoff-line ERDA6 with a 4MV tandem
accelerator[7]. Pointedto the problemof oxidation RBS7 analysiswas performedon the targetswith
the result that therewere ’no detectablesurfacecontaminations’with the exceptionof Al wherethere
was an Al2O3 layer with a thicknessof about150 monolayers. Then a Kr ion sputteringtreatmentat
15 or 35keV wasappliedprior to the implantationmeasurementsin orderto remove naturalmetaloxide
layerswhich is the main differencefrom [7] to [8] and [9]. This proceduredoesnot take into account
thatthemajorcauseof theoxidationis contributedby thewaterin HV systemsunderdeuteronirradiation.
For both ERDA andRBS it is valid that light projectileions with a kinetic energy of someMeV cannot
provideawideenergy spectrumof theejectileswhichwouldbenecessaryin orderto resolvesingleatomic
layers.Thereforea HIERDA8 with incidentenergiesof theheavy ionsin the0 � 1GeV orderof magnitude
would berequiredwith sophisticatedmagneticanalyzingsystems.This is additionallycomplicatedby the
circumstancethat thesemethodsdeliver expressive resultsonly if heterogeneoussamplesaremadeup of
well definedlayers.This is not fulfilled for the implantationtargetswith indistinctchemicalcomposition
andsurfacesfractalizedby embrittlementandbeamdeterioration.So the appliedmethodsarenot able
to detectmetal oxideswith a thicknessof a few tensmonolayers(somenanometers)which is already
sufficient to obliteratethe screeningenhancementwhile they are not thick enoughto affect the density
determinationat 30keV significantly. While thehigh sputteryield of theKr ionsmayallow for a surface

6ElasticRecoilDetectionAnalysis
7RutherfordBackScattering
8Heavy Ion ElasticRecoilDetectionAnalysis
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cleaningthe large Kr atomsthoroughlydestroy the crystalstructureof the target andget trappedin the
materialfractalizingthesurfaceandthuspossiblyevenpromotingtheoxidationprocessundersubsequent
deuteronirradiationsincethe necessaryannealingis omitted. The deviations in the screeningenergies
between[7], [8] and[9] arein bothdirections,anyhow giving an indicationfor themagnitudeof thetrue
error in the determinationof the screeningenergiesin this way similar to our dedicatedexperimentson
Ta (fig. 5). Like in the dataof [4, 5] thereis a clearconnectionbetweenthe densityand the screening
energy. High densitiesarelinkedto low screeningenergiesbecauseof moderatelythick metaloxidelayers.
Examplesaretheelementsof thegroups3A (21Sc,39Y andthelanthanoidesZ � 57 � 71) and4A (Ti, Zr
and72Hf) emphasizingthechemicalkinshipwith regardto thedescribedsurfacereactions.Low densities
generatehighscreeningenergy findingsdueto shiftsin thedensityprofileeitherin thick metaloxidelayers
or materialswith low hydrogenbinding ability. Suchcanbe recognizedat the transitionmetals(groups
6A-8A: Z � 24 � 28! 42 � 46! 74 � 78) for example.In contradistinctiontheretoourhighscreeningenergy
resultswereobtainedathighdensitiescloseto thechemicalstoichiometricratios.Usingthedataof [9, tab.
1] a Spearmanrankcorrelationcalculationcanbedone. For the testof a correlationbetweenUe andthe
deuteriumratiox oneobtainsrS ��� 0 � 800andP � 5 � 1 
 10" 14, whichmeansaratherhighcorrelationwith
a very high significance.On the otherside,the result for a correlationtestbetweenUe andthe effective
chargecarrierconcentrationneff calculatedfrom theHall coefficient is rS � 0 � 489andP � 0 � 013,which
is a medialcorrelationwith a weaksignificance.This is not enoughin orderto rule out the testingnull
hypothesisof no correlationthusdeprecatingtheDebyehypothesis,too.

3 Numerical Simulation

In [11, 15] we presenteda analyticalmodelbasedon thedielectricfunction theoryfor thedescriptionof
the screeningeffect andextrapolationto room temperatures.It remains,however, below the measured
screeningenergiesby a factorof 2 thoughbetterthanotherapproachescited therein. Thereforea first
effort wasundertakento simulatethepre-reactionimpactwith anab-initio quantummechanicalHartree-
Fock calculationwhich is able to considerthe actualcrystal structurewhile the analyticalmodel only
operatesonaveragedmaterialproperties.Theconcreteform of theelectrondensitydistributionaroundthe
nucleusindeedinfluencesthe screeningenergy to a greatextendaswasshown in [24] on a D2 molecule
with a time dependentHartree-Fock calculation. Sinceonly workstationclasscomputationalpower was
availableseveral too farreachingsimplificationsneededto be implemented.Themotion of theprojectile
neededto beabandonedfor anadiabaticlimit. Only a very smallLiD crystalconsistingof 6 Li atomson
a limited setof basisfunctionswerefeasiblefor thecalculationwhich lasted1 � 6a netto.Thecalculations
weredonewith thequantumchemicalprogramGAUSSIAN [25]. An intersectionof theelectronprobability
densitiesis plottedin fig. 8. It is actuallythedifferencebetweenthemoleculardensityandthatof thesingle
atomsthusexposingelectrontransfersat thechemicalbond.Onecanclearlyseeanincreaseof theelectron
densityat thedeuteriumon theexpenseof theLi atomsin concordancewith theionic natureof this bond.
This is evenenlargedduringtheapproachof thecolliding deuterons.Theelectronicforcebetweenthetwo
deuteronsis plottedin fig. 8. Its integrationyieldsthescreeningenergy which is with 43� 4eV twiceashigh
asfrom thesimplemodel[14] but still far below themeasuredvalues.Usingenhancedbasissetsleadsto
anincreaseof thecalculatedscreeningenergy. A completetreatisecanbefoundin [3].

4 Conclusion

Wedevelopedadifferentialdataanalysismethodwhichgainsthemaximuminformationfrom theraw data.
The methodis independentof the unprecisestoppingpower coefficientsandthe actualabsolutevalueof
the deuteronnumberdensityin the targets. It allows for the recognitionandrejectionof measurements
with unwantedshiftsin thedensitydepthdistributionprofile thuspreventingtheerroneousextractionof an
artificial screeningenhancementin contrastto thestandardanalysisbasedon thetotal yield measurement
usedby [4, 5, 7, 8, 9]. Thoseundesirabledensityprofile changesoccur in targetswith low hydrogen
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Figure8: Left:Screeningforceandcumulatively integratedpotentialduringthepre-reactionimpact.Right:
Electronprobabilitydensityon aplanewith 4 Li atomsat thesitesandthetargetdeuteronat thecenter.

bindingability, likemany of thetransitionmetals,atelevatedtemperaturesandheterogeneoustargetswith
metaloxideor carbonlayersor different(relatively) thin metallayers.Thefatalalterationof the inferred
screeningenergies due to layer formation underbeamirradiation dependson many parametersand is
inevitable in high vacuumsystemsthatareusedby all groups.Thedeviation from the ’real’ valueof the
screeningenergy is probablyaround100eV. Soany conclusionbasedontheobservedmaterialdependence
of thescreeningenergiesis premature.On theotherhand,thetheoreticalcalculationsperformedwithin an
improveddielectricfunctiontheory[11, 15] predictonly aweakmaterialdependenceof Ue in contradiction
to the experimentalresultsof [7, 8, 9]. Furthermore,an error of 100eV implies an error in the reaction
rateof many ordersof magnitudewhenextrapolatingto roomtemperature,i.e. thecold fusioncondition
[11, 15]. Consequently, asidefrom the sustainedfact that thereis a greatscreeningenhancementat this
time no further assertioncanbe made. For a precisedeterminationof the screeningenergiesultra high
vacuumsystemswith pressureswell below 10" 10hPa, whereonly hydrogenandnoblegasesare in the
residualgas,andequippedwith in-situ targetdiagnosistechniquesaremandatory.

Thepresentednumericalsimulationbaseson a too simplifiedmodeldueto limited computationalpower
hencefailing to reproducethe observed screeningenergieswhile alreadyexposingshifts in the electron
distribution. An extendedmodelcapableof describingthe situationrealisticallywould requiremassive
parallelsupercomputersthoughvery instructive insightsinto theelectrondynamicsfor theunderstanding
of themechanismcanbeexpected.
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