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Angular distributionsandthe neutron-protorbranchingratio of the mirror reac-
tions 2H(d,py*H and?H(d,nHe have beeninvestigatedusingdifferentdeuterized
metallic tamgetsat projectile enegies rangingfrom 5 to 60 keV. Whereashe ex-
perimentalresultsobtainedfor Al, Zr, Pd and Ta targetsdo not differ from those
known from gas-taget experiments,an enhancementf the angularanisotrop in
the neutronchanneland a quenchingof the neutron-protorbranchingratio have
beenobsered for Li and Sr tamgetsat deuteronenegiesbelov 20 keV . Both ef-
fects canbe explainedassumingan inducedadiabaticpolarizationof the reacting
deuteronsn thecrystallattice.

1 Introduction

As known for alongtime from acceleratoexperimentghe d+dfusionreactionshave 3 possible
outgoingchannels?H(d,p)*H, 2H(d,n*He and?H(d,y)*He. Two of themmediatecby thestrong
interactiongeneratehigh enepetic particleswith a branchingratio of aboutl belov 50keV
while thethird oneis anelectromagnetitransitionsuppressetly < 10~4. Closeto thereaction
thresholdtherearetwo 1~ resonance# the compoundnucleus*He. They canbe excited by
deuteronswith anorbital angularmomentumof 1. This is the reasorfor the unusuallystrong
anisotroy of theangulardistribution of the ejectilesevenatthelowestenegies.

In our previous works[1, 2] we have found a strongly enhanceclectronscreeningeffect for

the d+d reactiongn metallicernvironments.Angular distributionsandrelative intensitiesof the
protonand neutronchannelsnvestigatedfor d+d reactionstaking placein Al, Zr, PdandTa
targetswere,however, in agreementvith the resultsof gas-tagetexperiments Herewe present



new resultsobtainedfor Sr, Li and Na targetsgiving a first evidencefor an alterationof the
neutron-protorranchingatio andtheangulardistributions. Initial resultswerepresentedh [3]
andhithertocompletelypublishedn [4] but now afirst theoreticakxplanationfor this surprising
obseration canbepresented5].

2 Experimental results

The experimenthasbeencarriedout at a cascadecceleratooptimizedfor low enegy beams.
Thetamgetswerepuremetaldisksbecomingself-implanteddeuteriuntamgetsunderthedeuteron
irradiation.Four Si-detectoratthelaboratoryanglesof 90°, 11, 130 and150C wereusedfor
the detectionof all chagedparticles,p, t, 3He, of the reactions’H(d,p)tand?H(d,n*He 6, 2].
Thedetectorsieededo be shieldedrom the backscatteredeuteronsn orderto preventacon-
gestionof themandthe dataacquisitionsystem. ThereforegroundedAl-foils of thicknesses
from 120— 150ug/cn? wereplacedin front of the detectordnsulatedfrom them. The thick-
nessis sufiicientin orderto stopbackscatteredeuteronsip to 60keV. Thelow enegy partof
somerepresentate spectrarom the 90°-detectoris depictedn fig. 1 magnifyingthetwo lines
of therecoil nuclei®He andt. The spectraarenormalizedto anintegral valueof onein orderto
make themcommensurableThe enegiesabove the peaksarethe kinetic enegiesof the ejec-
tilesin thelaboratorysystem.They dropfor increasingorojectileenegies,which is especially
significantfor the backanglepositions. The gray filled spectraare from Ta targetswhile the
blackandgraysteplinesarefor SrandLi andNarespecitely. Thetwo plotscompargheform
of the spectrallines at a low projectileenegy of 8keV to a high enegy of 30keV. At 8keV
the t-line of Tais well separatedvhile the 3He-line sits on an exponentialbackground. The
backgrounds subtractedy fitting an exponentialfunctionto the lowestenegy partandthen
by extrapolatingit to the high enegies. The spectrallines for Sr are alreadybroaderwith an
enhancedow eneqy tail leadingto anoverlapof bothlines. This effect becomesven stronger
for Li andNa. At 30keV the Ta lines are broaderbut the tails of the Sr, Li andNa lines are
muchmore distinctive. The overlapof the two linesis even higher For Li and Na the 3He-
line is hardly morethanan edge. The p-line at 3MeV hasalsoa long low enegy tail but it
vanishedeforethet-line. The appearencandthe propertiesof thesetails canbe explainedby
a phenomenorknown from the physicalchemistryof the metalhydrides,called embrittlement
[7] which meanghatthecrystalstructureof themetalis burstedby therecrystallizatiorprocess
thataccompanietheformationof themetalhydridecrystal. Reactve metalschangedheircrystal
structurewhile formingthemetalhydride.If thehydrationprecedesiotin athermalequilibrium
andrelatvely slow, the materialcannotcompensat¢he tensionof therecrystallizationprocess
andbursts. Sincedeuteronimplantationis far off the thermalequilibrium, embrittlements a
hardly avoidableconcomitanphenomenotfior reactve metals.How embrittlementeffectuates
thetailsis elucidatedwith thesketchin fig. 1. Assumingtheprojectiletravelsthroughthetamget
alonga pathcovering mary emptyregions,the enegy lossbecomesmallerandconsequently
thenucleareactionsoccurdeepebelown thetamgetsurfacethanin thecaseof compacimaterials.
Thereforethe ejectilesthatin turn cantravel throughmore compacttarget regionsloosemore
enegy additionally contrikuting to the low enepy tail of the particle spectrum. The increase
of thetail with the projectileenegy arisesfrom the simultaneousncreasen the overall range
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Figure1: Normalizedspectrafrom the 90°-detector The low-enepy tail complicateghe dis-
criminationandis causeddy embrittlementwhich becomesstrongerfor morereactve metals.
Thesketchshavs how differentpathsthroughthetargetexplain thetails.

of the projectiles. The materialdependenceanbe explained,too. Tais almosta noble metal
with low reactvity but nonethelesableto chemicallybind hydrogento high amounts. It just
stretchests lattice dimensionshut doesnot recrystallizelike the highly reactve metalsof the
groupsl andll of the periodicsystem. So thereis no embrittlementand hardly a tail visible.
On the otherhandthe effects of embrittliementandthetail increas€rom SroverLi to Na with
decreasinglectronnegatvity. The symptomswere even visible, e.g. dustparticlescrumbled
from a strontiumtarget, thethicknessof a natriumtargetgren considerablyThelow-enegy tail
formationcomplicategheintegrationof thespectralinestill unfeasibilityin thecaseof Na. The
3He-line sitson thetail of thet-line. All efforts to describeandextrapolatethetail of thet-line
to thelower enegiesanalyticallyfailed, sincethe form of thelinesis dependenbn the nucleus
speciesgjectileandprojectileenegy. Uncertaintiesandimponderabilitiesn theintegral of the
spectralines aretaken into accountin the errorsadditionallyto the countingstatistic. Conse-
quentlythey arethe dominatingerrorsource.lf in doubt,eventswereattributedto the 3He-line
only, gaininga conserative estimateatleast.Fortunatelythetails aresmallatthelow projectile



enegiesweretheasymmetryin thebranchingratiosbecome®bserable.
Neglectingl > 2 contributionsthe angulardistribution canbe describedasfollows

d_o
dw

Becauseof the identicalbosonsin the entrancechannelthe angulardistribution is symmetric
aroundA(. 9§ andw arethepolarangleandthesolidanglein theCM systemrespeciiely. Since
the experimentallydeterminedhick targetyield is dominatedoy the high enegy contritutions
below the Coulombbarriera similar expressioris valid for thedifferentialcountingnumber

d_N
dw

The expansioncoeficientsag anda, now include a constanfactor containiga productof de-
tectorandtarget propertiesandthe numberof incidentprojectiles. A measuremerst 20keV
for Srexemplaryshaws the resultsfor the differentialcountingnumberandthe corresponding
fitting functionin fig. 2. Thefit is computedwith a non-iteratve generalizedinear fitting al-
gorithm employing singularvalue decompositiorthus allowing for more accuratevaluesand
bettererror handling. The datapoints obtainedfor the protonsareincluded. As canbe seen
protonsandtritons follow the sameangulardistribution. Oneobseresa significantlystronger
angularanisotroy for the neutronchannel. The angularanisotroy is quantitatvely given by
theratio % = %. Againwith the previousargumentatiorthetwo fitting coeficientscanbeused
to calculatethe branchingratio of thetwo mirror reactionswith

Ogdnre _ Y (*He) _N (*He) _ @ (®He) + 1a; (°He)
Ogapr Y (D) N (p) ao (p) + 322(p)

wherein thelaststepN is simply thetheintegral over theunit sphereof thedifferentialcounting
number(2). Whencalculatingwith thefitting coeficientsonemustconsiderthatthey arenot
independenvariables.Thenthe Gaussiarerror propagatiorformulaneedgo be completedby
a term containingthe off-diagonalelementof the covariancematrix from the fit. The results
areplottedin fig. 3. The branchingratiosand angulardistributions determinedor Ta, Al, Zr
and Pd agreewith the resultsof the gastarget experiment[8]. Not so for SrandLi. While
for p thereareno pecularitiesfor *He the anisotrop raisesat lower enegies (seealsofig. 4).
Simultaneouslythe n branchis suppressedThe resultsfor protonsandtritons are concordant.
The low quality of the Li pointsresultsfrom the ambiguity of the integration of the spectral
lineswith large low-enepy tails. For the samereasonthe spectraobtainedfor Na could not be
analyzedguantitatvely, thoughthe spectrandicatea strongsuppressiomf the neutron-proton
ratio atlow enegies,too. For detailsreferto [4].

(8) = Ao+ Azcog9 . (1)

(9) = ap+acos9 . 2)

®3)

3 Theoretical considerations and discussion

The problemsof integrating the overlappingspectrallines cannotbe circumwentedby the use
of detectortelescopegor particle identification. The AE-detectorof the usualsemiconductor
detectortelescopesvould alreadyabsorlthe recoil nuclei.
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Figure 2: Angular distribution of the ?H(d,p*H and 2H(d,ny*He reactionsobtainedat the
deuterorenegy Eq = 20keV for Sr.

The embrittlementannotbe responsibldor the obsered anomalousasymmetryin the branch-
ing ratiosbecausehe effectsof embrittiementik e tail formationrise with the projectileenegy
in contradictionto thedeviationsin thebranchingratio. Thisis alsovalid for concevableweird
surfacetextures. Multiple scatteringof the ejectilesin the thick target could possiblyredirect
leaving particlesdependingon the nucleusspeciesaandtherebychangethe detectionrate. Such
hasbeentestedwith a Monte Carlo simulationhaving given a negative result[9]. Furthermore
anisotropicsymmetriesn crystalstructuresauseeffectslik e opticalactiity andpiezoandpyro
electricity Sothiscouldbeaconcevablereasorfor theexperimentabbserations.Enantiomor
phyis anecessargonditionfor sucheffects. However, the pointgroupsbelongingto LiD, SrD,
andNaD do notallow for this.

From the theoreticalpoint of view the crosssectionfor the mirror reactions’H(d,p’H and
2H(d,nHe at deuteronenegiesbelov 100keV canbe describedwith 16 collision matrix ele-
ments correspondingo S,ED-wavesin theentranceehannel Thematrixelementgor incoming
D-wavescannotbe omittedasfrequentlyassertegincethey aremandatoryto describethe an-
gularanisotroy down to the lowestenegies. The valuesof the matrix elementsarerelatively
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Figure3: The upperpartdisplaysthe anisotropy from the detectionof the p and®He ejectiles.
Thelower partshavs the branchingratio for thetwo mirror reactions.

well known andwereobtainedby fitting experimentakrosssectionsyectorandtensoranalyz-
ing powersmeasuredn gastargetexperimentd10, 11]. Thedifferentialcrosssectionfor both
reactionanbepresentedby acoherensuperpositiorof all sixteenmatrix elementg5] (dashed
line in fig. 4) andagreeswith our resultsobtainedfor Al, Zr, PdandTa. In the caseof Sr (also
for Li) apolarizationof the deuteronsn the crystallattice hadto beassumedA suppressiomf
thechannekpin S= 0 (spinsof thedeuteronsareanti-parallel)andallowing the otherchannels
with spinsS= 1, 2 to beundisturbedermitsto describesimultaneouslyheenhancemerdf the
angularanisotropieof the 2H(d,n*He reactionand the decreasef the n/p branchingratio at
verylow enegiesdown to 0.83. Theresultsof correspondingalculationsarepresentedh fig. 4
asfull lines. Herewe have assumedhatthe deuterorpolarizationtakes placegraduallybelov
the Fermienegy (for Srabout25keV), reachingits maximumvalue alreadybelonv 10keV. A
strongquenchingof the neutronchannelmight also be explainedby differentscreeningener
giesfor relatve angulatTmmomentun = 0, 1. Supposinghatthe screeningenegy for theL =1
contritution is muchsmallerthanfor L = 0 one getsa decreasing)/p branchingratio at low
enegiesreachinga minimum of only 0.93. In this case however, the anisotroy of theangular
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Figure4: The dashedine representhe normalcurve. The solid linesresultfrom a deuteron
polarizationcorrespondingo a suppressionf the S= 0 channektlower enegies.

distribution for bothchannelswill bereducedill isotropy, in contradictionto the experimental
results.For detailsreferto [5].

4 Conclusion

We presented first experimentalevidencefor a alterationof the branchingratiosin the d+d
fusion reactionsobtainedin an acceleratorexperimentwhich can be theoreticallyexplained
by polarizationof the reactingdeuteronsn the crystallattice while otherrathertrivial causes
could be excluded. The reasonfor the deuteronpolarizationis, however, still unknavn. A
distinctvenesf the (earth)alkalinemetalsis theformationof anionic bondto hydrogenwhich
might be a startingpoint for a possibleexplanationbasedon the spin-spininteraction.In view
of the experimentalindicationsfor a strongneutron-protorasymmetriein the d+d reactions
at roomtemperaturepur experimentsupportsan understandingf the cold fusion phenomena
althoughfurtherefforts arenecessaryAn experimentwith moresophisticategharticledetection



techniquess in progressn orderto refinethe data.
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