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Angulardistributionsandtheneutron-protonbranchingratio of themirror reac-
tions 2H(d,p)3H and2H(d,n)3He have beeninvestigatedusingdifferentdeuterized
metallic targetsat projectileenergies rangingfrom 5 to 60 keV. Whereasthe ex-
perimentalresultsobtainedfor Al, Zr, Pd andTa targetsdo not differ from those
known from gas-target experiments,an enhancementof the angularanisotropy in
the neutronchannelanda quenchingof the neutron-protonbranchingratio have
beenobserved for Li andSr targetsat deuteronenergiesbelow 20 keV . Both ef-
fectscanbe explainedassumingan inducedadiabaticpolarizationof the reacting
deuteronsin thecrystallattice.

1 Intr oduction

As known for a long timefrom acceleratorexperimentsthed+dfusionreactionshave3 possible
outgoingchannels,2H(d,p)3H, 2H(d,n)3Heand2H(d,γ)4He. Two of themmediatedby thestrong
interactiongeneratehigh energetic particleswith a branchingratio of about1 below 50keV
while thethird oneis anelectromagnetictransitionsuppressedby � 10� 4. Closeto thereaction
thresholdtherearetwo 1� resonancesin the compoundnucleus4He. They canbe excited by
deuteronswith an orbital angularmomentumof 1. This is the reasonfor theunusuallystrong
anisotropy of theangulardistribution of theejectilesevenat thelowestenergies.

In our previous works [1, 2] we have found a stronglyenhancedelectronscreeningeffect for
thed+d reactionsin metallicenvironments.Angulardistributionsandrelative intensitiesof the
protonandneutronchannelsinvestigatedfor d+d reactionstaking placein Al, Zr, Pd andTa
targetswere,however, in agreementwith theresultsof gas-targetexperiments.Herewe present
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new resultsobtainedfor Sr, Li andNa targetsgiving a first evidencefor an alterationof the
neutron-protonbranchingratioandtheangulardistributions.Initial resultswerepresentedin [3]
andhithertocompletelypublishedin [4] but now afirst theoreticalexplanationfor thissurprising
observationcanbepresented[5].

2 Experimental results

Theexperimenthasbeencarriedout at a cascadeacceleratoroptimizedfor low energy beams.
Thetargetswerepuremetaldisksbecomingself-implanteddeuteriumtargetsunderthedeuteron
irradiation.FourSi-detectorsat thelaboratoryanglesof 90� , 110� , 130� and150� wereusedfor
thedetectionof all chargedparticles,p, t, 3He,of thereactions2H(d,p)tand2H(d,n)3He [6, 2].
Thedetectorsneededto beshieldedfrom thebackscattereddeuteronsin orderto preventacon-
gestionof themandthe dataacquisitionsystem. ThereforegroundedAl-foils of thicknesses
from 120 � 150 � g� cm2 wereplacedin front of thedetectorsinsulatedfrom them. The thick-
nessis sufficient in orderto stopbackscattereddeuteronsup to 60keV. Thelow energy partof
somerepresentative spectrafrom the90� -detectoris depictedin fig. 1 magnifyingthetwo lines
of therecoil nuclei3He andt. Thespectraarenormalizedto anintegral valueof onein orderto
make themcommensurable.Theenergiesabove thepeaksarethekinetic energiesof theejec-
tiles in thelaboratorysystem.They dropfor increasingprojectileenergies,which is especially
significantfor the backanglepositions. The gray filled spectraarefrom Ta targetswhile the
blackandgraysteplinesarefor Sr andLi andNarespectively. Thetwo plotscomparetheform
of the spectrallines at a low projectileenergy of 8keV to a high energy of 30keV. At 8keV
the t-line of Ta is well separatedwhile the 3He-line sits on an exponentialbackground.The
backgroundis subtractedby fitting an exponentialfunction to the lowestenergy partandthen
by extrapolatingit to the high energies. The spectrallines for Sr arealreadybroaderwith an
enhancedlow energy tail leadingto anoverlapof bothlines. This effect becomesevenstronger
for Li andNa. At 30keV the Ta lines arebroaderbut the tails of the Sr, Li andNa lines are
muchmoredistinctive. The overlapof the two lines is even higher. For Li andNa the 3He-
line is hardly more thanan edge. The p-line at 3MeV hasalsoa long low energy tail but it
vanishesbeforethet-line. Theappearenceandthepropertiesof thesetails canbeexplainedby
a phenomenonknown from thephysicalchemistryof themetalhydrides,calledembrittlement
[7] whichmeansthatthecrystalstructureof themetalis burstedby therecrystallizationprocess
thataccompaniestheformationof themetalhydridecrystal.Reactivemetalschangetheircrystal
structurewhile formingthemetalhydride.If thehydrationprecedesnotin athermalequilibrium
andrelatively slow, thematerialcannotcompensatethe tensionof therecrystallizationprocess
andbursts. Sincedeuteronimplantationis far off the thermalequilibrium, embrittlementis a
hardlyavoidableconcomitantphenomenonfor reactive metals.How embrittlementeffectuates
thetails is elucidatedwith thesketchin fig. 1. Assuming,theprojectiletravelsthroughthetarget
alonga pathcoveringmany emptyregions,theenergy lossbecomessmallerandconsequently
thenuclearreactionsoccurdeeperbelow thetargetsurfacethanin thecaseof compactmaterials.
Thereforetheejectilesthat in turn cantravel throughmorecompacttarget regionsloosemore
energy additionallycontributing to the low energy tail of the particlespectrum.The increase
of thetail with theprojectileenergy arisesfrom thesimultaneousincreasein theoverall range
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Figure1: Normalizedspectrafrom the90� -detector. The low-energy tail complicatesthedis-
criminationandis causedby embrittlementwhich becomesstrongerfor morereactive metals.
Thesketchshows how differentpathsthroughthetargetexplain thetails.

of theprojectiles.Thematerialdependencecanbe explained,too. Ta is almosta noblemetal
with low reactivity but nonethelessableto chemicallybind hydrogento high amounts.It just
stretchesits lattice dimensionsbut doesnot recrystallizelike the highly reactive metalsof the
groupsI andII of the periodicsystem.So thereis no embrittlementandhardly a tail visible.
On theotherhandtheeffectsof embrittlementandthetail increasefrom Sr over Li to Na with
decreasingelectronnegativity. The symptomswereeven visible, e.g.dustparticlescrumbled
from astrontiumtarget,thethicknessof anatriumtargetgrew considerably. Thelow-energy tail
formationcomplicatestheintegrationof thespectrallinestill unfeasibilityin thecaseof Na. The
3He-linesitson thetail of thet-line. All efforts to describeandextrapolatethetail of thet-line
to thelower energiesanalyticallyfailed,sincetheform of thelinesis dependenton thenucleus
species,ejectileandprojectileenergy. Uncertaintiesandimponderabilitiesin theintegral of the
spectrallines aretaken into accountin theerrorsadditionallyto thecountingstatistic. Conse-
quentlythey arethedominatingerrorsource.If in doubt,eventswereattributedto the3He-line
only, gainingaconservative estimateat least.Fortunately, thetailsaresmallat thelow projectile
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energiesweretheasymmetryin thebranchingratiosbecomesobservable.

Neglectingl � 2 contributionstheangulardistribution canbedescribedasfollows

dσ
dω

�
ϑ �
	 A0 � A2cos2 ϑ � (1)

Becauseof the identicalbosonsin the entrancechannelthe angulardistribution is symmetric
around90� . ϑ andω arethepolarangleandthesolidanglein theCM system,respectively. Since
theexperimentallydeterminedthick targetyield is dominatedby thehigh energy contributions
below theCoulombbarrierasimilarexpressionis valid for thedifferentialcountingnumber

dN
dω

�
ϑ �
	 a0 � a2cos2ϑ � (2)

The expansioncoefficientsa0 anda2 now includea constantfactorcontainiga productof de-
tectorandtarget propertiesandthe numberof incidentprojectiles. A measurementat 20keV
for Sr exemplaryshows theresultsfor thedifferentialcountingnumberandthecorresponding
fitting function in fig. 2. The fit is computedwith a non-iterative generalizedlinear fitting al-
gorithm employing singularvaluedecompositionthusallowing for moreaccuratevaluesand
bettererror handling. The datapointsobtainedfor the protonsare included. As canbe seen
protonsandtritons follow thesameangulardistribution. Oneobservesa significantlystronger
angularanisotropy for the neutronchannel.The angularanisotropy is quantitatively given by
theratio a2

a0
	 A2

A0
. Againwith thepreviousargumentationthetwo fitting coefficientscanbeused

to calculatethebranchingratio of thetwo mirror reactionswith

σd 
 d � n� 3He

σd 
 d � p� t 	 Y � 3He�
Y
�
p� 	 N � 3He�

N
�
p� 	 a0 � 3He� � 1

3a2 � 3He�
a0
�
p� � 1

3a2
�
p� (3)

wherein thelaststepN is simply thetheintegralover theunit sphereof thedifferentialcounting
number(2). Whencalculatingwith thefitting coefficientsonemustconsiderthat they arenot
independentvariables.ThentheGaussianerrorpropagationformulaneedsto becompletedby
a term containingthe off-diagonalelementof the covariancematrix from the fit. The results
areplottedin fig. 3. The branchingratiosandangulardistributionsdeterminedfor Ta, Al, Zr
andPd agreewith the resultsof the gastarget experiment[8]. Not so for Sr andLi. While
for p thereareno pecularities,for 3He theanisotropy raisesat lower energies(seealsofig. 4).
Simultaneously, then branchis suppressed.Theresultsfor protonsandtritonsareconcordant.
The low quality of the Li points resultsfrom the ambiguityof the integrationof the spectral
lineswith largelow-energy tails. For thesamereason,thespectraobtainedfor Na couldnot be
analyzedquantitatively, thoughthespectraindicatea strongsuppressionof theneutron-proton
ratioat low energies,too. For detailsreferto [4].

3 Theoretical considerations and discussion

The problemsof integratingthe overlappingspectrallines cannotbe circumventedby the use
of detectortelescopesfor particle identification. The ∆E-detectorof the usualsemiconductor
detectortelescopeswouldalreadyabsorbtherecoil nuclei.
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Figure 2: Angular distribution of the 2H(d,p)3H and 2H(d,n)3He reactionsobtainedat the
deuteronenergy Ed 	 20keV for Sr.

Theembrittlementcannotberesponsiblefor theobservedanomalousasymmetryin thebranch-
ing ratiosbecausetheeffectsof embrittlementlike tail formationrisewith theprojectileenergy
in contradictionto thedeviationsin thebranchingratio. This is alsovalid for conceivableweird
surfacetextures. Multiple scatteringof the ejectilesin the thick target could possiblyredirect
leaving particlesdependingon thenucleusspeciesandtherebychangethedetectionrate.Such
hasbeentestedwith a MonteCarlosimulationhaving givena negative result[9]. Furthermore
anisotropicsymmetriesin crystalstructurescauseeffectslikeopticalactivity andpiezoandpyro
electricity. Sothiscouldbeaconceivablereasonfor theexperimentalobservations.Enantiomor-
phy is anecessaryconditionfor sucheffects.However, thepointgroupsbelongingto LiD, SrD2

andNaDdo notallow for this.

From the theoreticalpoint of view the crosssectionfor the mirror reactions2H(d,p)3H and
2H(d,n)3He at deuteronenergiesbelow 100keV canbedescribedwith 16 collision matrix ele-
ments,correspondingto S,P,D-wavesin theentrancechannel.Thematrixelementsfor incoming
D-wavescannotbeomittedasfrequentlyassertedsincethey aremandatoryto describethean-
gularanisotropy down to the lowestenergies. Thevaluesof thematrix elementsarerelatively
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Figure3: Theupperpartdisplaystheanisotropy from thedetectionof thep and3He ejectiles.
Thelower partshows thebranchingratio for thetwo mirror reactions.

well known andwereobtainedby fitting experimentalcrosssections,vectorandtensoranalyz-
ing powersmeasuredin gastargetexperiments[10, 11]. Thedifferentialcrosssectionfor both
reactionscanbepresentedby acoherentsuperpositionof all sixteenmatrixelements[5] (dashed
line in fig. 4) andagreeswith our resultsobtainedfor Al, Zr, PdandTa. In thecaseof Sr (also
for Li) a polarizationof thedeuteronsin thecrystallatticehadto beassumed.A suppressionof
thechannelspinS 	 0 (spinsof thedeuteronsareanti-parallel)andallowing theotherchannels
with spinsS 	 1 � 2 to beundisturbedpermitsto describesimultaneouslytheenhancementof the
angularanisotropieof the 2H(d,n)3He reactionand the decreaseof the n/p branchingratio at
very low energiesdown to 0 � 83. Theresultsof correspondingcalculationsarepresentedin fig. 4
asfull lines. Herewe have assumedthat thedeuteronpolarizationtakesplacegraduallybelow
theFermienergy (for Sr about25keV), reachingits maximumvaluealreadybelow 10keV. A
strongquenchingof the neutronchannelmight alsobe explainedby differentscreeningener-
giesfor relative angularmomentumL 	 0 � 1. Supposingthatthescreeningenergy for theL 	 1
contribution is muchsmallerthanfor L 	 0 onegetsa decreasingn/p branchingratio at low
energiesreachinga minimumof only 0 � 93. In this case,however, theanisotropy of theangular
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Figure4: The dashedline representthe normalcurve. The solid lines result from a deuteron
polarizationcorrespondingto asuppressionof theS 	 0 channelat lowerenergies.

distribution for bothchannelswill bereducedtill isotropy, in contradictionto theexperimental
results.For detailsreferto [5].

4 Conc lusion

We presenteda first experimentalevidencefor a alterationof the branchingratios in the d+d
fusion reactionsobtainedin an acceleratorexperimentwhich can be theoreticallyexplained
by polarizationof the reactingdeuteronsin the crystal lattice while otherrathertrivial causes
could be excluded. The reasonfor the deuteronpolarizationis, however, still unknown. A
distinctivenessof the(earth)alkalinemetalsis theformationof anionic bondto hydrogen,which
might bea startingpoint for a possibleexplanationbasedon thespin-spininteraction.In view
of the experimentalindicationsfor a strongneutron-protonasymmetriein the d+d reactions
at room temperature,our experimentsupportsan understandingof thecold fusionphenomena
althoughfurthereffortsarenecessary. An experimentwith moresophisticatedparticledetection
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techniquesis in progressin orderto refinethedata.
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