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LATTICE ATOM DISPLACEMENTS PRODUCED NEAR THE END OF IMPLANTED jLt~TRACKS ~
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Spinrotationexperimentswith implanted ii~projectilesarea convenientmethodfor extendingstudiesof the isotope
effect~forhydrogendiffusion in metalsto very light mass. In thepresentletter informationis presentedwhich allowsa de-
terminationof themeanfree pathfor vacancyproductionby ~ particlesslowing down in C (graphite),Al, V, Fe, Ni, Cu,
Nb, Pd,andTa targets.Also givenis theexcessdistancetraveledby the~ after itsenergyis reducedbelowthe threshold
necessaryfor vacancyproductionin thesematerials.

Spin rotation experimentswith implanted~ parti- which is usedfor calibrationpurposes.
des(j+ SR) haveprovideda methodfor extending The muondecaysinto a positronand two neutri-
the studyof hydrogenicimpurities in metalsto lower noswith a characteristiclifetime r of 2.2X 10_6s,
mass,sincethe positivemuoncanbe consideredas an with the positronemittedpreferentiallyalongthe
isotopeof hydrogenwith one-ninththe proton spin axis of the muon. The decaytime of themuon
mass[1]. providesa quite useful timescalein suchexperiments

Oneof thequestionsof importancein interpreting since:(1) implantedmuonsof 50 to 150 MeV initial
suchexperimentsconcernstheeffect on the muon energybecomethermalizedin the targetin a time
motion of damageintroducedinto the targetby the muchshorterthanT, (2) the characteristicperiodsof
muonimplant itself. That is, afterthemuon becomes latticevibrationsare muchshorterthanr, (3) relative-
thermalizedin the targetwhatare therelativeloca- ly smallmagneticfield (�l00 G) are requiredto ob-
tions of themuon and thedamageit has introduced? tam a significantnumberof Larmor rotationsof the
In this lettertheresultsof calculationswhich give in- magneticmomentof the muonduring thetime period
formationpertinentto this questionwill be presented. r, and(4) experimentalapparatusfor detectingand
Two typesof information will be presentedhere. measuringtheemittedpositronintensitywith nano-
Theseare(1) the additionaldistancethe muontravels secondresponsetime is readily available.
into the targetafter its energyis reducedsufficiently The basicprocedurein a spin rotation experiment
low that it canno longerproducelattice displace- is to implant a polarizedbeamof muons,one at a
ments,and(2) the rateat which themuonproduces time, into a targetmateriallocatedin a magneticfield.
damageat eachenergyas it is slowingto a stopin the Theinitial polarizationdirectionis along the incident
target. Informationwill be presentedfor the specific beamdirection, with polarizationefficienciesof up
targetsC(graphite),Al, V, Fe,Ni, Cu, Nb, Pd, andTa. to 95%being typical [2]. Theintensityof the posi-
All thesematerialsareof interestfor /A+ SR experi- tron emissionat somefixed anglewith respectto the
ments:Fe, Ni, and Pd for magnetismstudies;A, V, Cu, incident beamandthemagneticfield is then measured
Nb, andTa for p~diffusion. Theseelementsall have asa function of time. In theabsenceof the magnetic
gyromagneticratios andnuclearspinssuchthat an field the intensity simply showsan exponentialdecay
effect caneasily be observedexceptfor C (I = 0) withcharacteristicdecaytime r. Themagneticfield

causesthe spin axis of themuonto precess,however,
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frequencyequalto the muonLarmorprecessionfre- ping powerwas assumedto be that of a hydrogen
quency.The variationwith time of the amplitude of atom having the samevelocity as the muonandit was
thesinusoidalcomponentof the intensityfunction describedby a three-parameterformulain order to
carriesinformation concerningthe motion of the extrapolateto low energies[5]. The tabulatedstop-
muonthroughthe lattice during its decay. ping powerdataof Janni [6] were usedfor this pur-

The modelusedin tl1e presentcalculationsassumes pose.

a sharpthresholdenergy,Ed, for the permanentdis- The averagedistancebetweenthestoppedmuon
placementof a latticeatom from its regularsite in the and the last displacementproduceddependson R~,
targetmaterial, i.e., a struck targetatomis assumed but it also dependson the meanfree path for displace.
to bedisplacedif it receivesa kinetic energygreater ment productionby themuonduring its deceleration
thanEd. Forthis model themuonis no longerable to to Td. Thismeanfree path,RD(E), is definedas the
producedisplacementsafter its energydrops below inverseof dNDJdR(E),thedisplacementproduction
Td, whereTd = Ed/y with y = 4M1M2/(M1 +M2)

2. In ratefor a muonof energyE. A Kinchin—Pease(KP)
theseexpressionsM

1is the muonmass,andM2 is the mode[7] of the displacementprocess(or a modified
targetatom mass. KP model [81)allows one to relatedNDJdRto

The excessprojectedrange,Rp(Td),is definedas dED/dR,the rate at which energyis given to displaced
the averagerangeof a muonof energyTd, projected atomsby the muon, through
ontoits initial directionof motion.Thetransport 2E ~v /dR = fldE /dR, (1)
equationsgoverningthe evolutionof R~are readily d D D
solved [3], andin fig. 1 R~,is plottedas a functionof wherejl is thedisplacementproductionefficiency.
Ed, for the nine specific targetsmentionedabove. The valueof i3 dependssomewhaton themodel used
The Thomas-—Fermielasticscatteringcrosssection as for the displacementprocess,butfor reasonablemod-
developedby Lindhardet al. [4] was usedin these els liesbetween0.5and 1 [7,8] . Oen [9] gives an ex-
calculations.The electroniccontributionto thestop- pressionfor dED/dRbasedon theThomas—Fermi
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DISPLACEMENT THRESHOLD ENERGY, Ed. 1eV)Fig. 1. Excessprojectedrangeasa functionof displacementthresholdenergyfor ,.i~projectilesincidentonC (graphite),
~ V, Fe, Ni, Cu, Nb, Pd, andTa.
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elasticscatteringcrosssection.In orderto presentthe Table 1

calculatedcurves on a singleplot it is convenient to Values of EL andRL for muons incident on various targets.
give dE /dR in reducedunits den/dp,where CnD Target EL (eV) RL (A)
= ED/EL and p = R/RL.EL andRL arean energy _______________ _____________

anda lengthwhich are characteristicof theprojec- C(graphite) 386 1477
tile—targetcombination[41. Al 1025 9339

Fig. 2 showsdcD/dpfor muonsincident on Ta and V 2135 20600

C as a function of c ( E/EL) for threedifferent values ~02 20420

ofEd, 15, 30,and60 eV. The curvesfor the othertar- Cu 2883 24940

getsconsideredin this papercanbe found by interpo- Nb 4527 68070

lating betweenthecurvesshownin thefigure. This is Pd 5262 68630

bestdoneby evaluatingeforE Td and taking this Ta 9643 191600

asthe intersectionof the desiredcurve with the ab-
scissaof fig. 2. Table1 gives valuesof EL andRL to stopsquite far from the last vacancyproduced.
aid in usingthe informationpresentedin fig. 2, andto To continuethe exampleof thepreviouspara-
maketheinterpolationmoreconvenient, graph,the diffusion coefficientD for H in Ta at room

As an exampleof theuseof the information in temperature[10] is about2 X 10—6 cm2/swhich with
fig. 2, considera Ta target,andassumea displacement the lifetime, r, of themuongivesa diffusion length of
thresholdenergyEd = 30 eV. From fig. 2, one finds about200 A. Since thevalueof D for the muonis ex-
that themaximumvalue of deD/dpis 0.05. Thisvalue, pectedto be abouta factorof 3 or solarger thanthe
alongwith the valuesof EL andRL in table 1 yields H value,thediffusion length for themuonis probably
dEDIdR= 0.00252eV/A, which substitutedinto ‘~350A, soessentiallyno interactionbetweenthe
eq.(1) with f3 1, gives dNDIdR= 4.19 X l0—~A~, muonandthosevacanciesproducedduring its implan-
orRD = 23840A. Fig. 1 showsR~to be 360 A for tationwould beexpected.Forthe othertargetmate-
this case.Thus theaveragedistancebetweenthe im- rials for which diffusion dataare availablethe room
plantedmuonand thelast producedvacancyis temperaturevalueof D is sufficiently low that such

24000 A. Similarly for the graphitecase(againus- interactionis completelynegligible.
ingEd = 30 eVand13 = 1) RD = 7255 A while R~= In conclusion,themeandistancebetweenthe
78 A, and thus in all casesthemuonon the average stoppedp~projectileandthenearestvacancypro-

ducedby its implantationis determinedprimarily by
the meanfreepathfor vacancyproduction,RD. For
realisticvaluesof Ed andj3, RD is greaterthanor of
the order of severalthousandAngstromsfor thema-

.1 terials consideredhere.Thus,vacanciesproducedby
g the implantationwill haveno significant effect on the

— _::.~ room temperaturemuondiffusion rateover its lifetime.
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