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TRI MSP reflection coefficientsfor muons

This Memo summarizeshereflectioncoeficients Ry for ™ impingingon differentelementgrom
low chage numberZ to high Z ascalculatedby the programTRI MSP [1]. The dataare com-
paredwith the predictionsof a simplescalingrule provided by Thomaset al. [2] thatholdsfor the
backscatteringf protons,deuteronstritium, Het andheavier ions undernormalincidence. The
backscatteringoeficients Ry — definedasthe ratio of the numberof projectilesreflectedto the
numberof projectilesincident— canberepresentely the expression

Ry — A; - In(Aze + €)

N 1+ A3€A4 + A5€A6 ' (1)

whereeis thebaseof naturallogarithm( =2.718),theparameters!; throughAg arefoundby fitting
to thedata,andthe Thomas-Fermreducedenegy ¢ is definedas
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with . = M, /M. Here Ej is thekinetic enegy of the projectilein keV, M; and M, arethemasses
of the projectileandthetarget, respectiely, and Z; and Z, denotethe chagesof the projectileand
targetatomicnuclei. Accordingto [1] the expressionn Eq. 1 “is consistentvith the enegy transfer
mechanisnfor anunspecifiedmulti-termpowerlav potentialandpreserestheparticle(andenegy)
conserationlaws atall enegies’

Figure 1 shawvs the TRI MSP resultsfor backscatteringf u* wherel usednormalincidenceof
muonswith enegies E, betweenl keV and 20 keV, a gaussiarenegy spreadof o = 500 eV,
Anderson-Zigler inelasticstoppingpower, Moli ere elasticscattering,correctionfactor for Firsov
screenindengthsetto 1, andno recoils(sputtering)generatedThe backscatteringf . increases
with decreasingrojectileenengy, but all themuondatafall belov the curve predictedby the scaling
formulaof Eq. 1: the programyields systematicallysmallerreflectionprobabilitiesfor x4t , andthe
variationof thenon-metakargetsis muchlargerthanfor themetals.

In orderto arrive at an equaldescriptionof the 4t backscatteredatal fitted Eq. 1 to all ™ data
from TRI MSP to determinethe A;'s. Theresultis shovn in Fig. 2, andthe A;'s for x* andfor
protonsandheavier ionsaresummarizedn Tablel.
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Figurel: Muonreflectioncoeficient Ry ascalculatedby TRI MSP. Thesolid line andopencircles
representheoriginal Thomasetal. scalingof reflectioncoeficientsfor protonsandheavier ions[2]
which arewell reproducedy TRI MSP. Thereducedenenpy e is definedin Eq. 2.

What is the origin of the striking deviation of the TRI MSP i+ backscattering data from the
Thomasscalingformula ?

This is difficult to say at the moment. Checkingthe sourcecodeof TRI MSP is not an easytask
sinceit is writtenin “old Fortan” style andnot well structured.Thereforeit will take sometime to
understandhe detailsof thesourcecode.But we cangetatleastonehint: the TRI MSP outputgives
us the meanenegy of the reflectedparticles. A comparisonof the reflectedenegiesfor proton,
tritium andu™ is shovn in Table2. Accordingto TRI MSP the meanenepy of the reflectedu™ is
significantlysmallerthanfor protonsor tritium. This indicatesthatthe enegy lossof the backscat-
teredu™ is larger Dueto thelargerenegy lossthe numberof backscattereg™ which arestopped
beforereachingthe surfacemight be higher thusreducingthe reflectioncoeficient. The question
remainsopenwhy theenepy lossfor the u* shouldbehigher Thereis no physicalagumentfor this
?,andit could be causedartificially by the program(the stoppingpower for i+ in thekeV rangeis
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Table 1: Comparisonof the original parametersd; determinedoy Thomaset al. [2] with those
obtainedby fitting Eqg. 1 to the ™ backscatteringlataof TRI MSP. p is theratio of target massto
projectilemassseeEq. 2.

Particle Ay Ay Ag Ay A5 A6
ut, thisMemo,massrangen, > 20 | 0.9504| 6.344| 17.41| 0.7098| 8.424| 1.729
Thomasetal.,, massrangeu > 20 | 0.8250| 21.41| 8.606| 0.6425| 1.907| 1.927

Table2: Comparisonof thetheratio < Er > /E, [(meanenegy of reflectedparticles)/(initial
enegy)] for u* , proton(p) andtritium (t) backscatteredn aluminum(Al) andgold (Au). The
reducecenengy ¢ asdefinedby Eqg. 2 is quotedin braclets.

Ey ,LL+,<ER>/E0 p,<ER>/E0 t,<ER>/E0
Al, 1keV | 0.272(c = 0.976) | 0.341(c — 0.940) | 0.344(c = 0.882)
Al, 2keV | 0.281(c = 1.953) | 0.329(c = 1.890) | 0.317(c = 1.763)
Al, 5keV | 0.253(c = 4.880) | 0.294(c = 4.724) | 0.283(e = 4.407)
Au, 1keV | 0.387(c = 0.094) | 0.542(c = 0.093) | 0.590(c = 0.092)
Au, 2 keV | 0.392(c = 0.187) | 0.516(c = 0.186) | 0.566(c = 0.184)
Au, 5keV | 0.355(c = 0.467) | 0.450(c = 0.465) | 0.517(e = 0.461)

largerthanfor protons but this causes smallerpenetratiordepth,andthereforetheway backto the
surfacefor backscattered™ is shorter sothatfor backscattering to first approximation-thelarger
stoppingpower andshorterpathway shouldcancel?). This could be alsoa hint for the deviations
obseredbetweerexperimentaland TRI MSP datain ourimplantationstudieq3]. In theinterpreta-
tion of thesedatawe assumehatall of thebackscattered™ arecompletelydepolarizediueto 100%
muoniumformationprobabilityin orderto explain the decreasingliamagnetiasymmetrywith de-
creasingenepy. If theoriginal Thomasscalingis valid for x+ thebackscattereg™ fractionswould
belargerthanwe thoughtbecaus@ Rl MSP yieldsa muchsmallerreflectioncoeficient Ry . In this
casewe wouldn't have to requirethatall of the backscattered™ aredepolarized.But this would
meanthat experimentson high Z samplesat low implantationenegieswould be difficult because
morethan40% of the u* would bereflectedat 1 keV. However, our Pbmeasurements 2001and
2002do not shav a big decreasén diamagnetiasymmetrywith decreasingnegy ? Needssome
moreanalysisof the Pbdataandotherdatatakenat smallimplantationenegies...

Reflectioncoefficientsfor compounds

For acompoundhereflectioncoeficient canbe calculatedaswell by usingEqgs.1 and2. Thetarget
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Figure2: Fit of Eg.1to all u™ backscatteredataof Fig. 1. Ry is thereflectioncoeficientandthe
reduceceneny e is definedin Eq. 2. The Pi’s arefit parameteandcorrespondo the A;’sin Eq. 1.
They aresummarizedn Tablel.

atomicchage Z andmassM mustbereplacedy the“effective” chage Z’ andmassM’:
N N
-
N n;
A ZNZi' (3)

where N denotesthe total numberof atomsand n; the numberof atomsof one speciesin the
compoundandthe M; and Z; arethe correspondingnassesandnuclearchages. For example,in
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SiO, theeffective massandchage aregivenby

1 2
MgiOQ = g'Mgi+§'M0:—'28+— 16 = 20

1 2 1 2
Zto = =-Zg+=--Zo=—--144+=-8=10. 4
Si0y 3 S+3 o 3 +3 ()

Figure3 displaysthenumberof x* implantedin SiO, ascalculatecdby TRI MSP andthe correspond-
ing curvesaccordingto the Thomasscaling. The comparisornshows that the useof the effective
massesndchagesin Egs. 1 and2 yieldsgoodagreementith the simulateddata(asit shouldbe).

2002/08/15 10.41

SiO,, W" reflection calculated by TrimSP
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Figure3: Blackcircles:numberof x4t implantedin SiO,, TRI MSP simulation. Thecurvesrepresent
calculationsaccordingto Eqg. 1 usingthe modified Thomasparameter$or .t (seeTablel). The
dottedcurve useseffective massesndchagesasquotedin Eqg. 3.
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Appendix

Thissectionsummarizeshe TRI MSP simulationdatafor i+ implantedin severaltargetstakinginto
accounthebackscatteringtthetarget. The Figures4-8 show the comparisorof thesedatawith the
scalingformula of Eqg. 1 wherethe calculationwasdonefor both, the original Thomasparameters
(obtainedirom protonandheavier ion data)andthe modifiedparametefor ;* asquotedin Tablel.

PAUL SCHERRER INSTITUTE, CH-5232Villigen PSI, Switzerland Page6



11000

10000

9000

implanted muons

8000

7000

6000

5000
11000

1 2 3 4 5 6 7 8 9 10

10000

9000

8000

7000

6000

5000
1 2 3 4 5 6 7 8 9 10

E, (keV)

Figure4: Muonsimplantedasa functionof implantationenegy E, for nitrogen(N,) andneon(Ne).
Triangles:TRI MSP simulation;dashedine: calculationusingtheoriginal Thomagparameterssolid
line: modifiedThomasparametersseeTablel.
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Figure5: Muonsimplantedasa function of implantationenegy E, for aluminum(Al) andargon
(Ar). Triangles:TRI MSP simulation;dashedine: calculationusingtheoriginal Thomagarameters;
solidline: modifiedThomasparametersseeTablel.
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Figure6: Muonsimplantedasafunctionof implantationenegy E, for copperCu)andkrypton(Kr).
Triangles:TRI MSP simulation;dashedine: calculationusingtheoriginal Thomagparameterssolid
line: modifiedThomasparametersseeTablel.
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Figure7: Muonsimplantedasa functionof implantationenegy E, for silver (Ag) andxenon(Xe).
Triangles:TRI MSP simulation;dashedine: calculationusingtheoriginal Thomagparameterssolid
line: modifiedThomasparametersseeTablel.
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Figure 8: Muonsimplantedasa function of implantationenegy E, for gold (Au) andlead (Pb).
Triangles: TRI MSP simulation; dashedine: calculationusing the original Thomasparameters;
solidline: modifiedThomasparametersseeTablel.
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