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TRIMSP reflectioncoefficientsfor muons

LEM group

This Memosummarizesthereflectioncoefficients �! for "$# impingingon differentelementsfrom
low charge number % to high % as calculatedby the programTRIMSP [1]. The dataare com-
paredwith thepredictionsof a simplescalingrule providedby Thomaset al. [2] thatholdsfor the
backscatteringof protons,deuterons,tritium, He# andheavier ions undernormal incidence. The
backscatteringcoefficients �! – definedasthe ratio of the numberof projectilesreflectedto the
numberof projectilesincident– canberepresentedby theexpression
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whereeis thebaseof naturallogarithm( = 2.718),theparameters
(C)

through
(2D

arefoundby fitting
to thedata,andtheThomas-Fermireducedenergy

3
is definedas
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with "T&VU 1XW U )
. Here

QSR
is thekinetic energy of theprojectilein keV, U )

and U 1 arethemasses
of theprojectileandthetarget,respectively, and % ) and % 1 denotethechargesof theprojectileand
targetatomicnuclei.Accordingto [1] theexpressionin Eq.1 “is consistentwith theenergy transfer
mechanismfor anunspecified,multi-termpowerlaw potentialandpreservestheparticle(andenergy)
conservationlawsat all energies.”

Figure 1 shows the TRIMSP resultsfor backscatteringof " # whereI usednormal incidenceof
muonswith energies

QSR
between1 keV and20 keV, a gaussianenergy spreadof Y[Z\&]J�^�^ eV,

Anderson-Ziegler inelasticstoppingpower, Moli èreelasticscattering,correctionfactor for Firsov
screeninglengthsetto 1, andno recoils(sputtering)generated.Thebackscatteringof "$# increases
with decreasingprojectileenergy, but all themuondatafall below thecurvepredictedby thescaling
formulaof Eq.1: theprogramyieldssystematicallysmallerreflectionprobabilitiesfor " # , andthe
variationof thenon-metaltargetsis muchlargerthanfor themetals.

In orderto arrive at an equaldescriptionof the " # backscattereddataI fitted Eq. 1 to all " # data
from TRIMSP to determinethe

(`_
’s. The result is shown in Fig. 2, and the

(`_
’s for "$# and for

protonsandheavier ionsaresummarizedin Table1.



Muon reflection probabilities on different elements, TrimSp
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Figure1: Muon reflectioncoefficient �! ascalculatedby TRIMSP. Thesolid line andopencircles
representtheoriginalThomasetal. scalingof reflectioncoefficientsfor protonsandheavier ions[2]
which arewell reproducedby TRIMSP. Thereducedenergy

3
is definedin Eq.2.

What is the origin of the striking deviation of the TRIMSP "$# backscattering data fr om the
Thomasscalingformula ?

This is difficult to sayat the moment. Checkingthe sourcecodeof TRIMSP is not an easytask
sinceit is written in “old Fortan” styleandnot well structured.Thereforeit will take sometime to
understandthedetailsof thesourcecode.But wecangetat leastonehint: theTRIMSP outputgives
us the meanenergy of the reflectedparticles. A comparisonof the reflectedenergies for proton,
tritium and "$# is shown in Table2. Accordingto TRIMSP themeanenergy of the reflected"$# is
significantlysmallerthanfor protonsor tritium. This indicatesthat theenergy lossof thebackscat-
tered " # is larger. Dueto thelargerenergy lossthenumberof backscattered" # which arestopped
beforereachingthesurfacemight be higher, thusreducingthe reflectioncoefficient. Thequestion
remainsopenwhy theenergy lossfor the "b# shouldbehigher. Thereis nophysicalargumentfor this
?, andit couldbecausedartificially by theprogram(thestoppingpower for "$# in thekeV rangeis
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Table1: Comparisonof the original parameters
(2_

determinedby Thomaset al. [2] with those
obtainedby fitting Eq. 1 to the " # backscatteringdataof TRIMSP. " is the ratio of targetmassto
projectilemass,seeEq.2.

Particle
(*) (�1 (�: (`c (2@ (�D

"$# , this Memo,massrange"edfG�^ 0.9504 6.344 17.41 0.7098 8.424 1.729
Thomasetal., massrange"edfG�^ 0.8250 21.41 8.606 0.6425 1.907 1.927

Table2: Comparisonof the the ratio g Q`h d W�Q`R
[(meanenergy of reflectedparticles)/(initial

energy)] for "$# , proton(p) and tritium (t) backscatteredon aluminum(Al) andgold (Au). The
reducedenergy

3
asdefinedby Eq.2 is quotedin brackets.Q`R " # , g Q`h d W�QSR

p, g Q`h d W�QSR
t, g Q2h d WiQ`R

Al, 1 keV 0.272(
3 &F^>H�j�k�l ) 0.341(

3 &m^�Hnj�oL^ ) 0.344(
3 &p^>H�qLq�G )

Al, 2 keV 0.281(
3 & 8 H�j�J�E ) 0.329(

3 & 8 HnqLj�^ ) 0.317(
3 & 8 Hnk�lLE )

Al, 5 keV 0.253(
3 &morH�qLqL^ ) 0.294(

3 &po>HKkLGso ) 0.283(
3 &torHuo�^�k )

Au, 1 keV 0.387(
3 &F^>H�^Lj�o ) 0.542(

3 &m^�Hn^Lj�E ) 0.590(
3 &p^>H�^Lj�G )

Au, 2 keV 0.392(
3 &F^>H 8 q�k ) 0.516(

3 &m^�H 8 q�l ) 0.566(
3 &p^>H 8 q�o )

Au, 5 keV 0.355(
3 &F^>Huo�l�k ) 0.450(

3 &m^�H�o�lLJ ) 0.517(
3 &p^>Huo�l 8 )

largerthanfor protons,but thiscausesasmallerpenetrationdepth,andthereforethewaybackto the
surfacefor backscattered"$# is shorter, sothatfor backscattering– to first approximation– thelarger
stoppingpower andshorterpathway shouldcancel?). This couldbealsoa hint for thedeviations
observedbetweenexperimentalandTRIMSP datain our implantationstudies[3]. In theinterpreta-
tion of thesedataweassumethatall of thebackscattered" # arecompletelydepolarizeddueto 100%
muoniumformationprobability in orderto explain thedecreasingdiamagneticasymmetrywith de-
creasingenergy. If theoriginalThomasscalingis valid for "$# thebackscattered"$# fractionswould
belargerthanwe thoughtbecauseTRIMSP yieldsa muchsmallerreflectioncoefficient �! . In this
casewe wouldn’t have to requirethatall of the backscattered" # aredepolarized.But this would
meanthatexperimentson high % samplesat low implantationenergieswould bedifficult because
morethan40%of the "$# would bereflectedat 1 keV. However, our Pbmeasurementsin 2001and
2002do not show a big decreasein diamagneticasymmetrywith decreasingenergy ? Needssome
moreanalysisof thePbdataandotherdatatakenat small implantationenergies...

Reflectioncoefficientsfor compounds

For acompoundthereflectioncoefficientcanbecalculatedaswell by usingEqs.1 and2. Thetarget
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Muon reflection on metals and solid gases, Trimsp
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Figure2: Fit of Eq.1 to all "$# backscattereddataof Fig. 1. �! is thereflectioncoefficient andthe
reducedenergy

3
is definedin Eq.2. ThePv ’s arefit parameterandcorrespondto the

(`_
’s in Eq.1.

They aresummarizedin Table1.

atomiccharge % andmassU mustbereplacedby the“effective” charge %`w andmassUpw :
U w &  x _zy{)�|

_} U _

% w &  x _zy{) |
_}f% _ , (3)

where
}

denotesthe total numberof atomsand |
_

the numberof atomsof one speciesin the
compound,andthe U _ and % _ arethecorrespondingmassesandnuclearcharges. For example,in
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SiO
1

theeffectivemassandchargearegivenby

U w~ _z�r� & 8
E + U ~ _�5 GE + U � & 8

E + G�q 5 GE + 8 l�&mG�^
% w~ _z� � & 8

E + % ~ _�5 GE + % � &
8
E + 8 o 5 GE + q�& 8 ^ . (4)

Figure3 displaysthenumberof " # implantedin SiO
1

ascalculatedbyTRIMSP andthecorrespond-
ing curvesaccordingto the Thomasscaling. The comparisonshows that the useof the effective
massesandchargesin Eqs. 1 and2 yieldsgoodagreementwith thesimulateddata(asit shouldbe).

SiO2
� , µ� + reflection calculated by TrimSP
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Figure3: Blackcircles:numberof "$# implantedin SiO
1
, TRIMSP simulation.Thecurvesrepresent

calculationsaccordingto Eq. 1 usingthe modifiedThomasparametersfor "$# (seeTable1). The
dottedcurveuseseffectivemassesandchargesasquotedin Eq.3.
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Appendix

ThissectionsummarizestheTRIMSP simulationdatafor "$# implantedin severaltargetstakinginto
accountthebackscatteringat thetarget.TheFigures4-8show thecomparisonof thesedatawith the
scalingformulaof Eq. 1 wherethecalculationwasdonefor both, theoriginal Thomasparameters
(obtainedfrom protonandheavier ion data)andthemodifiedparameterfor "b# asquotedin Table1.
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Figure4: Muonsimplantedasafunctionof implantationenergy E
R

for nitrogen(N
1
) andneon(Ne).

Triangles:TRIMSP simulation;dashedline: calculationusingtheoriginalThomasparameters;solid
line: modifiedThomasparameters,seeTable1.
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Figure5: Muonsimplantedasa function of implantationenergy E
R

for aluminum(Al) andargon
(Ar). Triangles:TRIMSP simulation;dashedline: calculationusingtheoriginalThomasparameters;
solid line: modifiedThomasparameters,seeTable1.
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Figure6: Muonsimplantedasafunctionof implantationenergy E
R
for copper(Cu)andkrypton(Kr).

Triangles:TRIMSP simulation;dashedline: calculationusingtheoriginalThomasparameters;solid
line: modifiedThomasparameters,seeTable1.
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Figure7: Muonsimplantedasa functionof implantationenergy E
R

for silver (Ag) andxenon(Xe).
Triangles:TRIMSP simulation;dashedline: calculationusingtheoriginalThomasparameters;solid
line: modifiedThomasparameters,seeTable1.
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Figure8: Muonsimplantedasa function of implantationenergy E
R

for gold (Au) and lead(Pb).
Triangles: TRIMSP simulation; dashedline: calculationusing the original Thomasparameters;
solid line: modifiedThomasparameters,seeTable1.
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