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Runl12,thicknessdependenceof moderation efficiency

The analysisof the measuredhicknessdependencef the moderatiorefficiency €,,,q for s-N, and

s-Ar on patternedAg substratas summarized.l usedthe offline calibrationdataby Rustem,see
Tah 1., to determinethe layerthicknesse®btainedduring Runl2measurementsl’he comparison
betweem€measureadndestimatedfor sticking coeficient = 1) depositionratesshaws thatthe local

pressureatthe moderatoiis abouttentimeslargerthanthe measuregressureat the Penninggauge.
The experimentalrate dependencen pressurds nearlylinear, but increasingthe pressureby 10

yieldsa smallerrateincreaseby 6 - 8.

Tablel1: Depositionratesmeasuredy Rustem(22.11.-2.12.99UHV LB3, p.175)on a micro bal-
ancemountedat the moderatomosition. The depositionpressurds the measuregressureat the
Penninggaugeoutsidethe cryostatshields. The depositionprocedurevasrepeatedor somepres-
sures.In this case,l took the meanvalue. The ratesarereproduciblewithin 10% which givesthe
relative errorin thethicknessdeterminationThe estimatedateis takenfrom Elvezio’s calculation,
LB33,p.73.

Gas| depositionpressurgmbar] | measuredate[nm/s] | estimatedate[nm/s]
No 1x10°7 0.11 0.009
3x 1077 0.24 0.028
1x10°° 0.73 0.092
3x 1076 1.49 0.277
6 x 107° 2.87 0.554
1x107° 4.94 0.923
Ar 1x10°7 0.06 0.006
3x10°7 0.16 0.019
1x10°° 0.41 0.064
3x10°° 1.04 0.194
6 x 10°° 1.88 0.386
1x107° 3.38 0.644
Kr 1x107° 0.04 0.004
1x 1076 0.25 0.036
1x107° 1.89 0.360




The dependencef the moderationefficiency on the layer thicknessd is shovn in Figs. 1 and 2,
wherel usedthe online efficiencies,LB33 p.40-75,which weredeterminedor samepeakintenal
for s-N, ands-Ar. No computertbusy correctionwasapplied,whichin all casesamountdo lessthan
1%.

The aim of the s-N, measuremenivasto test,if we candirectly measureghe gainin ¢,,,; dueto
the surfacestructure.Theideais, that, if increasinghe layerthicknesso morethanafew um, the
s-N, possiblystartsto fill the V-groovesratherthanto continuegrowing parallelto the surface. In
this case,oneshouldhave essentiallya flat moderatowhenincreasingthe thicknessto morethan
20 um, which is the depthof the V-grooves. However, we didn’t obsere this effect, thusimplying
thatfilling of thestructuredoesnotoccurupto layerthicknessesf order30 um. Thestepof ~ 30%
iN €04 IN the centerpartof Fig. 1 cannot be attributedto afilling of the grooves,sinceit appears
alreadyatathicknessi = 500 nm. Thestepis probablycausediueto a- whatever - changen the
moderatoy sincethe stepwasobtainedafter changingthe depositionpressurdrom 1 x 10~7 mbar
to 3 x 10~ mbar Also, the opensquaredatapoint (depositionat 3 x 10~¢ mbarfor 600 s on
cleansubstratepur former “standard”layer) in the centerpart of Fig. 1 lies about20% above the
closedcircle points. This additionallyimplies, thatsomethings wrong,because 20 s depositionat
3 x 10~% mbaryieldsthesameresultthanacorrespondindpngerevaporatiortime at 1 x 10~7 mbarg
seebottompartof Fig. 1.

The slow decreasef ¢,,,q for increasingayerthicknessesbove 1 xm canbe attributedto the de-
creasingstopdensitynearthe moderatorsurface,seeFig. 3. Experimentallywe obsene a decrease
of €,,04 Of about20%whenadding30 zm of s-N,, whereaghe simulationpredictsalargerdecrease
of 30%.

Thes-Ar thicknessdependenceould only be measuredip to about500 nm dueto unstableHV at

the moderatorat larger thicknesses.Thereappeargo be an anomalybetween20 nm and 35 nm,

seeFig. 2 bottom,wherethe slopeof ¢,,,4(d) increasesHowever, the reproducibilityof this shape
oughtto bechecled. Maybe,it’ sjustdueto experimentaluncertaintiesn preparingsuchthin layers:

thefirst datapointsweretakenwith avery shortdepositiontime of 10s.

The comparisorof s-N, ands-Ar datais shovn in Fig. 4 for d < 180nm. Therearethefollowing
differences:

1. The saturatiorof €,,,4(d) for s-N, is atd ~ 60 nm. For s-Avr, it is abouttwice, d ~ 120nm.
Thereforethe escapalepthfor s-Ar is largerthanfor s-N, (therewill be soméfitting later..).

2. Theslopeof €,,,4(d) is largerfor s-N, thanfor s-Ar. Thisimpliesa higherescapgrobability
for anepithermaimuonmovingin s-N,. Thisfollows,if aone-dimensionadiffusionmodelis
avalid descriptiorfor the escapef epithermaimuonsfrom thelayer, whichwill bediscussed
below.

3. Thereareabouttwo timesmoreslow muonsgeneratedh s-N, afterdepositionof thefirst few
nm.

Elvezio derived the solutionfor a one-dimensionadliffusion model (seehis St. Andrews reportin
Muon Sciencgfor the stationaryflux of epithermalmuons.In termsof the moderatiorefficiency it
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canbewrittenas

emod(d) = Nstop : Pesc - L - tanh (%),
with Ny, the numberof muonsstoppedpernm, P, the escapegprobability for amuon,and L the
escapedepth. The escapeprobability is determinedby the fraction of muons,which do not have
formed muonium(Mu), andby the fraction of muons,which do have the possibility to reachthe
surface. For anisotropicdistribution of muonsinsidethe layer, this amountsto 50% at the most.
The positive work function of muonsin the solid gaslayer also reducesthe escapeprobability.
However, sincethe work functionis of ordereV it mainly affectsonly the low enegy tail of the
enegy spectrumandadditionally it oughtto be similarin s-N, ands-Ar. Therefore will neglect
it in the following discussion.

(1)

Beforedoingary fits, we canlook to someimplicationsof Eq. 1. For smallargumentsof tanh ()
(x < 1, thatis d < L in our case),we have tanh (z) ~ z. In this case,L cancelsin Eg.1 and
the slopeis determineddy the pre-factor Ny, - Pes.. This meansthatfor s-N, the pre-factormust
be larger thanfor s-Ar. However, the stop density Ny, in s-N, is smallerby about15% (valid
for our experimentalconditions,seemy memoModemtion efficiencyof flat and patternedmodea-
tor, May 24, 2000)dueto its lower density Therefore a smallerepithermal(or prompt) muonium
fraction, yielding alarger P, is neededn s-N, to compensatéor the smallerstopdensity How-
ever, thiswould bein contradictionto Mu fractions f,,, measuredn gaseswhereat 1 barpressure
farw(N2) ~ 84%,and f,,(Ar) ~ 74%[Flemingetal., Phys.R&.A26, 2527 (1982)]. Theseareat-
tributedto promptfractions,thatmeansMu wasformedat epithermalenegiesandthermalizedas
Mu. Fromdataby Storchaketal., Phys.R&.B59,10559(1999),the promptMu fractionin s-N, can
be estimatedo rangebetween40% and65%?2, whichis in contradictionto the gasdata. However,
they did not make ary comparisorno the gasdata. Their s-Ar dataare not yet published. From
Storchakstalk atthe 1. LEM workshop[PSI, 1999]a promptMu fraction < 70% canbe estimated
in s-Ar. Our LE-uSR Runl2dataof Mu in s-Ar ands-N, yield preliminaryMu fractionsof about
60%and50%,respectrely. So,thisis alreadytheright direction,but we measureanly thethermal
fraction, which shouldbe distinct from the promptfraction, becausehe thermalfraction includes
delayedMu formationvia convergenceof a muonanda spurelectron.But maybe ,we do not have
a big differencebetweenpromptandthermalfraction (asin the bulk measurementshecausedue
to the low enegy of implantedmuons,the numberof track electronsis two ordersof magnitude
smaller This mightreducethe Mu formationvia corvergencewith anelectron but this still mustbe
provenexperimentally Our dataon thethicknesslependencedicatea smallerpromptMu fraction
in s-N, thanin s-Ar. So, Storchak$ andour measurementgualitatvely agree andthey show, that
the promptfractionsin the solidsdiffer from the gasdata(or thatthe Mu fractionsin 1 bargasare
notonly determinedy the promptfractions).

1Althoughthe solutionis derivedfor a planemoderatoit might be applicablealsoin the caseof a patternednoderatoy
becausave only have to considerthe diffusion perpendiculato the surface. The extraction of the muonsfrom the
structureafterexit throughthe surfaceis a separatestep.

2] estimatea prompt Mu fraction of 40% from their measured-field dependencef the Mu signalin 3-N;. Our
moderatorwhichis formedat T < 35K, isin thea phase Usingtheir E-field dependencef the Mu fractionin a-Ns,
onecanestimatea promptMu fraction of 65%. Sincethey did not explicitly derive the promptfractions,they did not
discusst atall. Basically the promptepithermalfraction shouldnot dependon the solid statephase.
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To determinghe escapelepthL | startedto fit Eq. 1 to the data,modifiedby anoffsete? .:

6mod(d) = Nstop + Pege + L - tanh (%) + Esnod, (2)
wheree? . is themeasureefficiengy for the blanksubstratewhichis of order100/10® S1,,. How-
ever, theagreemenbetweerfit anddatais notverywell. Thisis mainlydueto theverysteepgncrease
just afterputtingthefirst layeronthe substrateA moresatishctoryfit is obtainedoy startingthefit
atd > 0. Thefit resultis shavn in Fig. 5. For s-N,, thefit is alreadyquite well with a x?,, = 1.5,
whereadfor s-Av, it is not asgood (x?,, = 7.1). Thefitted offsetsfor s-Ar, €, = 345(6), and
for s-Ny, €2 ., = 720(16), do not agreewith the measureaffsetsof 112(8)and88(6), respectiely.
Shifting the s-N, data(for d > 0) by 8.6 nmto larger d’s allows to obtainan agreemenbetween
measuredndfitted offsetwith a x2,, = 1.3 closeto one.For s-Ar, sucha procedurdails, whaterer
shift is used. Fromthe calibrationmeasurementthereis no justificationto introducesucha large

shift, so,it appeargo beanarbitrarycorrectionin orderto geta betterfit whenusingall datapoints.

Assumingthatthelayerthicknessearecorrectandthatthereis noadditionaleffectdueto thesurface
structure(to avoid this uncertaintya flat substrateshouldbe used) ,whatis the physicalmeaningof

the very steepincreaseatd = 0 yielding the deviation betweerfitted andmeasured?, ,? It could
be the following: the beamleaving the substrateat enegiesbelonv hundredeV shouldbe mainly
a Mu beam. For Al, which shouldgive approximatelythe samechage fractionslike Ag, a Mu

fractionof 75%wasmeasuredt 1 keV, andthisis expectedo increasdo about90% at epithermal
enepies.Betweerb0eV and100eV, thecrosssectiondor electronlossandelectroncaptureg(scaled
from protondata)in N, andAr areof order10~'¢ cm? (seeFig. 6), resultingin meanfree pathsfor

electronlossandcaptureof the orderof nm. Therefore a few-nm thin layer of s-N, or s-Ar could

efficiently remove electronsdrom Mu, if the equilibrium Mu fractionin the gaslayeris lower than
that of the Ag substrate.We have seenin the discussiorabove, that the epithermal(prompt) Mu

fractionin the solid gaslayersprobablyamountgo about50%,whichis smallerthanthe ~ 90% of

the beamcomingout of the substrate.The electronloss crosssectionis abouttwo timeslargerin

N,, which shouldtranslateinto a higheroffsetthanin Ar, in agreementvith our data.

Theequilibriumof chagestatedormedin themetalis destroyedby themoderatofayer. In thesolid
gaslayerit needsseveral meanfree pathsof chage changingcollisionsto build up a new chage
stateequilibrium. We may write down the following differential equationto solve the problem
analytically:

0 1 1
%fMu(d) = —xlfMu(d)JF)\—cfu(d)

=~ fueld) + - [ Fua(d)], ©
l c

with far(d), fu(d) theMu andy™ fractionsatdepthd and[f, (d) + fu(d)] = 1; A = 1/(n-0;) the
meanfree pathfor electronlossof a Mu atom,n the numberof atomspercm?, o; the electronloss
crosssection;\. = 1/(n-o.) thecorrespondingariablesor electroncaptureof amuon.Equation3
represents simplification,because\, . = A\, .(d), areafunctionof d dueto theenegy dependence
of the crosssections After eachcollision the enegy, andthereforethe crosssectionschangesFor
simplicity, | will neglectthisin thefollowing.

PAUL SCHERRER INSTITUTE, CH-5232Villigen PSI, Switzerland Page4



Thedifferentialequationabove is of theform
fta-f=b (4)
with solution
fd)=C-exp(a-d)+ 2, ®

wherethe constantC is determinedy the boundaryconditionatd = 0. The Mu fractionin depen-
denceond is then

. )\l ]. ]_ Al
) = ($a0) = 35 ) -0 |-+ 0] + 2 ©
where fi,,(0) is the Mu fraction of the beamexiting the Ag substrateFor d — oo the Mu fraction
becomes

)\l _ O¢
)\l+)\c B Ul+0-c’

(7)

thewell known steadystatefraction.

In our measurementye areinterestedn themuonfraction f,,(d) = [1 — fuu(d)]. We see thatthis
mustfollow a[1 — exp (d)] insteadof tanh (d) in caseof diffusion. Thedifferencebetweernanh (d)
and[1 — exp (d)] is, that saturationis reachedfaster”in tanh (d) (the “bend” of the functionis
sharper).

So, let’s go backto the datain Fig. 5. The s-Ar aswell asthe s-N, dataappearto consistof two
componentsa very fastincreaseduring the first few nm followed by a softerslope. However, the
s-N, dataare quite well fitted by the tanh (d) with offset, Eq. 2, after the stepatd = 0. There
is no hint for a[1 — exp (d)] behaiour. A possibleexplanationcould be, thata nen chage state
equilibrium builds up too fast(within the first few nm) to be obsered. For the s-Ar datathe step
extendsover a rangeof about10 nm including a few datapoints,andwe cantry to indentify this
stepby the Mu strippingprocessfEq. 6. If thisis correct,a two componenfit consistingof Eq. 1
(epithermal* diffusion)and f,,(d) = [1 — fau(d)] from Eq.6 (Mu stripping)shouldfit to thedata:

d
€m0d(d) = Nstop - Pesc . L . tanh (ﬁ) +
Al 11 A
Nas ) 1-— u — . _(__ ).
- { [(fM 0 )‘l+)‘6) eXp( (/\l +/\c) d) +)\z+/\c]}
d
= Nitop - Pesc'L'tanh(ﬁ) + Niast - fu(d), (8)

where Ny, is the total numberof muons(including muonium)comingout of the substratavhich
may contributeto the M3S1TOF peakinterval of interest,.e. muonswith enegiesbelov ~ 150 eV.
Equation8 is the sameasEq. 2, wheree?, , is substitutedoy Ny, - f,.(d). Thefit of Eq.8 to the
s-Ar datais shovnin Fig. 7a). Thedashedturvesindicatethetwo contributions,whereNy,; - f,.(d)
is aflatline for d > 2 nm. This partgenerateshe steepincreaseat the very beginningandreaches
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saturationat aboutd = 2 nm. A betterfit is obtainedwhenwe allow the f,(d) contribution to
decreasevith increasingl:

€mod(@) = Nstop * Pesc - L - tanh (%) + Nygst - fu(d) - exp (—g), 9)
wherel, is the characteristidengthfor the decreasef f,(d). Thefit is shovn in Fig. 7b). At the
moment,| have no physicalargumentfor theintroductionof this decreasindraction,soit appearso
beanarbitrarychoiceto getthefunctionbetterfit. Additionally, it isin contradictiorto theprocedure
with thes-N, data,whereaconstantnon-decreasingffsetfits verywell to thedata.Anyway, we can
have alook onthefit parametersvhich seemto bereasonablén bothcasesThe muoniumfraction
of the beamwhenemenqging from the Ag substrates about90% which is the expectedfraction for
enepies of order100 eV. The meanfree pathsfor electronloss and electroncapturein the s-Ar
layerareof orderl nm, asthey shouldbe. Using Eq. 7, we canestimatethe steadystateepithermal
Mu fractionsin s-Ar to 71%in Fig. 7a),andto 58%in Fig. 7b)3. ThelargerMu fractionin Fig. 7a)
causes smaller‘stop-escapeprobabilityfor epithermamuons, Ny, - Pes. = 74.7 1/nm,compared
t0 Niiop - Pesc = 95.5 1/nmin Fig. 7b). Therelative changeas determinedy the relative changeof
the Mu fractions,so, this looks ok, too. The escapalepthsareabout35 nm, which wasthe value
obtainedby fitting Eq. 2 to the data,seeFig. 5. Takinginto accountthe “stop-escape’probability
of S-Ny, Niop - Pese = 119.2 1/nm (Fig. 5), andthe ~ 15% reducedstop densityin s-N,, we can
estimatethe epithermalMu fraction in s-N, to about45% and 38%, respectiely, whenusingthe
Nstop + Pesc datafrom Fig. 7a)andb):

N;tlgppégz _ Nﬁgp(l_ ]\f/l[’,;/,) _ (1_ ﬁZ)
N2 PRz 085 -Nar - (1—fah) 0.85-(1— fi2)

This agreeswith the Storchakdatafor 8-s-N,, and approximatelywith our preliminary result of
Run12(~ 50% thermalMu fractionin s-N,). Although not everythingfits into a consisteninter-
pretation,we canconcludethatthe shapeof ¢,,,q4(d) at smalld indicatesthatsizeableformation of
epithermalu™ first startswith electronlossof Mu, followedby the realmoderatiorprocesdeading
to adiffusionlike dependencef €,,,4(d).

In the M3S1 TOF spectraa changein the width and peakpositionshouldbe obsenablein depen-
denceon d, althoughthe Run12TOF measuremens not very sensitve on changesn enegy due
to therelatively shortpathlengthbetweermoderatorandtriggerdetectorandthelargeacceleration
of the epithermaly™ atthe moderator The blank substrategenerates flat enegy spectrumof ep-
ithermaly* [ThesisA. Hofer]. This resultsin a peakin the TOF spectrumdueto i) the non-linear
correspondenckeetweentime andenegy spectrumji) the decreasingransmissiorof the transport
systemfor increasingenegy, andiii) the nonone-to-onecorrespondencbetweertime andenegy
bins(particleswith differentenegy canbedetectedn thesametime bin dueto differentpathlengths
in the transportsystem).Whenaddingmoderatodayerto the blank substratehe enegy spectrum
startsto form a peakat ~ 15 eV, thus shifting the position of the TOF peakto larger times and
decreasindghe width of the peak.| fitted the TOF spectrawith a Lorentzianto obtainthe peakpo-
sition andhalf-width-at-half-maximun{HWHM). A Lorentzianfits betterthana Gaussiarbecause

3In Run12,we measuredbout60%thermalMu fractionin s-Ar.
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thetails of TOF the peak,rangingup to ~ 50 nsfrom the peakposition,cannotberepresentetly a
Gaussiah The meanpeakpositionandthe HWHM areshown in Figs.8 and 9 for s-Ar ands-N,,
respectrely. Theshapeof thethicknessdlependences similarto thatof ¢,,,4(d): alargeslopeatthe
beginning, followed by a region with decreasinglopeapproachingsaturationat samethicknesses.
The meanpeakpositionshifts by aboutl nsto largertimes,andthewidth is reducedoy aboutl ns
(without taking into accountthe experimentaltime resolution,which is aboutl ns). This variation
canbeattributedto the changeof the enegy distribution from aflat spectrunto a peaked spectrum
with reducedvidth. The smalldifferencebetweers-Ar ands-N, dataat saturation- peakpositions
at TDC channelb22.8and523.0,andHWHM of 1.35and1.42ns,respectely — canbe attributed
to the smallerwidth of the enegy spectrunof epithermaly™ emittedfrom s-Ar [ThesisA. Hofer].
The continuosshift in peakpositionandthe reductionof the width canbe explainedby the super
positionof two distributionswith differentwidths and peakpositions: a broaderdistribution from
the blank substratgwhich canbe representety a Gaussiaror a Lorentzian)or strippedMu at the
exit of themoderatottayer, anda morenarraw distribution dueto the moderated,*. Whenfitting a
singleLorentzianto the sumof bothdistributions,the peakpositionshiftsandthe width is reduced,
if the contribution of the broaddistribution keepsconstantwith d while the intensity of the other
distribtion (moderated.™) is increasing.Saturationis reachedvhenthe numberof moderateg:™
nolongerchanges.

To summariz§andsomeaddenda):

e TheescapalepthL 4, of s-Aris about35nm, whichis 2.3timeslargerthanthe escapalepth
of s-N,, Ly, =15nm. Theescapalepthsaredeterminedy fitting Eq. 2 to thedata,whichis
the solutionof the diffusionmodelwith a depthindependentffsete?

mod*

e Thelargerslopeof ¢,,,4 in s-N, indicatesa smallerpromptMu fractioncomparedo s-Ar. For
s-Ar, a promptMu fraction of 60-70%is estimatedfrom which a Mu fraction of about40%
is derivedfor s-N,. Thesenumbersdo not agreewith gasdataat 1 bar, but they correspondo
thefractionsestimatedrom measurements bulk solids[Storchak]aswell asto our studies
[Runl12,thermalfraction].

e Although the escapedepthsbetweens-Ar and s-N, differ by a factor two the moderation
efficiengy of s-N, is only 20% lower. This canbe mainly attributedto the larger offsete?, ,
(Mu electronloss)andto lessextentto the smallerpromptMu fractionin s-N, ( the active
moderationvolumeis smaller but it containsa largernumberof epithermalu™). Thegreater
contribution of strippedMu to epithermal.™ emittedfrom s-N, couldexplainthelargerwidth

of theenegy distribution.

e The stepof ¢,,,4(d) atd ~ 0 indicatesthat Mu emeping from the Ag substrateefficiently
loosethe electronwhenaddinga few nm of a moderatordayer on the substrate.According
to this interpretationthe generatiorof epithermalu™ is dominatedoy Mu strippingat small
thicknessedpllowedby therealmoderatiorprocessatlargerd’s.

e Thethicknessesrecalibratedfor a planesubstrate Takinginto accountthe surfaceenlage-
mentdueto the V-groove structure the thicknessperpendiculato the groove walls oughtto

4The simulationof the transportsystemshaws, thatthe TOF distribution shouldbe Gaussiah The long tails could be
anindicationfor delayedepithermalu™ emission.Thistail is absenin caseof theblangAg substrate.

PAUL SCHERRER INSTITUTE, CH-5232Villigen PSI, Switzerland Page7



be 1.7 timessmaller This would reducethe escapalepthsby the samefactor Usinga plane
substratevould avoid this uncertainty

e Theescapealepthof s-Ar doesnotagreewith earliermeasurementsyherewe obtained70nm
[St. Andrews article]. | tried someTRIM.SPsimulationwhereonly theelasticinteractionwas
enabledit shawvsthatit is hardto reachmorethan20 nmfor L 4,.. So,the 70 nm mightbetoo
optimistic.

o If wewill repeathesemeasurementsye shoulddoit with S1M2 (longerpathlength)andlow
acceleratioratthe moderatotin orderto be moresensitve ontheenegy distribution.

e Othersuggestions. .
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Figurel: Dependencef moderatiorefficiency ons-N, layerthicknessMeasurementwerestarted
with blank Ag substrate.Then, evaporationat 1 x 10~ mbarwasperformedto addnew s-N, on

existing layer (bottom). Thedepositiorpressuravasincreasedo 3 x 10~ mbar(center) andfinally

to 3 x 10~° mbar(top). Opensquaresdepositiorstartingwith blank Ag substrateTOF M3S1data,
7.5kV settings. The horizontalerror barsare determinedy the 10% uncertaintyof the thickness
calibration.
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Figure2: Dependenc®f moderationefficiency on s-Ar layer thickness. All measurementaere
performedat1 x 10~7 mbar exceptthelastpoint (opensquarep = 2 x 107 mbar).As in Fig. 1,
measurements/ere startedwith blank Ag substrateand new s-Ar was addedon top of existing
layer TOF M3S1data,7.5kV settings.
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Figure3: Simulatedmuonstopdensityin a 125m Ag substratecoveredby a 100-um s-N, layer,
programMCV3K.
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Figure4: Comparisorof ¢,,,4(d) for s-N, (opencircles)ands-Ar (full circles).
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Figure5: Fit of Eq.2 to s-Ar (full circles)ands-N, (opencircles)data.P1= Ny, - Pese [1/nm], P2
= L [nm], andP3= ¢ .. Themeasuredffsetfor d = 0 nmis 112(8)in s-Ar, and88(6)in s-N,.
Theseoffsetsdo not agreewith thefit result,whichis discusseadn thetext.
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Figure6: Velocity scaledcrosssectionsof protonsfor (a) electroncaptures.(E) of u*, and(b) for
electronlosso; (E) of theMu atom.Solidline, Ar; dashedine, N,; dottedline, Xe, for comparison.
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Figure7: a) Fit of Eq.8to s-Ardata:P1= f,(0), theMu fractionof thebeamattheexit of the Ag
substrateP2= \; [nm], the meanfree pathfor electronlossof Mu in s-Ar; P3= A. [nm], themean
free pathfor electroncaptureof it in s-Ar; P4= Ny, the numberof 4+ andMu with enepies
belov 150eV comingout of the Ag substrateP5= N, - Pes. [1/nm], the numberof stoppedu™
timesescapeprobability (in s-Ar); andP6= L [nm], the escapealepth. b) Fit of Eq. 9 to the s-Ar
data.All parameterasin a). P7= [, [nm], the characteristidengthfor the decreasingontribution

of f,(d) t0 €m04-
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Figure8: s-Ar: fit of aLorentzianto the M3S1time-of-flight (TOF) spectrao obtainthe meanpeak
position,ajandb), andtheHWHM, c) andd), asafunctionof moderatothickness/, 7.5kV settings.
OneTDC channekorresponds$o 1 ns. The TOF spectraveremeasuredavith reversetiming, thatis
decreasin@ DC channehumbemeansncreasingl OF.
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Figure9: s-N,: fit of a Lorentzianto the M3S1time-of-flight (TOF) spectrao obtainthe meanpeak
position,ajandb), andtheHWHM, c) andd), asafunctionof moderatothicknessl, 7.5kV settings.
OneTDC channekorresponds$o 1 ns. The TOF spectraveremeasuredavith reversetiming, thatis
decreasin@ DC channehumbemeansncreasingl OF.
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