
PAUL SCHERRER INSTITUT

����������
	������������������������������������
�������� �

September 11, 2000

Thomas Prokscha
42 75
WLGA/B15
Thomas.Prokscha@psi.ch

Run12, thicknessdependenceof moderation efficiency
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Theanalysisof themeasuredthicknessdependenceof themoderationefficiency �! #"%$ for s-N& and
s-Ar on patternedAg substrateis summarized.I usedthe offline calibrationdataby Rustem,see
Tab. 1., to determinethe layer thicknessesobtainedduringRun12measurements.Thecomparison
betweenmeasuredandestimated(for stickingcoefficient = 1) depositionratesshows that the local
pressureat themoderatoris abouttentimeslargerthanthemeasuredpressureat thePenninggauge.
The experimentalratedependenceon pressureis nearly linear, but increasingthe pressureby 10
yieldsasmallerrateincreaseby 6 - 8.

Table1: Depositionratesmeasuredby Rustem(22.11.-2.12.99,UHV LB3, p.175)on a micro bal-
ancemountedat the moderatorposition. The depositionpressureis the measuredpressureat the
Penninggaugeoutsidethecryostatshields.Thedepositionprocedurewasrepeatedfor somepres-
sures.In this case,I took the meanvalue. The ratesarereproduciblewithin 10%which givesthe
relativeerrorin thethicknessdetermination.Theestimatedrateis takenfrom Elvezio’scalculation,
LB33, p.73.

Gas depositionpressure[mbar] measuredrate[nm/s] estimatedrate[nm/s]
N & ')(*'�+-,�. 0.11 0.009/ (*'�+ ,�. 0.24 0.028')(*'�+ ,-0 0.73 0.092/ (*'�+ ,-0 1.49 0.2771 (*'�+-,-0 2.87 0.554')(*'�+-,-2 4.94 0.923
Ar ')(*'�+ ,�. 0.06 0.006/ (*'�+ ,�. 0.16 0.019')(*'�+-,-0 0.41 0.064/ (*'�+-,-0 1.04 0.1941 (*'�+-,-0 1.88 0.386')(*'�+-,-2 3.38 0.644
Kr ')(*'�+ ,�. 0.04 0.004')(*'�+-,-0 0.25 0.036')(*'�+-,-2 1.89 0.360



The dependenceof the moderationefficiency on the layer thicknessd is shown in Figs. 1 and2,
whereI usedtheonlineefficiencies,LB33 p.40-75,which weredeterminedfor samepeakinterval
for s-N& ands-Ar. No computerbusycorrectionwasapplied,which in all casesamountsto lessthan
1%.

The aim of the s-N& measurementwasto test, if we candirectly measurethe gain in �! #"%$ dueto
thesurfacestructure.Theideais, that, if increasingthelayer thicknessto morethana few 3 m, the
s-N& possiblystartsto fill theV-groovesratherthanto continuegrowing parallelto thesurface. In
this case,oneshouldhave essentiallya flat moderatorwhenincreasingthe thicknessto morethan
20 3 m, which is thedepthof theV-grooves.However, we didn’t observe this effect, thusimplying
thatfilling of thestructuredoesnotoccurupto layerthicknessesof order30 3 m. Thestepof 4 30%
in �! 5"6$ in thecenterpartof Fig. 1 cannot beattributedto a filling of thegrooves,sinceit appears
alreadyat a thickness798;:�+�+ nm. Thestepis probablycauseddueto a - whatever - changein the
moderator, sincethestepwasobtainedafterchangingthedepositionpressurefrom '<(='�+ ,�. mbar
to
/ (>'�+-,-0 mbar. Also, the opensquaredatapoint (depositionat

/ (?'�+-,-0 mbar for 600 s on
cleansubstrate,our former “standard”layer) in the centerpart of Fig. 1 lies about20% above the
closedcirclepoints.Thisadditionallyimplies,thatsomething’swrong,becausea20 s depositionat/ (@'�+-,-0 mbaryieldsthesameresultthanacorrespondinglongerevaporationtimeat 'A(@'B+-,�. mbar,
seebottompartof Fig. 1.

Theslow decreaseof �! #"%$ for increasinglayer thicknessesabove 1 3 m canbeattributedto thede-
creasingstopdensitynearthemoderatorsurface,seeFig. 3. Experimentally, weobservea decrease
of �! 5"6$ of about20%whenadding30 3 m of s-N& , whereasthesimulationpredictsa largerdecrease
of 30%.

Thes-Ar thicknessdependencecouldonly bemeasuredup to about500nm dueto unstableHV at
the moderatorat larger thicknesses.Thereappearsto be an anomalybetween20 nm and35 nm,
seeFig. 2 bottom,wheretheslopeof �C 5"%$ED�7�F increases.However, thereproducibilityof this shape
oughtto bechecked.Maybe,it’ s justdueto experimentaluncertaintiesin preparingsuchthin layers:
thefirst datapointsweretakenwith averyshortdepositiontimeof 10 s.

Thecomparisonof s-N& ands-Ar datais shown in Fig. 4 for 7HG 180nm. Therearethefollowing
differences:

1. Thesaturationof �! #"%$�DI7-F for s-N& is at 7J4 60 nm. For s-Ar, it is abouttwice, 7J4 120nm.
Therefore,theescapedepthfor s-Ar is largerthanfor s-N& (therewill besomefitting later...).

2. Theslopeof �! #"%$EDI7-F is largerfor s-N& thanfor s-Ar. This impliesa higherescapeprobability
for anepithermalmuonmoving in s-N& . This follows,if aone-dimensionaldiffusionmodelis
avalid descriptionfor theescapeof epithermalmuonsfrom thelayer, whichwill bediscussed
below.

3. Thereareabouttwo timesmoreslow muonsgeneratedin s-N& afterdepositionof thefirst few
nm.

Elvezioderived the solutionfor a one-dimensionaldiffusion model(seehis St. Andrews report in
MuonScience) for thestationaryflux of epithermalmuons.In termsof themoderationefficiency it
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canbewrittenas1 �! #"%$EDI7-FK8ML<NPOQ"SRUT�V#W%N�XYT�Z*T
[]\E^`_aD 7b Z F , (1)

with LaN�OQ"SR thenumberof muonsstoppedpernm, VcW%NIX theescapeprobabilityfor a muon,and Z the
escapedepth. The escapeprobability is determinedby the fraction of muons,which do not have
formedmuonium(Mu), andby the fraction of muons,which do have the possibility to reachthe
surface. For an isotropicdistribution of muonsinsidethe layer, this amountsto 50% at the most.
The positive work function of muonsin the solid gas layer also reducesthe escapeprobability.
However, sincethe work function is of ordereV it mainly affectsonly the low energy tail of the
energy spectrum,andadditionally, it oughtto besimilar in s-N& ands-Ar. Therefore,I will neglect
it in thefollowing discussion.

Beforedoingany fits, we canlook to someimplicationsof Eq. 1. For smallargumentsof []\�^d_)DPefF
( egGh' , that is 7=GiZ in our case),we have []\�^d_<DjefF94he . In this case,Z cancelsin Eq. 1 and
theslopeis determinedby thepre-factor L<N�OQ"kRlTmV#W%N�X . This means,thatfor s-N& thepre-factormust
be larger than for s-Ar. However, the stopdensity LaN�OQ"SR in s-N& is smallerby about15% (valid
for our experimentalconditions,seemy memoModeration efficiencyof flat andpatternedmodera-
tor, May 24, 2000)dueto its lower density. Therefore,a smallerepithermal(or prompt)muonium
fraction,yielding a larger VcW%NIX , is neededin s-N& to compensatefor thesmallerstopdensity. How-
ever, this wouldbein contradictionto Mu fractions nEo�p measuredin gases,whereat 1 barpressurenEo�p (N & ) 4 84%,and nmo�p (Ar) 4 74%[Fleminget al., Phys.Rev.A26, 2527(1982)]. Theseareat-
tributedto promptfractions,thatmeans,Mu wasformedat epithermalenergiesandthermalizedas
Mu. Fromdataby Storchaketal.,Phys.Rev.B59,10559(1999),thepromptMu fractionin s-N& can
beestimatedto rangebetween40%and65%2, which is in contradictionto thegasdata.However,
they did not make any comparisonto the gasdata. Their s-Ar dataarenot yet published. From
Storchak’s talk at the1. LEM workshop[PSI,1999]a promptMu fraction G 70%canbeestimated
in s-Ar. Our LE- 3 SRRun12dataof Mu in s-Ar ands-N& yield preliminaryMu fractionsof about
60%and50%,respectively. So,this is alreadytheright direction,but wemeasuredonly thethermal
fraction,which shouldbe distinct from the promptfraction,becausethe thermalfraction includes
delayedMu formationvia convergenceof a muonanda spurelectron.But maybe,we do not have
a big differencebetweenpromptandthermalfraction (asin thebulk measurements),because,due
to the low energy of implantedmuons,the numberof track electronsis two ordersof magnitude
smaller. Thismight reducetheMu formationvia convergencewith anelectron,but thisstill mustbe
provenexperimentally. Ourdataon thethicknessdependenceindicateasmallerpromptMu fraction
in s-N& thanin s-Ar. So,Storchak’s andour measurementsqualitatively agree,andthey show, that
thepromptfractionsin thesolidsdiffer from thegasdata(or that theMu fractionsin 1 bargasare
notonly determinedby thepromptfractions).

1Althoughthesolutionis derivedfor a planemoderatorit mightbeapplicablealsoin thecaseof apatternedmoderator,
becausewe only have to considerthe diffusion perpendicularto the surface. The extractionof the muonsfrom the
structureafterexit throughthesurfaceis aseparatestep.

2I estimatea prompt Mu fraction of 40% from their measuredB-field dependenceof the Mu signal in q -N r . Our
moderator, which is formedat T s 35 K, is in the t phase.UsingtheirE-fielddependenceof theMu fractionin t -N r ,
onecanestimatea promptMu fractionof 65%. Sincethey did not explicitly derive thepromptfractions,they did not
discussit at all. Basically, thepromptepithermalfractionshouldnot dependon thesolidstatephase.
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To determinetheescapedepth Z I startedto fit Eq.1 to thedata,modifiedby anoffset �vu 5"6$ :�C 5"%$ED�7�Fw8ML<N�OQ"kRxT�VcW%NIXYT�ZyTB[]\�^`_aD 7b Z F{z=� u #"%$ , (2)

where �vu #"%$ is themeasuredefficiency for theblanksubstrate,which is of order '�+|+|}�'�+�~ S1X�� . How-
ever, theagreementbetweenfit anddatais notverywell. Thisis mainlydueto theverysteepincrease
just afterputtingthefirst layeron thesubstrate.A moresatisfactoryfit is obtainedby startingthefit
at 7��g+ . Thefit resultis shown in Fig. 5. For s-N& , thefit is alreadyquitewell with a � &� W6$ 8�'|��: ,
whereasfor s-Ar, it is not asgood( � &� W6$ 8�����' ). The fitted offsetsfor s-Ar, �vu #"%$ 8 /E� :`D 1 F , and
for s-N& , � u 5"%$ 8;� b +�D�' 1 F , do not agreewith themeasuredoffsetsof 112(8)and88(6),respectively.
Shifting the s-N& data(for 7���+ ) by 8.6 nm to larger 7 ’s allows to obtainan agreementbetween
measuredandfitted offsetwith a � &� WI$ 8�'|� / closeto one.For s-Ar, suchaprocedurefails,whatever
shift is used.Fromthecalibrationmeasurementsthereis no justificationto introducesucha large
shift, so,it appearsto beanarbitrarycorrectionin orderto getabetterfit whenusingall datapoints.

Assumingthatthelayerthicknessesarecorrectandthatthereis noadditionaleffectdueto thesurface
structure(to avoid this uncertaintya flat substrateshouldbeused),what is thephysicalmeaningof
thevery steepincreaseat 7�8�+ yielding thedeviation betweenfitted andmeasured� u #"%$ ? It could
be the following: the beamleaving the substrateat energiesbelow hundredeV shouldbe mainly
a Mu beam. For Al, which shouldgive approximatelythe samecharge fractionslike Ag, a Mu
fractionof 75%wasmeasuredat 1 keV, andthis is expectedto increaseto about90%at epithermal
energies.Between50eV and100eV, thecrosssectionsfor electronlossandelectroncapture(scaled
from protondata)in N & andAr areof order 'B+ ,���0 cm& (seeFig. 6), resultingin meanfreepathsfor
electronlossandcaptureof theorderof nm. Therefore,a few-nm thin layerof s-N& or s-Ar could
efficiently remove electronsfrom Mu, if theequilibriumMu fraction in thegaslayer is lower than
that of the Ag substrate.We have seenin the discussionabove, that the epithermal(prompt)Mu
fractionin thesolid gaslayersprobablyamountsto about50%,which is smallerthanthe 4��|+�� of
the beamcomingout of the substrate.The electronlosscrosssectionis abouttwo timeslarger in
N & , which shouldtranslateinto ahigheroffsetthanin Ar, in agreementwith ourdata.

Theequilibriumof chargestatesformedin themetalis destroyedby themoderatorlayer. In thesolid
gaslayer it needsseveral meanfree pathsof charge changingcollisionsto build up a new charge
stateequilibrium. We may write down the following differential equationto solve the problem
analytically: �� 7 nmo�p�DI7-F�8 � '� � nEo�p�D�7-F�z '� X n��`DI7-F8 � '� � nEo�p�D�7-F�z '� X � '���nEo�p�D�7-F�� , (3)

with nEo�p�D�7-F , n��dDI7-F theMu and 3{� fractionsatdepth7 and
� nEo�p�D�7�F�z�n��`DI7-F�� 8¡' ; � � 8¡'�}dD�¢£T¥¤��kF the

meanfreepathfor electronlossof a Mu atom, ¢ thenumberof atomspercm¦ , ¤�� theelectronloss
crosssection;

� Xw8;'�}`D�¢�T%¤�X�F thecorrespondingvariablesfor electroncaptureof amuon.Equation3
representsa simplification,because

� �¨§ XK8 � �Q§ X]DI7-F , area functionof 7 dueto theenergy dependence
of thecrosssections.After eachcollision theenergy, andthereforethecrosssections,changes.For
simplicity, I will neglectthis in thefollowing.
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Thedifferentialequationabove is of theformn�©ªz¬«<TmnJ8M , (4)

with solution n®DI7-Fw8?¯?T�°²±�³<D���«aT�7�F{z « , (5)

wheretheconstant̄ is determinedby theboundaryconditionat 798�+ . TheMu fractionin depen-
denceon 7 is thennEo�p�DI7-Fw8 ´ nEo�p�D�+�F5� � �� �|z � X�µ T�°¶±�³¸·C�<D '� � z '� X F5T�7�¹az � �� �|z � X , (6)

where nEo�p�D�+�F is theMu fractionof thebeamexiting theAg substrate.For 7»º ¼ theMu fraction
becomes � �� ��z � X 8 ¤�X¤��ªz�¤�X , (7)

thewell known steadystatefraction.

In our measurement,we areinterestedin themuonfraction n��`DI7-FK8 � 'U�¬nmo�p�DI7-F�� . Wesee,thatthis
mustfollow a

� '®��°¶±�³aDI7-F�� insteadof []\E^`_)DI7-F in caseof diffusion.Thedifferencebetween[]\E^`_aDI7-F
and

� '½�¾°¶±�³<DI7-F%� is, that saturationis reached“f aster” in [¿\�^`_)DI7-F (the “bend” of the function is
sharper).

So, let’s go backto the datain Fig. 5. The s-Ar aswell asthe s-N& dataappearto consistof two
components:a very fastincreaseduring thefirst few nm followedby a softerslope. However, the
s-N& dataarequite well fitted by the [¿\�^`_aDI7-F with offset, Eq. 2, after the stepat 7À8�+ . There
is no hint for a

� 'Á�Â°¶±�³<DI7-F¥� behaviour. A possibleexplanationcould be, that a new charge state
equilibrium builds up too fast(within the first few nm) to be observed. For the s-Ar datathe step
extendsover a rangeof about10 nm including a few datapoints,andwe cantry to indentify this
stepby theMu strippingprocess,Eq. 6. If this is correct,a two componentfit consistingof Eq. 1
(epithermal3{� diffusion)and n���D�7-Fw8 � '5�Ãnmo�p-DI7-F�� from Eq.6 (Mu stripping)shouldfit to thedata:�C 5"%$ED�7�F�8 LaN�OQ"SRUT�V#W6NIXYT�Z¸TB[¿\�^`_aD 7b Z F{zLaÄ]ÅvNPOÆT�ÇÈ'�� · ´ nEo�p�D�+�F5� � �� ��z � X µ TB°²±d³ ´ �<D '� � z '� X F5T�7 µ z � �� �|z � X ¹wÉ8 LaN�OQ"SRUT�V#W6NIXYT�Z¸TB[¿\�^`_aD 7b Z F{z¬L<Ä]Å!N�OfTmn��`DI7-F , (8)

where LaÄ]ÅvNPO is the total numberof muons(includingmuonium)comingout of thesubstratewhich
maycontributeto theM3S1TOFpeakinterval of interest,i.e. muonswith energiesbelow 4Ê'�:�+ eV.
Equation8 is thesameasEq. 2, where � u #"%$ is substitutedby LaÄ]ÅvNPOYTªn��dDI7-F . Thefit of Eq. 8 to the
s-Ar datais shown in Fig. 7a).Thedashedcurvesindicatethetwo contributions,whereL<Ä]ÅvNPO�Tvn��`DI7-F
is a flat line for 7�� b

nm. This partgeneratesthesteepincreaseat thevery beginningandreaches
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saturationat about 7¾8 b
nm. A betterfit is obtainedwhenwe allow the n��`DI7-F contribution to

decreasewith increasing7 :�! #"%$EDI7-Fw8?LaN�OQ"SRUT�V#W6NIXYT�Z¸TB[¿\�^`_aD 7b Z F{z¬L<Ä]ÅvNPOÆTmn��dDI7-F5T�°¶±�³<DC� 7Ë $ F , (9)

where
Ë $ is thecharacteristiclengthfor thedecreaseof n��dD�7�F . Thefit is shown in Fig. 7b). At the

moment,I havenophysicalargumentfor theintroductionof thisdecreasingfraction,soit appearsto
beanarbitrarychoiceto getthefunctionbetterfit. Additionally, it is in contradictionto theprocedure
with thes-N& data,whereaconstant,non-decreasingoffsetfits verywell to thedata.Anyway, wecan
havea look on thefit parameterswhich seemto bereasonablein bothcases.Themuoniumfraction
of thebeamwhenemerging from theAg substrateis about90%which is theexpectedfraction for
energies of order100 eV. The meanfree pathsfor electronlossandelectroncapturein the s-Ar
layerareof order1 nm,asthey shouldbe.UsingEq.7, we canestimatethesteadystateepithermal
Mu fractionsin s-Ar to 71%in Fig. 7a),andto 58%in Fig. 7b)3. ThelargerMu fractionin Fig. 7a)
causesasmaller“stop-escape”probabilityfor epithermalmuons,L<N�OQ"kR�TSV#W%N�X#8g� � ��� 1/nm,compared
to LaN�OQ"SRlTmVcW%NIXw8¡��:-�Ì: 1/nmin Fig. 7b). Therelativechangeis determinedby therelativechangeof
the Mu fractions,so, this looks ok, too. The escapedepthsareabout35 nm, which wasthevalue
obtainedby fitting Eq. 2 to thedata,seeFig. 5. Taking into accountthe “stop-escape”probability
of s-N& , L<NPOQ"SRaT|V#W%N�XÁ8�'|'���� b 1/nm (Fig. 5), andthe 4 15% reducedstopdensityin s-N& , we can
estimatethe epithermalMu fraction in s-N& to about45% and38%, respectively, whenusingtheL<NPOQ"SRUT�V#W%N�X datafrom Fig. 7a)andb):L�Í �N�OQ"SR T�VÁÍ �W6NIXLHÎ ÏNPOQ"SR T�V)Î ÏW%N�X 8 L�Í �N�OQ"SR T-DC'���n�Í �o�p F+d��Ð�:lT�L Í �NPOQ"SR T-D�'È�¬nÆÎ Ïo�p F 8 DC'���nfÍ �o�p F+���Ð�:lT-D�'È�¬nÆÎ Ïo�p F
This agreeswith the Storchakdatafor Ñ -s-N& , andapproximatelywith our preliminary result of
Run12( 4Ò:�+|� thermalMu fraction in s-N& ). Althoughnot everythingfits into a consistentinter-
pretation,we canconcludethat theshapeof �! #"%$EDI7-F at small 7 indicatesthatsizeableformationof
epithermal3{� first startswith electronlossof Mu, followedby therealmoderationprocessleading
to adiffusionlikedependenceof �! #"%$�DI7-F .
In theM3S1TOF spectraa changein thewidth andpeakpositionshouldbeobservablein depen-
denceon 7 , althoughtheRun12TOF measurementis not very sensitive on changesin energy due
to therelatively shortpathlengthbetweenmoderatorandtriggerdetector, andthelargeacceleration
of theepithermal3{� at themoderator. Theblanksubstrategeneratesa flat energy spectrumof ep-
ithermal 3{� [ThesisA. Hofer]. This resultsin a peakin theTOF spectrumdueto i) thenon-linear
correspondencebetweentime andenergy spectrum,ii) thedecreasingtransmissionof thetransport
systemfor increasingenergy, andiii) thenonone-to-onecorrespondencebetweentime andenergy
bins(particleswith differentenergy canbedetectedin thesametimebin dueto differentpathlengths
in the transportsystem).Whenaddingmoderatorlayer to theblanksubstratetheenergy spectrum
startsto form a peakat 4 15 eV, thusshifting the positionof the TOF peakto larger times and
decreasingthewidth of thepeak. I fitted theTOF spectrawith a Lorentzianto obtainthepeakpo-
sition andhalf-width-at-half-maximum(HWHM). A Lorentzianfits betterthana Gaussianbecause

3In Run12,wemeasuredabout60%thermalMu fractionin s-Ar.
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thetailsof TOF thepeak,rangingup to 4 50 nsfrom thepeakposition,cannotberepresentedby a
Gaussian4. ThemeanpeakpositionandtheHWHM areshown in Figs.8 and 9 for s-Ar ands-N& ,
respectively. Theshapeof thethicknessdependenceis similar to thatof �C 5"%$ED�7�F : a largeslopeat the
beginning,followedby a region with decreasingslopeapproachingsaturationat samethicknesses.
Themeanpeakpositionshiftsby about1 nsto largertimes,andthewidth is reducedby about1 ns
(without taking into accounttheexperimentaltime resolution,which is about1 ns). This variation
canbeattributedto thechangeof theenergy distribution from a flat spectrumto a peakedspectrum
with reducedwidth. Thesmalldifferencebetweens-Ar ands-N& dataat saturation– peakpositions
at TDC channel522.8and523.0,andHWHM of 1.35and1.42ns,respectively – canbeattributed
to thesmallerwidth of theenergy spectrumof epithermal3{� emittedfrom s-Ar [ThesisA. Hofer].
Thecontinuosshift in peakpositionandthereductionof thewidth canbeexplainedby thesuper-
positionof two distributionswith differentwidthsandpeakpositions:a broaderdistribution from
theblanksubstrate(which canberepresentedby a Gaussianor a Lorentzian)or strippedMu at the
exit of themoderatorlayer, andamorenarrow distributiondueto themoderated3 � . Whenfitting a
singleLorentzianto thesumof bothdistributions,thepeakpositionshiftsandthewidth is reduced,
if the contribution of the broaddistribution keepsconstantwith 7 while the intensityof the other
distribtion (moderated3�� ) is increasing.Saturationis reachedwhenthenumberof moderated3{�
no longerchanges.

To summarize(andsomeaddenda):Ó Theescapedepth Z Í � of s-Ar is about35 nm,which is 2.3 timeslargerthantheescapedepth
of s-N& , Z Î Ï 8 15 nm. Theescapedepthsaredeterminedby fitting Eq.2 to thedata,which is
thesolutionof thediffusionmodelwith a depthindependentoffset � u #"%$ .Ó Thelargerslopeof �! #"%$ in s-N& indicatesasmallerpromptMu fractioncomparedto s-Ar. For
s-Ar, a promptMu fractionof 60-70%is estimated,from which a Mu fractionof about40%
is derivedfor s-N& . Thesenumbersdo notagreewith gasdataat 1 bar, but they correspondto
thefractionsestimatedfrom measurementsin bulk solids[Storchak]aswell asto our studies
[Run12,thermalfraction].Ó Although the escapedepthsbetweens-Ar and s-N& differ by a factor two the moderation
efficiency of s-N& is only 20%lower. This canbemainly attributedto the larger offset �vu 5"6$
(Mu electronloss)andto lessextent to the smallerpromptMu fraction in s-N& ( the active
moderationvolumeis smaller, but it containsa largernumberof epithermal3�� ). Thegreater
contributionof strippedMu to epithermal3{� emittedfrom s-N& couldexplainthelargerwidth
of theenergy distribution.Ó The stepof �! #"%$|D�7-F at 7¬4 0 indicatesthat Mu emerging from the Ag substrateefficiently
loosethe electronwhenaddinga few nm of a moderatorlayer on the substrate.According
to this interpretation,thegenerationof epithermal3{� is dominatedby Mu strippingat small
thicknesses,followedby therealmoderationprocessat larger 7 ’s.Ó Thethicknessesarecalibratedfor a planesubstrate.Takinginto accountthesurfaceenlarge-
mentdueto theV-groove structure,the thicknessperpendicularto thegroove walls oughtto

4Thesimulationof the transportsystemshows, that theTOF distribution shouldbeGaussian! The long tails couldbe
anindicationfor delayedepithermalÔªÕ emission.This tail is absentin caseof theblangAg substrate.
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be1.7 timessmaller. This would reducetheescapedepthsby thesamefactor. Usinga plane
substratewouldavoid this uncertainty.Ó Theescapedepthof s-Ar doesnotagreewith earliermeasurements,whereweobtained70nm
[St. Andrewsarticle]. I triedsomeTRIM.SPsimulationwhereonly theelasticinteractionwas
enabled:it showsthatit is hardto reachmorethan20nmfor Z Í � . So,the70nmmightbetoo
optimistic.Ó If wewill repeatthesemeasurements,weshoulddoit with S1M2(longerpathlength)andlow
accelerationat themoderatorin orderto bemoresensitiveon theenergy distribution.Ó Othersuggestions. . .
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Figure1: Dependenceof moderationefficiency ons-N& layerthickness.Measurementswerestarted
with blankAg substrate.Then,evaporationat '»(À'�+-,�. mbarwasperformedto addnew s-N& on
existinglayer(bottom).Thedepositionpressurewasincreasedto

/ (ã'�+-,-0 mbar(center),andfinally
to
/ (J'�+-,-2 mbar(top). Opensquares:depositionstartingwith blankAg substrate.TOFM3S1data,

7.5 kV settings.The horizontalerrorbarsaredeterminedby the 10%uncertaintyof the thickness
calibration.
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Figure2: Dependenceof moderationefficiency on s-Ar layer thickness.All measurementswere
performedat '<(�'�+ ,�. mbar, exceptthelastpoint (opensquare,p 8 b (�'�+ ,�. mbar).As in Fig. 1,
measurementswerestartedwith blank Ag substrate,andnew s-Ar wasaddedon top of existing
layer. TOFM3S1data,7.5kV settings.
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Simulated stop density for p = 27.5 MeV/c, ∆
ê

p/p = 0.04
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Figure3: Simulatedmuonstopdensityin a 125-3 m Ag substratecoveredby a 100-3 m s-N& layer,
programMCV3K.
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Figure4: Comparisonof �! #"%$EDI7-F for s-N& (opencircles)ands-Ar (full circles).
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Figure5: Fit of Eq.2 to s-Ar (full circles)ands-N& (opencircles)data.P1 øgL<NPOQ"SRùT¶V#W6NIX [1/nm], P2øúZ [nm], andP3 øû�vu #"%$ . Themeasuredoffset for d = 0 nm is 112(8)in s-Ar, and88(6) in s-N& .
Theseoffsetsdo notagreewith thefit result,which is discussedin thetext.
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Figure6: Velocity scaledcrosssectionsof protonsfor (a) electroncapture¤�X¶DIý<F of 3{� , and(b) for
electronloss ¤��IDIý<F of theMu atom.Solid line, Ar; dashedline, N & ; dottedline, Xe, for comparison.
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Figure7: a)Fit of Eq.8 to s-Ar data:P18?nmo�p�DI+�F , theMu fractionof thebeamat theexit of theAg
substrate;P28 � � [nm], themeanfreepathfor electronlossof Mu in s-Ar; P38 � X [nm], themean
free pathfor electroncaptureof 3{� in s-Ar; P48iL<Ä]ÅvNPO , the numberof 3{� andMu with energies
below 150eV comingout of theAg substrate;P58�LaN�OQ"SR£TEV#W6NIX [1/nm], thenumberof stopped3 �
timesescapeprobability (in s-Ar); andP68ÿZ [nm], theescapedepth. b) Fit of Eq. 9 to the s-Ar
data.All parametersasin a). P78 Ë $ [nm], thecharacteristiclengthfor thedecreasingcontribution
of n���D�7-F to �! 5"6$ .
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Figure8: s-Ar: fit of aLorentzianto theM3S1time-of-flight (TOF)spectrato obtainthemeanpeak
position,a)andb),andtheHWHM, c) andd), asafunctionof moderatorthickness7 , 7.5kV settings.
OneTDC channelcorrespondsto 1 ns.TheTOF spectraweremeasuredwith reversetiming, thatis
decreasingTDC channelnumbermeansincreasingTOF.
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Figure9: s-N& : fit of aLorentzianto theM3S1time-of-flight (TOF)spectrato obtainthemeanpeak
position,a)andb),andtheHWHM, c) andd), asafunctionof moderatorthickness7 , 7.5kV settings.
OneTDC channelcorrespondsto 1 ns.TheTOF spectraweremeasuredwith reversetiming, thatis
decreasingTDC channelnumbermeansincreasingTOF.

PAUL SCHERRER INSTITUTE, CH-5232Villigen PSI, Switzerland Page17


