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Abstract

Synchrotron radiation has become an important design
considerationfor high energy partide accelerators,especiallyfor the next
generationproton colliders such as American SuperconductingSuper
Collider SSC and EuropeanCERN LargeHadronCoffider LHC. In this
paper,we report measurementsof soft X-ray surfacereflectivity of proton
collider beamtube candidates,using synchrotron radiation sourceat
BrookhavenNational Lab, U-16A beam line. Our resultsshow that by
changingthesurfacerms roughnessheight from -1 gm to -10 pm, surface
specularreflectivity is altered by two ordersof magnitude.The total
reflections for smooth and rough surfacesare also quite different, with

-90% for the smoothoneand -10% for the rough. The refractive indices
found from thesesurfacesare different from the bulk values and shift
toward oxide values.
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I. Introduction

Modernhigh energyacceleratorstoragering requiresresidualgas loadsin the
10 ton range.Low pressuresare necessaryso that the particlebeamcan circulate

for many hourswithout undueloss due to Coulomb and nuclear scatteringfrom

residualgasmolecules.
In designsfor next generationprotonaccelerators,protonswill be accelerated

to and storedat as high asmany TeV’s, to achievethe requiredbeambendingand
make thebeamcirculate, strongmagneticfields have to be employed.The dipole

strengthsneedto be ashigh as6 to 9 Tesla,which requiresuperconductingmagnets
operatearoundliquid helium temperature4.2° K or lower. Under this condition,

most of the residual gas will be frozen on the beam tube walls. In operation,the

relativisticprotons, when acceleratedin thebendingmagnets,will emit synchrotron
radiation with critical energiesof 286 eV and 51.2 eV, and photon flux of 1.0*1016

/meter-secondand 1.6*1017 /meter-secondfor SSC1 andLHC2 respectively.Presence
of considerablesynchrotronradiation which can causestimulateddesorptionfrom
thebeamtubewalls representsa potentialproblem.3’4

An additionalchallengeis presentedby the fact that due to the very limited
temperaturetolerance of the magnets,the ion storagering is not bakable. The
baselinedesignof theSSC vacuumsystemrelies on cryotrappingat the tubewalls to
attainUHV, while LHC relieson separateliner inside its storagering. Thus desorbed
molecules are not actually removed from the vacuum system but are merely
redistributedalong thebeampipe. If a sufficient quantityof moleculessuchas 112
accumulatesin wealdybound stateslike physisorptionstates,the pressurecould
quicldy rise to unacceptablevalues.

Measurementswere carried out in our lab which were aimed a t
understandingthe factor involved in determining the vacuum conditions for the
next generationparticle acceleratorsand at finding suitable beamtube materials.
This includes measurementsof photon and electron stimulated desorption
coefficients,photon and electronreflection coefficients, photoelectronproduction
crosssections,andangulardistribution of desorbedspeciesparticularly H2 for

candidatebeam-tubematerials.The goal of our experimentswas to characterize
beam-tubecandidatesin order to find the optimum working condition for coffider
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beam tube materials. Details of our in-situ experimental plan at cryogenic
temperaturescanbe found elsewhere.3

In understandingphoton induced desorption and relevant issues, it is

important to understandhow photons are distributed through reflection in the
beam tube. The majority of the previous reflectivity measurementshave been
performedon mirror like surfaces.Measurementson roughsurfaceslike accelerator
storagering walls, wheresurfacerms roughnessheight is muchlarger thanphoton
wave length, are rare. The purposeof this paper is to presentour experimental
measurementson the soft X-ray optical behaviors for accelerator beam tube
candidates.

The materialsstudiedin this paper, consistsof stainlesssteel tube section

electroplatedon the inside with 100 micronsof copper.The layerof high conducting
materil is necessaryin order to reduceimage currentwall lossesthat could create
unacceptableheatloads aswell as leadto beaminstabilities.The baseline designof
the SSC is for 100 microns electroplatedcopper.The diameterof the beam-tubeis
around3.8 cm, which implies a 0.26 cnr1 curvaturealong the transversedirection.
From the macroscopicpoint of view, the surfaceswe are dealing with are by no
meansplanar.On top of themacroscopiccurvatures,there is microscopicrandom
roughnesson thebeam-tubesurface.The incidentsynchrotronradiationwifi not be
only reflected specularly in a single direction, but also scattered in various
directions, though certain privileged directions may receive more photons than
others.

In this paper,we presentresultsof reflectivity measurementson electroplated
copperon stainlesssteelbeam-tubes.The plan of thepaperis the following: Section
IIA talks about the . optical considerations; 118 presents our synchrotron
measurements;IIC investigatesthe absorbtion behaviors; 11D offers a brief
discussion.SectionIH concludesour presentwork.

IL Experiment

A. Optical

As the relativistic protonstravel in thebendingmagnetsregion with a very
largeradius, thesynchrotronradiationwill be directedonto the tubewall surfaceat
grazing incidents.The spectrumof the synchrotronradiation is characterizedby
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critical energy E, with half the total power emitted at energies,E .cE, and peak
emissionat E = O.3*Ec . The 10% and 90% points on the integratednumber of
photons versus reduced photon energy E/E curve lie near 0.001 and 1

respectively.5 In the case of the SSC, E = 286 eV with a total flux _1016

photons/meter-second,thus the SR photons with which we are concernedlies

mainly between0.3 eV and 286 eV with E = 0.3*E = 84 eV. This SR spectrumlies

right in a soft X-ray rangewherethe reflectingand absorbingpropertiesare well

describedby Fresneltheory.6
In Fresneltheory,matteris describedby a complexdielectricconstant,S = S +

iSa, or a complex refractive index, nt = n + ik. Thesefour optical constantshave

been studiedextensively for pure metal elements.7The dielectric constant and

complexrefractive index are relatedby, S = n*2, so that either pair of the optical

constantsis adequate.Given values of either pair, the analytical expressionof

reflection coefficient for infinite, planar interface betweenhomogeneous,isotropic

matterand vacuumwe refer to suchan interfacebelow as an ideal surfaceexists.

For p-polarizedlight, thereflectivity hasthe following form:8

sinx- 4Jn*2cos2X
2

Rf= 1
sthx+s/n*2cos2X

wherex is the angle of incidencemeasuredfrom the surfaceplane. For an ideal
surface,all electromagneticenergy incident mustbe either reflected or absorbed,

which meansR + A = 1. Scatteringvia diffusedreflectionis disallowed.

Unlike ideal surfaceswherethe reflection and absorptionhavebeenstudied

and known in detail, rough surfacesare not as well understood.There are two

methodsof approximationwhich are commonly used.The first one assumesthat

the surfacemis roughnessheighta is muchsmaller than the incident wavelength

a X. In this case, a perturbation theory from ideal surface solutions is

adequate.9 While the secondone assumesthe opposite, e.g. the surface rms

roughnessheight is much larger than the incident wavelength,a’> X. Although
theoretical treatment of the secondsituation is rather complicated, numerical
solutionsexist?Z13 If the surfaceroughnessheight follows Gaussiandistribution
andthe surfaceroughnessprofile is smooth e.g. no sharpbumpsor sharp dips,
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then the surface roughnesscan be taken into account in Fresnel formula by
includinga Debye-Wallertyperoughnessfactor:14’15

R=RfI&2P0P10212 2

where p0 = k0sinx,p1 = ko.Jn*2cos2x,and k, is the wave vector of the incident

radiation.

B. Measurements

We haveutilized the synchrotronradiation sourceat BrookhavenNational
Laboratory BNL U-bA beam-line to perform our soft X-ray reflectivity
measurements.Fig. 1 showstheexperimentallayout which is enclosedin an Ultra
High Vacuum UHV chamberwith a basepressureof -8x10-10 torr. The incident
photonswere p-polarized. All the measurementswere performed in the plane of
the synchrotron.

Thephotonbeamis definedby apertureA with a width of 80 pm located5.7
cm from the samplecenter.After passingthroughapertureA, thebeamis directed
onto thesamplewith an angleXjn from thesurface.The angleXn is definedto better
than0.10 by apertureA togetherwith apertureslocatedup streamin thebeamline.

A channeltrondetector,which is located on the other side of the surfacenormal,
receivesthe reflected photons. An apertureB with a width of 0.25 mm in the
incidentplane andan heightof 7.5 mm alongthe out-of-planedirection, located2.9
cm from the sample,allows only a small portion of the reflectedphotonsto pass
through. This enablesthe detectorwith the necessaryangular resolution in the
incident plane direction so that the detectorreceivesonly photons with angles
aroundX0t. The angleof incidence,xj., is variedby rotatingthesample.An angular
spectrumof the reflected intensity is obtained by scanningthe detectorin the
incidentplane.Sincewe aremoreconcernedaboutgrazingangleincidencethanany
others, measurementswith small incidence angles of X1 are emphasized
throughout our experiment.A variety of photon energieshave beenused in the
measurementswhich rangesfrom 30 eV 41 tim to 190 eV 6 tint. By employing
the wide aperturein the out-of-planedirection in front of our detector aperture
B, we integrateovermuchof theout-of-planescattering.
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The two samplesmeasuredwere cut from stainlesssteel tubes which had
been electroplatedwith Cu. The thicknessof the copperis estimatedto be on the
order of 100 pm. The sampleswere 5 cm long and 2 cm wide. One samplewas
mechanically polished after copper electroplatingwhich we will refer to as the
polishedsample.The secondsamplewas not polishedafter copperplating which
we will refer to asunpolished.The nThiimmn grazingangle is limited by the length
of a sampleand the width of thebeam. In our case,the allowed minimum grazing
angleis aboutb°.

Surfacetopographieswere measuredusing a Talystepprofiling instrument
employinga diamondstylus. Although it showsrandomroughnessbehavioron all
samplesboth in variation of heights and in horizontal separations,some
topographicstatisticsare observed.For the polishedsample,it showsone 1 pm and
five 0.4 pm deviationsroughly every 2 mm range. For the unpolishedsample,it
showsfive 8.5 pm and fourteen3 pm deviationsevery2 mm.

Fig. 2 displaysa seriesof angulardistributionof reflectivitiesfor the polished
samplewith incident anglesaround5° performedwith different energies.The inset
showstheX-ray beamprofile measurementwhich hasa full width half maximum
FWHM of -1°. The overall shapeof eachspectrumis roughly symmetricaboutits
speculardirectionx0t - = 0. All thereflectivitiesat specularanglesfor this wide
energyrangearecomparableand close to unity. This indicatesthat thescatteringis
predominatelyin the incident plane with 15° off planeacceptingangleincluded by
theapertureB. We also noticefrom Fig. 2 that the reflectivity increasesfrom 0.48
to 0.81 asthephotonenergydecreasesfrom 190 eV to 30 eV.

Fig. 3 displaysthe correspondingmeasurementfor the unpolishedsample.
The incident angle is 5° and thephotonenergyis 190 eV. Although the reflectivity
curvestifi peaksup at speculardirection,thevalue is muchsmaller thanthat of the
polished sample-100 times less. The significantly reducedreflectivities in the
speculardirection implies that in-plane scatteringsare no longer dominating.
Instead, the reflection is very diffuse. The shapeof the spectrumis no longer
symmetric.A rapid rise occurson thesmall angle sideanda long tail occurson the
otherside.This might be dueto someblocking effect from the surfaceroughnessat
small exit angles.It is also interestingto notice that the FWHM 12° is about one
orderof magnitudebigger thanthat of thepolishedsample1-2°.
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Fig. 4 shows the reflectivity measurement along the specular
directionspecularreflectivity as a function of incident angle for the polished
sampleat photonenergy120 eV. The theoreticalcurve calculatedfrom eq. 2 is also
shownin the figure. The good agreementis found when the complex refractive
index equalsn* = 0.968 + 0.Oli, while the value for the pure bulk copperis n* = 0.968
+ O.054i.16 The reasonthat the measurementfavors a smaller value for the
imaginarypart of the refractive index may be due to thepresenceof a thin oxidized
layeron top of thesamplesurface.This predictionis consistentwith a recentsurface
compositionstudy for the SSC beam tube material usingscanningAuger, which
confirms that thereis a oxidelayer.17

Fig. 5 displaysthe correspondingmeasurementfor the unpolishedsample.
Although the measurementfor the unpolishedsamplefollows the samedecreasing
trend as the polishedsample,the valuesare only a few tenthsof a percent,which
are more than two orders of magnitudelower than that of the polished sample.
Fresnelcalculationsusing eq. 2 not shownin the figure providesmuch lower
values than the measurement

In Fig. 6, we presentthe specularreflectivity measurementas a function of

thephoton energyfor the polishedsampleat a fixed incidentbeamdirection,x =

2.5°. Generallyspeaking,themeasurementsexhibit a decreasingtrendas thephoton
energyincreases.The solid line is the calculationusing Fresneltheory. Reasonable
agreementwith the experimenthas beenfound. The origin of thecurve shapewill
bediscussedin Sec11D.

C. Absorbtion

The aperturewe usedin front of the channeltrondetector is 0.25 mm in
width and7.5 mm in height. It is located2.9 cm awayfrom the sampleshown in
Fig. 1. This configurationallows thedetectorto acceptanglesof AO=1.0X1&2 rad
-0.5° in the incident plane direction and AOy=0.26rad -15° along the out of
incident plane direction. In anotherword, our detectorallows a best angular
resolutionof -0.5° in the incidentplane, meanwhile automaticallyintegratesover
15° in the out-of-plane direction. From Fig. 2 we see that the FWHM of the
reflectivity angularspectrumfor the polishedsampleis around1-2°. If we assume
thesameangularwidth along the out-of-planedirection, thenthe openingM has
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automatically integrated all of the out-of-plane reflection. Therefore, in order to
calculatethe total reflectivity, we integratethe spectrumin the incidentplane and
divide by thebeamprofile integral:

xl 2

f RX

J 9x

3

J dx

where Rx is the reflectivity angularspectrum,i x is the beam profile shownin
the inset in Fig. 2.

Using this formula, we havecalculatedthe total reflectivity for the spectra
shownin Fig. 2 to be 96%, 75%, and86% for 30 eV, 120 eV, and 190 eV respectively.
Or theabsorbtionsare4%, 25%,and 14% accordingly.

The situation for the unpolishedsampleis quite different. From Fig. 3 we
noticethat the FWHM of theangularspectrumis about0.21 12°. It is reasonableto
assumethat the spectrumis also broad in the out-of-planedirection. In order to
calculatethe total reflectivity, we have to integratethespectrumboth along the in-
plane direction and along the out-of-planedirection. Using eq. 3 we found the
integrationin the incident plane,%, to be 4.6X10-2. The integrationalong the out-
of-plane direction, Wy, requiressomeassumptionssince we do not have detailed
measurementsin that direction. If we assumethe intensity distribution along the
out-of-planedirection is Gaussianwith the sameangularwidth as in the incident

plane,then thedistributionalongthis direction will be proportionalto exp -

where is theangle along theout-of-planedirection measuredfrom the incident
plane,and6 = 0.13 FWHM = 0.21. Thereforethe total integrationalongthe out-of-
plane direction,Wy, is:

*/2

W-y= J exp- dXy=’h6erf 4

-*12
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In our measurements,the apertureB along the out-of-planedirection already

allows the integrationtake placefrom - to , which contributes:

Wy’Jcierf
AC,

5

Therefore, the correctionfactor y due to the integrationover the out of incident

planedirection is givenby the following:

erf-g

7= 6

W t’ erf

Plug6=0.13and = 0.26into the aboveequation,we get y
= erf12.5

= 1.2.

The total reflectivity W =
* y = 4.6X10-21.2= 6%. This implies that roughly

speaking,less then 10% of the incident photonsare reflected from the surfaceand

morethan90% areabsorbed.

D. Discussion

Although the measuredvaluesfor the polishedand unpolishedsamplesare
very different, sometrendsare common.Fig. 2 & 3 showthat the reflectivity spectra

peakup at speculardirectionsunderall circumstances.Comparingthe reflectivities

of theunpolishedsampleFig. 3 with thepolishedFig. 2, we seethat reductionsof

two ordersof magnitudeexist.The significantreductionof reflectionand thebroad
angularspanfor theunpolishedsampleindicatetheabsorbtionis a lot largerfor the
rough surfaceand diffused scatteringplays important roles. From Figs. 4 and5 we
seethe specularreflectivity drops very rapidly as the incidentangle increasesfor

both polishedand unpolishedsamples.The bestfit complexrefractiveindex for the
sampleswe usedare n* = 0.968 + O.Oli for 120 eV photons,which shifts from pure
copperto copperoxides.

The amountof absorbtionis directly relatedto the surfaceroughness.which
is quite different for the polishedand unpolishedsamples.For the smoothsurface,
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most of the incidentphotons75%-%% are reflectedand only a small portion 4%-

25% is adsorbedin the beam tube material. On the other hand, for the rough
surface,only lessthan 10% of photonsare reflectedandmorethan90% areabsorbed.
This largedifferencemay bedue to the reasonthata roughsurfacecanbe picturedas
being formed by microfacetswith different slopes.Although a beam of incident
photons shoot on the surface macroscopically with a fixed incident angle,
microscopically the incident angle varies on eachof the microfacets.The average

slope of these microfacetsvisible to the beam will be higher than that of the
macroscopicsurfaceplane. Indeed,the 6% of reflectioncorrespondsto an incident

angle of 15°. Subtractthe macroscopicincident angle,5°, we get the averagetilting

angleof themicrofactesfrom thesurface,which is 10°.

The photon reflectivities of beamtube walls are mainly determinedby the

surfaceconditions. If the tube wall surfacesare smooth, the radiation will reflect

many times before dying off so that a large portion of the wall surface will be
illuminated. Consequently,Photon and Electron StimulatedDesorptionsPSD &
ESD will happenall over theplace.On the otherhand, if the tubewall surfacesare
rough, it may only take onereflection to decaythe radiation. In this casediffused

scatteringwill be important.In addition, a roughsurfacehaslargersurfaceareaand
more gas adsorptionsitesand thereforeis harderto dean.There areprosandcon’s
for either smoothor rough surfaces.In any event, detailed understandingsof the
reflectivity behaviorsare crucial for selectingthe optimal tube materialsand wall

conditions.
The decreasingtrend shownin Fig. 6 is worth a discussion.First of all, we

would like to speculatefor what valuesof wavelength,surfaceroughnessandangle
of incidencewill a surfacebe consideredrough. Rayleigh suggestedthat when
photonsreflected from surface"peaks" and "valleys" are in phaseoppositionand
cancel, the surfaceis called rough, which is known as Rayleigh criterion. Stated

mathematically,thecritical surfaceroughness0c= *14 Raleighcriterion is
8*sinXth

in essencemoreor less conventional. For 30 eV photonswith 2.5° incidence,0i5

equalto 0.2 pm. Talystep profile measurementfor the polishedsampletells us that
statisticallyevery 2 mm rangeon thesurface,therearefive 0.4 pm deviations.Since

the surfaceroughnessis comparableto o, the polishedsurfacelooks doseto a
smoothone for the 30 eV photonswith 2.5° incidence,where a reflectivity of -0.9
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hasbeen found. As the photon energy increases,o gets smaller and smaller.
Consequently,thesurfacelooks rougherand rougherto the incoming photons.This
explains why the reflectivity declines in generalas the incident photon energy

increases.

UI. Conclusions

In this paperwe presentedour efforts on the reflectivity measurementsfor

the next generationacceleratorbeam tube materials.Our resultsshow that by

changingthe surface rms roughnessheight from -1 pm to -10 pm, the surface

specularreflectivities have been altered by two ordersof magnitude.The total

reflectionsfor the smoothand roughsurfacesarequite different, with -90% for the

smoothone and -10% for the rough. The small total reflection or high absorbtion

for the roughsurfacemight be due to the reasonthat the equivalentincident angle
on themicrofacetsvisible to thebeamis higher thanthemacroscopicincidentangle.
We alsonotice the refractiveindicesfound from thesesurfacesare different from
thebulk valuesand shift toward oxide values.

Since the tube wall roughnesscan be modified to be anywhere a few
hundredthsof a pmand up, it is importantto askwhat is thebesttube condition for
vacuum requirements.To answer this question, we need to perform desorption
measurementat the real operation temperaturesfor a variety of beam tube
conditions.The issuesmust be addressedinclude: photon and electrondesorption
coefficients,photoelectronand secondaryelectronproduction rates,angularand
energy distribution of desorbedspecies,etc.. A multipurposeUHV systemfor low
temperaturemeasurements,equippedwith Kimball PhysicsElectron Gun, Perkin
Elmer X-ray Gun, QuantarTechnology 2D-detector,Balzers Quadruple Mass
Spectrometer,etc. hasbeenbuilt at theUniversityof Texasat Arlington.
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Figure Captions

Fig. 1 Experimental layout for reflectivity measurements.Apertures A & B are
locatedin front of the light sourceanddetectorrespectively.

Fig. 2 Angular distribution of reflectivities for the polished samplewith incident
anglesaround5° performedat different energies.Spectrapeakup at specular
angleswith roughly symmetricshapes.The FWHMs are around 1-2°. The
valuesof specularrefledivitiesare comparableto unity. Note inset illustrates
the beamprofile, wherethe valueshavebeennormalizedto the maximum.

Fig. 3 Angular distribution of reflectivities for the unpolished sample with
incident angleof 5° performedwith 190 eV beam.Although spectrastill peak
up at speculardirection,the shapeis no longersymmetric.The value is more
than two ordersof magnitudesmallerthan the polishedsample.

Fig. 4 Specularreflectivity as a function of incident angle for the polished sample,
measuredat photon energy 120 eV. Good agreementhas beenfound with
calculationsfrom Fresneltheoryshownas thesolid line.

Fig. 5 Specularreflectivity as a function of incident angle for the unpolished
sample,measuredat photonenergy120 eV. Values are morethan two orders
of magnitudesmallerthanthepolished.

Fig. 6 Specularreflectivity as a function of the photon energy for the polished
sampleat a fixed incident beamdirection, X = 2.5°. The value decreasesas
the photon energy increases. It shows reasonable agreement with
calculationsusing Fresneltheory solid line.
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