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INTRODUCTION

During theperiod29 May - 1 June1990. a seriesof working sessionson the
subjectof theextractionof low intensity beamfrom the SSCusinga bentsinglecrystal
were heldat theSSCLaboratory.In this report,we summarizethe issuesand resultsof
theseworking sessions.A list of participantsis given in the appendix.

Theapplicationof the phenomenonofchargedparticlechannelingin singlecrystals
to beamopticsin high energyphysicshasbeena topic of researchfor morethan ten years.
Thedeflectionof a beamby a bentcrystalhasbeendemonstratedin several
experiments.1.2 An extractedbeamin theSSCcouldservefixed targetexperimentsin
tandemwith collideroperations.Thereareseven!interestingapplicationsof sucha beam.
Extractionof lx io8 protons/secwould servea fixed targetB physicsexperimentwith an
expectedproductionrateof B’s of 2x101° to loll Bs/yr. Thedetectorphysicswould also
be lesscomplex.Smallerextractionrateswould be useful in hyperonphysicsandalsoas
test beams.Theoperationalphilosophywhich underliesthe conceptis that a fixed target
capability that runs pansiticallywith high luminosity operationandwhich makesfor
interestingphysicsis worth pursuing.In this regard,it is worth noting that the landparcel
neededto containthe muon vectorfrom a fixed target facility is includedin the SSC
footprint.

We beginwith a very brief discussionof thephysicsof channelingin order to
defineterminology.Thefit of an extractionline in theeastutility straight andthe
implications for the channelingphysics is thendescribed.We then discusstheproduction
of the haloandits potentialasthe sourceof extractedprotons.We concludewith a
discussionof areas which requirefurtherattentionandsuggestionsfor research.



CHANNELING PHYSICS

Thechannelingofchargedparticlesin crystallinesolidsis now a maturesubjectin
materialsscience.3’4Theessentialideais that a particlewhich is movingthrougha
crystallinesolid in a direction that is very closeto that of a majorsymmetryaxis or plane
will makecorrelatedscatteringsfrom theatomsin the linesorplanes.Becausethe
scatteringsarecorrelated,theprojectilecan be guidedbetweentheplanesorrows.The
guidingcan bedescribedby aneffectivepotentialfor channeling.This is obtainedby an
avengingoverthepotentialof theatomsmaldngup the linesorplanes.Theatomic
potentialsaretypically treatedby somechoiceof statisticalmodel. Thescalinglaws
describingthechannelingarefound to be insensitiveto theparticularchoiceof model
usuallydiffering only by numericalfactorsof otherunity. Forplanarchanneling,the
particleeffectively makesbetatron-typeoscillationsin thechannelwell. For the purposeof
extractionusinga bentcrystal,only planarchannelingis of interestand all subsequent
discussionwill only pertain to that

If theanglewhich theparticlemakeswith thechannelingplanebecomestoo large,
its kinetic energywill exceedthat necessaryto keeptheparticlein the potentialwell. In this
case,it will movethroughthecrystalacrosstheplanesand,in effect encounteratomsat
random,thusseeingthecrystalasessentiallyan amorphoussolid. Theparameterwhich
measuresthiseffect is called thecritical angleor channelingangleand scalesas

‘Vc =K/’lp. Here p is theparticlemomentumandtheconstantK, dependson thespecific
crystallographicplanes,the crystallinematerial,and, asmentionedearlier,to someextent,
theatomicmodel. For channelingin the110 planesof Si, thevalueof K is about l.5x102

p.rad-’IGeVandthus at 20 TeV thecritical angleis approximately I wad.
In abentcrystal,theparticle is subjectto thecentrifugalforce in addition to the

channelpotential.This hastheeffectof skewingthechannelpotentialandparticlescan
escapeover the lower edgeof thewell. This is referredto asbendingdechanneling
althoughit occurswithin a channelingbetaironwavelengthof theentranceto thebend and
is morepreciselyachannelacceptancephenomenon.Thereareseveraltheoretical
treatmentsof bendingdechanneling1’5.Thereareno simple scalinglawsto describethe
results.The theoriestypically involve numericalevaluationbut thebendingdechanneling
depends.for a given channel,only on p/R whereR is the radiusof curvatureof the
channel.Bendingdechannelinghasbeenobservedin experiments6andreasonable
agreementwith theory is found.In some,substantialbendangleshavebeenachieved.
Experimentsat IHEP havedeflectedbeamsof70 GeV protons through 80 mrad. With the
tong crystalsused,normaldechanneling,discussedbelow, is alsoimportantat this energy.
Becausea goniometerwasnot usedto positionthedirectionof thechannelrelative to the
beam,thecrystalwascuton thebiasto insurethat somepartof the beamandchannel
would be aligned.This itself reducesthechannelingefficiency. Altogether lx lO- of the
beamwasdeflectedby thebent crystaland thisvalue is consistentwith theoretical
expectations.2In this experiment,the wholebeamis extractedin a slow spill anddirected
onto thecrystal in an externalbeamlineasshown in Fig. 1. Thecrystalbenderis shown in
Fig. 2. We will discussthe bendingdechannelingto beexpectedin the fixed target
extractionwhenwe discusstheextraction line in theeastcampusutility. This definesthe
bend angleandwe cangive somemeaningto the numbers.



Therearetwo otherprocesseswhich affect thechannelingof particles.Particles
movingin thechannelscatterfrom thevalenceelectronswhich essentiallyform a gas
pervadingthe lattice. This multiple scatteringcandechanneltheparticles.However,it
decreasesrapidly with increasingparticlemomentum.Forthe20 TeV protonsof theSSC
andfor crystalsof the lengthsof interestthis so-callednormaldechannelingis negligible.
Thereis alsoa surfaceacceptanceeffect which comesfrom the fact that theatomsmaking
up the"walls" of thechanneloccupysomefraction of the channelvolume,a partof which
arisesfrom lattice thermalvibrations.Particleswhich strike the surfaceheremay not
channel.This couldbe asmuchas20 percentof thechannelarea.However,thereare
effectswhich canmitigateagainstthis in theextractionfrom astoragering. Becauseit is
not germaneto channellingin general,wedeferits discussionuntil the nextpart.

EXTRACTiON LINE

Theextractionline is illustratedin Fig. 3a. Thepositionof the crystalis schematic.
Here, a horizontaldoglegis insertedin the500m drift spacein theeastcampusutility

straight.The bentcrystal is setat theedgeof the beam= Sa in x andchannelsthe large
amplitudeparticlesthere.This is illustratedin Fig. 3b. Thechannelingplanesare
perpendicularto the y-axis.Thebendis in thevertical directionandkicks theparticlesinto
the field free regionof a Lambertsonas shown in Fig. 3c. Thedeflectionangleis less than
100 wad.

As we observedearlier,thedefinition of theextractionline hasimplicationsfor the
channelingphysics.Thefirst issue is thebeamdivergence.In ourbrief discussionof
channelingphysics,wesawhow theangleof a particletrajectoryrelative to the critical angle
determinedwhethera particlewould be channeled.In theextractiondogleg,thebeta
functiondeterminesthe beamdivergencewith the beamemittancefixed. Forour extraction
geometry,it is 0y that is relevanthere.At no point in theeastcampusutility drift spaceis it

less than 500 m. Consequently,the tins divergenceshouldbe lessthan halfof the 1 p.rad
critical anglethroughoutthedrift space.In this casevirtually all of theparticleswhich strike
the crystalshouldlie within the critical angle.

Thenextissueis the bendingdechanneling.Forprotonsof a given momentum,the
bendingdechannelingis determinedby the radiusof curvatureof thecrystalbend.The
bendangleis setby theextractiongeometry.The angulardeflectionrequiredis modest
evenfor 20 TeV protons. In this case,sincethe angleis fixed, the radiusof curvature
dependsonly on the the length of thecrystal.Particleswhich do not channelcan make
nuclearinteractionsin traversingthecrystal. In order to minimize background.thecrystal
should be asshortaspracticable.However,shorteningthecrystalreducesthe radiusof
curvatureandconsequentlyincreasesthebendingdechanneling.We havetakena 3 cm long
crystalasa reasonabletradeoff.Thebendingdechannelingis expectedto be abouttenper
centor smaller.Thecrystal is aboutsix percentof an interactionlength.

Particleswhich aredechanneledor which impactthecrystalsufficiently neara
lattice planearenot channeledandtraversethe crystalasif it were amorphous.However
the atomsarenot opaqueto the 20 TeV protonsandmostwill passthrough thecrystal. In
bendingexperimentswhich aredonein an externalbeamlinetheseparticlesare lost.
However,the extractionline is in a storagering andtheparticleswhich are not channeled
andthereforenot bentremain in themachineaperturecan be capturedin a channelon a
subsequentpassaroundthe ring. This hasbeenseenin computersimulations7where
channelingefficienciesof aboutninety percentwereobserved.Thus, theextnction
effieiencyof about70%expectedfrom theory, in this context.may be conservative.



Thereaxeseveraladditionalissueswhich impacttheextractionbut arenot relatedto
thechannelingprocessperse . Onethat hasbeencausefor someconcernhasbeenthe
cutting accuracyof the faceof thecrystalparallelto thechannelingplanes,the "long" face
of thecrystal.Somesmall misalignmentof thefaceandthecrystallographicplanesis
inevitable.For a bendwith a radiusin theplane.parallel to theaxis on which thecrystalis
placed,tins definesan effectiveseptumwidth in the languageofconventionalextraction
techniques.In thecaseof thecrystal,particleswhosedisplacementsare smallerthanthis
distancewill strike thebackof the crystal.A bendingradiusin theplaneperpendicularto
theaxis on which the crystal liesdoesnot havethis problem.Thenthedisplacementswhich
putparticlesonto thecrystalare panllel to thechannelingplanes.Oneneedonly polish the
edgeperpendicularto thechannelingplanesandthis caneasilybe donewith sufficient
accuracy.Thus,for a horizontaldoglegwith averticalkick into the field-freeregionof tne
Lambertson,thecrystalis seton the x-axis.Thereareothermechanicalconsiderations.We
haveshownacrystalthicknessof 3mm. Thereis nothingto determinethis a priori. This
crystalis thickerthanis typically usedin bendingexperiments,but ourbendangleis an
orderof magnitudeormoresmaller.For sucha small bendangle,it wasthoughta thin
crystal would be difficult to mechanicallyhandle.Thebendingstress,for a givenradiusov
curvatureincreaseswith thicknessbut still is very small relativeto the breakingstress.
Finally, thereis the issueof heatingof thecrystal. If we assumethat theefficiencyis 70%
andor rateis lx 108/sec,the powerinto thecrystalis about l0 W or abouta Joule/day.
For thesizecrystalconsidered,this correspondsto a temperaturerise of approximately6
degrees/dayin the absenceof any heatloss. Obviously, this is an extremeassumptionand
the temperaturerise doesnor seemexcessive.Perhapsa moreimportantquestionis rhe
differential heatingof thecrystal.Differencesin temperaturemay sufficientlydistort the
crystal to affect its alignment.This will haveto be consideredin the engineeringof the
crystalmanipulator.However,how thedifferential heatingmayoccurdependson the
phasespaceof theparticlesto beextracted.This is still anopenissueaswill be seenin the
discussionwenow takeup. Basedon experiment8,radiationdamageis not consideredto
be a problemat this low level of beamintensity.



HALO DEVELOPMENT

Theoriginal conceptof extractionof a low intensitybeamfrom theSSCfor fixed
targetexperimentslookedto theforward-peaked,quasi-elasticscatteredhalo from the
high-luminosityIRs to providethesourceof particles.This modeof operationallows a
fixed targetrunwhile beamsaxecolliding. It appearsthat thenumbersof suchparticlesthat
areproducedin theIR andsurvivethe transportthroughthe lattice to thecrystal locatedin
theeastcampusutility arenot sufficient to sustaina rateof lO8Isec.Theyare adequatefor
the 106/secfor testbeams.However,scatteringin the IRs is not theonly sourceof halo.
Recentresultsjust presentedhereindicatethat thebeam-gasscatteringdiffractive,elastic
andCoulomb from the residualgasin thebeampipedueto synchrotronradiation,which
is uniqueto theSSCis themajorcontributorto the halo.Shown in Fig. 4 is a plotof the
numberof haloprotons/secattheutility straightwhoseamplitudeslie within the interval
Ao,A. A crystalplacedwith its edgeat A will interceptall of that fraction of protons
whosephasespacehasdisplacementsbetweenAo andA. Theratesaresummarizedin Fig.

5. It seemsthat 2-3x protons/secin thehalocouldbe available;perhapsmore
dependingon thecrystalposition.Onecouldalsoincreasethe phasespaceareaof thehalo
exposedto thecrystalby using a pairof crystals;one on eachsideof the beampipe. The
phasespaceof theseparticlesneedsto beinvestigatedfurther.Theelasticcollisionswill
producex andy oscillationswith equalprobability and,in thesubsequentevolution, the
two degreesof freedomare largely independent.A horizontalcrystalwill thereforenot be
tooeffectiveto extractvertically scatteredprotons.On theotherhand,that partof the
diffractive componentwhosemomentumdiffers sufficiently from the nominalcan be put
on the crystalby introducinga finite dispersionin the extractiondogleg.This technique
could alsobe usedto extractthe tail of theenergydistributionof the normalbeam= 5a.
would reducethelongitudinalemittance.This couldbe repopulatedby introducinga
controlledamountof noise in the RE It hasbeensuggested,theRF alone,without noise
maybe sufficient by itself. Ideasto blow up thebeamhalo by a foil, or to move the beam
slowly acrossthecrystalwerementionedbut not discussedin detail in the working
sessions.

SUMMARY

An extractiondoglegusing a bent Si crystalthat fits in theexistingeastcampus
utility hasbeendefined.Thegeometryplacesmodestdemandson thecrystalandone
expectsfrom theorythat the extractionefficiencywill be good. Experimentsdoneat
existingacceleratorfacilities on beambendinghaveservedto build our confidencein the
theories.Becausetheseexperimentshavebeendone in externalbeamlines,therehasbeen
no opportunityto rest theconceptof multi-mm capture.Furthermoretheemittanceof these
beamsis largeandtherehavebeenno experimentsof which we areawarein which the
beamdivergenceis comparableto thecritical angleat leastin themomentumregimeof
interesthere.Suchan experimentwould be valuable.

Mechanicalrequirementsof a crystalmanipulatorarecomparableto thosealready
attainedin crystallographyresearch.

Themost significantgap in understandingis in theevolution of the largeamplitude
halo.This information is critical in knowing theextractionrateswhich can be expected.
The mechanismsone might adoptfor putting theseparticleson thecrystalalsodependson
the propertiesof thehalo. In thecourseof investigatingthe haloevolution, it is reasonable
to considerways in which the halo might be augmentedup to the 1-2 x l08/seclevel if this
will makegood physicsaccessible.
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Figure 1. [HEP 80 mrad crystal bend experiment, schematic



Figure 2. Crystal hoLder at IHEP crystal bend experiment.
The shaded edge iLLustrates the bias cut edge.
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Figure 5. Summarytable, beam-gashalo


