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Abstract

Dechannelingin bentcrystalsdueto dislocationdefectsin the lattice is considered.The

effect of thesedefectsin commerciallyavailable silicon crystalsfor the proposedcrystal

extraction schemeat the SuperconductingSuperCollider SSC is estimated. Future

neededinvestigationis discussed.
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1.0 INTRODUCTION

The efficiency of charged-beamcrystal optics is limited by the dechannelingprocess.

Two kinds of dechannelingarewell known at present:’

* bendingdechanneling,due to the centrifugalforce in a bentchannel,and

* diffusion dechanneling,due to the multiple scatteringof the channeledparticle.

The latter processis characterizedby the dechannelinglength LD, over which most

of the bean1 - 1/c is dechanneled.In a perfect straight crystal the scatteringon the

electronsand nuclei leadsto the proportionality LD ". pv logarithmic term is omitted

here. At pv = 20 TeV the LD valuein a perfect crystal is of the order of 10 m, so there

is no problemwith it.

In the real crystal, various defectsdisturb the lattice perfection. Of all the various

defectspresentin crystal-point-like interstitial atoms and vacancies,linear disloca

tions, two-dimensionalstackingfaults, and three-dimensionalamorphousclusters-

dislocationsare of most interest, becausethe dechannelingcross-sectionfor the other

defectsdecreaseswith energyor remainsconstant. For a good review of this field, see

Ref. 2.

Sincethe presentapplicationof commerciallyavailablecrystals is successfulasa rule,

we shouldtakecareof the dislocationdefectsonly. Thelong defectsof the crystalstructure

suchasdislocationlines, loops, andwalls inducelocal distortionsof the planarchannels.

For this reason,the channeledparticlecouldenterthe regionwith a high densityof nuclei

andscatter,and/orpassthroughthe regionwith high local bend,leadingto a considerable

changeof the transverseenergyor dechanneling.

In general,this could resultboth in bending-likedechannelingand in the diffusion-like

dechanneling.The former determinessome "intrinsic acceptance"definedby a maximal

local curvature;the lattermeansan additionaldiffusion in the phasespace.In termsof the

kinetic equations,thesearethe new boundarycondition and thenew diffusion coefficient,

respectively. In a previousdiscussion3on this subject,somelimit caseswere estimated.

Below we shallconsiderthe channeledbeaminteractionwith somedefects,andmakea

few estimatesfor the crystalextractionschemewith commerciallyavailablesilicon crystals

proposedfor the SuperconductingSuperCollider SSC.

2.0 THE CRYSTAL MOSAICITY

Mosaicity shouldbe themost visible defectof thelattice. Thecrystalconsistsof a num

ber of perfectblocks slightly disorientedfrom one another.This is due to an arrangement



of edgedislocationsin a patterndislocationwall, separatingthe crystal into blocks. This

defect is more typical for metalcrystals. The angleof misalignmentof the crystal blocks

for eachside of the wall4 equals

b
1

whereh = b/Om is the spacingbetweendislocationsin the wall and b is the Burgersvector

value. Channelorientationdiffers on 9m alongthe distanceof order h. If zo << h, where

z0 is the oscillation period of the channeledparticle, the dechannelingis determinedby

the maximal curvature along the distanceh. If zrj and h are comparable,the result of

the particle interactionwith the wall dependson the phaseof its oscillation; its random

characterleads,in addition, to somediffusion in phasespace. Finally, for z0 >> h, there

would be only diffusion and no bending-likedechanneling.The sameapproachcould also

be useful in other cases.

For commerciallyavailable Si crystalsof high quality, the extremelylow value of

about0.05prad5 leadsto the b/Smvalueoneorderof magnitudehigher thanthe oscilla

tion periodat 20 TeV. For this reasonwewill estimateherethe bending-likedechanneling

only. As discussedabove,the "intrinsic" bend leadsto some "intrinsic" acceptance.The

channelbentby angle0m alongthe distanceb/6 correspondsto the radiusof curvature

b/9. The ratiopv/R = pv8/b determinesthe bentchannelacceptanceA in the model

of Kudo and Ellison.6 It shouldbe addedto the global curvaturepv/R910b,if present.

For a 4-cm Si crystalbenton 0.1 mrad,a 20 TeV beamthe SSC case,and a mosaic
spreadm = 0.05 arad,the additionallossdue to mosaicity is equalto

Apv/R_Apv/R+’fl _AtPv/R°m 2

So, the preliminaryanalysisstatesthat the mosaicspreadof approximately0.05prad

is not dangerousfor the proposedcrystalapplicationat the SSC. The beamloss is pro

portional to the pv9 value until it gets too high.

Somedechannelingalso occursdue to the dislocationcoresin the wall. SeeSection4

for discussion.

3.0 THE DISLOCATION LOOPS

The dislocation-loopdefect canbe imaginedasan interstitial vacant pieceof atomic

layer. In other words, this is a closed-edgedislocation. It is characterizedby its size

radiusR, if it is circular. The Si crystal,usedfor the 1-GeV beamdeflection,was tested
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in Gatchinafor the dislocationcontamination.7It was found that thereare two types of

clustersassociatedwith dislocationloops: A-type of size 1-3pm, and B-type of size 0.06-

0.08 pm. Their densitydependson position: in the centerof the crystal it equals100/cm2

A-type and 104/cm2B-type.

The lattice in the vicinity of the loop is displacedby approximatelythe Burgersvector

b value interatomicspacing.The atom displacementat a distancer, largecomparedto

the loop size, is equal4in isotropic matterapproximationto

2 3j_ 2
7 " 7

Uj
= 4irr3 dlk + dklxk - dkkxj +

2r2
dklxjxkx, 3

where 72 = A and p are the Lame coefficients,dlk = SIbk, and S and bk are the

projectionsof the loop areaS and the Burgersvector b onto the coordinateplanes.

Displacementfalls very fast, as 1/r2, sothe channelcurvaturedecreasesas 1/r4. The

curvaturebecomesa critical one at about the distancebR2R’1’4.

For the 20-TeV channeledbeam interactionwith such a defect, it is essentialthat

the oscillation periodof the channeledparticle about 0.5 mm in Si is much largerthan

the disturbed lattice region size. The usual criterion of dechannelingapplied at lower

energies-thatis, whenthe channelcurvatureis largerthanthe critical one-is not valid

here, becausethe channeledion does not make an oscillation in the distorted channel.

However,we must take into accounta "kick" dueto the passthroughthe channelwith the

disturbedpotential long-rangeinfluenceof the loop, aswell as the multiple scatteringof

the ion passingthroughthe loop core.

Probability of dechannelingdueto a singlecollision is small; a changeof the transverse

energyper one interactionwith sucha defect is also not large, becauseof the small size

of the distortedregion.3For this reasonthe considerationcould be in termsof the kinetic

theory.

We shall makea simple estimatebelow. We divide the distortedregion in two parts:

a "core" with size Dcore of order B, where the atom displacementis larger roughly

thanthe screeningradius aTF, and an "outer part." Collisions in the core we considerto

be uncorrelatedamorphousapproximation;for the outerpart no multiple scatteringis

assumed,only the potentialperturbation.

Considerat first a high-energyparticleinteractingwith thecore. Thetransverseenergy

changeis definedby the coordinatechangesfix and 50

SE1 = pvOSO+ U’xfix . 4
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We shall considerthe secondterm first:

SE1 U’x0Dor . 5

Thecrosssectionof particleinteractionwith distortion is D Dore, and the interac

tion length Sz= 1/WaD, wheren’ = nD/2lrR is a volume densityof the dislocation loops.

Diffusion coefficient averagingis madeover both theoscillation periodand the defectsize

distribution is of the form:

>= 2 < U’xD2E1 - Ux>
<nD07> 6

The noncoherentscatteringon nuclei leadsto the following diffusion coefficient:

< S&
>= 2 <E1 - Ux>

Lpv
<n’Drc>, 7

where e = 14.1MeV and LR is the radiation length. Possiblecorrelatedcollisions in the

corewould leadhere to the transverseenergychange:

SE1 = fU’xzzSdz 8

of the sameorderas Eq. 5.

The coresize,asdefinedabove,is independentof thebeammomentum;for this reason

the abovediffusion coefficient is inverselyproportionalto pv.

The long-rangecontribution can be estimatedhere as follows. Note that the atom

displacementu at thedistancer is of the order of bR/r2 Eq. 3, so its rangeis much

less thanz. The particleinteractionwith the distortion may be consideredlike a "kick"

at somepoint. The interplanarforce can be expandedin the following way:

U’x + u U’x + U"xu . 9

The anglechangeover interval dz is

= U"xudz
, 10
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and the E1 change,integratedby z over the trajectory,is

SE1 =pvOfSO=0xU"xJur,zdz. 11

As mentionedabove,we keep x and 0 constantduring the interaction;a generalizationis

possible.

Averaging over the impact parametersand defectsdistribution, we have

SE2 2 cU"x2E1 - Ux >
ccn’fdaf udz2 > . 12

For example,for theloop parallelto theplaneof channelingandtheb vectororthogonal

to it, integrationof Eq. 12 gives

< SE12 > 2 C U"x2E1 - Ux > < n/r7252b2 log
ZO >

, 13
Sz pv 4ir Dcore

where

r=1+31272+51_722
. 14

47 87

The result dependslogarithmically on the limits of the integrationover the impact

parameters.The upper limit is set to be zo, since abovethis value the loop influence is

suppressedby the oscillation of the particle.

Let us estimatenow the valuesof Eqs. 6, 7, and 12 at 20 TeV for the defect densities

mentionedabove. The result dependsstrongly on the Deore choice; according to the
criterion discussedabove,we chooseDcore = 71?.

For the large A-type loops, in the consideredapproximation,the Eq. 6 diffusion

coefficient value is about0.6eV2/cm,the Eq. 7 valueis 0.002eV2/cm,and the Eq. 12

value is 0.2eV2/cm. The total diffusion coefficient is about0.8eV2/cm. With a potential

well depthof about10 eV, that meansthat thelength LD, over which a significantamount

of dechannelingoccurs,shouldbe of the order of 100 cm.

The diffusion coefficient is proportional to nR3, so the dechannelingon the small

B-type loops is smallerby about200 times.
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With the aboveestimateswe shouldexpect the dechannelingfraction in a crystal of a

few centimeterslength to be of the order of 10%. All this contribution is from the large

A-type loops. The small loops’ contributionis l0 - The beamloss is roughly

proportionalto nDR3, for sizeabledechanneling.

The most important result of the aboveanalysisis that there is no more saturation

in the dechannelingon the loops contrary to the famoussituation in the MeV and GeV

region. The dechannelinglengthbecomesa linear function of the energy.

Note that we haveestimatedonly the order of the problemsto be encountered.The

detailed analysisor MC simulationcould changeconsiderablythe aboveestimates.For

this reasonthe 10% value of dechannelingis too high; a better quality of the crystal is

neededat 20 TeV.

4.0 THE LINEAR DISLOCATIONS

The channelcurvature1/1? aroundthe lineardislocationdecreasesas 1/,2, the inverse

squareof the distancer to it.2 For this reasonthe radiusof the distortedregionis propor

tional to the squareroot of the critical radius,i.e., the squareroot of the beamenergy.The

particleoscillationperiod is the samefunction of the energy. So therewill be no changein

the characterof dechannelingwith the energyincrease. Onecan expect that the formulae

valid at low energiesarealso good at 20 TeV.

The dechannelinghere occurswhen the channelcurvature is larger than the critical

one. The dechannelingcross sectionfor the rectilinear dislocationswas derived first by

Quere:2’8

CD = , 15

where N is the atom density, d,, is the interplanarspacing, Ze is the nucleuscharge,
and K 0.34 for screwdislocationand 0.56 for edge dislocation. The cross sectionhas
the meaningof the radius of a cylinder surroundingthe dislocation line, inside which

dechannelingoccurs; its value is about 50 pm in our casesilicon, 20 TeV. The CD is
derivedunderthe assumptionthat every particle inside the cylinder is dechanneledand
everyparticle outsideit is not influenced. Dechannelinglength is equalto

LD=
1

16
?2DCD

and is proportional to the critical angle. The cross section increaseswith the energy,

becausethe critical bend of channelsoccursat a largerdistancefrom the dislocationline.
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Furtherinvestigation,including experiments,simulation, and moredetailedanalysis9

indicatesthat Eq. 15 overestimatesthe dechannelingcrosssectionby a factor of about

5. A particlehavingcrossedthe cylinder retainsthe ability to channelagain.

We can supposealso that with an energyincreasethe K constantcould decrease,

becausethe contribution of the multiple scatteringin the distorted region becomesin

significant in the multi-TeV domain.

The particlesthat arenot dechanneledhaveexperiencedsomechangeof the transverse

energy due to long rangeof the displacementfield. The diffusion coefficientsfor the

rectilinear dislocationsin the harmonicapproximationaregiven10 for edgedislocation

and screwdislocation,respectively:

BE1 = 1/2pvE0nE 17

BE1 = bnDE/2. 18

The diffusion coefficient B = B0E leads to a considerabledechannelingalong the

following length:’1

4E2
LD

= 2 - k2i,Bo
19

Here im, is the Besselfunction Im zero, and in = 1 - k/2 - k. Dechanneling

lengths in the consideredinteractions,with coefficients of Eqs. 17 and 18, for edge

dislocationand screwdislocation,respectively,are:

= 2d0
20

0,1b D

and
1 920

LD = 2 21
Th,i "D

Note that extrapolationof a diffusion-like view to our caseshould be donewith care.
With the crystalpurity required,ri 1 - 10 cm2, the averagedistancebetweendisloca

tion lines, 1//3, is a few millimeters. Sincethe areaof the crystalsurfacein touchwith

the beamis only a fraction of a squarecentimeter,S 0.3cm2, thenumberof dislocations

"on the way of thebeam,"Snp, is of theorderof one! So the situationbecomesconcrete;

in particularwe can vary the transversecoordinateof the crystaltangentialto the beam

to find the optimum.
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At 20 TeV the single-scatteringformulae Eqs. 15 and16 give the dechanneling

length of a few tensof centimetersat the densityof the linear dislocationsD of the order

of 10/cm2. The diffusion estimatesEqs. 20 and21 give lower values. So the crystal,

perfect enough,shouldnot havemore than one linear dislocationper squarecentimeter.

The quality of commercial crystals is increasing; the dislocation-freeexamplescan be

producednow, in principle.

5.0 CONCLUSION

The very preliminary analysisgiven aboveestimatesthe expectedproblemswith the

silicon-crystal lattice imperfectionto be not too severe. Detailed analysisof the dechan

neling at 20 TeV, including an MC simulation, is needed. Measurementof the densities

of the dislocationdefectsof all types is very important. An accuratemeasurementof

imperfection-induceddechannelingat thehighestenergyin the crystalwith the well-known

structurewould be very useful,especiallyin comparisonwith the simulation.

Another importantpart of this problemis radiationdamageresistance.Its valuemay

be a strongfunction of theenergy, in principle. Thebehaviorof this functionis determined

by the kind and sizeof the accumulateddefects. For this reasonthe investigationof the

defectsaccumulatedin the radiation-damagedcrystalwould be interesting.

There is anotherimportant point. In the proposedbent crystal extractionschemes,

mostof the beam-crystalinteractionoccursin a very thin layerwith a thicknessof 1 pm or

der. A simple estimatefor this layer lifetime:

iO’ cm2 1mm 1pm 6Lzfetzrne 10 sec 1 Week , 22
10 seC1

with i0 cm2 as a limit of integrateddoseand 108/secasa beamintensity.

At this time, the highestirradiationachievedin bent crystalswith higb-GeVbeams

is of the order of 1019 protons/cm2, with no substantialdegradationof channelingprop

ertiesobserved. In the experiment,’2this valuewas achievedwith 70-0eVfast-extracted

beamand 13-mradbentSi crystal,wherethe crystalalsoexperiencedlarge dynamicaland

heatingshocks.This value couldchangeconsiderablyat the energytwo ordershigher. Do

the defectsmigratefrom the damagedlayer? This is also importantto understand.

The two-crystalscheme’3of extraction,with a thin crystaladdedasa scatterer,would

provide the impact parametersof a few hundredmicrons order. That could solve the

problemof radiation damage.
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