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Abstract

Protonbeam deflectionby a bent single crystal is considered.The papercompares

propertiesof different crystaldeflectorswith different orientationsusinga model in which

the dechannelinglength is proportionalto the transversecritical energy.
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1.0 INTRODUCTION

Chargedbeamdeflectionusing the effect of planarchannelingin a bent singlecrystal

is widely studiedboth experimentallyandtheoretically. Captureinto a channelingregime

is well describedby existing models.1’2 The dependenceof dechannelinglength ED on

the crystal curvature radius .1? has been less investigated. It is shown3 that in recent

Fermi National AcceleratorLaboratory FNAL experiments4the measurementson the

dechannelinglengthof a bent crystalarewell describedin a simplemodel:

ED r.spv.Epv/R, 1

where pv is the product of momentumand velocity of a channelingparticle, and E is

the depthof a potentialwell in a bent crystal. This model was first proposed5basedon

a diffusion equationsolution for averageelectron density. Figure 1 shows experimental

points and theoreticalcurvesfor warm a andcooledb crystalsof silicon. Relation1

explainsalso temperaturedependence;in this casewe shouldchoosethe transversecritical

distancexu accurately,u beingthermalvibrationalamplitude. Analysis of the FNAL

dataindicatesthat x = d/2 - 2u is a good choice.

Thepresentpapercomparespropertiesof different deflectorswith different orientations

usingthis model. Becauseof someuncertaintyin thedechannelinglength,resultspresented

hereespeciallyin Section3.0 shouldbeconsideredasa qualitativeillustrationratherthan
as a prediction.

2.0 SCALING TO OTHER CHANNELS

Comparisonof dechannelingin different planarchannelsof different materialsgives
anotherconfirmationto the model in Relation1. Taking into accountdifferent average

electrondensitiesn5 in thesechannelsin the simplestform, wecanrewrite1 asfollows:

LD-.pvE/n. 2

The averageelectrondensitycouldbe definedas

me
=

mexdx = const. x U1x/x. 3

Here we assumethat inside a channelmex = const.x U"x. That is, "unpotentiaiity"
of motion is definedby potential itself! ThenRelation2 will be of the form:

LD=A.PVU7CXC, 4
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Figure 1. Dependenceof Si110 DechannelingLength Lp/Apv Apv is the DechannelingLength in a
Straight Crystal on Curvaturepv/R. Solid line is Equation 1, points are from FNAL
experiment.4Here z = d/2 - aTF - u is assumed.

a Crystal at 293K, A = 0.54mm/GeV;
b crystalat 128 K, A = 0.65mm/GeV.

where A is some phenomenologicalconstant. Figure 2 plots Equation 4 with A =

2.7mm/GeVA2 versusexperimentaldata;6herewe takeLD asfor "wide-anguiar" beam
see Reference6 for discussion. Five experimentalpoints are in reasonableagreement

with Equation 4.

Deflector "strength" is definedby the ratio 9D = LD/RT where RT =

which dependsonly on crystalproperties.In the consideredmodel the ratio

r’ 5

is proportionalto the potentialwell "volume" in transverseenergy-coordinatespace.Ta

ble 1 showspropertiesof different planarchannelsof silicon, germanium,and tungsten.
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Figure 2. Plot of Fit 4 with A = 2.7mm/GeVA2VersusExperimentalL11.

3.0 DEFLECTION EFFICIENCY

In the consideredmodel the beamdeflectionefficiencyasa function of angle8 is equal

to

F/R,8 = F3A6pv/Rexp_A/8R0IR, 6

where F3 is the probability for capture into the channelingregime for a straight crystal,

Ab is the ratio of bent channelacceptanceto straight channel acceptance,and .Xpv is

the dechannelinglength in a straight crystal A 0.61 mm/GeV for Si1l0 at room

temperature6. A harmonic approximationfor a beam uniformly distributed in angle

Equation6 is asfollows:

Fp,8 = F3l -p2 exp 9/GD
; 7



TABLE 1. PROPERTIES OF SOME PLANAR
CHANNELS.

Channel RT cm et prad Lv cm 0n

Si110

Si111L

Si111S

174

178

287

5.7

6.2

2.9

61

109

9

0.35

0.61

0.03

Ge110

Ge111L

Ge111S

98

106

157

7.4

7.7

3.8

61

89

7

0.61

0.84

0.05

w100

W110

33

23

11.2

14.5

30

55

0.91

2.41

NOTE: Propertiesare calculated for pv = 1 TeV and x, =

d/2 - 2u. Ln values for Si110, Si111L, Ge110, W100,
and W110 are experimental ones taken from Reference 6;
othersare estimatedusing Equation4.

here p = RT/R is a critical radius-to-radius ratio, and 8D = L°D/RT is a characteristic

angleindependentof energyseeTable1.

We shall illustrate Equation6, calculatingthe efficiency of deflectinga proton beam

by ir/2 in a tungstencrystal channelW110. Figure 3 shows F/FS as a function of

pv/R, for a crystal at room temperatureand cooled to 77K. Due to uncertaintyin ED
and sensitivity to xe,, theerror of this result could be from one to two orders.

The efficiency of a ir/2 beam deflectionby a germaniumcrystal was calculatedto

be 5 x l0-, or four ordersless than the estimation in Reference7. That excludesthe

possibility of germaniumas a deflectorfor this purpose.A tungstendeflectordislocation-

free could only give a satisfactoryefficiency of beam deflectionat the right angle. The

dependenceLDR crucially affectsperspectivesof proton beamdeflectionat an angleof

orderir/2.8

Thereshouldalso be somedependenceon incidentbeamdivergence;LD for a "pencil"

beam could be twice as high5 as the one usedhere. However, in the very long crystal

requiredhere,channeledbeamdistribution will relax quickly from the "pencil" caseto the

"wide" one.
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Figure 3. Efficiency of Proton BeamDeflection at r/2 by Tungsten110 Channel. Solid line for 300 K,
dashedline for 77 K.

For large 8, efficiency is maximalwhen

d[pEp]/dp = 0, 8

which meansp = 1/3 for the harmoniccase,correspondingto

FhO F3 4/9 exp-27/4 8/8.v. 9

4.0 DIAMOND-TYPE 111-CHANNELS

For diamond-typecrystalswith 111 orientation,the situationis more complicated.

Wide 111L channelsandnarrow111S onesareworkingsimultaneously,giving efficiency

in the following way:

F0 = 3/4F11L + 1/4Fllls, 10

whereF111L,s are definedby Equations6 and 7, with correspondingvalues of

and LLD see Table1. Usually, a narrow channelhasa muchsmallerED and a largerJZT
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than a wide channel,and so doesnot participatein beamdeflection. Figure 4 shows the

efficiency of beamdeflectionat 1 mradby 111 planes.
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Figure4. Efficiency [tel. Units of BeamDeflection by Si111 Planesat 1 mrad. Dashedline is narrow
1115 channelcontribution.

5.0 OPTIMAL CURVATURE

Efficiency Equations6 and7 couldbemaximized,solvingtheequationdF/dp = 0.

That allows for optimal curvaturepoptO in the harmoniccase

11

Substitutingpopt8 into Equation 7, we obtain an upper limit F08 for a beam

deflectionefficiency at angle9:

12

1 - Popt2
=

2poptO
Fp, 8 <F08 = F31 - pt92 exr

1 - 3popt8

1 -

1.0 2.0
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For any requireddeflectionangle9, an optimal parameterpv/R could be chosen,so

the upper limit of the efficiency does not dependon the beam momentum. Figure 5

shows optimal curvaturea and correspondingefficiency b calculatedin the Moliere

approximationfor different planarchannels.
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Figure 5. Optimal Curvaturepv/R
Angle 0.

a and CorrespondingEfficiency F/F, b as Functionsof Deflection
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