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IntroductionIntroduction (channelling effect)(channelling effect)

atoms of crystalcrystallographic plane yy g p p

θ

θ

crystal's axis

positive particles  planar channeling
negative particles axial channelingnegative particles axial channeling

θ < critical (Lindhard) angle  channeling effect
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θ > critical (Lindhard) angle  no channeling effect



IntroductionIntroduction (beam steering)(beam steering)
•• Deflection of POSITIVE particles by BENT crystalDeflection of POSITIVE particles by BENT crystal

deflection
angle

Deflection of NEGATIVE particles by STRAIGHT crystalDeflection of NEGATIVE particles by STRAIGHT crystal•• Deflection of NEGATIVE particles by STRAIGHT crystalDeflection of NEGATIVE particles by STRAIGHT crystal

deflection
angle
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IntroductionIntroduction (beam steering)(beam steering)

•• Deflection of POSITIVE particles by BENT crystal using Deflection of POSITIVE particles by BENT crystal using 
l fl til fl tivolume reflectionvolume reflection
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MotivationMotivation
To develop techniques of beam handling systems using crystals

f f• establishment of bent crystal systems for the proton beam 
separation

• getting basic understanding for the electron beams (not so
well studied as in case of protons)

Future applications
t b ti t J PARC (J P t• proton beam separation at J-PARC (Japan Proton 

Accelerator Research Complex)

• electron beam collimation at ILC (International Linear Collider)

• electron extraction system at the REFER ring (Relativistic
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• electron extraction system at the REFER ring (Relativistic 
Electron Facility for Education and Research) at HU



Experiment on electron beam deflection Experiment on electron beam deflection 
(REFER ring, Hiroshima University)(REFER ring, Hiroshima University)
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REFER ring @ Hiroshima UniversityREFER ring @ Hiroshima University
REFER (Relativistic Electron REFER (Relativistic Electron 
Facility for EducationFacility for EducationFacility for Education Facility for Education 
and Research)and Research)

150-MeV electron beam
injection lineinjection line

beam extraction lineQM3
magnet beam intensity: 1x104 s-1
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REFER ring @ Hiroshima UniversityREFER ring @ Hiroshima University
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Extraction lineExtraction line
Experimental 
setupsetup

QM3 
magnet

injection 
line

extractionextraction 
line
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Schematic view of the setupSchematic view of the setup
• the <100> axis was roughly aligned to 

the beam direction

Fiber Optic plate 

the beam direction
• each combination of θ and φ angles and 
a beam profile at the FOS plate was recorded

p p
with a Scintillator (FOS)

thickness of Si 
t l 16crystal: 16μm

beam profilebeam profilebeam profilebeam profile
150-MeV electron beam150-MeV electron beam direction of

<100> axis
direction of
<100> axis

e–

φφ
2.3 m2.3 m

12

θ



Experimental setupExperimental setup
extraction line

thickness of 
crystal: 16μmy μ

QM3

vacuum: 1.0x10-7 torr

QM3: quadruple magnet to change 
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beam divergence at the crystal position



SetupSetup

Goniometer

Phosphor

+mirror

IIT & CCD

Si crystal

Beam
Beam
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Data Acquisition systemData Acquisition system

The procedure of grabbing
pictures and moving
two goniometers
was synchronizedwas synchronized 
with the beam gate.

Pictures were taken only 
when electron beam hit 
the FOS platethe FOS plate.
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Experiment: beam divergenceExperiment: beam divergence

(it was estimated from the measurements and calculations of the optics of the beam line)

Beam divergence as a function of QM3 current
(it was estimated from the measurements and calculations of the optics of the beam line)
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Vertical angle dependence of the profile is changing in a range from 2.0 A to 2.6 A

current of QM3 magnet, (A)current of QM3 magnet, (A)
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Lindhard angle for <100> axis of Si crystal: 0.7 mrad
Beam divergence > Lindhard angle



Beam profilesBeam profiles
QM3: 2.0 A, θ = 0, φ = -1.5 mrad
Beam divergence: 3 0 mrad

QM3: 2.6 A, θ = 0, φ = -1.5 mrad
Beam divergence: 5 2 mradBeam divergence: 3.0 mrad Beam divergence: 5.2 mrad 
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AnalysisAnalysis
Vertical beam divergence: 3.0 mrad
QM3: 2.0 A

Projected beam profile
was fitted with double GaussianQ
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Beam center was determined as 
the weighted average in 2σ region



ResultsResults (1)(1)
Deflection angle = change of the beam center + 2.34 m

Vertical beam divergence: 3.0 mrad  θ=0 mrad  (QM3: 2.0 A)
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ResultsResults (2)(2)

Vertical beam divergence: Vertical beam divergence: 
3.8 mrad (QM3: 2.2 A).
θ = 0 mrad

5.2 mrad (QM3: 2.6 A).
θ = 0 mrad
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ResultsResults (3)(3)
Deflection vs. beam divergenceDeflection vs. beam divergence

The magnitude of the 
deflection, Δ, was determined 
by fitting the plot with 1st
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derivative of Gaussian function
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Larger beam divergence Larger beam divergence Smaller deflectionSmaller deflection



SimulationSimulation
Lindhard string continuous potentialLindhard string continuous potential

a – Thomas-Fermi radius
ρ – distance from <100> axis
d lattice constant it is 5 43 A for Sid – lattice constant, it is 5.43 A for Si
Z1e – charge of incident particle
Z2 – atomic number, 14 for Si
C Lindhard constant Sqrt[3]

Conditions for simulation Conditions for simulation 

C – Lindhard constant Sqrt[3]

• 4th order of Runge-Kutta method

• Without consideration of  single and multiple scattering, channeling radiation 
and crystal imperfectionand crystal imperfection

• To save a computational time the incident angles of particles was limited to the  
twice of  the Lindhard angle

22

• Energy of electrons: 150 MeV

• Thickness of the crystal: 16 μm



Simulation: trajectorySimulation: trajectory
Trajectory of the 150-MeV electrons inside of the Si crystal

<100> axes <100> axes

Initial position : X=-2.5Å,Y=-2.5Å Initial position : X=0Å,Y=-2.5Å
23

p , p ,
X direction = 0.095 mrad
Y direction = 0.09 mrad

X direction = 0.1 mrad
Y direction = 0.01 mrad



SimulationSimulation (1)(1)

Beam divergence: 5.2 mradBeam divergence: 3.0 mrad
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Larger beam divergence Larger beam divergence Smaller deflectionSmaller deflection



SimulationSimulation (2)(2)
Comparison with experimental data

Beam divergence: 5 2 mradBeam divergence: 3 0 mrad Beam divergence: 5.2 mradBeam divergence: 3.0 mrad
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The tendency of the deflection as a function of the vertical direction of the 
crystal (φ) is same But in quantitative comparison the peak-to-peak

crystal angle φ, (mrad) crystal angle φ, (mrad)
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crystal (φ) is same.  But, in quantitative comparison, the peak to peak 
difference of the deflection angle of the measurement is about 0.4 mrad, 
while it’s around 0.04 mrad for the simulation.



SimulationSimulation (3)(3)

The possible reason of quantitative difference is that in reality the 
electrons which travel in the crystal with angles more than Lindhard 
angle can also be trapped by the potential of the crystal while theangle can also be trapped by the potential of the crystal, while the 
simulation cannot take into account the processes for particles with 
the large beam divergence. 

Simulation which includes all physical processes should be 
performed.

26



Summary on REFER experimentSummary on REFER experiment

• Deflected 150-MeV electron beam by using <100> axis was clearly 
detected in this experiment.

• It showed clear evidence of ability to use crystals for handling y y g
negatively charged particles.

• The beam deflection as a function of the beam divergence was• The beam deflection as a function of the beam divergence was 
systematically investigated. Such technique can be used to 
determine the beam divergence.

• Simulation of this experiment was performed as well. Comparison of 
the experimental data with simulation showed:the experimental data with simulation showed:

– qualitative agreements

– quantitative comparison showed difference – additional

27

quantitative comparison showed difference additional 
simulation which includes all physical processes should be done.



Experiment on proton beam deflection Experiment on proton beam deflection 
(Proton Synchrotron, KEK)(Proton Synchrotron, KEK)
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Experiment at KEKExperiment at KEK--PSPS

Experiment was done in EP2 line
North
counter 
hall

EP2 line

hall

12 GeV 
Proton Synchrotron East counter hall
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Schematic drawing of the experimentSchematic drawing of the experiment
Top view

CsI plate
(5 x 2.5 cm)CrystalCrystal

Deflection
angle
Deflection
angle

FlFl

(5 x 2.5 cm)

Deflected beamDeflected beam

yy

Fluorescence 
plate (10 x 10 cm)
Fluorescence 
plate (10 x 10 cm)

Main beamMain beam

GoniometerGoniometer

Bent crystalBent crystal
Main beamMain beam

12 G V
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12 GeV
protons



Experimental setupExperimental setup

Fl l t

Crystal CsI plate

Fluorescence plate

Fluorescence
l t

y
pp CsI plate plates

Goniometer ±θo 
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±20 cm



Crystal, proton beamCrystal, proton beam
Parameters of crystalParameters of crystal

Material: Silicon
Size: 3 x 0.3 x 10 mm
Bending angle:  ~ 32.6 mrad
Plane: (111)
Lindhard angle: 0 051 mradLindhard angle: 0.051 mrad

15mm

Parameters of the proton beamParameters of the proton beam

b di

Energy: 12 GeV

Intensity: 1012 protons/spill

15mm

bending
angle, 
32.6 mrad

Intensity:  10 protons/spill

Size: 15 x 12 mm

Divergence: < 5 mrad 12
m

m
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Data Acquisition systemData Acquisition system

The procedure of grabbing
pictures and movement 
of goniometers
was synchronizedwas synchronized 
with the beam gate.

Pictures were taken only 
when electron beam hit 
the Fluorescent platethe Fluorescent plate.
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Typical picturesTypical pictures
image after 

background subtraction

raw image

background subtraction

raw image

Deflected beam

CsI plate fluorescence 
plate

Primary beam f ff fPrimary beam •• intensity of deflected beamintensity of deflected beam
•• bending anglebending angle

t l ffi it l ffi i

34

•• crystal efficiency crystal efficiency 



Results Results (1)(1)
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dependence agreed with the estimations dependence agreed with the estimations 



Results Results (2)(2)
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main beam 1012 1012 pps  ~ 107 pps of deflected beam1012 pps  ~ 107 pps of deflected beam



Theoretical crystal efficiencyTheoretical crystal efficiency

Crystal efficiency

To understand the results of the experiment, the crystal efficiency was calculated

AS – probability of the particle being captured into the

Crystal efficiency

AS probability of the particle being captured into the 
channelling mode for the straight crystal

AB – reduction factor in case of bent crystal
L length of the crystalLcrystal – length of the crystal
Ld

bent – dechanneling length for the bent crystal

I ionization potentialI – ionization potential
γ – Lorentz factor
Rc – critical radius1

R – radius of the bent crystal
β – velocity of the particle in 
terms of the speed of light

37Theoretical crystal efficiency is 21%Theoretical crystal efficiency is 21%



Experimental crystal efficiencyExperimental crystal efficiency

N deflected = Crystal Efficiency xN deflected = Crystal Efficiency x
Incident particles within critical 
(Lindhard) angle to N deflected   Crystal Efficiency x

Angular Efficiency  x

N deflected   Crystal Efficiency x

Angular Efficiency  x

( ) g
the crystallographic plane.

N incident upon 
the crystal.

N incident upon 
the crystal.

only small part 
of all protons 
hits crystal,
th t i 0 3%that is 0.3%

N deflected includes unknown N deflected includes unknown 
difference of responsedifference of response

N incident upon the crystal = 3x109

difference of response difference of response 
between the CsI and fluorescence between the CsI and fluorescence 
plates   = X 4x10plates   = X 4x107 7 pps (?)pps (?)

B di d li ti f t d dB di d li ti f t d d
38

Beam divergence and normalization factor are needed
to be known to find Crystal Efficiency 
Beam divergence and normalization factor are needed
to be known to find Crystal Efficiency 



Simulation: CATCH codeSimulation: CATCH code
The CATCH code is widely used for the tracking of positive particles through 
the crystal.

Lindhard planar continuous potentialLindhard planar continuous potential

a – Thomas-Fermi radius
ρ distance from (111) planeρ – distance from (111) plane
dpl – distance between the planes (2.35 A for (111) planes)
Z1e – charge of incident particle
Z – atomic number of crystal material (14 for Si)

Conditions for simulationConditions for simulation

Z2 – atomic number of crystal material (14 for Si)
C – Lindhard constant Sqrt[3]

Conditions for simulationConditions for simulation
• single and multiple scattering of the protons on electrons and nuclei are 

included,

39

• such crystal imperfections as roughness of the surface and possible amorphous 
layer were taken into account.



SimulationSimulation

Initial parameters

picture at the distance 145 cm from the crystal

Initial parameters

Beam

Energy: 12 GeVEnergy: 12 GeV

Size: 15 x 12 mm

Divergence: 0.3 - 5 mradg

Crystal

103 108

Crystal

Size: 3 x 0.3 x 10 mm

Bending angle:  ~ 32.6 mrad
~103 108

deflected initial
Plane: (111)

40
108 pps  ~ 103 deflected pps108 pps  ~ 103 deflected pps



Simulation vs. Experimental dataSimulation vs. Experimental data (1)(1)

8.0x107 8.0x107

5 mrad 0.5 mrad

4.0x107

6.0x107

4.0x107

6.0x107

0.0

2.0x107

0.0

2.0x107

-0.8 -0.4 0.0 0.4 0.8
0.0

-0.8 -0.4 0.0 0.4 0.8

8.0x1078.0x107

1 mrad 0.3 mrad

4.0x107

6.0x107

4.0x107

6.0x107

0 0

2.0x107

0 0

2.0x107
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Simulation vs. Experimental dataSimulation vs. Experimental data (2)(2)

Searching of Searching of χχ22 minimumminimum

, (
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n – number of data
p – number of adjustable parameters

be
am
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iv

p number of adjustable parameters 
(=2)
yi

exp – i-th experimental vaue
yi

sim – data from the simulation
1/ 2 i ht f h i t l bωi =1/σi

2 – weight of each experimental 
point, where σi is a standard deviation

normalization factor for d b intensity

Beam divergence found to be 0.6 mrad,Beam divergence found to be 0.6 mrad,

normalization factor for d.b. intensity
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g
and the normalization for deflected beam intensity 1/0.93

g
and the normalization for deflected beam intensity 1/0.93



Simulation vs. Experimental dataSimulation vs. Experimental data (3)(3)

Experimental intensity of the deflected beam compared with the best 
fitted simulation for the beam divergence of 0.6 mrad andfitted simulation for the beam divergence of 0.6 mrad and 
normalization factor for the d. b. intensity of 1/0.93.
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angle between crystal and beam axis, (mrad)



Simulation vs. Experimental dataSimulation vs. Experimental data (4)(4)

Position of the deflected beam at the distance 145 cm 
from the crystal compared with the simulationfrom the crystal compared with the simulation.
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Crystal efficiencyCrystal efficiency
Using both experimental data and the results of 
simulation

N deflected = Crystal Efficiency xN deflected = Crystal Efficiency x

simulation

N deflected   Crystal Efficiency x

Angular Efficiency x

N deflected   Crystal Efficiency x

Angular Efficiency x

N incident upon 
the crystal.

N incident upon 
the crystal.

Crystal Efficiency was 23%Crystal Efficiency was 23%
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Estimated theoretical value was 21%Estimated theoretical value was 21%



Summary on KEKSummary on KEK--PS experimentPS experiment

• Experiment on the deflection of proton beam by the bentExperiment on the deflection of proton beam by the bent 
crystal was successfully done – we could clearly observe
deflected beamdeflected beam.

• A Monte-Carlo simulation was used to find the beam 
divergence and normalization factor.

• Using results of simulation and experimental data ag p
deflection efficiency was found to be 23% which is consistent 
with the theoretical estimation of 21%with the theoretical estimation of 21%.
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Possible applications forPossible applications for
ILC, JILC, J--PARC, and REFERPARC, and REFER
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ILCILC
Creation of system to remove beam tails Creation of system to remove beam tails 

Spoiler copper 8 6 mm thick (0 6X ) X is the radiation lengthSpoiler – copper       8.6 mm thick  (0.6X0)           X0 is the radiation length
Absorber – copper    4.3 m thick  (30X0)
Bent crystal – silicon 2 mm thick (0.02X0) 
Deflection efficiency for the 2 mm Si crystal which is bent at 0.1 mrad
and 250-GeV positrons is 80%

deflected tails can be localizeddeflected tails can be localized
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JJ--PARC (Japan Proton Accelerator Complex)PARC (Japan Proton Accelerator Complex)
50 GeV proton beam with the intensity of 1050 GeV proton beam with the intensity of 101414 protons per secondprotons per second

Benefits of using crystals in aBenefits of using crystals in aBenefits of using crystals in a Benefits of using crystals in a 
deflection device for Jdeflection device for J--PARCPARC
•• smaller beam profile (few smaller beam profile (few 

22) d itt) d ittmmmm22) and emittance) and emittance
compare with the compare with the 
conventional extraction conventional extraction 
systemssystemssystems,systems,

•• smaller beam losses.smaller beam losses.
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REFER ringREFER ring

Creation of the system Creation of the system 
to e tract 150to e tract 150 MeVMeVto extract 150to extract 150--MeV MeV 
electron beam electron beam 

R l l i iReplace aluminium energy 
degrader by the crystal will 
reduce energy losses and 
increase the intensity ofincrease the intensity of 
extracted beam.

- - - - extraction trajectory of 
the electron beam.
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Future experimentsFuture experiments
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KEKKEK--ATFATF
Basic studies for development of beam collimation system 
for ILC at KEK ATFfor ILC at KEK-ATF 
beam divergence angle  <  Lindhard angle (0.24 mrad)

Plan: 

1.  experiments on the electron beam deflection 
using straight crystal

2.  experiments on the beam separation 
with a bent crystal

3. basic studies on the beam collimation
4.  test at the ATF2 extraction line in future

52



KEKKEK--ATF/ATF2 layoutATF/ATF2 layout
ATF2 beam line 

test for deflectionBeam energy : 1.28 GeV1.28 GeV
Low EmittanceLow Emittance X: 1x10-9 rad m

53

and collimationLow EmittanceLow Emittance X: 1x10 rad m
Y: 1x10-12 rad m



Proposed setupProposed setup

1 mm1 3 d
1.28 GeV 
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1 mm

75 cm

1.3 mrad

crystal

electrons



Crystals for KEKCrystals for KEK--ATF experimentATF experiment
Dechanneling length 44 um 

1. System of crystals

2 Anticlastic angle2. Anticlastic angle

55



JJ--PARC experimentPARC experiment

• 30 GeV proton beamp

• Deflection angle 1o

• (111) plane of silicon crystal• (111) plane of silicon crystal
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Crystal for JCrystal for J--PARC experimentPARC experiment

17 45 mrad deflected Conventional bending device
17.45 mrad beam

crystal

57

incident 
beam



SummarySummary
In some cases the crystal can be good replacement for the conventional 
deflection systems However possible radiation and heating damages of

F th ILC d REFER i li ti dditi l i ti ti

deflection systems. However possible radiation and heating damages of 
the crystal should be study beforehand.

For the ILC and REFER ring applications, additional investigations are 
needed:
• an experiment on the channeling of ultra low emittance electron beam• an experiment on the channeling of ultra-low emittance electron beam

will be performed at the KEK-ATF,
• if above experiment will be successful, an experiment at ATF2 will bep , p

proposed.

As for the proton beam:As for the proton beam:
• investigations of the possible thermal and radiation damages have to be done,
• collaboration with the Fermilab on the experiments with the proton beam,
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• experiments with the low energy proton beam will be performed at the J-PARC.



Thank you!Thank you!
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