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Introduction (channelling effect)

crystallographic plane atoms of crystal

crystal's axis

positive particles -2 planar channeling
negative particles - axial channeling

O < critical (Lindhard) angle -> channeling effect
0 > critical (Lindhard) angle -> no channeling effect



Introduction (beam steering)

* Deflection of POSITIVE particles by BENT crystal
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Introduction (beam steering)

* Deflection of POSITIVE particles by BENT crystal using
volume reflection




Motivation

To develop techniques of beam handling systems using crystals
 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
« 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
Electron Facility for Education and Research) at HU



Experiment on electron beam deflection
(REFER ring, Hiroshima University)



REFER ring @ Hiroshima University

REFER (Relativistic Electron
Facility for Education
and Research)

150-MeV electron bea
injection line

beam extraction line

beam intensity: 1x104 s



REFER ring @ Hiroshima University
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Extraction line
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Schematic view of the setup

* the <100> axis was roughly aligned to
the beam direction

« each combination of 6 and ¢ angles and
a beam profile at the FOS plate was recorded

Fiber Optic plate
with a Scintillator (FOS)

thickness of Si
crystal: 16um

beam profile
150-MeV electron beam direction of

<100> axis
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Experimental setup

electron beam

=

1 6. 5cm

i
|

thickness of
crystal: 16um

1 80cm

MI

1 [ 1
mirror, phosphor Si stal

<____ > lens

Elmasu intensifier
+
GCD camera

e |

to vacuum pump
vacuum: 1.0x107 torr

extraction line

QMa3: quadruple magnet to change
beam divergence at the crystal position
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Data Acquisition system

The procedure of grabbing

pictures and moving o
. camera
two goniometers -

was synchronized
with the beam gate.

.

Pictures were taken only nnn

motor controller
module
crate controller

when electron beam hit pulse
generator frame CAMAC
7'y grabber interface
the FOS plate.
delay
'y motor control,
{ | taking picture and H
simple analysing D
beam gate software D
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Experiment: beam divergence

Beam divergence as a function of QM3 current

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

horizontal vertical
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current of QM3 magnet, (A) current of QM3 magnet, (A)

Vertical angle dependence of the profile is changing in a range from 2.0 Ato 2.6 A

Lindhard angle for <100> axis of Si crystal: 0.7 mrad

Beam divergence > Lindhard angle
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Beam profiles

QM3: 2.0A,6=0, ¢ =-1.5mrad QM3: 2.6 A,6=0, ¢ =-1.5 mrad
Beam divergence: 3.0 mrad Beam divergence: 5.2 mrad
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Analysis

Vertical beam divergence: 3.0 mrad

QM3: 2.0 A

Projected beam profile

was fitted with double Gaussian

82.5

projection

50.0

37.5

Beam center was determined as
the weighted average in 26 region

25.0

125

0.0

vertical projection, (mm)
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Results (1)

Deflection angle = change of the beam center + 2.34 m

Vertical beam divergence: 3.0 mrad 6=0 mrad (QM3: 2.0 A)
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Results

(2)

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

0 = 0 mrad
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Vertical beam divergence:
5.2 mrad (QM3: 2.6 A).
6 = 0 mrad
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Results (3)

Deflection vs. beam divergence

-
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The magnitude of the
deflection, A, was determined
by fitting the plot with 1st
derivative of Gaussian function
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Simulation

Lindhard string continuous potential

a — Thomas-Fermi radius
»711/2  p — distance from <100> axis
1+ (C f) d — lattice constant, itis 5.43 A for Si
P

Z,e — charge of incident particle
Conditions for simulation

D7 T
Uiz (p) = sz( In

Z, — atomic number, 14 for Si
C - Lindhard constant Sqrt[3]

« 4t order of Runge-Kutta method

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

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

* Energy of electrons: 150 MeV

* Thickness of the crystal: 16 um -



Simulation: trajectory

Trajectory of the 150-MeV electrons inside of the Si crystal

A . o o o o o o A N
~ <100> axes | - <100> axes
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-10 0 10 20 A 4 A
Initial position : X=-2.5A,Y=-2.5A Initial position : X=04A,Y=-2.54
X direction = 0.1 mrad X direction = 0.095 mrad
Y direction = 0.01 mrad Y direction = 0.09 mrad
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Simulation

(1)
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Simulation

(2)

)

deflection angle, (mrad

Comparison with experimental data

Beam divergence: 3.0 mrad

Beam divergence: 5.2 mrad
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The tendency of the deflection as a function of the vertical direction of the
crystal (¢) 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.
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Simulation (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 the
simulation cannot take into account the processes for particles with
the large beam divergence.

Simulation which includes all physical processes should be
performed.
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Summary 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
negatively charged particles.

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:

— qualitative agreements

— quantitative comparison showed difference — additional
simulation which includes all physical processes should be done.
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Experiment on proton beam deflection
(Proton Synchrotron, KEK)
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Experiment at KEK-PS

EP2 line
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Schematic drawing of the experiment

Top view

Deflection
ang|e Csl plate

Fluorescence
plate (10 x 10 cm)

Deflected beam

!\/loin han

™mm
vidill voudililii

Bent crystal

" 'Gomometer

12 GeV
protons
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Experimental setup

Fluorescence plate

Fluorescence

Crystal Cslplate  plates




Crystal, proton beam

Parameters of crystal

Material: Silicon

Size: 3x0.3x10 mm
Bending angle: ~ 32.6 mrad
Plane: (111)

Lindhard angle: 0.051 mrad

bending
angle,
32.6 mrad

[T
T
o — e, o

Parameters of the proton beam

15mm
< >

Energy: 12 GeV
Intensity: 1072 protons/spill
Size: 15 x 12 mm

Divergence: < 5 mrad




Data Acquisition system

The procedure of grabbing

pictures and movement
of goniometers

was synchronized

with the beam gate.

.

Pictures were taken only
when electron beam hit
the Fluorescent plate.

upstream and

downstream
cameras

goniometer

with a crystal
motorized
up-down stage
motorized
horizontal stage

camera selector

motor controller
module
crate controller

U
pulse

generator

i

delay

1

beam gate

CAMAC
interface
board

H
D
D

frame
grabber
CT3000

motor control,
taking picture and
simple analysing

software
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Typical pictures

image after
background subtraction

raw image

Csl plate fluorescence /

plate
Deflected beam

Ry eam - intensity of deflected beam

* bending angle
* crystal efficiency
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Results (1)
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angle between crystal and beam axis,
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W

dependence agreed with the estimations
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x107 T

intensity of deflected beam, (pps)
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angle between crystal and beam axis,
(mrad)

102 pps = ~ 107 pps of deflected beam
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Theoretical crystal efficiency

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

Crystal efficiency = Aq Az exp | — Lcﬁfffl
L d
Ac — probability of the particle being captured into the
channelling mode for the straight crystal
Ag;  — reduction factor in case of bent crystal

Leysar — lENGth of the crystal
L, — dechanneling length for the bent crystal

. | — ionization potential
256 e ady vy — Lorentz factor

Ld — ’
O In 2mec?y/I] =1 Zy remec®’ R critical radius

R ) 2 R - radius of the bent crystal
3)

Lgem — k4 (1 ... B — velocity of the particle in

R terms of the speed of light
Theoretical crystal efficiency is 21%
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Experimental crystal efficiency

(Lindhard) angle to

N deflected = Crystal Efficiency x
) ) the crystallographic plane.

) Incident particles within critical

]

Angular Efficiency e

ly small part
Il protons
crystal,

at is 0.3%

N incident upon
the crystal~—L__

N deflected includes unknown \ N incide e crystal = 3x10°

raYd/aYaVYaTaY f\‘ WA AWM

diﬁ:cl CIILT Ul | UDIJUI 19C
between the Csl and fluorescence
plates =X 4x107 pps (?)

Beam divergence and normalization factor are needed

to be known to find Crystal Efficiency ”



Simulation: CATCH code

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

Lindhard planar continuous potential

Ui o) = ZWNdnglZQGQ {\/pQ 4+ (C2q? — p}

a — Thomas-Fermi radius
p — distance from (111) plane

d, - distance between the planes (2.35 A for (111) planes)
Z,e — charge of incident particle
Z, — atomic number of crystal material (14 for Si)

C - Lindhard constant Sqrt[3]

Conditions for simulation

+ single and multiple scattering of the protons on electrons and nuclei are
included,
 such crystal imperfections as roughness of the surface and possible amorphous

layer were taken into account.
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Simulation

picture at the distance 145 cm from the crystal

cms

N

o —
=t e -
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f
=

w

_3:_deflected . mgalt.
5 4 3 2 1 0 -1

Initial parameters

Beam

12 GeV
15 x 12 mm

Divergence: 0.3 - 5 mrad

Energy:

Size:

3x0.3x10 mm
~ 32.6 mrad
(111)

Bending angle:

Plane:

108 pps 2> ~ 103 deflected pps
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Simulation vs. Experimental data (1)

8.0x10" 8.0x10"
} 5 mrad } 0.5 mrad
6.0x10" 6.0x10"
4.0x10"+ : t i ! } 4.0x10"1 . -i.ﬁ ; 2 .}.
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8.0x10" 8.0x10" .
1 mrad 0.3 mrad
6.0x10" 6.0x10"
4.0x10" 1 ; ¢ ; : } 4.0x10" 1 ‘% ) % ¢ }
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Simulation vs. Experimental data (2)

Searching of ¥? minimum

y;®® — i-th experimental vaue

y;S™— data from the simulation

w =1/c;? — weight of each experimental
point, where ¢;is a standard deviation 0.5

: 23
0.55 2% = :

—

=

15 Ui LT |
1/0.7 1/0.8 1/0.89 11.0 111 1/1.2
normalization factor for d.b. intensity

—~ 0.3
o
1 2
2 erp 511\ 2 0.75
X = E wi(i%’ —y;") E
L S @ 2524
L o 0.7 -_-25
c
n — number of data qg’, 0.65
p — number of adjustable parameters o
(=2) T 06l
=
®
O
Pe!

Beam divergence found to be 0.6 mrad,
and the normalization for deflected beam intensity 1/0.93
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Simulation vs. Experimental data (3)

Experimental intensity of the deflected beam compared with the best
fitted simulation for the beam divergence of 0.6 mrad and
normalization factor for the d. b. intensity of 1/0.93.

I,ppf' 1 T T o — simulation
x10 : : : 5 5 e — experiment

——

R ER RS

.04 -02 00 02 04
angle between crystal and beam axis, (mrad)

intensity of deflected beam
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Simulation vs. Experimental data (4)

Position of the deflected beam at the distance 145 cm
from the crystal compared with the simulation.

o o — simulation

£ i
e — experiment

£ 1.0 oo To)

Lt

04 02 00 02 04
angle between crystal and beam axis, (mrad)

relative position of deflected
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Crystal efficiency

Using both experimental data and the results of
simulation

N deflected = Crystal Efficiency x

Angular Efficiency x

N incident upon
the crystal.

.

Crystal Efficiency was 23%

Estimated theoretical value was 21%
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Summary on KEK-PS experiment

« Experiment on the deflection of proton beam by the bent
crystal was successfully done — we could clearly observe
deflected beam.

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

 Using results of simulation and experimental data a
deflection efficiency was found to be 23% which is consistent
with the theoretical estimation of 21%.
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Possible applications for
ILC, J-PARC, and REFER
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ILC

Creation of system to remove beam tails

Spoiler — copper 8.6 mm thick (0.6X,) X, istheradiation length
Absorber — copper 4.3 m thick (30Xy)

Bent crystal — silicon 2 mm thick  (0.02X,)

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 localized

|@

absorber
=

-l
venterysars = [
ent crystals
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J-PARC (Japan Proton Accelerator Complex)

50 GeV proton beam with the intensity of 10'# protons per second

i i I Nuclear and Particle
Benefits of using crystals in a Physics Facillty

deflection device for J-PARC 3GeV Proton

Synchrot

» smaller beam profile (few YREOT
mm?) and emittance

compare with the !

conventional extraction Linac 50GeV Pr
systems, nchrotron
 smaller beam losses. om 500m
]

T I} [1] ] 1] 1]

Switching Yard

50 GeV Synchrotron

Nuclear & Particle Experimental Hall
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REFER ring

Creation of the system
to extract 150-MeV
electron beam

Replace aluminium energy
degrader by the crystal will
reduce energy losses and
increase the intensity of
extracted beam.

- - - - extraction trajectory of

the electron beam.

aluminium

degrader
injection [ E
septum 150 MeV REFER rin |
g .
magnet ‘ ffi :,' 13.7 m circumference ! Il el
kT kicker __ [ i1
/
?z% . extraction Magnel i

‘r i

injection
line
s line
!
Sh
st OM
<% 188 magnet
Vi ¥
1'-__-:__}_,/
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Future experiments
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KEK-ATF

Basic studies for development of beam collimation system
for 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
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KEK-ATF/ATF2 layout

ATF2 beam line
~— SN ——

Pl ™ =
— I —
E— ﬁ.* N N

B_o8 0o al E B8 O B8 1
; Wipigh '."I'.
e
O S — p——
g p— e Ry T T

|'|l i
S-band Linac Ben /
. . ) _ TR T IR Transport
High Energy Accelerators Research Organization (KEK) Damping Ring 1/ e ¥ opmm ™

Beam energy : 1.28 GeV
Low Emittance X: 1x10° rad m
Y: 1x10- 72 rad m

test for deflection
and collimation
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Proposed setup

Target chamber Fluorescence

plate
\ b 24

ATF
extraction
line

Vagéjum: ;
10 © Torr: 2nd chamber

| N\ 1160

Another fluorescence plate

1.28 GeV 1
electrons 1.3 mrad mm

crystal 75 cm 54




Crystals for KEK-ATF experiment

Dechanneling length 44 um

Deflection
Angl
1. System of crystals 1.3 rr?gag 1
@ o
A 3
A 3
1 R
@ incident

— electrons

2. Anticlastic angle
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J-PARC experiment

1 1} [

AW
Switching Yard ®
50 GeV¥ Synehrotron

MNuclear & Particle Experimental Hall

DE, ..
* 30 GeV proton beam 30

* Deflection angle 1° 20:
* (111) plane of silicon crystal *°

o 5 0 15 20 25 30
Length of the crystal, mm
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Crystal for J-PARC experiment

Conventional bending device

0.
................. '
. ................
............ ‘é
crystal

17.45 mrad

deflected
beam

incident

beam -



Summary

In some cases the crystal can be good replacement for the conventional
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

will be performed at the KEK-ATF,
« if above experiment will be successful, an experiment at ATF2 will be
proposed.

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,

» experiments with the low energy proton beam will be performed at the J-PARC.
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Thank youl!



A

18 20 22 24 26 28 30 32 34 36

18 20 22 24 26 28 30 32 34 36

A

60



Vertical beam envelope [m] versus distance [m]
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(111) planes
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