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A foreword

Bent crystals, plasma, and dielectric
structures can be very powerful deflection
media

* Q LHC crystals impart 50 urad bending
angle

« At LHC top energy (7 TeV), along the
4-mm length, this corresponds to an
equivalent magnetic field of ~290 Tesla!

 Dielectric and plasma structures driven by
laser can be utilized for fast extraction of
closely located bunches

V.M. Biryukov et al., Crystal Channeling and Its
Application at High-Energy Accelerators (1997)
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Crystal Channeling Physics
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An historical overview

In a 1912 speculative paper, J. Stark (a Nobel laureate) made the hypothesis that particles
parallel to crystal channels would pass with a high chance of deep penetration, i.e. they have
a reduced probability to lose energy by ionization and to make nuclear interactions.

In the 1960s, experiments observed abnormally large ranges of ions in crystals. The
orientational effects for charged particles traversing crystals were found for a number of
processes requiring a small impact parameter in a particle-atom collision: nuclear reactions,
large-angle scattering, energy loss, and so on.

J. Lindhard gave the first theoretical interpretation, showing that channeling is due to
coherent interactions of charged particles having a small incident angle with respect to the
crystallographic axis (or plane).

In 1976, A.D. Tsyganov proposed to bend a crystal to deflect high energy beam particles.
Later experiments carried out at JINR, FNAL and CERN confirmed this idea.
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Diamond Crystal structure (C, Si, Ge, W)

Crystalline Lattice

Silicon ingots are widely used in beam manipulation
applications because highly available on the
semiconductor market:

= cheap and with low impurity and defects.
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Crystalline planes

[1 1 0] Plane in Vesta
(nuclear densities)

Material Plane d, [A]

Si (110)  1.92

111)L 235

(111)S  0.78

Ge (110) 2.0

(111)L 245

(111)S  0.81

W 100)  1.58

(111) Seen from [1 -1 0] Eno; 2.24
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Crystalline plane potential

Two adjacent planes form a channel.

The width and height of the potential depend
on the material and the plane orientation.
Lindhard: “In the hypothesis of low impact angle,

the potential generated by the crystalline plane (110) w (111)

can be approximated by a continuous potential.” -

25

20.CO
< 30
> < 20
] >
:—:; ~—15.00 \q-’/
>
25 9 D 15
) ) > 1000
/ The maximum height i
20 depends on the vibration sco
of the lattice, i.e. on the 5
15 temperature. - .
=125 -075 -0.25 0.25 ¥ ; -2.30 -1.30 -0.30 0.70 1.70
a) x (A) b) x(A)
10 Material Plane d, [A] Uz [eV]
Si (110) 1.92 16
5 (11HL 235 19
(111)s  0.78 4.2
Ge (110) 2.00 27
0 (11 L 245 30
-1.10 -0.90 -0.70 -0.50 -0.30 -0.10
X(A) (111ys 081 7.2
. w (100) 1.58 63
Crystalline plane (110) 224 105
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Crystal Planar Channeling

Channeling condition is defined from the particle
transverse momentum and the electrostatic potential
generated by the atoms of the crystalline structure
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. 2Umax

[ p_l?
Energy 0.
500 MeV  282.8 urad
120 GeV  18.3 prad
180 GeV  18.0 prad
270GeV  12.2nrad
400 GeV  10.0prad
450 GeV 9.4 prad
6.5 TeV 2.5 prad
7TeV 2.4 prad
50 TeV 0.9 prad




Crystal Planar Channeling

A solution of the equation of motion (in the approx. of harmonic oscillator) shows that channeled
particles oscillate with a wavelength proportional to their energy between crystal planes.

dyp

Xr

11/23/2022
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\/Esin(

2T 2

A

+0)

A= mdy [
2U max

Energy 0. A
500 MeV 282.8urad 2.1pm
120GeV  18.3prad 33.0pum
180 GeV  18.0prad 40.5pum
270 GeV  12.2prad  49.6 pm
400GeV  10.0prad  60.3 pm
450GeV  94urad 64.0pum
6.5 TeV 2.5prad  0.24mm
7TeV 24prad  0.25 mm
50 TeV 0.9urad 0.67mm
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Channeling in Bent Crystals

The particles are trapped in the channel, hence If a curvature is given to the
lattice the particles direction will be modified by 6, = |/R

T / The bending induces a centrifugal term that deforms the straight
\ potential with an additional term depending on both the crystal
AN

curvature and the particles energy:

W NN
| \ d2 U(Qf)
T U
pv—: +U'(z) + = =0
/ 2
R // dz R -
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Beam manipulation with bent crystal

© 5200~ y .
g g - ) ‘ Beam divergence ~ 10 prad 10°
Two coherent effects could be used he N NS = ~
for beam deflection in particle L2 e i 2. Channeling :
g = P= <85 % .
accelerators: 2 L _ i
* Channeling — larger deflection with smaller % I 12
" S 100" ke, et : ]
efficiency and smaller angular acceptance § B o O 5 \/olume :
* Volume Reflection (VR) — smaller deflection with o | #3° SRS IN  Capture -
larger efficiency and larger angular acceptance - 507~ bt wme o .
3. Dechanneling = 10
0 6. Amorphous
1. Amorphous ;
%o 1

200
6y [urad]

4. Volume Reflection Crystal orientation

W. Scandale et al, PRL 98, 154801 (2007) P =98 9%
W. Scandale et al., Nucl. Inst. and Methods B 268 (2010) 2655-2659
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Coherent effects in bent crystals

Single pass
measurements with 400
GeV protons.

Strip crystal (110) with a
bending of 144 urad.

200~

X

—_
N
o

100

(1) & (6) amorphous
(2) channeling

(3) dechanneling

(4) volume reflection
(5) Volume capture

Horizontal Deflection A8, [urad]

or
o
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Planar channeling (CH)

W bent crystal

%

U(z)

Ub

max

\

Dechanneling (DC)

dechanneling

U(z)

interaction and
transverse momentum increase

" Tmin X

Volume Reflection (VR)

Reflection

Particles oscillate in relatively empty space
Large deflection
~ 70-80% efficiency

Reduces with particles pv

Larger probability for particles oscillating
close to crystalline planes

Particles obtain a deflections < 6,

Deflection in opposite direction to CH

~ 1.5 6, (i.e. function of pv)

Same MCS effects (RMS same as
amorphous)

Higher nuclear density at the reflection point
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Critical Radius

The asymmetry of the planar potential increase with the particles
energy and decrease with the radius of curvature (R)

E. Bagli et al., Steering efficiency of a ultrarelativistic proton beam in a thin
bent crystal, Eur. Phys. J. C, 74 (1) (2014), pp. 1-7

K “\ pv/R=2Gev 100

40.00

30.00

:,' / ° pv/R=1GeV Eu

=]

Ueff (eV)
S
8
Efficiency [%]
(4 T = » TN |
=

0
10.00
40
0.00 = = Monte Carlo
20 — - Semi analytical
—— Analytical
~10.00 10 —— Experiment
=125 =075 025 025 075 1.5 . | T T
x (A) 5 10 15 20 25 30 35 40
Acritical radius (R.) can be defined: The channeling efficiency is a function of
R L PULmax b RC the ratio R/R,
U => O.=0.(1——
max R
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Bent Crystal applications
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Standard collimation system in LHC

Stored energy in the machine: To protect the superconductive magnets from energy
. LHC design: 360 MJ deposition induced by lost particles
Superconducting magnets (T = 1.9 K) Collimation SyStem Is needed!
* quenchlimit ~15-50mJ/cm? n = 10 is the actual performance in LHC
Cold Aperture Warm Aperture Colld Aierture
T s R e s - Halo cleaning: reduce the
Secondary Halo | risk of magnet quenches
——————————————————————— -—— > _
Insertion Arc Interaction . Concentration of
Point losses/activation in
controlled areas

Protection Secondary Absorbers Tertiary Bottleneks
Devices Collimators Collimators

The cleaning inefficiency

Multi-stage system with ~50 collimators per beam _ _
with ions drops to 10!
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Crystal-based collimation system

e d AMorphous (0.6 m of C) :

« Cleaning upgrade required to prevent quenches in DS magnets at IR7 Crystal

- 11T dipoles not available for TCLD cleaning _)(4 . ?%»

« New baseline Nov 2020 using TCPC crystal collimators for ion runs
\ 6, ~ 50 prad

Cold Aperture Warm Aperture ] Cold Aperture
p— - _——

>
—— Secondary Halo + Dechanneling
Primary Halo
T e —>»>
Circulating Beam Insertion Arc Interaction
_ .
—_ | Point
Protection Bent Massive Tertiary Bottleneks
Devices Crystal Absorbers Collimators

Operational only for ion-runs (HL-LHC protons runs would require additional absorbers)
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Channeling Assessment in Circular Machines

Warm Aperture

Channeled

BLm local losses
VS
.............. / o crystal rotational
orientation

Angular Scan

Secondary Halo + Dechanneling

v

—— Experimental Data

Z200/ 2.00 ] ] —+— Simulations
g [ (1) & (6) amorphous First channeling at 6.5 TeV!
= L (2) channeling 1.751
= (3) dechanneling
150 (4) volume reflection 7 %
- (5) Volume capture ] - 1.50 E
i : 5 0
- N =1.25/ | | 3
100— L = @ Z
L ' ot = g l 1‘ L[] \ l‘( d
[ ° < 0,0,;\?’93 .D : — 100 " | I “’ ‘l ‘“’ 9
[~ a% ‘,’?Q; o © .4 %)
OO | e
50— oy 20.75 \ | =
K £ r T
S 0.50- =
\ | e,
. 0.25/ P —— | ) ) 39
4.‘ ,f 'l"‘l"! ‘lew“ v“r”v'mmv m“",m, '\\ % N
, "J) g =
RSN S e P i 0.001 ) o
S e ol 0 e v R SR VO R e , , , ; : , =
5%, 1 ~100 -80 ~60 —40 —20 0 20
oI [urad] Crystal Angle [urad]

Result achieved after 10+ years R&D, thanks also to the UA9 test-bench in the SPS LSS5
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Beam Extraction from SPS

The use of a bent crystal as extraction device was one of the first
application in circular machines (RD22)

http://cds.cern.ch/record/969071

At SPS, during the third-order resonance slow extraction, it is expected that
about 3-4% of extracted particles hit the Electrostatic Septum (ZS) wires
inducing secondary particle showers

Even higher extracted flux (up to 4 x 10° pot/year) required by future Fixed |
Target programs at CERN SPS (i.e. Beam Dump Facility) is a limiting factor g 0.9}
because of the induced radioactivation of the extraction equipment 2 .
5
Crystal-assisted slow extraction is now operational and used to locally ~ o7}

. == SPS- e BLM - Pos = 70.00
shadow the ZS and effectively reduce the losses i

[ == Sim, pos=68.20 mm

&
o

1500 1600 1700 1800 1900
Crystal angle (urad)

F. Velotti et al., Phys. Rev. Accel. Beams 22, 093502
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CERN SY %/ :

11/23/2022 V.Rodin — NanoAc 2022

\\L/ Accelerator Systems



CpFM

Beam Extraction — non resonant e T -

beamlet from
crystal to TED

—
—
=
—

e

— “(extraction bump
not shown)

A bent crystal as an extraction device in a circular /
machine was proven in Russia (currently used at U-70 ,
IHEP) |

SPS

Betatron motion
] not shown to scale
Qy = 26.62

In 2016, it was tested in SPS with the UA9

Bent crystal

M. Fraser et al., arXiv:1707.05151 (2017

infrastructure (goniometers with crystals, absorbers, B N
detectors) in LSS5 + an on-purpose Cherenkov o/ "Iow
detector (CpFM) down the extraction line TT20 LSS5

e ETacwour: | Tacwourt 0 E
Non-local halo extraction from crystal in LSS5 and + § wppamnIe o eI g
particle diffusion from the beam core enhanced by _ g j;
means of the Transverse Adiabatic Damper (ADT, : TACW IN: beam stoppedin £555 | :
random transverse kicks) ° o S E

e
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Double Channeling

In the framework of future fixed target experiment in LHC a double crystal
layout has been proposed to measure magnetic moment precession of
short living particles, thanks to the high equivalent magnetic field generated
by a bent crystal.

TCLA __  TCCS TCCP | | Absorbers

, I = N

ﬁ_fecon = Tertiary B
halo
- - -~ N30, oo S
Circulating D. Mirarchi et at., Eur. Phys. J. C (2020) 80:929
beam
Y H

In this scheme:

MagneticBmomentBbfhanneled@articles?
shouldBprecess in@Bbentkrystal

Seel.G.Baryshevskii,®is’'ma Zh.mTekh.&Fiz.5,2.82F 1979) 2 ndIFHHIP LBE
75702016)26-9.

Figure 1. Spin rotation in a bent crystal

1. Secondary halo deflected by a bent crystal (Target Collimator Crystal Splitting) at larger aperture than TCP, similar to

a LHC crystal for collimation
2. Deflected halo impacts on a target

3. Interaction products channelled by a second bent crystal (Target Collimator Crystal Precession), with a bending

angle in the range of 10-20 mrad
4. Dedicated absorber to intercept deflected halo that did not interact with target
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UA9 Proof of principle in the SPS LSS5 N

10
E 14p
0;_ __‘—‘—_ P—r}magoeeam __ = . . §
e 0 S
= N iy B
IS NI 10 3 @
- = c .
; el £ B
"'E"‘ B v Crystal2 ' R -': 102.§ z
E_zo el Single-channeled / é 5 E
= beam Ei LY © T
x | = £ o <«
L d 1% e N @ QO =
ANl > £ =
-30'_ Doublechanneled  [7] 10 <
E beam N Absorber k)
E Collimator %
40+ {4 « | =
. ot - %
BLM1 BLM2 BLM3  BLMA4 00 ) 4 6 8 10 12 14 1 =
P PRI B R e | | Horizontal Axis [mm]
120 5140 5160 5180 5200 5220 5240 5260
s [m]

Thanks to TimePix’'s (Beam Halo Monitor), the online measurement was easier,
and the double channeling was comfortably achieved during all the 2018 data

SY /(
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Imperial College

London

Crystal validation with beam

The tracker telescope is configured to achieve high angular
accuracy/precision with long upstream and downstream arms

Observables: efficiency, bending angle, crystal torsion and,
possibly also Inelastic Nuclear Interactions

Schematic layout of the telescope installed in H8 (North Area)
upstream downstream

€ dUe|d AX
|eisAid

€ dUe|d AX

7 aueld AN/AX

3
1 T1auedAX
_Illh__- )
:g:
—

1319Woluog

v
[0 Saueld AX
I
1
|
1
v

L $403E|[13U12§ 42881

~0.3m | ~0.4m ~0.2m

90010d 9 LSNIC TTOC e 18 Isatesad N
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Analysis — Crystal Efficiency/Bending angle

The main goal is to measure the channeling .

efficiency of the crystal, as a function of the particles . 7 R

Impact angle. s At
This value gives information about the crystalline SR
lattice that cannot be measured by optical tests. 7 0,
[6in| < B¢
300 = 1 . . .
| - _' N e 174.41 + 0.08 urad P— Gaussuc-?n Channeling Fit
250 - * o=13.43 + 0.10 urad Bl Normalised Data
L n=51.81 % 0.26%
200 A P
—_ ER 10_2-:
E 150 . . .::._
g 100 - e 1
2 :
° s
o e
~100 - - “:"::‘E E_,_' B
150 | ﬁE i;’; v 0 10-4 .
2150 -100  —50 0 X 100 150 -100  -50 0 50 100 150 200 250

Impact angle [urad] Deflection angle [urad]
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EfflClency/RobustneSS of irradiated crystals

Capsule cover

~

o

=]
——

Diameter 26 mm
Length  66mm

650

608 ... e SO G- ot

550

9 samples

B Non-irradiated® # |rradiated®

CapSU Ie base - -~ AveragediNon-irradiated® - - - Averageddrradiated®
508

il 208 210B 220 238 240 258 260 270 2808 298

Sample number

Deflection efficiency %
2
W. Scandale et al 2021 JINST 16 P08015

9 crystal samples (unbent) have been irradiated with 2.5 x 102! neutrons/cm? at SCK-
CEN BR2 reactor (Belgium) in 2018 with a neutron spectrum range meV < E <10 MeV

The crystal samples were tested (bent) before and after the irradiation in the same
conditions

On average, a channeling efficiency reduction of ~ 8% was observed after the
neutron irradiation (equivalent to several LHC operation years)

# Eur. Phys. J. C 79, 933 (2019))

CERN i f(
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Fast extraction (ideas for the future)
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| aser-driven deflection in dielectric structures

E(xyzt)=<El)'sin(wt+(p 1) ﬁ / s
Ay AL AL A

(E,+[FxB),)=0 (E,+[FxB),)=0
(E)~1E,, —>~4GeVim (FL/q)~ By —>~2GeVim
E,(xy.2,t) = | By, wot + Yoz o Radial Focusing Field [MT/m) 4
e <Ezv2> " ) Laser phase, ¢, 2l
Key idea: Introduce phase shift for incident é ; - ] )
driving lasers or tilted grating . { : Ap =0 A =180
E _..‘ TM  Focusing  Vertical Def.
y N p 1 » TE  Horiz. Def.  No Effect
Laser phase, ¢, A

T. Plettner et. al. Photonic-based laser driven electron beam deflection and focusing structures
K. Soong et. al. Grating-Based Deflecting, Focusing, and Diagnostic Dielectric Laser Accelerator Structures
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Laser-driven deflection in dielectric structures

Scheme A and B pulse-front — — i
mt::alrisser —_— ‘ —_— l sections
Scheme C p— —— ——
3' — Deﬂection Field parameter Accelerator Scheme A Scheme B
2 Acceleration o 0 0 0
% Fy1 0 E(z,y, 21t 0
>
FZJ- E(Z’,y, z? t’) 0 E(mryr Z, t)
Acceleration - 0 0 0
E%'ss 0 E{l‘,y, Zy t) 0
Ez,2 E(nyT Zy tj 0 E(xayr Zy t)
P01 — P 0 0 180°
0 50 100 150 200 250 300 350 Scheme A B C Acceleration
Phase in degree
e . . . . Maximum deflection 4 prad 20 prad 34 prad 0.5 prad
W. Kuropka et. al. “Simulation of deflecting structures for dielectric
H ” Deflection plane Unlimaite Lirmte Unhmmte Focusin
laser driven accelerators il pl limited imited nlimited ing
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Strong magnetic fields from laser driven capacitor-
coll target

Proton-

. . . :3::::2.{ deflectometry
Impressive idea from astrophysics - rcr
9ns £ B E?;iffé stack x
« Laser creates plasma discharge after interaction AN 2 H:\t l<;

with the front capacitor plane

Intense laser
50J, 1ps 10 pm Au

1019W/cm2 Wollaston

=,

Stfeak Camera

e
<
S
.

« Created current creates short pulse magnetic field
of ~kT order

proton beam
up to 20 MeV

* Properties depend on laser pulse structure and
. ; . c itor-coi
material of the coil and capacitor oy e "
river laser beam

a =250 um 1ns, square time-profile
500 J, 10"W/cm?

(a) (b) () (d) (e)
Laser parameters
Power: 500J Tt -1ns A -1.06 pm Intensity ~ 1017 W/cm?

J.J. Santos Physics of Plasmas 25, 056705 (2018)
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Strong magnetic fields from laser driven capacitor-
coll target

B(T] B [T]
2500 2500
 Indirect estimations of the field were _ o _ -
performed utilizing three independent = e e
apprOaCheS : 1000 1000
500 500
« The first method relies on B-dot probe field
measurements at ~4 cm distance from the X [mm]
coil a) 1000 b) 16 : : 1000
5 Cu 1> experiment 800 y 2" experiment 800
. . . coil-shaped wire | Ni A
« Faraday rotation of the direction of g ) G=ZS0M | ggo § f PR | oo
polarization of an optical probe laser o w0® @ ey, Ni e 400"
through field-sensitive crystals = =
£ 4 200 B 200
o — 0 protons f\
0 Cu Av_o o,giJ' 0
-1 ; : " 200 ‘ -200
-2 0 2 4 6 8 10 -2 0 2 4 6 8 10
time [ns] time [ns]
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Field probing with the proton beam

a) =13+1 MeV
e Another method of indirect measurements a) S~
of the B-field at the coil center were
possible by proton beam deflectometry. Intense (aser At =0.25 ns

10" Wem? RCF stack

 The probing proton beam was accelerated 10m A P/bg
by an intense laser pulse interacting with a

Driver laser
500J, 1ns

proton 1017 Wem?
backlighter foil target. ear fr=0sns
: b ‘ : _
* Field value reconstructed from PIC & RCF data ) simulation fredne
. . . . €,,= 131 MeV; t=0.35 ns € b Me\'/‘; B,=95T
tracking simulations on base of estimated
3D field maps and via plasma simulations F g
|n EPOCH At=2ns
b /
250 um
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Summary

Nowadays, bent crystals are deemed as a reliable technology for various applications in
charged beam manipulation. But we still need to master the technology from wafer
procurement to assembly design and final validation for CERN future projects.

Slow extraction using multi-stage crystal setup still requires improvement of channeling
efficiency.

Several proposals of fast deflectors for high energy particles are on the table, but they were
not studied in detail or applied for bunch extraction purposes
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