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Strip silicon crystal. Installed on the horizontal goniometer in LHC.
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Motivations (@) e

Superconducting magnets:
e T=19 K. _ ;
I e 17753 o /e Collimation system is needed!

n = 10* is the actual performance

Stored energy in the machine:
e LHC2016:280 MJ

* LHC deSig‘ 360 MJ ’ ; _ ~_ For the HL-LHC is foreseen:
._:’. Rt LR+ Increased beam stored energy: 362MJ > 700MJ at
~ e s A 7 TeV

Collimation cleaning versus quench limits of
superconducting magnets

' * Larger bunch intensity (1,=2.3x10!p) in smaller
emittance (2.0 um)

: Collimation impedance versus beam stability

. * Operational efficiency is a must for HL-LHC!
Collimators: high precision devices that must work in
high radiation environment

~ ¢ Upgraded ion performance (6 x 1027cm2s?, i.e. 6 x
nominal)
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Strip silicon crystal. Installed on the horizontal goniometer in LHC.
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Cold Aperture ' )
| ___ . Halo cleaning: reduce the risk of

--------------------------------------------------- magnet quenches

Secondary Halo
Primary Halo

> o Concentration of losses/activation

Circulating Beam ; i .
oo TCP '”i‘é’;‘a"” Arc :D”t,ertaCt'O” in controlled areas
oin . .
B s TCLA Avoid many hot locations around
the 27km-long tunnel
Protection Secondary Absorbers Tertiary Bottleneks
Devices Collimators Collimators

B oms i Multistage system of 50 collimators per beam.
LHC: only machine where collimation must be used continuously in operation
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Main limitations

26/01/18

Proton beams
e Single diffractive interactions

small deflection & non-negligible 5p/p = escape from
insertion and are lost in the IR7-DS if 6p/p > 102

The cleaning inefficiency in the LHC is up to 10

Lead ion beams
* Fragmentation and dissociation events

particles with different magnetic rigidity (q/m) = lost in the
IR7-DS reducing of two order of magnitude the collimation
system performance wrt to proton collimation

The cleaning inefficiency with ions drops to 102!

Impedance
e Big number of collimators at small gap = 90%
contribution to whole machine impedance

R. Rossi - Crystal Collimation

Collimation System @ LHC
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Strip silicon crystal. Installed on the horizontal goniometer in LHC.
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Crystal Channeling

: “In the hypothesis of low impact angle, the potential generated

by the crystalline plane can be approximated by a continuous potential.”

Channeling : Tansverse momenta < potential well

The channeling condition can be defined as

Critical angle

2U max
pv

6. =

26/01/18

2 .2
pZE 02+ U(x) < Upye
Case Energy 0.
[GeV] [prad]
SPS coast 120 18.3
SPS coast 270 12.2
HS 400 10.0
LHC inj. 450 9.4
LHC top 6500 2.5
LHC top 7000 2.4
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The particles are trapped in the channel,
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hence if a curvature is given to the lattice the T - e 6
. . . . . = L o amorphous
particles direction will be modified by 6, = I/R e (2) channeling
< - ?-\’ (3) dechzsineling
g0 150+ Rt Y ) volume reflection
1000 o : '.:'32 9 (5) Volume capture
30.00 F47 om-tcew . A%
; 100+
s‘ .
L 2000
3 10.00 50

Coherent effect in bent crystals [@)]c¢:>
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iR e o

1:1 PRI S I\I Ao L 1~ | ’. } 1 Weasy
0 50 100 150 ) 200
6y [urad]
R — pvxmaxé (9b 0(1— & ///;—» Single pass
¢ c c — measurements with
2U R >
max —_— 400 GeV protons.
e Strip crystal (110) with
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a bending of 144 purad.

Planar channeling (CH)

Nﬁ crystal

Volume Reflection (VR)

Dechanneling (DC)

dechanneling

10



Crystal Collimation @] >
C0|a Aperture Warm Aperture Cold Aperture A ' )
N .

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

Advantages of crystal collimation at the LHC:

« Improve collimation cleaning (by a factor 10);
Reducing off-momentum losses in DS

« Lower impedance;
Less collimators at larger gaps

q Amorphous (0.6 m of C) 7

<0 >mcs ~ 3.4 prad (7 TeV)

qé

Crystal <8>~ 50 prad (7 TeV)
(Channeling)
(4 mm Si) 310 T equivalent

Can we use crystal collimation to improve
the LHC collimation performance?
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magnetic field!
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LMC Collimation

Crystal Collimation for HL-LHC [@]¢> O

T D -

For the future HL-LHC an upgrade of the actual collimation system is required
* Good baseline solution for proton beams
No solution for lead ion beams

Crystal collimation could improve the ion cleaning and is one of the R&D subject

Different challenges to be addressed

=

Understanding limitations of present Collimation System

ko

Channeling assessment at LHC energy range for both proton and ion beams

=

Experimental assessment of crystal collimation performance in the LHC for both proton and ion beams

&

Understanding of experimental results in simulation

Study and design of an absorber stage

O O

Design of new layouts for a complete crystal system on both beams

26/01/18 R. Rossi - Crystal Collimation 12



Outline @l > <

®
®
e
o Devices & Layout
e
®

Strip silicon crystal. Installed on the horizontal goniometer in LHC.
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LHC Crystal Device Ble> &

Prototype system has been integrated in the LHC collimation
layout

Two goniometers (one horizontal and one vertical) were installed in
2014 in positions where a secondary collimator could be used as
absorber. Each is equipped with one crystal.

The goniometers are based on piezo-electric technology,
~and are able to achieve 0.1 prad of accuracy

Two new devices have been installed on B2.
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Semi-analytical studies has been provided to find the best
location to install the crystal on beam 2 line.

Crystal request defined before 2014 restart:
o Bending angle : 50 urad
o Length:4 mm

Two new locations have been found and installation
was done in the 2017 winter shutdown

26/01/18 R. Rossi - Crystal Collimation
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Crystal installation on Beam 2 [@l¢> O
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Channeling Observation L_ m’“ﬂf
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1. Angular Scan
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VlelIII"‘\IJEu\.u = |OC8||OSS€S
Channeled
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Tertiary Halo crystal angular orientation
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§ Experimental Data
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_1.501
2125,
: | “
8 1.00 A SR o =
9 im il A
F I \ f (i
£0.75;
- », AM/CH
=" \ ) loss reduction

0.251 \ ‘.‘v v 4‘1‘-'1117#"1””'!“ '“T"|W|"'"“MW"“TH\‘ J’ 1

0.001 T S G G- .

-100 -80 -60 —40 -20 0 20

Crystal Angle [urad]

R. Rossi - Crystal Collimation 17



A e
( 9 I um Y « N

First observation of channeling with lead and xenon ions at 6.5 Z TeV.
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Warm Aperture

local losses
2. Absorber Scan Channeled B
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Linear Scans B> &

In collimator scan simulations, it is evident that the — o — Elmutl)atlon
. . . . R X ata
dechanneled population at lower deflection angles is higher % p 5
The main difference we can found between the two 5
condition is the bending angle of the two crystals. .
o B1-V: 6,=40purad, R=100m
o B1-H: 6,=63urad, R=63m* N SO N P T
N 5 ¢ 25 Local 'I'_rzansverse_ll"ossition [mr_n1]
* : in this regime nuclear dechanneling is ~ Simulation
enhanced and there is no analytical description (simulation discrepancies) = o Exp Data
100 FE. Bagli et al., Steering efficiency of a ultrarelativistic proton ? E
90 ?beam in a thin bent crystal, Eur. Phys. J. C, 74 (1) (2014), pp. 1-7 g 5
E i e i 4 — o C
80 £ B r T g
EE EE
Boof F L
S s0 °F
o, F C
40 £ 2~
30 = Monte Carlo -
20 E — - Semi analytical il -
o ot )
0é.}...l....l....l....l.1;.111..]....]....1.... 0:""i"/"i""i" "i" "i"'
0 5 10 15 20 25 30 35 40 6 ° 4 L_gcal Transverse_lgosition [mm]
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Reduction Factor Bending Angle

Crystal p Pb Xe [prad]
Injection  Flat Top Injection FlatTop Injection Flat Top

B1-H 175+£29 269+£55 61+05 83+12 84+06 64+1.1 [63.2 + 1.7]
B1-V 17836 17.7+£39 56+08 62+23 58%+07 3.9+05 39.8+2.3
B2-H 10.6 £ 2.5 - - - - - 52.1+1.6
B2-V 196 £0.5 20.1+£0.3 - - 838+1.0 82+0.3 6.5+ 1.5

Crystal on B1 out of specs
For each crystal has been evaluated

= AM/CH reduction factor for different conditions;
= the deflection angle is averaged over all the measurements.
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* Cleaning Performance

Outline

Strip silicon crystal. Installed on the horizontal goniometer in LHC.

R. Rossi - Crystal Collimation

22



ay 2
mm v @3-; m HNQ_N ) o LU LU L LU LU S
> o1~ JEEACEE o« v [ I= R SIS E N N o
soe- | v S
A < 6c1- | ] w02 B B Ml B G e
— Ex 9 J 16z [
— Eia g “ oz < —— |
+ Bl u J ve2 =4 T T R = —————————— 5
O EETETIEY = 2 —————
B - IR ¢ T
— EBis g m me_m e ; i : : : m
S . .- I =
W 96¥1- || Jsev1 m L === m
= 96vT- | BEEE " Jert S i o
el LT
R ::i- SRS 6+t [I= ST E N S 3
woi- |G & Slfesf-T o
= [O = C\H : —
§1- _ E %m.: m F\T
6641~ E %m.: = =

Zdl

%1~ || n ;ND.N
o
621- || KA
%z | i3
661~ || X
see- || g
e | Ex
e | X
e | X
g0z | J 61

Collimation Loss Maps

Present IR7 — tight settings

_‘-‘--1__-.,-:H-:—-mm.!“.-_q.mmm.}:{-

LT~ ; ;mm.m
61'1- ; %2
§9'T- ; ;mﬁ
102 ; ;mmm
AN {1 < IS m
£8'T- _ ;@: e, rm
-rs ; ; 888 12
ol ! 98'0- ; ; LT 7 7\_; |
" £0°2- ; ;NO.H e 1o
U mo.nl . L_E____ __._._._____ _E_____ __E___“ __._._._____ _E____ __._._._Aoﬁ
| T: R 3
g © ¢ & & & g%
Nw Aousiolyjeul Buiueso o0

Beam

23

: new normalisation needed

R. Rossi - Crystal Collimation

Crystal in CH reduce losses at primary collimation stage
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Proton Cleaning
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Factor 10 of improvements in IR7-DS
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Looking at loss maps along the ring: no dangerous peaks with crystal.
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Xenon Cleaning @@\

In general, good performance were observed with almost any configuration
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Xenon Cleaning @) g
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Strip silicon crystal. Installed on the horizontal goniometer in LHC.
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In order to use crystal collimation during operation, it is needed to

10—

keep the crystal in the channeling orientation during dynamics
phases like the energy ramp.

critical angle [urad]

Due to the adiabatic dumping: of
= Shrinking of the beam size; :
= Changes in the x’ distribution as well.

This is challenging because the critical angle 6, with 6.5 TeV protons . i ——
ofe time [s]
for a silicon crystal drops to 2.5 prad.
linear ramp function angle ramp function
- _ _ _ . ‘ ‘
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Energy Ramp Up in LHC

(Channeling Evidence from Loss Pattern \
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Strip silicon crystal. Installed on the horizontal goniometer in LHC.
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Conclusion from this doctoral thesis work:
v Channeling observed and characterized for the first time at LHC energy

v Channeling observed with protons at 6.5 TeV and lead and xenon ions at 6.5 Z TeV (world
record)

v" An improvement in cleaning performances is obtained in specific conditions
= With protons an improvement of a factor 10 is observed with B1-V

= With xenon ions the best results up to a factor higher than 20 were obtained using very tight
settings

v Energy ramp up function generated and tested with old generation goniometers gave excellent
results

v Simulations benchmarked, given the good agreement with experimental data
= Allowed good understanding of B1-H features,
v Tool for new crystal collimation layout developed and available

Future goals for the crystal collimation to be deployed for ion beams operations:

J  Confirmation with lead ions of the results obtained with xenon beams
J Design of a dedicated absorber for a crystal collimation system for the HL-LHC upgrade
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