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ir ¥ Most
/\ Accelerates both powerful
%, protons and heavy particle
§\,x\ \ ions. collider in
=~ the world.

) 5 RIS \

2 counter-
rotating
beams for
collision.

The Large
Hadron Collider

Crucial for
unravelling
new physics I\, /

in nuMerous
domains / Circular

machine
bs [1]
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=PFL Collimation system

Particles circulate at very high
energies.

<

R. Cai

= 2 parts (jaws) per collimator (one per side
of beam) in horizontal/vertical/skew plane.
= 2 regions for collimation (IR3, 7).

=> Multi-stage system for hadronic showers
and secondary particles.

: ” ” et
If not Risk of "quench L
: M .35;6\_1

< controlled, superconducting o oo
S may hit and magnets (lose 1%66-;‘:;,
. damage superconducting }%‘iﬁﬁw
o : : ‘p5L7 BAL7
% beam pipe. properties) off. oo 2%‘;%235 oG
=2 . TCSG.A4L7
% momentum halo L Jos.ar7 TCSG.AIR7
4 P63 particle particle rcsc sy i

o . . . .D4R7 .
o Collimation system to prevent _ cleaning cleaning ?&Cé’ﬁ? ;gg::;;
S damage with safe particle ‘ - T P{Fg;:;,,,
< . o I~ o >
= inter ion. - 4G
: terceptio < chzi 6?
g = 100+ collimators. k>
B
&
O
6
@
S
o

THE LARGE HADRON COLLIDER
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Collimation system

Particles circulate at very high
energies.

If not
controlled,
may hit and

Risk of "quench”
superconducting
magnets (lose
superconducting
properties)

damage
beam pipe.

Collimation system to prevent
damage with safe particle
interception.

= 100+ collimators.

=> 2 parts (jaws) per collimator (one per side
of beam) in horizontal/vertical/skew plane.
= 2 regions for collimation (IR3, 7).

=» Multi-stage system for hadronic showers
and secondary particles.

Main families of collimators:

Telee ]

Intercept primary particles 1

TCP
TCS
TCT
TCLA

Intercept secondary particles 2

Intercept tertiary particles

Shower absorbers

3
4

Hierarchy: 1 = closest to beam, 4 = furthest to beam

Based on the scattering of particles to larger orbits.

principle of multi-stage cleaning
cold primary secondary shower { tetiary  SC
aperture collimator  collimator absorbers l collimators  triplet
H
= i
protection | i -
devices | }é
primary tertiary i)eam halo
beam hal + i
O secondary beam halo hadrofiic showers
I + hadronic showers
circulating
beam
< < = > <

cleaning insertion

R. Cai
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

lon collimation upgrade:
crystal collimations

lon collimation is
challenging due to
fragments with

different magnetic

rigidity.

Deployment of
crystal collimation
for Run 3.

Need for a
systematic

simulation
framework

The stored beam energy is
planned to increase from ~13 MJ
to ~20 MJ. Without improvement,
the total energy risks to be limited

to 10 MJ/beam.

Betatron losses B1 6370 Z GeV Horizontal 2018-11-27 16:18:49
%107 =

Previously planned

has been deferred

Betatron losses B1 6370 Z GeV Horizontal 2018-11-27 14:24:28

o
19400 19600 19800 20000 20200 20400 20600
s [m]

1070 }

% _”: —— Gollmator :: : ; ;: % _“: — Golimator ii 3 3 33
R o nocrystal 3 gz crystal
E“O-wzi — Roman Pot . 3 @10_127 — Roman Pot ) = 3
8 B e e o} “ A
%) 3 o) ! . 3
g 10k ' I P T
R : g SERENREN
B 10 B0k T
E ol D Bl , i N I
S10 R |‘ Il M‘ | 1 IINE
16| l|. It 16 | \ ‘ [ L | i\‘.‘ .%

0
19400 19600 19800 20000 20200 20400 20600
s [m]

|

[N}

R. Cai

mitigation through TCLD
collimators, requiring the
installation of 11 T dipoles,

Previous
tests found
decrease in
losses

[5]
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Crystal channeling

Crystal channeling exploits
the harmonic potential of
the crystalline structure.

For a bent crystal:
- 6? =6.(1—-R./R),

where R, < pv is called
critical radius and R is the

bending radius of the crystal.

An incoming particle that
satisfies channeling condition
undergoes harmonic oscillation
within the crystal.

Channeled particle experience
decreased fragmentation.

R. Cai

For a straight crystal
(planar channeling), the
following condition must be
fulfilled:

" 2202 < Uy, OF 0y < 6,

crystalline plane

where 0, = /2U,pqx/PV iS
the critical angle and

U,nax 1S the maximum of
the crystal potential.

X

[5, 6]
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EPFL  Crystal channeling

R. Cai

u(x)
dechanneling Dechanneling

When a particle is not in channeling mode,

other coherent phenomena may take place: = J/ ieracion
Oin < 16.] Channeling(CH), h\ @
Dechanneling(DC): the particle
interacts with electrons and nuclei _ wle oumeketecion [\
and loses channeling condition. \ e
0. <8, <0, Volume reflection (VR): when a ; A
particle’s momentum is parallel to : 2 :
a crystal plane, it gets literally

reflected.
Volume capture (VC): the
particle, due to interactions
regains channeling condition
0, > 0, Amorphous(AM)
Oin < =6,

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT

THE LARGE HADRON COLLIDER

8, is the bending angle of the crystal.
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT

THE LARGE HADRON COLLIDER

Crystal collimation

Bent crystal is the
primary collimator.
Oriented to channel the
incoming halo particles.

The channeled
halo is intercepted
by a downstream
absorber.

Significant reduction in
inelastic interactions.

Massive Absorber

_____ ;_._._.5_._._._._._._._._._._._._._._._._.5_._._._._._._._._._._._.
Secondary halo :

+ hadronic shower & Dechanneling

beam
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Bllildil‘lg Of the fllo b
simulation framework

Crystal collimation for ions is built on the
existing SixTrack-FLUKA Coupling. Beam

Main changes to include crystal:

=

Include files

finds extra FLUKA
definitions in

[N\ . .
é _ Uses optics . finds all collimator >
. ~ definitions from FLUKA_builder.py. —2mes o be used in

Add crystal
lattice

to FEDB bodies
prototypes.lbp

=
- -—
Twiss
uses J
to links SixTrack collimator

FLUKA

Collimator

SixTrack for the magnetic multi-

turn tracking.

FLUKA handles the particle-matter
interactions in the collimators.

SixTrack

Add crystal
collimator

ollimator
atabase

g0

FLUKA Add crystal

Elements
Database

flukaio output
coupling

collgaps.dat

geometry
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Proton benchmark:
Single pass

= SixTrack standalone can also simulate
crystal for protons but not for ions.

= Aim: compare crystal interaction of FLUKA

at high energies with SixTrack.

= Particles simulated to pass through the

crystal only once.

IE] s 6 x 10° initial protons
distribution [ECEEGEN[=)A
e Uniform distribution:
e -10 yrad < x’ < 80 prad
e -Imm<x<1mm

Beam 1 horizontal (B1H)

64.5 yrad bending angle
4 mm long

2 mm wide

50 mm tall

Type: 110 (strip crystal)

Crystal

Kick [urad]

Kick [urad]

SixTrack proton

! Channeling

604 Assign crystal
process to

0] , outgoing

Dechanneling C’%ﬁ P articles.

20

o
Volume reflection
-204
1 1 1 1
0 20 40 60 80

Relative incident angle [urad]

80 SixTrack-Fluka coupling proton

a) b)

\ Channeling \ ‘

60 4

40

Dechanneling

20

—-20 4

U U 1
20 40 60 80
Relative incident angle [urad]

o

104

10°

10?

10!

10°

104

10°

107

10!

10°

R. Cai



Dechanneling (kick from 5 prad to 50 prad) . 14
E PF L (| - — Coupling 08 Proton Crystal Efficiency
rotwon pencima ’- [ = v )
II'LLL JJ 0.7 e = SixTrack-FLUKA Coupling | §
s. 1 - mf | ol 0.6 o
ingle pass T Ny
< 0.5
:
g . e o4
Overall, the two codes ® | Differentincident angle i
.. 10 — . . &
produce a Similar distribution for .
: ; dechanneled particles.
pattern in angular kick P . NN
; : 20 -15 -1.0 -05 00 05 10 15 20 N S § S
E VS InCIdent ang Ie . o R;Iative ir?cident anglg [,urlad] o - VR Scatter AM CH = bC Absorbed
P4
o) ) Crystal Pr?cess
g Maln dlffel’enceS have 80 SixTrack proton 80 SixTrack-Fluka coupling proton
w . 4 ) b)
5 no experimental data to . " \ "N N 10°
P . 60 - Channeling 60 Channeling
2 compare to:
E . . ., . . 103 103
T Different angular kick distribution = 40-
o for volume reflection. DR g e
z Volume Reflection (2 prad to 65 prad) S !
8 10° [ Coupling simulation | 20 4 1023 20 10?
<< (¥ ++ Coupling fit
g LéJ _]JJ"‘ . [ SixTrack simulation
g 3 10° :‘J‘: ‘It «+ex SixTrack fit | A i ‘
00 i Y 01 S— 10!
20 P Amorp il Volume reflection ol
S % oy ., J'rr ( L IL Volume reflection
e glo s Lot |
>ao |z i LY -20 -
6 b § [ _‘ LL H /l T T X/ 10° T / T T T 10°
SE] 103 b h | 0 20 60 80 0 20 40 60 80
8 9 _f‘J WL / weThcident angle [urad] Relative incident angle [urad]
LéJ E 102 ,-h._‘_:f"f -T:mtﬁ_ S |
BT [ " R T Absence of volume reflection in FLUKA at high energies.
= -10.0 -7.5 —5.0 =25 0.0 25 50 7.5 10.0
Kick [prad]
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
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Proton benchmark:
Loss pattem

Collimation performance is assessed by looking at the particle loss pattern around the ring.

)

[ Measured loss pattern |

Particle loss measured on Beam

Loss Monltors (BLM in Gy/s, BLM(s)

0 O O
Add white
I . noise to
excite beam

Beam

v [l coltimator

[ Simulated loss pattern

\

£ LA

Excited beam

Plot loss map:
Measured inefficiency, 222 i
di/dt

plotted against s, where BLM(s) is
the BLM signal measured at the
location s, I is the beam intensity,
and t is time.

J

Create beam halo
as pencil beam

02 1e-8+1.18e-5

ﬁﬁt'.‘ N
o ...@. N o
o2 YRl
2 '\‘. o R R

g—o; e "‘j{.\‘f ;‘g“ il
0 '“'2"{‘}';%3&"’3’"‘&"‘“= -

3.4 36 3.8 4.0
x[m]  1e-9+1. 9456663

Energy deposition recorded

Launch at gea™
rimar 0.
P limatorn. NS

coIIimator::

Impact parameter,

i

particles are tracked
turn-by-turn until they hit
the aperture, collimator,
or the energy falls below
a threshold

Plot loss map:
E(s) .

Simulated inefficiency, n = T is
tot

plotted against s in a simulated loss
map, where E(s) is the energy lost
at s, L is the length of the element,
and E;,; is the total energy lost.

R. Cai
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Measured Loss Map

=PFL  Proton benchmark: .
Loss map ;igjl) B Warm
= B Cold

= Crystal collimation with crystal as= 197 wm collimator

, | . =107 |
primary collimator is assessed. 518-15 Eoar |
I

= Simulation done with SixTrack 2107 i b ol L g
15000 2000 25000

. . 1 [ ] Ll liddl
standalone and with SixTrack- 0 5000 10000 L
FLUKA Coupllng. 10° mmm W SixTrack-FLUKA coupling Loss Map
arm
Initial « 60 x 10° initial protons :igj = Cold
GBI iglollldle]sM ¢« 6.5 TeV. IE 10-3 W Collimator
*  Pencil beam 1074

« 1 um impact parameter 107
|

10-6 } : |
7l I i MI e ’I
Plane B1H 107, 5000 10000 15000 20000 25000
Crystal 64.5 prad bending angle 2
SixTrack Loss Map

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT

§ 19‘1) EE Warm

- = A good agreement is found 10—z, WM Cold

: between the measured loss =

E map and the ones simulated by <ig-s

: the two tools. 0 ‘ ——— }
= 0 5000 10000 15000 20000 25000

S[m]



PF

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

L

Proton benchmaric

Loss map =
5 10-11
= Some differences due E}g—g
to particle shower not E-}g‘i‘;
simulated. =0

= Differences in warm
losses between the .
tools is due to different 7102
transport energy Cha
threshold. ;g:

= Spike at the crystal is
due to the .
normalization to length  _ 107

=" 1072
(4 mm). % }8_3
10 >

107

104

IR7

Measured Loss Map

Beam

1” i

|I 1||L| || "“
S [m]

I Warm
I Cold

Il Collimator

i . 1

19700 19800 19900 2000 20100 20200 20300 20400 20500 20600

S [m]

SixTrack-FLUKA coupling Loss Map

Warm
I Cold

Hl Collimator

s | . :
1019700 19800 19900 20000 20100 20200 20300 20400 20500 20600

SixTrack Loss Map

il |

I Warm
I Cold

HEm Collimator

A

700 19800 19900 20000 20100 20200 20300 20400 20500 20600

S [m]
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Proton benchmark:
Angular scan

Used to find the channeling orientation of the
crystal with respect to the beam and to probe the
crystal.

The crystal is slowly rotated in the bending plane
and the BLM signal at the crystal is recorded.

Simulations were done with the SixTrack standalone
and the SixTrack-FLUKA Coupling at different crystal
orientations:

Initial 6 x 10° initial
distribution protons/simulation

6.5 TeV.

Pencil beam

1 um impact parameter

Plane

64 5 tuirad bendina anale

Simulated energy deposition

Measured BLMyq, at the crystal is normalized to

signal at the is the energy deposited at the

normalized to the crystal when in amorphous
BLM,ystas Signal in AM orientation.

3
5
‘©

c
.20

w
=
-
o
-

9]
e
‘©

S

i

[s)
=2

orientation.

volume reflection

—— Measured Data

—2 | —— SixTrack-FLUKA coupling
10 : .
—— SixTrack chann ||ng

-100 -80 —-60 —-40 —-20 0 20 40
Crystal Orientation [urad]

A qualitatively good agreement is found between
simulations and data.

The level of accuracy is comparable to previous
benchmarks.




=PFL  Proton benchmark:
I The BLM signal
unear scan at the absorber
Useful to measure the multi-turn channeling efficiency S recﬁfdted at
and the crystal bending. each step.

= The crystal is kept in channeling 58 o%E
c o o " = —E ‘E E
§ orientation while the absorber 252 53232
s .. v @© a o @
¢ sIovv_Iy_ closes from open position e
S until it touches the beam core. | R EE
z ettt et et | fection boint - — - -l T [~ - A----C ] Channeled
8 —————————————————— < } halo
2
4 Beam direction I
x —_— :
8 _ 1
: . & :
% o gl g %
25 £1§ £ £
33 512 i | &l |e
38 ) g2 g
x 2 X 2 3
gé Beam halo Amorphous 1o g___ _g__
0N !— 4
= Beam core £3
0 [
Q
23
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

L

Proton benchmaric
j.inear scan

3 x 10° initial protons

* 6.8 TeV.

* Pencil beam

1 pm impact parameter

Beam 2 vertical (B2V)

« 51.1 yrad bending angle
* 4 mm long

« 2 mm wide

50 mm tall

Type: 110 (strip crystal)

= The simulations reproduce
measured data reasonably well.
Both codes overestimate slightly
the multi-turn efficiency. However,
the high energy linear scans are
very noisy (£15%).

Measured BLM
signal is normalized
to the signal just

before touching the
core to cover the
entire beam tail.

The simulated particle impact
distribution on the absorber is
integrated from open position
and normalized to the cumulative

count just before the beam core.

Angular Deflection [urad]
0 40 50 60

0 10 70 80 90
1.4 7 — SixTrack
—— Coupling
19 }\ —}— Data
ERat . IS [Muiti-tum
87% )
0.8 N efficiency

Norm. BLM [a.u.
o o
H o))

o©
N

o©
o

05 1.0 15 20

30 35 40 45 50 55 6.0

Linear Transverse Position [mm]

R. Cai
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
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Heavy ion benchmark:
Single pass

SixTrack-Fluka coupling Pb

= Exploratory single pass simulation 80
done with the SixTrack-FLUKA
Coupling.

Initial + 6 x 10° initial lead ions
distribution e  6.37ZTeV.
*  Uniform distribution:
-10 yrad < x’ < 80 prad
e -Imm<x<1lmm

Kick [urad]

W Channeling

Beam 1 horizontal (B1H)

Crystal * 64.5 prad bending angle

= Same analysis as the one for protons_,,.

used.
= Heatmap weighted with energy.

I I |
20 40 60 80
Relative incident angle [urad]

R. Cai
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10°

104
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Heavy ion benchmark:
Single pass

= Clearly defined regions for the various
crystal processes.

Main differences compared to protons:

= Decreased percentage of CH.

» Decrease in VR and increase in AM
(especially in the VR region)

08 SixTrack-FLUKA Coupling Crystal Efficiency

Percentage

VR Scatter AM CH DC Absorbed
Crystal Process

Kick [urad]

SixTrack-Fluka coupling Pb

80

—20 -

% Channeling

O -

20 40 60 80
Relative incident angle [urad]

R. Cai
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10°

104

103

102
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Heavy ion benchmark:

Loss pattem

Loss pattern benchmark done for Pb
ions with SixTrack-FLUKA Coupling:

IE + 6x10°
distribution initial lead
ions.
e 6.37ZTeV.

*  Pencil beam
* 1 pumimpact

parameter

Crystal 64.5 pyrad
bending angle

10*10
; 10*11
210712
=

-13

é 10
: -14

£ 10
-15

é’ 10
10—16

10—17

1071
—10-2
€103

=104 |

10-3
10-5

-7
10 0

it

000

o o

g
o
o
Measured Loss Map = Warm
E Cold
I Collimator

15000
S[m]

Simulated Loss Map E \Warm

HEE Cold
I Collimator

5000

15000 ‘] 20000 ‘ 25000 H
S[m]

= Same analysis method used as for protons.

= Good qualitative agreement between measured
and simulated data.
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L

Heavy ion benchmark:
Loss pattem

R. Cai

IR7
= Good reproduction of the ~_o» e _E
order of magnitude of i ——— — o
cold loss. 2100 aaa
E‘lO‘14 i
» Similar considerations £ NIEST “
dOne for the prOtOn 10_119?7100 19800 19&00 200 20200 20300 20400 20500 20600
benChmark are Simulatse([ir:t])ss Map
applicable here. o - ol
-2 Hm Collimator
= Benchmark has been T 10
carried out for other =10
setups and planes with 108
similar results. 100700 19800 19900 20000 gomos[ ]20200 20300 20400 20500 20600
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L

Heavy ion benchmark:
Improvement factor

= Benchmark to assess accuracy
In predicting crystal collimation
Improvement over standard
collimation.

= Improvement factors applied to
the most prominent loss
clusters in the DS.

= Average and maximum
improvement factors:

= ﬁEH,AM, max(l) = max(Ncy,am )
1STD max(nstp)
= Simulations done to reproduce
2022 machine development

tests: standard, crystal in CH
and in AM.

Initial
distribution simulation

R. Cai

6 X 10° initial lead ions /

+ 6.8ZTeV.
*  Pencil beam
* 1 um impact parameter

Crystal

50 + 5 prad bending angle
Dispersion Suppressor Region (DS)
A

[
IR7 Q7 Q8-9 Q10-11 Q12-13
Measured Loss Map = Warm
S apa-1 N Cold
Elo = Collimator
=
21077
E. _
51073
2
-7/
O19700 19800 19900 20000 20100 20200 20300 20400 20500 20600
Simulated Loss Map EE Warm
10-1 Beam m Cold
— I Collimator
£ 1073
<
1072
-7
1019700 19800 19900 20000 20100 20200 20300 20400 20500 20600

S[m]
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=PFL  Heavy ion benchmark: .
] =
O
Improvement factor :
= Simulation achieves different degrees of accuracy for the various clusters. Q8-9 and Q10-11
tend to perform better.
= General trends can be predicted by simulations.
Pb run 2022 B1H Pb run 2022 B2H
10°
— X = NoCoyan X =+ Mo Oy = —— o Erysal 102 — s |— AM crystal measured
< A —— AM Crystal N\ —— AM Crystal W A m’g,‘::;, N _ e lf,'ﬁf:,f. --—-- AM crystal simulated
& 107 B1H -= Mewase | B1H -iemsn|  100ia B2H s B2H - o | CH crystal measured
7 E AR Y : E 310 um- | CH crystal simulated
& = average 3 N maximum % 10! = — No crystal measured
'\ N » c L) .l ® NS ONFeeeema H
w 2 SN A 510 g o 3 Isimulated
(¢} @ \ 2 ki s 10°
z E £ £ 10° E
e} 2 2 2 2
z $ % %10 é 10t
3 g 3 g | %
T = =100 — 2 e o #
s = 7 YT 5 1072
e St v o 5
o
% Q7 Q8-9 Q10-11 Q12-13 Q7 Q8-9 Q10-11 Q12-1! Q7 Q8-9 Q10-11 Q12-13 Q7 Q89 Q10-11 Q1213
= Pb run 2022 B1V Pb run 2022 B2V
L ; : : : ; . . : ; :
U i —— T T —r S
235 o e i oy =
= N —— 3, -t 2 - -
53 el N BlVezmmEL BIV -Zga, | o B2V-TE  w B2V - T,
- = N E . ary 5 .
<z : _average s maximum |3 s . maximum
o & = \ 510 e 3w : .
xQ 2 = 2 i
O << ] ]
LL x Eo E € E
w ] 2 5 2
o] o) = 2 0
0 & - § & E 10
W < o N E |4 E
o g % 10° 5 E
Sw 2 £ 2 -
=T 100 _
= 107 1071
- Y

Q7 Q8-9 Q10-11 Q12-13 Q7 Q8-9 Q10-11 Q12-1 Q7 Q8-9 Q10-11 Q12-13 Q7 Q8-9 Q10-11 Q12-13
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT

THE LARGE HADRON COLLIDER

Heavy ion benchmark:
Angular scan

= Angular scan benchmark was
done with Pb ions.

= Same method of simulation and
analysis as the one used for
protons was used for ions.

= The level of accuracy in
reproducing measurement is
similar to that achieved with
protons, except for VR.

= The predicted VR level lies ~20
from measured VR level.
However, VR regime is not used
in operations.

Initial

distribution
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Crystal
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+ 6 X 10° initial lead
ions/simulation

e 6.37ZTeV.

*  Pencil beam
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B1H

64.5 pyrad bending angle
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=F7L " Heavyion benchmark:
Linear scan

» Linear scan benchmark was done
for Pb ions.

= Same method of simulation and
analysis as the one used for
protons was used for ions.

= Simulated data was weighted with
energy.

= The multi-turn channeling
efficiency measured is ~60%,
while the simulated one is ~75%,
similar to the proton benchmark.

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

1.50
1.25

E

2 1.00

=0.75

[an]
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0.00

Initial « 3 x 105 initial lead ions
distribution FCEEGRAI-\YA
* Pencil beam
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M Beam 2 vertical (B2V)

Crystal * 49.7 prad bending angle
* 4 mm long

¢ 2 mm wide

* 50 mm tall

+ Type: 110 (strip crystal)
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

L

Characteristics of
crystal collimation

= Goal: assess the contribution of
losses leaking directly from the
crystal to the DS.

= Simulation setup: all collimator
materials set to perfect

absorbers, except for the 2o
crystal. ~10°
E107

= The black absorber loss map =
resembles closely the normal 1w

crystal loss map suggesting that ™
direct losses from the crystal is
the main source of cold loss.

1 e—————
B

10°
10-1
—107?
£10°3
‘=104
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107
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107!
T 1072
E 1073
‘=10
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1076
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= A detailed particle track back confirms that most particles lost in the DS

Characteristics of
crystal collimation

=PrL

come from the crystal, especially when accounting for particle

momentum.

Particle momentum leakage
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Characteristics of
crystal collimation

32

= The first crystal interaction of the particles lost in the DS are either

amorphous or inelastic interaction.

= Almost 100% of the particles undergo inelastic interaction in the last

passage through the crystal.

= Almost 60% of the particles are lost on the first turn.

Last crystal interaction First crystal interaction Turn lost

[%]
I
|
[26]
I I I
[26]
]
[26]

mmmmmmmmm
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

=pE = H Initial + 6% 10° initial lead
seHSItIVIty StUd|es: distribution ions/simulation
u e 6.8ZTeV.
Crystal miscut

Pencil beam
1 yum impact parameter

_ 45.4 yrad bending angle
= Crystals have a miscut when the direction or channeling IS not

perpendicular to the incoming face.

No miscut Positive miscut Negative miscut

= Simulations have been performed to assess the influence of crystal
miscut to the collimation performance.

= |nitial distribution adjusted to maintain the same impact parameter.
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=P7L  Sensitivity studies: -

crystal mlscut Pb 2018 Miscut Scan B2H
x10~4
— 1.0- Fome - D T DCT Fo-mmmm e e Fom +
= Average inefficiency of the DS -

clusters suggest no change to §°-8* 1 1 1 |
. collimator performance in the miscut £ o T ]
range considered -75 to 75 prad. g, EZ aks
= o . . -+- Q10-11
= This is likely due to the very small 2, < oun
o (10°¢ prad) change in bending angle 2
<>( . . 0 0 - * e S - ————— e —rm—————— -+
z in this range. -75 -50 -25 0 25 50 75
2 Miscut angle [um]
5 36 + + + + +
g3 g
3 8 3 32 1le—6+3.6000360000el é
% é j% 30 1.00| “'\\ / 2
240 s N /
L I ol N
EE - —-200 0 200 E
m —400 -300 -200 -100 0 100 200 300 400 Ea

Miscut [prad]



=PrL Sensitivit! studi_es: dstrbuion [T Mo
Crystal orientation

e 6.8ZTeV.
Pencil beam
* 1 pum impact parameter

B2H

= Angular stability of crystal is crucial

to maintain Channe"ng_ Crystal 45.4 pyrad bending angle

Pb 6.8 Z TeV Yaw tilt comparison B2H
= Study on the sensitivity of the le—4

R. Cai

worsening up to a factor of 4-6 can -2 0 2
¢ Offset [urad]

collimation system with respect to gl @
small angular instabilities was E |- otoa1 /

% done. >6 :—:—_—_Biz-n )
T c \ s

= The average inefficiency of some § —— *
clusters reflect the shape of the o4 i
channeling well. %2 N

iz = From perfect alignment to the limit 9 N

of the next crystal regime, a ) IV SRS S S .

be expected.
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

L

Sensitivity studies:
Collimator imperfections

= During operations, there may be
machine misalignments. Two kinds
are simulated here: collimator
center and tilt.

__________ Collimator center
—————Beam center

= Both studies give small performance
oscillations around the performance of
the perfect machine.
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Sensitivity studies:
Impact parameter scan

= Due to beam instabilities and other
phenomena different diffusive
mechanisms may happen. The impact
parameter may change consequently.

Initial
distribution

= Simulations have been done to
explore different impact parameters.

+ 6 x 10° initial lead
ions/simulation

e 6.8ZTeV.

*  Pencil beam

e 1 pm impact parameter

Crystal

AR A

45.4 yrad bending angle

L L L R L L Iy

x10~%
= For impact parameters up to 30 pm,  — 5. A
the average inefficiency of clusters Q8- ¢ . LT
9 and Q10-11 worsens up to 50%. =7 IR e B P T
o S 1.00 ===t e i a7
= The worsening is likely caused by = g F- I 089
initial particles having larger impacting % 075 -¥- Q1011
C -¥- Q12-13
angles. © 0.501
(@)
= This indicates that the crystal system § o0.25-
is sensitive to impact parameter 2 500l o L | |
fluctuations. 0 T 10 15 20 25 30

Impact parameter [um]
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Configuration
optimization: TCLA

= Different TCLA collimator apertures are tested to improve performance.

= From 10 to 7 o aperture, a consistent improvement was found in Q8-9.

Pb Run Il TCLA scan B1H
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT

THE LARGE HADRON COLLIDER

L=
[

L

Configuration

optimization: TCS e

TCP

&

Beam

= Simulations were done
to check closed (6.50)
and open (80) skew
collimators.

= No change in

performance was found.

y [mm]
N

risk of grazing impacts in vertical
planes on skew TCS collimators
and increasing the probability of
particles escaping the absorber.
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=PFL Machine failure: .

= One of the most severe types of machine failure is asynchronous dump.
* It occurs at beam extraction when the beam bunches receive an intermediate

. magnetic kick that is insufficient to be extract and may hit the machine
2 aperture causing damage.
= This failure scenario has been simulated for various settings of the
(e} .
Z TCLA and TCT collimators.
= |n all cases the total energy density is below ~400 J/m, well below the
deformation limit of ~5.6 kJ.
()
§§ o .Run Il BIH 6.8 Z TeV physics crystal at 5 o ‘Run Il B1H 6.8 Z TeV physics crystal at 5 g 300 ‘.R“”'“BZH B-SZTEVP"V”fCS:;'E‘AﬁL:tI_;’ZZ \RunIIIBZH 6.8 Z TeV physics crystal at 5 o
°8 f Et:::gg;::; 400 ‘I\"«. T— Igf::t;:ll 250 \ -~ TCLAB6L7.B2 a0 . g:::::.:zz
58 T\ = et | Eoo -\ T EAIAN — Tavare | &, — T
TRV — w3 | Eman | g\ | g e
%g 5150 EZOO 4L1. Elso \ ézo \4R1.
0% Zioo & &100 \.‘ 3
gﬂ & E100 :5’ \ 25
BE 1 >0 N ) _

8
TCLA halfgap TCT halfgap TCLA halfgap TCT halfgap



STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

2023 ion run:
Proposed configuration

Changes to the collimation system proposed (with respect to 2018):

Use crystal Tighten
Retract TCP collimators TCLAS from
from 5to 6 O. at5s o. 10to 8 o.

Retract TCTs
according to
1% aperture
”””””””””””””””””””””””””””””””” availability.

Keep skew
TCSs at
6.50.
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=PrL First
operational
experience
with crystals

Reproducibility

. Crystal
2023 ion run: stability

. issues
Operational
" mitigation of high experience

background signals in
ALICE

Orbit
oscillation

Cleaning
improvement
found

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Impact parameter scan

R. Cai

= Study on different impact parameters was done with impacts on the

Average Inefficiency [m™!]

'S

w

N

TCP.

x10~4

Initial
distribution

_______

- Q7
Q8-9
Q10-11
Q12-13

P

No crystal

wwwww

10° 10!
Impact Parameter [um]

Average Inefficiency [m~1]

-
N O,
o

9]

©c o K

0.251
0.00+

6 x 10° initial lead
ions/simulation
6.8 Z TeV.

Pencil beam

1 pum impact parameter

MWL 2 AL T dldlicLsl Ivall wall

U N O
o U o

Impact parameter [um]

S 3
= F
e e N e e
S I e * -F- Q7
e ¥ “F- Q89
-+- Q10-11
-F- Q12-13
crystal
5 10 15 20 25 30

= |t is confirmed that the
worst performance is
found at 1 pum.

= Above ~3 um, crystal
collimation does not
perform better.
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Single jaw setup

. . : Measurement
= Comparison of using one single |
jaw of the H primary collimator. = g4 it jaw ut
1071
= Measurement done for both 10
beams in 2018. go”
Simulation done for horizontal planes: iz
Initial * 6 x10° initial lead 106 H
distributio ions/simulation 102—5200 20366: o 20500 55500
e 6.37ZTeV. S [m]
c Pencil beam 100 Left jaw out
Right jaw out

* 1 um impact parameter 1ot

ElO'3
= |t was found that only using the o
left jaw seems to give better 107¢

performance

B2H

| i

19400 19500 19500 19700
S[ml]

10°
10!
102

1073

nlm™]

1074
1075

1076

-7
1(120200 20300 20400 20500 20600
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Simulation

Left jaw out
Bl Right jaw out

il

S[m]
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107
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10~
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Jaw tilt study

= Study on sensitivity of performance with respect to TCP tilt.
= Two jaws simulated separately, then combined.
= Systematic worsening observed with non-zero jaw tilt angles.

Both Jaw
x10~%
Initial 6 x 10° initial lead — |~ -=- Q7
- - n a o o — e
distribution ions/simulation s * -- Q89
6.37 Z TeV. E -+- 010-11 »
Pencil beam > . -+- Q12-13 B
1 um impact parameter 5 4. N Pl
E ““"'*'-... Trw ——
GCJ * === >
_— NN e
LR
g 2 \k\yf'-«
— o
e Sy et
I ~hekek W
—1000 =500 0 500 1000

Jaw Tilt [urad]
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

L

Optimized optics ™

1500 -

1000 4

s[m]

500 1

19400 19600 19800

= New optics designed for proton to increase 3
in IR7.

= Orbit bump also added to increase single-
pass dispersion.

= Various combinations were simulated.

= Overall crystal setup still gives the best
performance.

= Collimation performance with new optics is
better than previous optics.

48
K]
o
4
20000 20200 20400 20600
Betatron function [m]
Pb 6.8 Z TeV comparison B1H
le—4
3.0; =#= Crystal A
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Aligned TCP

» To maximize the distance
travelled in the collimator,

a simulation with

collimator jaws parallel to
beam profile was done.

= Same impact parameter

kept.

Initial
distribution

6 x 10° initial
lead ions
6.8 Z TeV.
Pencil beam
1 pum impact
parameter

OD

107!

T
o
4
TCP alignment procedure:
Run Il 6.8 Z TeV Standard B1H - optimized IR7, bump, aligned "'; Warm
9 I Cold
I Collimator
\ I I i
0 5000 10000 15000 20000 25000
S [m]
Run |11 6.8 Z TeV Standard - optimized IR7, bump = Warm
9 m Cold
I Collimator
| \i |‘ ’| ‘ } }
0 5000 10000 15000 20000 25000

S [m]




=L Aligned TCP ;

R. Cai

= Collimation performance with aligned TCP improves significantly (up to
several orders of magnitude).

Absolute jaw tilt [prad]

S[m]

- . . . . . .
< = Analysis with intermediate tilt angles also show improvement over
o .
parallel jaws.
i — ——
a Run 11l 6.8 Z TeV Standard B1H - optimized IR7, bump, alignec
o) 10° IR7 I Warm
8 . : 107! = Cold
~ Pb with aligned TCP - B1H —10-2 W Collimator
z 5
< le—4 =103
4 3.0 £ |
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

10!

10°
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b 1072
g£10°3
=107

Higher energy case:
HiLumi LHC

= Crystal collimation has been
simulated at HL energy (7 Z
TeV).

No significant worsening
thanks to a similar crystal
acceptance.

Initial 6 X 10° initial lead ions
distribution 7 Z TeV.
Pencil beam

1 um impact parameter
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

L

Crystal collimation for
otherion species

= Operation with other ion species forecasted for the future.
= Crystal collimation simulated for 1608+, 40Ari8+ 84Kr36+ and 129Xed>4,

= An increasing trend of the average inefficiency in the cold loss clusters
have been found with increasing Z number.

lon at 6.8 Z TeV comparison B1H
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=PFL  Conclusion

R. Cai

Crystal collimation
characteristic studies

Crystal Sensitivity and
U U . . . . . .
% collimation is Crystal simulation machine failure studies
planned for the framework used to Optimization studies
ion run in Run 3. perform

Setup design for 2023 ion run

Py framework for
Ll ion crystal o o
collimation built Light ion predictions

HiLumi prediction

A systematic
simulation tool
is needed.

Standard Results

system studies quc@ contributed to
done as backup 2023 ion run

benchmark done
=l B Wwith results

= deemed suitable
for deployment

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER
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=PFL " lon collimation

Produce Bp = pq, where B is the
particles with magnetic field, p is the
different bending radius, p is the
charge-to- momentum, and q is the
mass ratio charge.

Risks of quench in strong
magnetic field regions:
e.g. IR7 Dispersion
Suppressor (DS)

Challenge: ion
fragmentation

in collimators
(not in protons)

E By comparing the energy deposited by protons and heavy ions along the ring, the performance

<

§ worsened with Pb ions:

¢ LHC ring: Only the IR7 section:

% e IR7 IR8 IR1 IR2 IR3 IR4 IRS IR6 : :, : :: ,: : )
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=FFL Motivation "
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Crystal ...efficiently study crystal
collimation for collimation for Pb ions
heavy ions is

planned for A a well-built and

Run 3 ...explore better collimation

benchmarked
> » simulation < configurations with crystal
framework for collimators for Run 3

heavy ions is
needed to...

No systematic
simulation tool )
exist for ion
crystal
collimation.

. ...predict future setups

STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER

Existing simulation tools

SixTrack

+ A 6D symplectic particle
tracking code.
» Used for proton and other
TR ion collimation studies.
.« Can handle thick and thin
; elements.

Y

[ SixTrack-FLUKA Coupling ]

flukaio input

Beam

coupling

FLUKA

Collimator

flukaio output
coupling

R. Cai

A general-purpose
Monte Carlo code
Simulate particle-matter
interactions,
electromagnetic and
hadronic showers.

A simulation framework that actively
couples SixTrack and FLUKA.
SixTrack is used for the magnetic
multi-turn tracking.

FLUKA handles the particle-matter
interactions in the collimators.
Particle information is exchanged at
boundaries.



=PrL Jaw tilt study

= Study on sensitivity of performance with respect to TCP tilt.
= Two jaws simulated separately, then combined.
= Systematic worsening observed with non-zero jaw tilt angles.

Initial 6 x 10° initial lead
distribution ions/simulation ’g —
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=F7L  Proton benchmark: "
Single pass

R. Cai

= Angle division method
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=PFL " Nuclear interaction

|| [ | ) ) .
reductionincrystals = - ! [ o[ @i mmer),,
v r

1.5¢

1.0

= Same scaling factor, F,,, is applied to
5 interaction cross-sections for both ions 0.5}
& and protons.
5
g 0.0 : : : :
~ 0.0 0.2 0.4 0.6 0.8
> . . .
i xm [A] «—— Oscillation amplitude
o
O
% p 0, Oy % 1am % 1 ch REDUCTION | % chann. %, ror
g o [GeV/c] [urad] [urad] FACTOR
Jo
g3 400 0 10 | 0.667(6) 0.0528(11) 12.6(8) 53.0(1)  0.342(5)
S0
=2 400 150 10 | 0.663(9) 0.0523(39) 12.8(9) 47.6(1)  0.371(4)
v
52 400 150 0 | 0.655(12) 0.0246(17)  25.4(1.7) 85.7(1)  0.115(7)
§§ 7000 0 24 | 0674(6)  0.138(5) 4.88(19) 53.9(1)  0.385(5)
L
53 7000 50 24 | 0661(5)  0.135(6) 4.90(22) 20.6(1)  0.553(5)
=T
i 7000 50 0 0.663(6) 0.0787(27)  8.43(30) | 54.8(1)  0.343(5)

https://cds.cern.ch/record/1950908/files/CERN-THESIS-2014-131.pdf
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P*L - Heavy ion benchmark:
Loss pattem

Absolute power deposition benchmark for crystal collimation:

R. Cai

10 . ‘
Experimental Crystal

—_ Simulated Crystal
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STUDIES OF CRYSTAL COLLIMATION FOR HEAVY ION OPERATION AT
THE LARGE HADRON COLLIDER



=PFL  Crystal collimation for -
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Investigation of the
particles lostIn TCT

98.7% of the particles hitting the
TCTs are Pb207.

Particle impacts peak at 1-2 mm
depth. However, the spread
covers several mm.

> 99% of particles impact on the
bottom (right) jaw, but a few
Impacts are seen on the top
(left) jaw too. Background signal
also dominated by bottom jaw.

Impacts recorded on TCTs - can
be provided as starting
conditions in future FLUKA
simulation of the shower
towards ALICE

Simulated results:
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“"Nominal machine configuration

- ALICE background due to
losses at bottom side of
TCTPV.4L2.B1.

« Losses mostly constitute of
Pb207.

« Losses originate from
amorphous interactions and

dechanneling in B1V crystal.

- Losses exacerbated due to
~270° phase advance.

- 01/05/24

y Lmm]

Bl V IR2 Xing = +170, on_disp = 0

Bl H IR2 Xing = +170, on_disp =0

30 30
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Trajectory in the vertical plane in IR2 of
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Distance from crystal [m]

Trajectory in the horizontal plane in IR2 of

Pb207 exiting from vertical crystal

R. Cai | LHC tracking simulations for 2023 ALICE background studies



Busy violation per chip - run 543921 - duration 28min Busy violation per chip - run 544013 - duration 20min
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Collimation during
energy ramp

Combined squeeze + ramp
Change of beam size and divergence during ramp.
The crystal must follow the beam envelop in
transverse and angular position.

Channeling acceptance reduces from ~10 to ~2
prad.

CHALLENGE

LOSSES DURING ENERGY RAMP

Bent crystal
VA

Massive
Absorber
\/

> > Beam > >

Setting Part: | ® Value (i Target O Correction  Time Base:

TCPCH, AQL 7,01 RequiradabsPositionF unct #rotational TCPCH, A4L 7.6 1iRequiredAbs Positionf unct #line ar

B1H linear stage

o Trim

Important losses observed during operational energy ramp — significant slowdown.
Crystals not in perfect channeling orientation may have worsened the situation.

Many mitigations applied...

Not well understood — investigation in progress.
More from the collimation side in next slides...

[4
Trim Histary || |*

Sotting Park: | ® Value

D. Mirarchi

Target O Correctlon  Time Base:

TCPCHAML 7,

TCPCHAML 7.

B1H angular stage

Trim History |

unctalinear
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R. Cai | Collimation performance with protons and ions
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Reproducibility of

optimal channeling
»

Drifting crystal angle during
* Flat-top

+ Ramp (likely, but no monitoring)

e 10 Hz events

o N
o w

|
N
U

|
Pou
U

Optimal channeling offset (urad)
s |
=} o
=) o

~12.5
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»

Degraded

TCPCH.A4L7.B1

cleaning

Not well
understood

»

« 9305,
9306,
9309,
9310,
9312,
9314,

. 9316,

. 9317,

. 9319,

. 9321,

0.25

nb: 961
nb: 961
nb: 961
nb: 961
nb: 960
nb: 960
nb: 1080
nb: 1080
nb: 1080
nb: 960

0.75

1.00 1.25
Beam power (charges?)

D. Mirarchi

1.75

2.00

le23

»Mmgatlons deployed:
Automatic crystal realignment at

Possible
dependence on
temperature

top energy

Improvement challenges:

e Better real-time control.

* Implementation during energy ramp up.

Ramp function update
Increase in bunch length

-~
™y

./

R. Cai | Collimation performance with protons and ions




SITUATION

LU Hz orpit oscillations are back for B1H as in 2017-
8

8 dumps + some “near misses”.

Not fully understood.

WHAT IT MEANS FOR CRYSTAL COLLIMATION

Orbit oscillations means potential impact angle out of
crystal acceptance, 6, ~ 2.1 prad.

mation for 10Hz events

WHAT WE FOUND
Impact angle changed by:

Orbit angle from oscillations ~ 8,

fro

V

Orientation change

— Oscillg

channelling.

» Crystals are at the limit or out of channeling at moment of
dump.

OVERALL

N

=

Losses (Gy/s)

—— Absorber

—— Crystal

D. Mirarchi

w
=}

With crystal collimation could tolerate
higher oscillations (40-85 um) than with
standard system.

Orbit offset
o

at crystal (um)

|
wv
(=]

Issue not solved yet.

Possible idea: change collimation
hierarchy...

N

Orbit angle
at crystal (urad)
o

|
~N
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