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« Collider accelerator physics primer (with focus on LHC)
 LHC vs. HL-LHC bird’s eye view
« HL-LHC novel technology and challenges
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Luminosity of a Collider @Lm}mos'ty

Nopent = Oppent X L — Instantaneous luminosity

Nopent = Oopent X j L - dt — luminosity integral

Initial luminosity Luminosity lifetime

- mpN3fo * Particle burn-off
L= 41T G4 R(c,,60) * Coulomb intra-beam scattering
n, — Number of bunches * Synchrotron radiation

N, — Number of protons/bunch ° Noise/diffusion
fg — Revolution frequency
o

_ Beam size at IP Machine availability
0, — Bunch length
g — Crossing angle
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‘=2 Luminosity — Final Focus LHC
LARP
npN3 fo
L= R(o,,0
41T 02 (2, 0)
F
, L
Fal —»6rE 0" = \ef" ~ 17um
Ll o, = 0*\J1+ L*2/B*2 ~ 2 mm
pc — Beam momentum ¢ — Beam emittance

G — Quadrupole gradient f — Optical beta-function

[  — Quadrupole length L* - Final focus length
& Fermilab
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LARP

npN3fo
" 41 o2 k(o 6)

Sketch not to scale! App = L*X0 = 10 mm

ZLR - 25nSXE =3.75m

Beams must be separated in parasitic crossings
* Too small angle — disruptive
electromagnetic interaction (beam-beam)
* Too large angle — R(6)-
* Geometric luminosity loss R ~
e Aperture limitation in triplet Apg
 LHC optimal crossing angle 8 =300 wurad d

0 1.5x107* 31074 45x107* xt0

9/2
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‘& Final Focus (Low-Beta Triplet) Quadrupoles @tﬁ"&mos'ty

P n,Nzfo
41T 0>

R(o, 0)

Final Focus Quadrupole Magnet Challenges
* Bore is determined by beam size and crossing
angle/separation
Dpp = L*X0 + 2X10X0; = 63 mm
* Gradient is determined by beam energy,
magnet length, beta-function, magnet
technology
 NbTi conductor, 70 mm coil bore
e Qradient G =215T/m
e Peak fieldincoill 7.7 T
* Must possess high field uniformity
* Must withstand high levels of radiation / heat
load near IP
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@ High-Current Issues

LARP

Energy stored in the beam is significant ~400M].

Even %-scale beam loss can damage components

» Collimation system to safely remove/absorb beam
halo and protect the machine

» Beam dynamics understanding/control must be at primary secondary  shower
the high@St level collimator collimator absorbers

* Interaction of colliding bunches via

electromagnetic fields (aka beam-beam effect) /. :'/v/:z,/r
* Interaction of beams with accelerator A = o
environment 7
S S ————————— —

circulating beam

2F Fermilab
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Beam energy 7 TeV

Number of bunches 2808 (25 ns separation)

protons / bunch [10"] 1.15 (0.58A)

Energy in one beam [MJ] 360

Yexy [um], rms 3.75

B* [m] atIP1-5 0.55

X-angle [urad], separation 285,9.3 ¢

Geometrical Luminosity loss factor 0.83

Quadrupole bore [mm], gradient [T/m] 70, 215

Peak luminosity [1034] 1.0

Pile up 27
~ 15000

s Machine configuration is mostly static
£ 100001 in luminosity run!
£
3 5000+
= e .
9 0° 20:00 23:00 02:00 0500 0800 11:00 1400 17:00 44118 e Fermllab
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Main achievements 2017

~— 60

Total integrated luminosity 2
> ATLAS/CMS > 50 fb-! € Wb
> LHCb = 1.98 fb! 3 F
> ALICE =19.1 pb" g 0
= 205—
2017: Best production year -
(~0.5 fb-' /day on average after TS2) “E
0 n L | 1 1 1
Excellent Machine Availability i s ot B A

(~50% in Stable Beams) o
World’s record Peak Luminosity:

l‘lc—(o"/\ cle 2.2x1 034 cm-23-1

Fault / Downtime 2%
19%

This was achieved by optimising the cycle,
Stable Beams better orbit control, smaller beta-star, etc.
e and by exploring new beam with higher
brightness

Operatic
30%




Timeline & Goal:
Commissioning 2026; 3 ab-1 by 2037 (250 fb-1/y)

T
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[ep]
O
pue)
[en]
[
m
[ep]
— —

Run 2 \ \ Run 3

13 TeV 07 energy
injector upgrade to 7 x
splice consolidation cryo Point 4 cryolimit _ nominal
7 TeV 8 TevV button collimators DS collimation inrtygraction . HL LH(_: luminosity
—_— R2E project F(’:?_'Fl’é(ﬁ 'L:ilgs) regions installation
ivil Eng. P1-

2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2025 2026

radiation
experiment experiment upgrade 2 x nominal Iuminodsiat;/n a0 experiment
Eg:ﬁinal beam pipes nominal luminosity — phase 1 — 1 upgrade phase 2

luminosity |

5o 00 ]

Ly Y
HL-LHC PROJECT LRossi@CM26LARP-SLAC 18May2016
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1. 1.9% number of particles N,, nbN129f0

2. 0.4x beamsize atIP o L= 41T o2 R(o,,0)

3. 2X crossing angle 8 — 0.3x luminosity reduction R
* The resultis L=7x103%* BUT pile-up density >3mm-"

« (Crab Cavities for luminous area control!

— RF transversely deflecting cavity where deflection depends on longitudinal
position in bunch

R(p )0; —————————— R ﬁ
1 LHC — 1 09 ¢t LG
07 t ] 07 -
06 / | 06 |
05 1 - 0s }
041 ' 04 }
03 r 03t
02 0a |
6.1 effective cross secton | 01}/
0 . . . » .
0 02 04 06 08 el 0

p
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& HL-LHC Luminosity Ingredients (2) @th‘?‘”“‘w
LARP

1. 1.9x number of particles N, I nbNIZ,fO R(c.,0)

2. 0.4x beamsize atIP o 41 g2 02

3. 2x crossing angle 8 AND Crab Cavities 1x luminosity reduction R
« The resultis L=19x1034 — too high!

4. Luminosity levelling by dynamically changing focusing (8 * =0.7—0.15m)
in store

Instantaneous 20y~
luminosity
[10%* em™s7!] 15!

no leveling w peak 2x10*° cm—s™!

10

leveling at 5x10°* ¢cm ?s !
5

- nominal

2 4 6 8 10 12 14
Time [h]
2% Fermilab

13 A. Valishev | HL-LHC Machine 4/4/18



LARP

14

LHC vs. HL-LHC

Beam energy

Number of bunches
protons / bunch [10"]
Energy in one beam [MJ]
Vexy [um], rms

B* [m] atIP1-5

X-angle [urad], separation

Geometrical Luminosity loss factor

Quadrupole bore [mm], gradient [T/m]

Peak luminosity [1034]

Pile up
Line pile up density [mm-1]

Machine state during HEP store

A. Valishev | HL-LHC Machine

2808 (25 ns)
1.15 (0.58A)
360
3.75
0.55
285, 9.30

0.83

70, 215
1.0
25
0.1

static
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€

2748
2.2 (1.09A)
680
2.5
0.15

590, 12.50c
0.3

Crab Cavities—0.83

150, 132.6
5.0
138
1.25

dynamically changing
focusing — S * levelling
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HiLumi LHC landmarks
Hilumi LHC a project for Physics and Technology jump
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CERN May 2016

2 pairs of shorter and more
= powerful dipole bending magnets
10 new technical busiidings on surtace in P1 and PS5 . ; 10 free up space for the new

(ATLAS and CMS)

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high Super 1o carry
curment 10 the magnets from the new senice

gallenes 1o the LHC tunnel

L Rossi - Project Status @ 7th HL-LHC Annual Meeting - Madrid 13 Nov 2017




Project Breakdown

WP1 WP9
Project Management = (I 0000 »  Cryogenics
WP2 WP10
Accelerator Physics & Performance Energy Deposition & R2E
w3z NN NS T WP11
IR Magnets 11 T Dipole
WP4 WP12
Crab Cavities & RF Vacuum & Beam Screen
WP5 WP13
Collimation Beam Instrumentation
WP6A WP14

Cold Powering \ N, \‘B\eam Transfer & Kickers

AR WP15
Integration‘&\(De-)Installation

\\
Y

WP6B

Warm Powering

WP7 , “» WP16
Machine Protection / IT String & Commissioning
o
. CE
WP8 WP17 PRt
Collider-Experiment Interface Infrastructure, Logistics & Civil Engineering EAR &Y

Access&Al.
Tech Mon
Transport
(SM18 Upr)

WP18 -Controls

Log&Storage
m L Op. Safety
HL-LHC PROJECT L Rossi - Project Status @ 7th HL-LHC Annual Meeting - Madrid 13 Nov 2017
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LHC Accelerator Research Program — National Program started in 2003

« Coordinates and funds work by accelerator experts from FNAL, BNL,
LBNL, SLAC, JLAB and several U.S. universities

» Leverages the U.S. experience in collider/accelerator physics and
technology, provides continuity of knowledge

« Numerous contributions to the success of the LHC

— Magnets, Crab Cavities, Rotating Collimators, Luminosity Monitors, Beam
Instrumentation, E-Lens, Wide Band Feedback System, Accelerator Physics,
I[rradiation assessment, etc.

» Very successful personnel program
— Toohig Fellowship, Long-term visitor program

HL-LHC AUP - Formal DOE Construction Project to deliver
* Q1/Q3 Cryoassemblies
* Dressed RFD Cavities

‘S U.S. LARP - US HL-LHC AUP
LARP

2% Fermilab
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Preliminary U.S. contributions to HL-LHC
(in pictures)

Insertion Region layout from the IP to Q4

0.15) 01 Qaa 026 03 ¢ D ==t
A0 Taxs [ I | H }B{:
0.05f,, II [ 7 I 1

g 0.00 ' ' . L ITchTu b2 g:/?ties o
-0.05 1
=8 I w s
L IS

0 50 100 150

Large Aperture IR Quadrupoles:

®*  From 70 mm MQXA/B to 150 mm MQXF

*  From NbTito Nb,Sn for higher field/gradient
*  Minimum /* from 0.55 m to 0.15 m

*  Compatible with 10x integrated luminosity

Crab cavities:

Deflect bunch at IP to collide head-on
*  Restore luminosity loss due to crossing angle
*  Requires compact superconducting cavities

4/4/18
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Preliminary U. S contributions to HL-LHC

folctures)
= Q1/Q3 CryoassembyMM & , :

(LMQXFA)

niffm

V-HOM T

RF Pickup

H-HOM

— UsS ,
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Basic Parameters
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Bore — 150 mm

> HL-LHC Insertion Magnets

Gradient — 140 T/m (coil field 9T)

Conductor — Nb;Sn

Length — two 4-m coils

A. Valishev | HL-LHC Machine

Iron pad

Al shell

Axial rod

Titanium

Alignment pole

pin location

Lhe
PSS vessel

master
Alignment
s key
Load key. 7 location

location

Al bolted

Assembly,
collar

alignment
slots
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Selected HL-LHC AP Topics

LARP
« ATS (Achromatic Telescopic Squeeze) Optics
« Hollow e- Beam Collimation
» Long-range Beam-Beam Effect Compensation

2% Fermilab
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=7 Particle Confinement in Rings tﬂ"&mos'ty
Charged particles are kept moving around a circular orbit with
the use of static transverse magnetic fields.

-

F = eBxB
x"+ K, (s)x=0 V4
V' + Ky(S)y =0 < X

Kx,y (s+C)= Kx,y (s)

R
Linear focusing — dipole and quadrupole magnets

x,y motion — betatron oscillations

Longitudinally the beam is kept bunched with time-varying electrical field.
s-motion is usually weekly coupled to x-y
{& Fermilab
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ATS OptiCS @ tlﬁ%inosity

« Arc quadrupoles are powered in series

« Small number of “matching” quadrupoles in IR1/IR5 perform
the function of “squeezing” beams in to the final focus

* Via clever use of IR2/IR8 matching quadrupoles, one can
further decrease beam size in IR1/IR5

iplb1:beta*_x/y=0.400/0.400 iplbl:beta*_x/y=0.100/0.100

4.0 (P . 40 1= .
i sigx Sigy B*= 40 cm i sigx sigy ﬁ*= 10 cm
3.0 3.0
2.5 1 R 2.5
2.0 4 R 2.0
1.5 - - 1.5 |
1.0 - 1.0 - 4
" , % LordMAMLARMARKNS | AAAMAARLAM e
000 2000, 4000, 6000, 8000. 0000 2000 4000, 6000, . 8000.
s(m) %
i |
S.Fartoukh, PRSTAB 18-111002, 2013 The new IR is sort of 8 km long |
2= Fermilab
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<= Beam-Beam Interactions

LARP
In colliders in addition to the focusing magnets, particles experience
interactions with electromagnetic field of counter-rotating beam.

2

Beam 1 Beam 2 _rZ
5 \ FBB 0.4 AVBB%(l—e 20'2)
vy, = & = N7rof | b-b

range VBB =S = 47'[)/0'2 tuneshift

D X"+ K, (s)x = Fgg(x,y,s)

Even though beam-beam adds relatively little to focusing (typical tune shift
for LHC is 0.02 at lattice tune of 60), the beam-beam force is strongly
nonlinear and localized in time — unstable motion and losses

HL-LHC represents a leap into uncharted territory in terms of beam-beam for
hadron colliders

— Large beam-beam tune shift £&=0.03

— Two-fold increase of beam current, hence 2x Long-Range Beam-Beam

— Crab-cavities strongly couple longitudinal and transverse dynamics ]
$& Fermilab
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2> Long-Range Beam-Beam Compensation @{;‘,‘gmosﬂy
LARP
The 2x HL-LHC beam current would lead to tremendous

enhancement of Long-Range Beam-Beam (LRBB) for the same
separation of beams in IR1,5.

Because of this, HL-LHC relies on

a) Large crossing angle (590 urad) in IR1,5 to increase
separation.

b) Crab Cavities (CC) to recover luminosity performance.

Are there ways to achieve the same luminosity performance
with less (or no at all) CC voltage or smaller crossing angle?

— A risk reduction strategy for CC project

Possibly — with the use of Wire LRBB Compensators !
{& Fermilab
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& Concept of LRBB Compensation B Luminosiy
LARP
 Beam-beam (LR) kick (round beams)
2Nyrp {X, Y} 2777 _x2ms
A A b i
Az, y'} =— S XT 4 YQ‘(}:_G___%_U_Q,)’

with X =z +&:, Y =y -+, beam separation
* Neglecting form factor (sufficiently large separation), can be
approximated by an “infinite” wire
~ po IwLw {Xw, Yw}
A{z’, ' tw 5 5
21 Bp Xy, + Y

with Xy =z +2w;, Yw =y+Hyw:  Wire separation

/LR.RS

LRy

.P.Koutchouk, LHC Note 223, 2000

2% Fermilab
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Vacuum tank Cooling pipes

CuNi10

Jaws

Tungsten inserts
(Inermet® IT180)

BBLRC wire

Glidcop “T” support

Glidcop Al-15 housing
and back stiffener

Design:
® High DC current (up to 350 A)
" Thin wire (@ ,< 2.5 mm)

" In-jaw wire (depth £3 mm)

Holes for wire ‘ A . ROSSI

2% Fermilab
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@ Demonstration of Compensation 7/2017 @ TIEORIE)
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1.0
— wire L - 350
0.9 4 — wire R
-== Xing angle L 300
0.8 -
- 250
0.7 A
0.6 - - 200
05 —fF======== === Yo _ - 150
l'------.
0.4 A
- 100
0.3 A
- 50
0.2 A
-0
0-1 T Ll T T T
19:00 20:00 21:00 22:00 23:00 00:00

Blue trace — ratio of losses from control bunch/compensated bunch  “
{& Fermilab
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LARP HORIZONTAL POSITION / o
. HOLLOW ELECTRON BEAM « proton beam (p-beam) traveling inside a hollow
| electron beam (e-beam)
g , * hollow profile of e-beam => p-beam core (ideally)
g not affected
ié-z | * halo particles kicked to higher amplitudes by
> electromagnetic field of e-beam => cleaning of halo
N particles
G. Stancari =
D. Perini Gun + 5°|e’i°_Ed
 magnetically confined, low-energy L i
e-beam SR
« tunable transverse kicks of approx.
0.3 yrad

Tevatron demonstration:
G.Stancari et al,
Phys. Rev. Lett. 107, 084802 (2011).
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<> Hollow e- Beam Collimation
LARP

primary secondary shower
collimator collimator absorbers

i ‘s-
@
3
: :
primary secondary shower é g
collimator collimator absorbers EE
e A
jas]
| | | | |
0 2 4 6 8
Transverse position, x [O]
About 5% of particles in the tails —
Stored energy 34MJ |
£& Fermilab
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LARP

« HL-LHC is an exciting project from the accelerator
physics/technology perspective with many novel and
challenging problems to solve

2% Fermilab
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