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Outline

The CERN injectors complex
« Production scheme of the proton beams for LHC

The LHC Injectors Upgrade (LIU) project

- Goals and means of LIU

- Expected beam performance vs. pre-LIU performance

- How advanced beam dynamics steered the project baseline

The LIU project execution and legacy
« QOverview on timeline
- Beam performance ramp-up after LIU installation

Summary
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The CERN accelerator complex

2010 (27 km)

ALICE g, A North Area,

SPS

12
HiRadMat ATLAS
s \
ELENA
|50|-DE

T"U..

2001/2015

BOOSTER
1972 (157 [11)
o y RiBs REX/HIE

1959 (

LINAC 4
LINAC 3 LEIR
lons
) H (hydrogen anions) p ions P RIBs (Radioactive lon Beams) P n (neutrons)

3 February 2023 JUAS Seminar

| East Area

P p (antiprotons) P e (electrons)

Giovanni Rumolo

U

LHC Injectors Upgrade



U

LHC Injectors Upgrade

Production scheme of LHC beams before LIU

Linac2 > PSB Multi-turn

t injection of —
Eiin =50 MeV coasting beam
Super Proton Synchrotron
\ (SPS)
C=6.9km
E,?}‘,f =450 GeV
PS-Booster (PSB)
4 rings of C =157 m Proton gyncég;otron (PS)
ESY = 1.4 GeV —ozom
fan EPUt = 25 GeV
Linac 2
E,‘jgf = 50 MeV
CE/RW
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LHC Injectors Upgrade

Production scheme of LHC beams before LIU

Linac2 > PSB Multi-turn

t injection of —
Eiin =50 MeV coasting beam
Super Proton Synchrotron PSB S PS
(SPS) out — 4+ 2 272
AN EQY = 1.4 GeV
C=6.9km kin '
E2Mt = 450 GeV
PS-Booster (PSB)
4 rings of C =157 m Proton gyncég;otron (PS)
ESY = 1.4 GeV - ocom
fen ESY = 25 GeV
Linac 2
E2M =50 MeV
CEfW
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LHC Injectors Upgrade

Production scheme of LHC beams before LIU

Linac2 > PSB Multi-turn

out _ injection of —
Ekin =90 MeV' 5asting beam

Super Proton Synchrotron

NG (SPS) ont ey, 42 272
~ C =6.9 km kin — =
E2Mt = 450 GeV
PS-Booster (PSB)
4 rings of C =157 m Proton gyncég;otron (PS)
ES% = 1.4 GeV - bsoMm
o EQUt = 25 GeV
Linac 2
E2M =50 MeV
CE/RW
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Production scheme of LHC beams before LIU .= .

Linac2 > PSB WU
injection of —

out —
Exin =50 MeV coasting beam

Super Proton Synchrotron PSB S PS
~ C=6.9km kin = =
ECHt = 450 GeV
kin (ELtS? SPS 72 25
Eyi, =25 GeV
PS-Booster (PSB)
4 rings of C =157 m Proton gyncég;otron (PS)
EoUt = 1.4 GeV = m
o EQUt = 25 GeV
Linac 2
E,‘j}if =50 MeV
CE/RW
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Goals of CERN upgrades in a nutshell (HL-LHC) UJ

LHC Injectors Upgrade

The High Luminosity LHC (HL-LHC) upgrade
- Aims at 3000 (4000) fb-! total integrated luminosity over HL-LHC run (2029 — 2040+)

- Based on operation at levelled luminosity of 5 (7.5) x1034 cm-2s-! by lowering B

Beam properties @LHC injection

N oo

HL-LHC beam 25 ns AX72 per injection

CE/RW
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LHC Injectors Upgrade

Goals of CERN upgrades in a nutshell (LIU)

The High Luminosity LHC (HL-LHC) upgrade
- Aims at 3000 (4000) fb-! total integrated luminosity over HL-LHC run (2029 — 2040+)

- Based on operation at levelled luminosity of 5 (7.5) x1034 cm-2s-! by lowering B

Beam properties @LHC injection

| N, (x10Uph)

HL-LHC target 2.3 25 ns 4x72 per injection
Pre-LIU 1.3 2.7 25 ns 4x72 per injection

The LHC Injectors Upgrade (LIU)
- Aims at matching the beam parameters at LHC injection with HL-LHC target

- Needs to deploy means to overcome performance limitations in all injectors!

CE/RW
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LHC beam limitation diagrams

Emittance at 450 GeV [um]

U

LHC Injectors Upgrade

- Intensity and brightness of the LHC beams at the SPS extraction (450 GeV)
result from intensity and brightness limitations of all injectors in the chain
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- Coherent instabilities, electron cloud, beam
Induced heating, beam losses typically limit the
achievable intensity

Nb < Nmax
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Brightness limitations: space charge

U

LHC Injectors Upgrade

- Particles within a bunch moving at speed lower than speed of light generate a
repulsive force acting on each particle

3 February 2023

- This is an additional defocusing

force on single particles, whose
oscillation frequencies around
the accelerator (tunes)
consequently decrease

- Furthermore, particles feel

different space charge
defocusing forces according to
their positions - Spread of
tunes within the bunch

JUAS Seminar

B Focusing quadrupole
B Defocusing quadrupole

Close orbit

B rF cavities

Schematic View
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Brightness limitations: space charge

- In the tune plane (Q,, Q,), the nominal tunes are placed in areas free from
resonance lines (i.e. combinations of tunes leading to orbit instability)

- Space charge shifts the tunes of 05
the single particles, which may then
hit the resonance lines! 04 |

y 03 |

0.2

Particles oscillating close to e

the bunch peak density

CE/RW
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Brightness limitations: space charge

- In the tune plane (Q,, Q,), the nominal tunes are placed in areas free from
resonance lines (i.e. combinations of tunes leading to trajectory instability)

- Space charge shifts the tunes of 0.5
the single particles, which may then
hit the resonance lines! 04t
N
g 0.3 |
G:h
02}
A 0.1} A
0 =
Particles at the tails of the /
CE/RW longitudinal distribution
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Brightness limitations: space charge UJ

LHC Injectors Upgrade

- Due to their shifted tunes, some of the trajectories of the single particles can

- Grow to large amplitudes and get stabilised
- emittance growth

« Become unstable and hit the machine
aperture - beam loss

TQRNbC

2melV2€er 4Oy -

@]
max thr
A .0 < A cy =

€2,
: bmaX Z9 9 9 *°°
[Nb > (o,,C,~ )]

CE/RW Brightness limitation!
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Intensity limitations: Impedance UJ

LHC Injectors Upgrade

- Particle bunches propagating in an accelerator interact electromagnetically
with all the structures and devices they traverse

csT| ‘ a
, A PILL-BOX CAVITY

.-

'

Type ‘E-Field v
Monitor e-field (t=0..end{(0.1);x=0) [pb]

Component y

Plane at x 5} z
Maximum-2D 784261 U/m (= 8 dB) at 8 /7 0 / 9.84691

Sample 17 112

Time 5] 16
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Intensity limitations: Impedance

- Particle bunches propagating in an accelerator interact electromagnetically
with all the structures and devices they traverse

- This electromagnetic interaction is described by means of wake functions

and beam coupling impedances

« Wake function in time domain - Integrated force felt by a withess particle following at a
distance z a source particle while traversing the device

W(z) = —eiz /O U F(s. 2)ds

« Beam coupling impedance in frequency domain - The Fourier transform of the wake

function
Z(w) = / W () exp (—W) -

C C

CERN
\w ' ' '
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Intensity limitations: Impedance

with all the structures and devices they traverse

and beam coupling impedances
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LHC Injectors Upgrade

Particle bunches propagating in an accelerator interact electromagnetically

This electromagnetic interaction is described by means of wake functions

Wake functions and impedances are calculated for every single accelerator
device and then have to be summed up to calculate their global effect on the

d [1 inary Pal
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LHC Injectors Upgrade

Intensity limitations: Impedance

- Particle bunches propagating in an accelerator interact electromagnetically
with all the structures and devices they traverse

- The global interaction leads to significant energy loss and beam instability
If the impedance spectrum overlaps significantly with the bunch spectrum

Bunch spectrum  [—relomng
—Imag(Driving
1_55- T ===Real(Detuning) ||
\ ~ ===|mag(Detuning)
E
Z § B8, 7 2
- || L1~ L ||
T
2
g_
1.5L=
2 O.‘2 0.‘4 0.‘6 F 0.‘8 éH 1.‘2 1.i4 ‘l.IG 1.8
Cﬂ requency [GHz]
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Intensity limitations: Impedance

- Particle bunches propagating in an accelerator interact electromagnetically
with all the structures and devices they traverse

- The global interaction leads to significant energy loss and beam instability
If the impedance spectrum overlaps significantly with the bunch spectrum

—Imag(Driving)

BUI’lCh Spectrum —IReaI(Drliving)

===Real(Detuning) ||
===Imag(Detuning)

o

ANIC Z/ﬁ 12 p:z_:oo Alpeoo) - Rel 2 (peoo)]

Also intensity I|mitati_.c").n if too much power —
. . . : [Nb< NmaX(ZJ_7|,QS,’y,...)]

62w0
2T

pedance [Q/m]

IS deposited on some sensitive equipment

15 ~ , ‘ 3 :
T ~Instability threshold = Intensity limitation!
2 02 04 0s 08 4 12 14 18 18
Cﬁw requency [GHz]
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LHC Injectors Upgrade

LHC beam performance before upgrade

- LHC beam parameters at the SPS extraction (450 GeV) result from
Intensity and brightness limitations of all injectors in the chain

> . Brightness

3.0 - PSB brightness determined by space charge at
s injection
g - Limit for PS space charge at injection AQ, < 0.31
S 20
g 15 | . Intensity
f;; 10 | « SPS is limited by beam loading and longitudinal

instabilities on the ramp and flat top

« PSis limited by longitudinal coupled bunch instability
on the ramp and flat top

o
(&)

o
o

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

@ Intensity at 450 GeV [p/b] 1e11
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LHC beam performance before upgrade

Emittance at 450 GeV [um]

U

LHC Injectors Upgrade

- LHC beam parameters at the SPS extraction (450 GeV) result from
Intensity and brightness limitations of all injectors in the chain

35

NN W
o &) o

-
(&)}
— - ——

o
3

o
o

-
o
—_—

1.0 1.5 2.0 2.5
Intensity at 450 GeV [p/b]
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3.0

3.5
1e11

- Brightness
- PSB brightness determined by space charge at
Injection
- Limit for PS space charge at injection AQ, < 0.31
v Space charge in SPS not a limit for LHC beams

- Intensity

« SPS is limited by beam loading and longitudinal
instabilities on the ramp and flat top

« PSis limited by longitudinal coupled bunch instability
on the ramp and flat top

v PSB intensity limit well above displayed range

JUAS Seminar Giovanni Rumolo 22
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LHC Injectors Upgrade

The LHC Injectors Upgrade (LIU) project

- Performance goal - Match the beam parameters at SPS extraction to the
High Luminosity LHC (HL-LHC) target

TR | N, (x10%p/h)
0l e HL-LHC target 2.3 2.1
TR, | Before upgrades = 27
>
Sp0f - LIU strategy
ﬁ - - Identify the sources of the performance limitations in
glor o each of the injectors impeding the achievement of the
E ol HL-LHC target parameters
' > Define and deploy the necessary upgrade items to
05 overcome these limitations
0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

@ Intensity at 450 GeV [p/b] 1e11
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A qu |ck overview on the LIU project
'] » 2 GeV injection - Reduced

space charge at PS injection

* New RF equipment including

broad-band feedback >

Increased instability threshold

7~ =——— [Super Proton Synchrotron

. Mam RF system (200 MHz) upgrade > (SPS)
Increased RF power and improved controls C=6.9Kkm

* Longitudinal impedance reduction & partial FOUt — 450 GeV
a-C coating > Increased instability Eyin €

thresholds Acceleration of H- to 160 MeV
* New beam dump and protection " Acceleration of 1 10 ©
P P PS-Booster (PSB) « Up to 40 mA within 0.3 um

devices :
; 4 rings of C =157 m

E2Mt = 2.0 GeV

- 160 MeV H- charge exchange\l)
injection - Reduced space |

Proton Synchrotron (PS)

C=628m
charge at PSB injection EPM = 25 GeV

* Acceleration to 2 GeV with new
main power supply and new
RF systems

Linac 4 Linac 2
ESUE = 160 MeV * EC2¥ =50 MeV

kin

km
CE’RW
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A quick overview on the LIU project

For all injectors :

* Replacement of ageing/sensitive hardware

* New/upgraded beam instrumentation and
diagnostics devices, vacuum systems,
software tools, machine protection,

Super Proton Synchrotron

\ (SPS) electrical services, cooling and ventilation
C =6.9km
E2¥%t = 450 GeV

km

PS-Booster (PSB)
4 rings of C =157 m

,?Z;f 2.0 Gev Proton Synchrotron (PS)
C=628m
EQ =25 GeV
Linac 4
EQ = 160 MeV
C\@ 3 February 2023 JUAS Seminar Giovanni Rumolo 25



Beam performance with LIU upgrades

Emittance at 450 GeV [um]

U

LHC Injectors Upgrade

- Effect of the LIU baseline upgrade items on beam parameter reach, based
on existing machine models and anticipated equipment performance

35

= = N N @
o ) o o o
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Intensity at 450 GeV [p/b] 1e11
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LHC Injectors Upgrade

Beam performance with LIU upgrades

- Effect of the LIU baseline upgrade items on beam parameter reach, based
on existing machine models and anticipated equipment performance

3.5

- Connection of PSB to Linac4
o Linac4 providing 25 mA within 0.4 um
o Charge exchange H- injection at 160 MeV into PSB

- - N N w
o (&) o (&) o
T T T T T

Emittance at 450 GeV [um]

o
o

o

o
o
o

0.5 1.0 1.5 2.0 25 3.0 3.5
Intensity at 450 GeV [p/b] 1le11
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LHC Injectors Upgrade

Beam performance with LIU upgrades

- Effect of the LIU baseline upgrade items on beam parameter reach, based
on existing machine models and anticipated equipment performance

>0 - Connection of PSB to Linac4
| . PSB acceleration to 2 GeV
525} o New main power supply and RF system in PSB
>
S0l o New injection region in PS
S 15
i:% 1.0 +
0.5
0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

@ Intensity at 450 GeV [p/b] 1e11
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Beam performance with LIU upgrades

Emittance at 450 GeV [um]

©

U

LHC Injectors Upgrade

- Effect of the LIU baseline upgrade items on beam parameter reach, based
on existing machine models and anticipated equipment performance

3.5

w
o
T

N
(&)
T

N
o
T

N
(&)
T

RN
o
T

o
o

o
o

0.0

0.5

1.0 1.5 2.0 2.5
Intensity at 450 GeV [p/b]

3 February 2023

3.0

3.5
1e11

- Connection of PSB to Linac4
- PSB acceleration to 2 GeV

- PS RF upgrades, e.g.

o New broadband cavity for longitudinal feedback
system against instabilities

o Impedance reduction of RF systems

JUAS Seminar Giovanni Rumolo 29
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LHC Injectors Upgrade

Beam performance with LIU upgrades

- Effect of the LIU baseline upgrade items on beam parameter reach, based
on existing machine models and anticipated equipment performance

3.5

Connection of PSB to Linac4
PSB acceleration to 2 GeV
PS RF upgrades

SPS upgrade

o Power and LLRF upgrade of 200 MHz RF system
o Longitudinal impedance reduction

o a-C coating of focusing quadrupole chambers

o Deployment of low vy, optics

00 05 10 15 20 25 30 35 o Upgrade of beam dump and protection devices

Intensity at 450 GeV [p/b] 1le11
CERN
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LHC Injectors Upgrade

Beam performance with LIU upgrades

- Effect of the LIU baseline upgrade items on beam parameter reach, based
on existing machine models and anticipated equipment performance

3.5

v Connection of PSB to Linac4

w
o
T

v PSB acceleration to 2 GeV

N
(&)

v PS RF upgrades

N
o
T

v SPS upgrade

Emittance at 450 GeV [um]
o

RN
o
T

= LIU parameter reach for proton beams
matches the HL-LHC target within baseline

o
o

o
o

0.0 0.5 1.0 1.5 20 2.5 3.0 3.5
Intensity at 450 GeV [p/b] 1le11
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LHC Injectors Upgrade

Some examples of beam dynamics studies that
guided definition of LIU parameter reach and,
consequently, the LIU baseline choices

CE/RW
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(1) Connection of PSB to Linac4
- The achievable beam brightness with multiturn injection at 50 MeV (Linac2) is
Inherently limited by the injection process and space charge

« Linear increase of transverse emittance with increase
of injected intensity

« Simulations could closely reproduce measured slope 404 + R3(measurements 2012)
® 50 MeV
- Brightness can be doubled by moving to P e Joomeash ke me)
H- injection at 160 MeV (~twice By?) 3.0

« Simulations show that indeed brightness can be
Improved by factor 2, and even beyond by optimizing

i e
. . . . . ) get
Injection parameters (e.g., incoming energy spread) . o W
« Limit coming from Linac4 emittance and scattering + '
1.0 A Catter'\\'\g : L

(ex +&y)/2 (um)

against stripping foil for low intensity foll 5@
0.5 4-—==="1""
0.0 T T T . T 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Intensity (p) lel?2
CE/RW
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(2) PS Space Cha’rge LHC |nj£%Upgrade

- Space charge plays a crucial role at the PS injection
- 4 PSB bunches with large tune spread sit at injection energy for 1.2 s

« Tune spread needs to be accommodated between integer resonance and space charge
driven structural resonance 8Qy=50 during 1.2 sec flat bottom

6.50

6.45

- In order to keep the pre-LIU tune spread at
Injection with double intensity in the same
transverse ¢
- Increase of injection energy to 2 GeV (63% gain in By?)

- Larger longitudinal emittance at PSB-PS transfer to Y. 9
allow for longer bunches and larger dp/p | | 20l aefmaton. i 002

—0.005

Vertical tune

4 —0.02

0 615 6.20 6.25 6.30 6.35 6.40 6.45 6.50

Horizontal tune
CE/RW
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(3) PS Iintensity limitation

LHC Injectors Upgrade
120t
1.4 1.4 '
1.2F 1.2 100,
1O} 10 — 80
0.8F {fos =
— P
= 06} 06 £ =
o e 8
04} Instability fos 2
0.2F {0.2
20
0.0F _—/_ 40.0

-
0.0 0.5 1.0 ) 2.0 2.5 3.0 3.5 0
. -60 —-40 =20 0 20 40 60
Cycle time [s] t [ns]
sool NI\ \IJ \/ \\J \V/

400

300

t [ms]

- Bunch current limited to 1.5e11 p/b at extraction
- Above 1.5ell p/b longitudinal coupled bunch

200

Instabilities appear on the ramp and at flat top
X - Simulations show it is a dipolar oscillation mainly driven by 10 MHz
s RF system impedance

CE/RW
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(3) PS intensity limitation J

LHC Injectors Upgrade

Simulations with
10 MHz cavities + Finemet cavity
impedance model

Measured mode spectra

Amplitude

[ns]

Mode number, Cycle

Mbaich

- Instability successfully reproduced in simulations (mode n=2)
- Broad-band feedback system demonstrated to counteract this

instability in simulations
CE{W
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(4) SPS intensity limitation (longitudinal) UJ

.- SPS intensity limitations 28

« Beam loading in the present
200 MHz TW RF system

« Longitudinal instabilities
during ramp with very low
threshold mitigated by

- 800 MHz RF system in bunch
shortening mode

-« Controlled emittance blow-up
(with constraint of 1.7 ns bunch
length at extraction)

m— 1 OMV+ 1MV
26| — TAVE0.TMY

HL-LHC

HL-LHC
»

]

Bunch length
spread

present

. Globally, intensity limited to o {
about :!..3611 p/b at 133 1.3 14 1.5 16 1.7 1.8
extraction Bunch length (ns)
C
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(4) SPS intensity limitation (longitudinal) UJ

LHC Injectors Upgrade

. new HOM coupler
- Impedance reduction 28 " : F T
needed in addition " AN, N
- Shielding of a subset of vacuum = HL-LHC | |
flanges e = e 1 |
. = P 4 4 'o. oL,
- Enhanced damping of HOMs of =22 e Lo \&
200 MHz (factor e 2,5, Il DG G
baseline for LIU é’ A 8| g (Lo
) = 18 '.o v "o ".o
. S_erlgraphyon th B |
ICKers S 16p° o® e? = =+ flanges removed + HOM/3 + MKP/2
kickers MKP z ot
= go® |
FAUSE e
p o *

=
'p..nN
N

13

CERN
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(5) SPS intensity limitation (transverse)

U

LHC Injectors Upgrade

- Transverse Mode Coupling Instability (TMCI) threshold was 1.6e11 p/b

with the original Q26 optics (integer part of the tune 26)

- Simulations showed that it could be raised to 4ell p/b using a low gamma

transition (y,) optics

(Q20)

x 10" orlglnal SPS optics 45X 10 Iow v SPS optics
| | | 026 (e, ~0.35 eVs) | 4. Oell I\ ; | on (e, = 035 eVs)
"""""""" A I Y s eeen e e ‘ ‘

! ! ! ! o ! ! ! !
fffffffffffffff 85|
,,,,,,,,,,,,,,, N L

: 3 3 X25 3 I \\’_‘L ! 3 3

i i i i g 255 + e ERaaa

| | | | g8 | | | | |

L heen Z e

: ‘ + : T 1.5 = T S A T

] ‘ ] f 1 SR o AR

T S EE
0 0.05 0.1 0.15 0.2 0.25 % 0.05 0.1 0.15 0.2

Time (s) Time (s)

3 February 2023

JUAS Seminar

Measurements confirmed this 2.5
times higher threshold!

The Q20 optics has been made
operational for LHC beams
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(6) SPS electron cloud UJ

LHC Injectors Upgrade

- Electron cloud mitigation relies mainly on
« Beam induced scrubbing
- Coating with a-C the chambers of the focusing quadrupoles and adjacent drift chambers

MBB QF
lell 1.5 :
=== Horizontal 1 —_— :
. - 3.5 i
. e ) O
=== |njected intensity . m— '
-3.0 — |
40 n ZQ' 13' :
g - A A
2 "~ 3 R :
= 301 g > 1 !
o 2.0 5 = LU
g E U) 1.1 . :
c ] LR L T P
< 1.5 £ .
£ 20 1 < 104 } . %
g kS ) |
: EEERIFEREEEEE
10 = 94 .
- 0.5
0.8 T = T T
o4+ . . . J— . L oo In-situ . Electron multipacting
19:00 21:00 24:00 2:00 5:00 7:00 10:00 12:00 hollow cathode threshold
Time [hh:mm]
= N ey N
E/RW
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LHC Injectors Upgrade

A quick overview on the timeline of the LIU project
and results with beam up to 2022

CERN
\/_wl ' ' '
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2010

2018

2020

2024

Run 1 + Long Shutdown 1 + Run 2 (2010 — 2018)
Preparation, prototyping, testing, production

Beam studies (machine development and simulations) to refine
existing models and fix project baseline
Advanced installation and testing during LS1 and End-of-Year stops
Civil engineering, surface work, cabling, decabling, ...
Linac4 commissioning and quality/reliability runs

LHC INJECTORS UPGRADE

Technical Design Report - Volum

Edited by J. Conpard, H. Damers Fu R bySE[dABGMd(Mk
A.Lombardi, D. Mas, quumaanaun Rumolo, E. Shaposhsikova, M. Vretesar

3 February 2023
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LHC Injectors Upgrade

Technical Design Report
Vol. II: Ions

August 25, 2017 — Beam parameters at injection of each accelerator

U

LHC Injectors Upgrade

PSB (H™ injection from Linac4)

Editors
1. Coupard, H. Damerau, A. Funken, R. Garoby,
S. Gilardoni, B. Goddard, K. Hanke, D. Manglunki,
M. Meddahi, G. Rumolo, R. Scrivens, E. Shaposhnikova

ril 2016
EDMS 1626950

JUAS Seminar

N (10" p) e, (gm) B (GeV) e (eVs) Bi(ns) dp/po (107°)  AQu,
Achicveq Standard 1773 2.14 0.05 1.0 1100 2.4 (0.51, 0.59)
chieve BCMS 8.48 1.15 0.05 0.9 1000 2.2 (0.46, 0.56)
LIU targeq  Standard 3421 1.72 0.16 14 650 18 (0.58, 0.69)
et poMs 17.11 1.36 0.16 1.4 650 1.8 (0.35, 0.43)
PS (Standard: 4b+2b — BCMS: 2x 4b)
N (10" p/b) ery (um) B (GeV) e (Vs/b) By (ns) p/po (1003 AQuy
Achioveq | Standard 16.84 2.25 14 12 180 0.9 (0.25, 0.30)
creved powms 8.05 1.20 1.4 0.9 150 0.8 (0.24, 0.31)
10 tareet Standard 32.50 1.80 2.0 3.00 205 15 (0.18, 0.30)
B poms 16.25 143 2.0 1.48 135 1.1 (0.20, 0.31)
SPS (Standard: 4 x 72b - BCMS: 5 x 48b)
N (10" p/b)  €xy (um) p(GeV/e) e (eVs/b) By (ns)  dp/po (107%) AQu.y
Achioveq Standard 1.33 2.36 26 035  40(3.0) 09 (L5  (0.05,0.07)
chieve BCMS 1.27 1.27 26 035  4.0(3.0) 09 (15  (0.07,0.12)
LIU targeq Standard 257 1.89 26 035 4.0 (3.0) 09 (L5)  (0.10,0.17)
et poMs 2.57 1.50 26 0.35 4.0 (3.0)  09(15)  (0.12,0.21)
LHC (~10 injections)
N (10" p/b)  €xy (um) p (GeV/c) €. (eVs/b) By (ns) bunches/train
Achioveq Standard 1.20 2.60 450 0.47 (0.48) 1.65 (1.21) 288
ceve BCMS 1.15 1.39 450 0.40 (0.41)  1.50 (1.13) 96
LIU targey Standard 2.32 2.08 150 0.56 (0.58) 1.65 (1.24) 288
8t BoMs 2.32 1.65 450 0.56 (0.58) 1.65 (1.24) 240
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PROJECT MANAGEMENT DOCUMENT

Long Shutdown 2 (2018 — 2020) LHC Injectors Upgrade (LIU)
Peak of LIU installation phase

Beyond Long Shutdown 2 (LS2):
Possible injector upgrades to reach the LIU parameters

ABSTRACT:
The LHC Injectors Upgrade (LIU) project aims at providing proton beams with the
. - - required beam parameters for the LHC to meet its goal of 3000 (4000) fb'! total
FI n al p h aSeS Of L I U eq u I p m e nt p rod u Ctl 0 n integrated luminosity during the full High Luminosity (HL) run for nominal (ultimate)
operation. The beam commissioning in the injectors to the LIU specifications will take
place gradually during Run 3 (2020 - 2025). In this paper we illustrate the strategy for

L I U eq u I p m ent I n Stal I atl O n ac rOSS al | I nJ ecto S the beam parameters ramp up to the LIU values and provide a detailed list of post-LIU

options to be kept in store should any related performance limitations actually occur.

- . - DOCUMENT PREPARED BY: |DOCUMENT TO BE CHECKED BY: DOCUMENT TO BE APPROVED BY:
Preparation of operational scenarios — tools, o | ey ey |t oo
Heiko Damerau
Gian Piero Di Giovanni
performance ramp-up, back-up options
Brennan Goddard
Klaus Hanke
Alexander Huschauer
Verena Kain
Alessandra Lombardi
Bettina Mikulec
Fernando Pedrosa
Richard Scrivens
Elena Shaposhnikova
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2010

N

End-of-LIU event LJ

Wednesday 23 Jun 2021, 1000 — 14:00 Europe/zuri LIU Project Team nationality distribution LHC Injectors Upgrade
Q 774/R-013 (CERN)

LIU Project Team gender distribution

& Giovanni Rumolo (cern), Malika Meddahi (cErRN)

@ [& 20210623.102204... [& 20210623_134654

@ 20210623_134658... @ 20210623_134659
Registration . .
9 & vouare registered for this event.

Support = luciemainoli@cern.ch
T 004122 767 4397

LU — 10:30 Get toge!

A[3I/I — 12:00 Eleven years of LIU project

Project leader

Speaker: Malika Meddahi (cern)

20 18 Project leader

Speaker: Roland Garoby

B vw_from_Ato_ Z Gar. [} LIU_from_A_to_Z Gar..

Deputy Project leader

2020 Speaker: Giovanni Rumolo (cern) | : i ) 7 A 5
TNl BN A fine example of successful teamwork rich in diversity,
Run 3 (2020 — 2024)  Which has made it possible to
2024 * Recommissioning c « Complete the project in full compliance of safety,
N schedule and budget

3 February 2023 timely and systematic approach

S  Demonstrate the beam performance goals with a



U

2020 - 2021 2022 2023 2024 LHC Injectors Upgrade

Ramp up to HL-LHC intensity of 2.1el1,
then to 2.3e1l p/b within desired brightness
and loss budgets for post-LS3 readiness

* Intensity and brightness ramp up to 1.8e11 p/b and 1.7 um
at SPS exit within desired loss budgets

2018 * Recovery of pre-Long Shutdown proton beams with
Linac4 and newly installed LIU equipment

Run 3 (2020 — 2024)

2024 « Recommissioning of upgraded injectors

- Beam commissioning to LIU specifications

@ throughout Run 3
3 February 2023 JUAS Seminar Giovanni Rumolo 45




LIU beam commissioning 2021-22 — PSB UJ

LHC Injectors Upgrade

- PSB brightness line with Linac4

404 +R3 (measurements 2012) 407 o BllBtarget
® 50 MeV (simulations) 351 ® Mar. 2021
351 ® 160 MeV (350 keV rms, sim.) E‘ - & Emtibial

® 160 MeV (440 keV rms, sim.)

5 Pre-LIU

00 05 1.0 15 20 25 30 35 @"@@ 160 200 300
Intensity (p) lel2 Intensity (1077 ppib]
CE/RW
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LIU beam commissioning 2021-22 — PSB UJ

LHC Injectors Upgrade

PSB brightness line with Linac4

- Target achieved and surpassed, studies still ongoing to further improve the
brightness and gain margin for blow-up downstream!
« Injection above the half-integer to limit integer resonance crossing blow-up

4Q, =16 N
WA ~ @’ S 3.01 - 1w target
bW '\\ / N . < # 2021 optimized
4.5 —— — To5| # 2022optimized
';’ VoS __' ';* ‘,‘ O 37 ¢ Half-integer crossing (2022)
4.4 1 ;;-"‘::, : il . :'. :i;‘ v g 2 0 1 ”’
- _-"ﬂ'—.‘f‘ !'.’ . Ny ; '-1 .}\-': ;'i ‘\‘ -I‘E . ’ ‘
e 3 CoyEmE £ i
- i B
0 ] : ! 3 _; . 7 - é .
G : N Q ¢
h .-t. i 8 o ) .E
4.2 !f AN e ] < 1.01 ++ ¢ -9 +
';f,’ e ¢ . ,\:F’::_. | g + +,
N B% LS N ’ 205 No improvement yet seen with this
. \ 1y LI S I b .
A 17 i B VAN -~ e method, to be further optimized!
W - v/ ) Pig
- |
. 0.0 ; ; ;
4.0 om M AN 0 100 200 300
4.0 4.2 4.4 o Intensity [10%° ppb]
Cﬁw 0,
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LHC Injectors Upgrade

LIU beam commissioning 2021-22 — PSB

- PSB brightness line with Linac4

- Target achieved and surpassed, studies still ongoing to further improve the
brightness and gain margin for blow-up downstream!
« Injection above the half-integer to limit integer resonance crossing blow-up
. Injection Into third harmonic bucket to flatten bunch and mitigate space charge

401 e single 3.0
=== Double " . PV [
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3.0 120 A g 2.5 4 2022 optimized
2] € 1001 I
g 201 = % 2.0 &
31s 2 80; £ | -~

1.0 § g 1.5] ,",’ *+ O

. £ 60 e] ’/’ ®

] o g e @
05 b N 10 ’/’+ L]
( = U g
e NIREE
200 GE) g ’,4’
£ 201 B 0.5 -
?. ’Id
o T - T T 0.0+~ ! ‘ !
200 400 600 800 1000 O 200 400 600 800 1000 0 100 200 300
C@ dt (ns) dt (ns) Intensity [10%° ppb]
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LIU beam commissioning 2021-22 — PS U

LHC Injectors Upgrade

- The PS in 2021 quickly recovered the pre-LIU performance
« LHC beam quickly restored up to 1.8e11 p/b extracted
« Excellent transmission, emittance preservation as expected

1200
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= e
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14000
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O 1L L 1 1 1 0
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CE{W
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LHC Injectors Upgrade

LIU beam commissioning 2021-22 — PS

- LIU intensity and brightness achieved and exceeded in 2022 in the PS
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LHC Injectors Upgrade

LIU beam commissioning 2021-22 — PS

- LIU intensity and brightness achieved and exceeded in 2022 in the PS

Tomoscope - (INCA) Goa
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LHC Injectors Upgrade

LIU beam commissioning 2021-22 — PS

- LIU intensity and brightness achieved and exceeded in 2022 in the PS
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@ éeVs, low FB voltage (28..6 kV)
@ 3eVs, high FB voltage (52 kV) . * ,, v v B
; ; . pre-ls2. Stabilised by recently
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LIU beam commissioning 2021-22 — SPS

- The SPS recovered the pre-LIU beams in 2021

U

LHC Injectors Upgrade

- Intensity & brightness ramp-up at injection (26 GeV/c) successful in 2022
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LIU beam commissioning 2021-22 — SPS U

LHC Injectors Upgrade

- The SPS recovered the pre-LIU beams in 2021

- Intensity & brightness ramp-up at injection (26 GeV/c) successful in 2022
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LIU beam commissioning 2021-22 — SPS U

LHC Injectors Upgrade

- The SPS recovered the pre-LIU beams in 2021

- Intensity & brightness ramp-up at injection (26 GeV/c) successful in 2022
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- Currently limited by severe
pressure spikes in one of the
dump kickers at 450 GeV

- Unfortunately not included in the
beyond-LIU risk register ...
studies ongoing to understand
how to get over this limitation!
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Summary UJ

LHC Injectors Upgrade

- LIU project baseline was built to fulfil the HL-LHC target parameters

« An advanced modeling of the LHC injectors and a close analysis of their performance
limitations have constantly guided this 10-year long process

- Main phase of installation lasted almost two years of long shutdown (LS2)
« Injectors back to operation in cascade since July 2020

- LIU project officially came closed on 30 June 2021

- Beam commissioning on schedule up to 2022, with PSB and PS having
already fulfilled and exceeded LIU targets and SPS closely following with
some new limitations to be addressed to fully fulfil the LIU potential

— Stay tuned for the next steps!

CE/RW
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