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Outline

The PS Booster (PSB) and its history

Why 160MeV H- charge exchange injection?

Details about concept, hardware and diagnostics

Operational experience from commissioning until today



The PS BOOSter Four superposed synchrotron rings (25 m radius) providing
beam to the PS and ISOLDE

Multi-turn injection to accumulate charges
) ISOLDE

R S rexmie 50 MeV p+ beam from Linac1 accelerated up to 800 MeV
50 MeV p+ beam from Linac2

LHC

120

SPS

-

ATLAS

HiRadMat
_res

TT60

AD ELENA

i East Area
7 I CR
Beam accelerated up to 1 GeV

Beam accelerated up to 1.4 GeV
160 MeV H- beam from Linac4 accelerated up to 2 GeV

Higher energy and H- instead of protons to
overcome brightness limitations



HL-LHC Challenge

The High Luminosity LHC (HL-LHC) upgrade
Aims at 3000 (4000) fb-' total integrated luminosity over HL-LHC run (2029 — 2041)

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

Bunch/batch
11
N'° 197 PIB) | £y, (mm) spacing m

HL-LHC 2.3 2.1 25 ns /200 ns 4x[72 per injection
Pre LS2 1.3 2.7 25 ns /200 ns 4x7[72 per injection

- ~double intensity and double brightness



The PSB Challenges

Pre-LS2

Beam Type Total €
intensity

X,norm, rms ay,norm. rms

[Mm mrad] [mm mrad]

per ring
[10%]

LHCPROBE
LHCINDIV
LHCINDIV_VDM

LHC 25ns DB_A/B

LHC 50ns DB_A/B

BCMS 25ns DB_A/B

LHC 8b4e_BCS 45-60 : :
LHC 8b4e DB_A/B ~165 ~2 ~2 1. 3

AD 400+50 9 5 <1.3
EAST1 <60 <15 <1.5 <1.3
EAST2 50-67 <15 <15 <1.3

SFTPRO_MTE <600 ~6-8 ~5-6 1.3
TOF 850 11 9 1.7
NORMGPS/HRS 900 10 6 <1.8

STAGISO 1.4GeV ~200/350

LIU Targets

HL-LHC: High Brightness

€ nl Eyn: <1.7 mm mrad

Intensity: 3.4 E12 ppr

ISOLDE: High Intensity

€y nl €y n: <15/9 mm mrad
Intensity: >1.6 E13 ppr

Emittance constraints only defined by
aperture limitations and loss reduction



The new PSB H" Injection System

Horizontal closed orbit bump
produced by injection
chicane (BSW) + kicker
magnets for painting (KSW)
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Closed orbit during KSW decay, ISOLDE beam

E. Renner
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Injection Chicane + Stripping Foil \

4 horizontal chicane magnets (BSW)

46 mm orbit bump during injection,
decays within 5000 turns (5 ms)

Stripping foil

Schematic of the injectiori EWfcane and stripping foil

s 4 DY 3l

Newly installed H- injection (top) and
pre-LS2 multi-turn injection (bottom)




The Injection Chicane BSWs:

) * Rectangular pulsed magnets, independently
R-Ben d kick powered, which apply a kick of 66 mrad
g = « Quadrupolar field perturbations are generated in
the vertical plane due to the strong edge focusing.
« Eddy currents induced in the metallic chambers
during the decay of the field create sextupolar
field components.
» Both effects translate in a vertical B-beating which
can be corrected with k-modulation

ds, 66 mra each
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= 30 Correction - Ring ,
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o (2021) -+~ PSB Ring 3
ﬁ 201 ~+F+~ PSB Ring 4
Table 1: Main BSW Magnet Parameters g
Parameters Unit BSW1 BSW2-4 o
=
f B,dl at magnet centre mTm 126 126 = 101
Electric peak current kA 6.7 34 =
RMS current A 463 231 ©
Resistance mQ 3.5 7 3 0
Inductance uH 13 77 Q
Number of turns 4 8 T : ’ s - -
End Plate thickness mm 13.6 12 275 276 2_?.7 ( 27)8 279 280
Aperture HXV mm  162x85  242x85 HRSAS

Good field region 1% mm  140x85  220x85




The Injection Chicane BSWs:

) * Rectangular pulsed magnets, independently
R-Bends, 66 mrad kick each - / powered, which apply a kick of 66 mrad
ST | ¥ ol | —m— | e il | S « Quadrupolar field perturbations are generated in
the vertical plane due to the strong edge focusing.
« Eddy currents induced in the metallic chambers
during the decay of the field create sextupolar
field components.
« Both effects translate in a vertical B-beating which
can be corrected with k-modulation

—= -

T

Inconel chambers

T. Prebibaj

Expected

PSB Ring 1 (corrected)
PSB Ring 2 (corrected)
PSB Ring 3 (corrected)
PSB Ring 4 (corrected)

30 1

Ft |

20 -

B-beating in QDE3 & QDE14 (%)

Table 1: Main BSW Magnet Parameters After
Parameters Unit BSWI1 BSW2-4 Correction
/B,dl at magnet centre  mTm 126 126 f/ E t HOH- 10 1 (2021)
Electric peak current kA 6.7 34 3 it
RMS current A 463 231 monitor '_?
Resistance mg) 3.5 7 “ « 0- , !
Inductance pH 13 7
Number of turns 4 8 \ ' ' ' ' ' :
End Plate thickness i 13.6 12 275 276 2_?_.7 278 279 280
Aperture HxV mm  162x85  242x85 ime (ms)

Good field region 1% mm  140x85  220x85 BSW4

Better control of WP along the cycle



The Painting Bumpers

* Need to provide beams to a large variety of users
« Painting process + accurate choice and control of WP during cycle allow to fulfil requirements and

mitigate space charge

« Painting bump produced by 4 KSW + 6 interpose Quads
* Multiple-linear waveform generator was developed to ensure the necessary high flexibility.
« Each magnet independently powered to adapt to differences between users, rings and for fine
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The Painting Bumpers

* Need to provide beams to a large variety of users

« Painting process + accurate choice and control of WP during cycle allow to fulfil requirements and
mitigate space charge

« Painting bump produced by 4 KSW + 6 interpose Quads
« Multiple-linear waveform generator was developed to ensure the necessary high flexibility.

« Each magnet independently powered to adapt to differences between users, rings and for fine
tuning
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The Painting Control

A control interface was deployed to allow setting up the waveforms for all the users

) cwe-313-vplUd3.cern.ch: | (cbracco) - gerviL

Current measured by
BCTs in the injection line
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Application RF Expert ABT Expert

Linac4 BCTs

Current measured by BCTs

in the PSB at injection (after
1 ms), after capture and at_»
the end of the acceleration

process

Current measured in TL to

PS, ISOLDE and dump =

Number of injection turns
(set) and Linac4 chopping
factor (set)

Set and visualize

~ || Mode Setting ~ [

waveforms for 4 rings
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BI.BCT10 -823.5 -823.34 -829.66 -827.96 e
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284
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BTY.BCT325 3,238.79 14,544 Time [us] Time [us]
i H AO: tl: Al: t2: A2: [to: AD: tl: Al: t2: AZ:
- ](Mode Setting - J[DN }(Enable - ][TRUE ][ - ][Mode Setting - J[DN ](Enable - ][TRUE ]|
BIZ. KSW BI1.KSW
= Leqend = Leqend
341 Settings 34 Settings
—— KSWloLl —— KSWloLl
i r 3200 334 ra0g
Bunch B
Length
324
324
260 260
31
stare Clear 77 - 81 - 83 - 83 )| 22 =|E =
. | . 36 :
Do = gle 5
B3 rieo £ £ Feo £
WD DUMP: 3/3
291
J 3 Pals 291
WD BI: 3/3 WD BR3: 3/3 Lo 28+ Lo
=)
28+ 274
Reset BR WD: L L
T T T T T T T T
—— [ 56 160 158 260 250 [ 56 180 158 260 250
4 Time [us] Time [us]
@ - eco-cm (Ext. cond.) DS CEEE) T A0: n: AL: t2: A2: [to: Ao: u: AL: 2 A2:
No Exception to display.. ‘
a

i 16:40:38 Stored number of turns: 77 - 81 - 83 - 83 from each ring




The Stripping Foil System and Diagnostics

& 15 Jun 2020 13:25:24 PSB - 17 ZERO | ---ZERO---
T

More... - L e
[ [ + O

|—_| 361.STRFOILLOADER.BI1.TSTR1L1 | 1 = |
Loader Control REMOTE Loader State FOIL_IN
Foil [w|FoIL_4 Foil FOIL_4
Foil Neo 4  Temperature Foil -14.95

Finetune Request Btv State OUT_APERTURE

Ref. |-

Init |0.0 m

A (A
Finetune Request m

Finetune Pos -2.0m

No Exception to display...

|14.‘4 8:58 - Opening knob: 361 STRFOILLOADER.BI1. T5TRIL1. .done -

Each ring is equipped with a loader hosting 6 stripping foils.

This gives the possibility to replace broken foils without intervening
locally in the machine.

The mechanism allows a £2mm fine adjustment in the transverse
(»] position

12






The PSB Stripping Foil System and Diagnostics

A BTV screen installed right in front of the stripping foil to:
Fine tune foil position

Steer the beam to target position (2 H/V correctors in TL
Measure beam profile

Online check of foil status
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The PSB Stripping Foil System and Diagnostics
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Stripping foils for the PSB H' injection system
M.Aiba (PSI), C.Carli, B.Goddard, W.Weterings

Keywords: Linacd, PSB charge exchange injection

Summary

Beam physics considerations for the stripping foil of the PSB H' injection system are
described, including the arguments for the foil type, thickness, geometry and positioning. The
foil performance considerations are described, including expected stripping efficiency,
emittance growth, energy straggling, temperature and lifetime. The required movement ranges
and tolerances are detailed, together with the assumptions used.

Energy X} O O+
[MeV] (10" em?]  [x10° em?’]  [x10" em?)
200 [8] 1533413 027003  6.0%0.1
160 (scaled)  17.72 031 6.92

10

Charge fraction
s S

...
o.
&

&

—_
o

- . alk 'S AL ¢ il
0 50 100 150 200 250 300 350 40
Foil thickness [ug/cm2]

Foil thickness defined to:

e Maximise stripping efficiency (> 98%)
* Minimise emittance blow-up

* Minimise Losses

* Minimise power deposition

~200 pug cm2 C-based foils (~1 um) chosen for PSB

Foils on loaders:

e XCF-200 (Loader 1&4): arc evaporated amorphous
carbon, collodion coated

* MLG-250 (Loader 2&5): multilayer graphene

e GSI-200 (Loader 3&6): arc evaporated amorphous
carbon

14



The PSB Stripping Foil System and Diagnostics

HO/H- Current Monitor (1 mm Ti plates) installed in front
of the 70 mm long Ti dump allows (after calibration) to:

» Measure stripping efficiency

[C]Plates SF 6
.. |[]Plates SF 5

H [1BCTSF5

| ..JC]BCTSF6
) _r; I'I{lﬁ
nrrJJ—UﬂJ al h ll H‘\Mm. l

m L - A A | (—t
0.10 0.20 0.30 0.40 0.50
Stripping inefficiency [%]

Normalized Number of Entries

'IIIIIIIIIIIIIIIIII

o
(TT

Current measurements in HST (no foil)

« Measure beam position and adjust angular steering of

injected beam to be perpendicular to the foil Interlocks in place to detect:

After electronics

N - Loss in stripping efficiency (10% injected beam)
[2] (3] [4] [5] [6] e TN ™~ 7 ™
. o - - Foil breakage (100% injected beam)
Position scan in HST (no foil) :% . ;'.' " ,%ﬁfﬂ
i o0 ¢ o | [@HMR
9;‘:—— el m.s“"'m‘!:%’—u”—ff;

[mm]

F. Roncarolo, A. Navarro Fernandez



Commissioning 2020/2021

Pre-LS2 Example

v

B

Beam Head

« Steering of beam through TLs up to 4 _ B
injection points at reference position on == 1
BTV

» First beam injected into the PSB on
December 9th 2020

Beam seen at BTV in Two turns seen by RF
period 15, after team with phase pick
nearly 1 turn up

Injected beam at Inserted stripping foil Validate stripping _
reference position at for injection efficiency: zero signal at X
screen in front of HO/H- monitor when foil
stripping foil is inserted

(BTV1L1)

Beam captured and circulating with minor losses (low intensity

1-3 turns) after a few days

16



Commissioning 2020/2021

ring

1.

) -
b

No foil + BSW OFF

No foil + BSW ON

Angular steering centering beam at HO monitor with no foil and BSW OFF = Beam not centered at H-
monitor with BSW ON + large horizontal orbit leakage before BSW decay when injecting beam in the

| HO H-
ENEERG |Boi BSW4 Bsw3 | BSW2  BSW1
Foil + BSW ON
.r 'r' OpenYASP DV PSBRING /B 'SB.USER.MD1 / BC_PSB_2021 "r‘" OpenYASP DV PSBRING / E
Roviews | R [m| =z 3 7 More | 4B || || Rviews | 1R (m] e8] [Fo] @ more A
Before comrection [17/12/20 16:56:21] o= Befolre correction [17/12/20 18:49:16] ”,'2",
e HELE e = L0 -
= Mean =  1.034 /gMs = 5.516 " SN = Mean =  1.145 / RMS =  2.214
X 0 " » ' — 3 c 7 W S Sy ¢
w \ w -
851 / \.f i s
d 10
=10 T T T I . = T T T T T T
. 0 3 4 . i e 0 2 4 & 8 10 12 14 16
closed orbit difference to closed orbit after decay of BSW

bump, before correction of BSW 2-4

bump, after correction of BSW 2-4

closed orbit difference to closed orbit after decay of BSW

17



Commissioning 2020/2021

Angular steering centering beam at HO monitor with no foil and BSW OFF = Beam not centered at H-
monitor with BSW ON + large horizontal orbit leakage before BSW decay when injecting beam in the ring

Nominal current of BSW2,3 and 4 (3400 A) had to be reduced by 3% and BSW1 current (6700 A)

increased by 2.5% for Ring1,3 and 4 and 3% for Ring2 to minimize the orbit leakage = H- beam correctly
centred at HO and H- with BSW OFF and ON

No foil + BSW OFF No foil + BSW ON

Swal Bsw3| | BSW2| | BSW1 Bsw3| | BSW2  Bswi

18



Commissioning 2020/2021

« Angular steering centering beam at HO monitor with no foil and BSW OFF = Beam not centered at H-
monitor with BSW ON + large horizontal orbit leakage before BSW decay when injecting beam in the ring

 Nominal current of BSW2,3 and 4 (3400 A) had to be reduced by 3% and BSW1 current (6700 A)
increased by 2.5% for Ring1,3 and 4 and 3% for Ring2 to minimize the orbit leakage = H- beam correctly
centred at HO and H- with BSW OFF and ON

« Vertical steering only adjusted by minimising the injection oscillations, through orthogonal steering, with
respect to the closed orbit established with all the bumps off

19



Commissioning 2020/2021

Angular steering centering beam at HO monitor with no foil and BSW OFF = Beam not centered at H-
monitor with BSW ON + large horizontal orbit leakage before BSW decay when injecting beam in the ring

Nominal current of BSW2,3 and 4 (3400 A) had to be reduced by 3% and BSW1 current (6700 A)
increased by 2.5% for Ring1,3 and 4 and 3% for Ring2 to minimize the orbit leakage = H- beam correctly
centred at HO and H- with BSW OFF and ON

Vertical steering only adjusted by minimising the injection oscillations, through orthogonal steering, with
respect to the closed orbit established with all the bumps off

Residual orbit leakage in vertical plane in particular for Ring 2 = compatible with roll angle of ~ 6 mrad
(1-2mrad specified) = confirmed by Survey measurements =» realigned at next winter stop =» possible
achieve expected < £ 2 mm orbit closed orbit at injection

Ay wrt T7000 [mm)]

sofF = " 77 Ringl @ : 3,0 L ' Ring2 ' - Column )
2 0 '_ Q 0.396+0.003 Q 0.288+0.002 ) 2 0 =0.416+0.002 Q =0.272+0.001 (‘ ]
! ] ' /\ 111.4 | 111.3 | 111.2 | 1111 BEAM direction
1.0 F - ol A A H \
0.0 ] 0.0 |~ /\ . 058 | 0.67 | 052 | 3.16 | BSWA4
P 1 0 '_% \ @/ 182 | 170 | 3.36 | BSW3 Beam
20| ! 20 | * BSW2 level
BOF B BOF 1.06 3.92 4.83 4.04 BSW1
50 100 150 0 50 100 150 : : :
vertical orbit leakage now systematically used to check
E. Maclean BSW alignment after interventions




Commissioning 2020/2021

Ay wrt T7000 [mm)]

3.0 Ringl A
SIS  rings and rematch to requirements of different users. b |
1.0 = TOF /N 7N = NS [
0.0 [eriag iR bt S T ANE AN /S WA B 058 | 067 | 052 | 3.16 | Bswa
1o ) 1 0 % \/ \t?f \2{ 1.82 | 1.70 | 3.36 | BSW3 Beam
20 | - 20 | . ) > 523 BSW2 level
s0f ] a0 ! 1.06 | 3.92 | 4.83 | 404 | BsSwi

0 T 50 100 150 0 50 100 150

Angular steering centering beam at HO monitor with no foil and BSW OFF = Beam not centered at H-
monitor with BSW ON + large horizontal orbit leakage before BSW decay when injecting beam in the ring
Nominal current of BSW2,3 and 4 (3400 A) had to be reduced by 3% and BSW1 current (6700 A)
increased by 2.5% Present operation: \ge =>» H- beam correctly

centred at HO and Hx Tight time for the recommissioning after each winter stop
AL LT LI Ne < |njection setup limited to: yrthogonal steering, with
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Residual orbit leak * Preliminary centring of beam on the BTV roll angle of ~ 6 mrad
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TL and orthogonal steering periodically performed to
compensate for natural drifts, equalise emittances in four

-----------

vertical orbit leakage now systematically used to check
E. Maclean BSW alignment after interventions 21



Injection Painting Setup and Optimisation

 Initially theoretical waveforms as calculated with tracking
simulations applied

* Fine tuning performed to achieve target emittance and minimize
losses

» Offsets in vertical plane applied in some cases to match conditions in
vertical plane

» Applied painting and achievements:

« LHC: obtained brightness regularly beyond specifications (1.). Promising result
in view of production of the HL-LHC beams (40% higher intensities in <1.7 pym),
already successfully prepared in MDs

* VDM (low intensity and relatively large emittance): possibility of decoupling
number of injection turns (3) and the KSW flat-top duration (150). Particles
are scattered by the interaction stripping foil =» emittance blow up (2.)

* ISOLDE: same stored intensity as before LS2 (losing 30-40% of the beam at
injection) now systematically reached keeping losses at 2.5% over the full cycle
(when optimised <1%) up to the end of the acceleration process (3.). MDs
performed to assess reachable intensity injecting over 148 turns with longitudinal
painting and adapted KSW waveform =» 1.25%x10"3 ppr (4.). Further optimization
possible aiming for ultimate intensity reach of 1.6x10713 ppr
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PSB Stripping Foil System Operational Experience

No foil broken due to beam impacts (only during vacuum pump down or for mechanical reasons)

kkkkkkkkkkk

Only small/large plastic deformation is visible
Still 298% stripping efficiency = keep using same foils (lifetime studies) but for Ring 2 (broken)

Before beam exposure After beam exposure

- I! ?‘ﬁ -.:. ’ ? .. -:
XCF-200 MLG-250 -

Ring 1
XCF-200

Ring 3 n
GSI-200 B .
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PSB Stripping Foil System Operational Experience

No foil broken due to beam impacts (only during vacuum pump down or for mechanical reasons) ,
Only small/large plastic deformation is visible g

Still 298% stripping efficiency = keep using same foils (lifetime studies) but for Ring 2 (broken)

Before beam exposure After beam exposure
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H9/H~ monitor of ring 3 — July 2022

The stripping efficiency can be influenced by the
steering of the beam at the foil (H™ ions not
intercepting foil);

The large standard deviation for Ring 3 data indicates
that there is a steering problem for 1 or more users.

When checking the different users, large signals were
measured at H™ plates while HO stayed constant;

Also, when steering, only H™ signal was reduced and
HO remained unchanged,;

A clear correlation with the losses in the injection
region (lower losses when steering the beam and
reducing signal at H™ plate) is also observed;

In general, from stripping we expect a higher signal in
the HO than the H™ plate, which is the case when the
beam is properly steered.
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Foil Scattering Induced Emittance Increase [2]

N
U

: 1 E. Renner
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Foil crossings N; Foil type
Left: Transverse emittance measured for a varying foil crossings with GSI-200 foil.

Right: Transverse emittance measured with all foils for Nt = 150.

Measurements consistent with model and no significant foil induced beam degradation is expected for the
production of high brightness beams (10 to 35 injected turns).
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Future Development

* Longer term (after LS3) goal: fully exploit PSB potential in production of beams with brightness and
intensity even higher than specifications.

« Longitudinal painting and triple harmonic = PSB RF bucket filling, reduce line density and thus the space
charge related effects

* Fine optimisation of the transverse painting, based on numerical optimisation algorithms

« Automatic tools to constantly survey the injection quality (e.g. checking the losses, injection oscillations
and TL steering) and react to compensate for drifts and operational changes = push the reliability and
efficiency of the system.

- Supervised machine learning algorithms are considered as the most promising means to explore the
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Conclusions

 The new PSB H- charge exchange system has been successfully in
operation for the past three years

 The results achieved up to now in terms of beam quality meet the upgrade
goals

« Studies to push the boundaries and assess the ultimate levels of the
achievable intensity and brightness are continuously ongoing
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