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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



Th e PS B 00 Ster Four superposed synchrotron rings (25 m radius) providing

beam to the PS and ISOLDE
Multi-turn injection to accumulate charges
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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-1 by lowering

Bunch/batch
11
- N, (x 10** p/b)| g, , (mm) spacing Bunches

HL-LHC 2.3 2.1 25 ns /200 ns 4X72 per injection
Pre LS2 1.3 2.7 25 ns /200 ns AX72 per injection

- ~double intensity and double brightness



The PSB Challenges

Beam Type

LHCPROBE
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HL-LHC: High Brightness

Ex,n/Ey,n:

Intensity:

<1.7 mm mrad
3.4 E12 ppr

ISOLDE: High Intensity

<15/9 mm mrad
21.6 E13 ppr

Ex,n/Ey,n:

Intensity:

Emittance constraints only defined by
aperture limitations and loss reduction



The new PSB H™ Injection System

Horizontal closed orbit bump KSW2L1

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

Injection Chicane + Stripping Foil

= 4 horizontal chicane magnets (BSW)

= 46 mm orbit bump during injection,

x [mm]

decays within 5000 turns (5 ms)

Stripping foil

i
2256 2654

Schematic of the injectiori Eficane and stripping foil

E. Renner

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




The Injection Chicane BSWs:

R Bends 66mrad kICk each

 Rectangular pulsed magnets, independently
powered, which apply a kick of 66 mrad

 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. Prebibaj
5 Before | P
< - -4+~ PSB Ring 1
= 30 Correction e
g PSB Ring 2
o (2021) -+~ PSB Ring 3
ﬁ 201 —+JF+~ PSB Ring 4
Table 1: Main BSW Magnet Parameters g
Parameters Unit BSW1 BSW2-4 o
— C
/B,dl at magnet centre  mTm 126 126 72 =, ¢ HOH- =4 10 -
Electric peak current kA 6.7 34 3 : =
RMS current A 463 231 monitor ©
Resistance mQ 3.5 7 0 2 0
Inductance pH 13 77 Q.
Number of turns 4 8 \ » ‘ ; J : : :
End Plate thickness mm 13.6 12 275 276 217_7 278 279 280
Aperture HxV mm  162x85  242x85 * Dump ime (ms)

Good field region 1% ~ mm  140x85 220x85 ~ BoW4




The Injection Chicane BSWs:

 Rectangular pulsed magnets, independently

R- Bends 66mrad k'Ck _‘eaCh | powered, which apply a kick of 66 mrad

‘ N e TN W ol | 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. 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 BSW1 BSW2-4 Correction
f B,dl at magnet centre mTm 126 126 7" ')_, ¢ HOH- 101 (202 1)
Electric peak current kA 6.7 34 3 .
RMS current A 463 231 monitor —?[-v
Resistance me 3.5 7 ° 0 i — 1
Inductance pH 13 7
Number of turns 4 8 \ - ' ' ' ' ' :
End Plate thickness mm 136 12 ‘ 275 276 2_7_.7 278 279 280
Aperture HXV mm  162x85  242x85 * Dump ime (ms)

Good field region 1% ~ mm  140x85 220x85 ~ BoW4

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 magnetindependently powered to adapt to differences between users, rings and for fine
tuning
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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 magnetindependently 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

Current measured by
BCTs in the injection line

i’) CWE')|$'VP|U£5‘CE"|.CTH| (cbracco) - ngrVNL
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® 2023 16:41:03 PSB,- 29 NC

32 NORMHRS | ISOHRS 2023

Application RF Expert ABT Expert

ISOLDE

Set and visualize

DETAILED | Help

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 -l

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

Interlock status

T

A. Akroh
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The Stripping Foil System and Diagnostics

|14.‘43.‘53 - Opening knob: 361 5TRFOILLOADER.BI1. TSTRIL1.. done

[ [ + 0
I—_I 361.STRFOILLOADER.BIL.TSTR1L1 | 1 = |
Loader Control REMOTE Loader State FOIL_IN
Foil [w|FoIL_4 Foil FOIL_4
Foil Neo 4 Temperature Foil -14,96
Finetune Request Btv State OUT_APERTURE
Ref. |-
Init |0.0 m
A A
Finetune Requestm
Finet Po. -2.0m
~
1] [+
- No Exception to display...
.

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
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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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Increase in normalised emittance [pi.um]

Fractional loss

The PSB Stripping Foil System and Diagnostics

Foil thickness defined to:
160 Mev * Maximise stripping efficiency (> 98%)
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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

8 []Plates SF 6
S 1 : [1Plates SF 5
5 L 7 ol [IBCTSF5
R o8- HF _|BCTSF6

0.6 — 1 fl
g r J H
S oaf [ !
E =] i
Z 02 :- e JU" uh‘ﬁ

b0 ALY P i 111 T o Ty
0.10 0.20 0.30 0.40 0.50

Stripping inefficiency [%]
Current measurements in HST (no foil)

» Measure beam position and adjust angular steering of
injected beam to be perpendicular to the foil

After electronics

HOL HOR HML HMR ﬁ Gaxw‘
£ o ‘
AL Al 1l § a0 0 0eg, @ getaag,
(1] [2] al [s]| e [7] o .n’"\' . \. b \
05 : '. .l .. : ..
- el ' HHoL
o ) ) 03 : :. '.' ; . lHOR
Position scan in HST (no foil) = R .e HHML
s ! y ) BHvR
.

F. Roncarolo, A. Navarro Fernandez

Interlocks in place to detect:

« Loss in stripping efficiency (10% injected beam)

« Foil breakage (100% injected beam)
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Commissioning 2020/2021

« Steering of beam through TLs up to 4
Injection points at reference position on
BTV

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

Pre-LS2 Example

Ring3

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
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
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Commissioning 2020/2021

ring
No foil + BSW OFF

|1.

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

No foil + BSW ON

HO H- |
N i ’ HO H
< £
| N
BSW1 L
. Bswa |BSw3 | BSW2 BSW4 BSW3| | BSW2 BSW1
"2\' OpenYASP DV PSBRING /B3 / PSB.1 '}\’ OpenYASP DV PSBRING / B3
@.Viewsv R (m|=z=] [@E B8 More | 43 l [E‘Viewsv R m 88| |53 B More | 45
Before correction [17/12/20 16:56:21) I]‘( = Before correction [17/12/20 18:49:16] : : ? ; o d
10
B e - 1.0 JPRMS = 5.516 - p A = Mean =  1.145 / RAS =  2.214
E_ 51 Y, S A . \"'_ ' E - _»""’“'*“‘“-» ~e . W& "o ,,.0"""‘" o T
5 o0 s »— ‘ . ’ = 2 o — L e " ¢
o / - / Noeng ; w L 4
e 51 ¥ 3 4 £
-10 u T T T T T T T T -10 y ! ! ! ) : ! :
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

closed orbit difference to closed orbit after decay of BSW

bump, before correction of BSW 2-4

closed orbit difference to closed orbit after decay of BSW
bump, after correction of BSW 2-4 .



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)

iIncreased 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

|1.

HO H- |

No foil + BSW OFF No foil + BSW ON

I
\_\\u

BSW4 BSW3 | BSW2 BSW1

BSwW4 BSW3 BSW2 BSW1|
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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)
iIncreased 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

Ay wrt T7000 [mm]

-1.0
-2.0
-3.0

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

3.0
2.0
1.0
0.0

Ringl

Qx,inj=0 .396+0.003 Qy,inj=° .288+0.002

150

3gofF
2.0 |
1.0 |

" Ring2

Q. inj=0 .416+0.002 Qy’ i.n3=0 .27210.001

0.0 fe=p—

-1.0
2.0
S80fF

E. Maclean

1.82

1.70

BSW3

Column
(: ]
1L1.4 1L1.3 1L1.2 1113 BEAM direction
0.58 0.67 0.52 3.16 BSW4

Beam
level

vertical orbit leakage now systematically used to check

BSW alignment after interventions




Commissioning 2020/2021

Ay wrt T7000 [mm]

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 H Tight time for the recommissioning after each winter stop
LIS EE[eNe -  |njection setup limited to: yrthogonal steering, with

respect to the close! « TL steering to previously defined references
Residual orbit leak * Preliminary centring of beam on the BTV roll angle of ~ 6 mrad
(1-2mrad specified) * Minimisation of the injection oscillations and current at &St FTES]o][=

achieve expected < the H— monitor

TL and orthogonal steering periodically performed to
30 F " Ringl ' compensate for natural drifts, equalise emittances in four
JI S rings and rematch to requirements of different users. ki g §EAM —
1.0
00 | 3.16 | BSW4
10| BSW3 Beam
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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 pum),
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 =» 1.25x103 ppr (4.). Further optimization
possible aiming for ultimate intensity reach of 1.6x10%3 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)

Only small/large plastic deformation is visible

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

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

Analytic approx.
Multi.-part. sim.

Measured
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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).

E. Renner
Type | Reference
1 XCF-200
2 MLG-250
3 GSI-200
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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

universe of all possible additional improvements to apply to the injection system

S. Albright — THBP38
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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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Why need to upgrade the PSB?

Brightness Limitations: Space-Charge

Particles within a bunch moving at speed lower than speed of light

generate a repulsive force

- This is an additional defocusing force - transverse tune
shift (negative)

y
T T / - Particles feel different space charge defocusing forces
| according to their positions in the bunch - tune spread

- Particles crossing resonances determine losses and
emittance growth

- Space charge can be mitigated by increasing the energy and
ro RN, C by reducing the “charge density”

Injection energy 50 MeV (p+ Linac2)-> 160 MeV (H" ions Linac4)
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Intensity Limitations

Original PSB design: 50 MeV proton beam from Linac2 and conventional multi-

turn injection system

BI.LKSW2L1

e e— —

Injection bump
(deformed closed orbit)

linac beam

beam from linac BI.SMH
injected beam trajectory
BLKSW16L4  BILKSW1L1 BILKSW1L4 BI.KSW2L1
orbit without
bump
Bl.SMH

injection bump

1. Injection bump generated using four slow
bumpers (KSW).

2. Injection bump moves slowly back towards
closed orbit.

3. Beam from Linac2 deflected on the (moving) orbit
by an horizontal septum (SMH).

Disadvantages inherent in using an injection septum:
* Not possible injecting in the same phase
space area as circulating beam = large
emittance
 Losses at the septum
« Width of several mm reduces aperture
« Limits number of injected turns to 10 — 20
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H- Charge Exchange Injection

e

Circulating p*

| 1

6)6/77

Start of injection process

Stripping foil

e Circulating beam
e Injected beam

(o)

Circulating p*

». ...... -

Injection chicane dipoles

32



Phase Space Painting

End of injection process
Closed orbit has been moved away from the stripper foll
Phase space is filled up and uniform

@

@%) Stripeing foil

Circulating p+ e

Injection chicane
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Phase Space Painting

End of injection process
Closed orbit has been moved away from the stripper foll
Phase space is filled up and uniform

Charge exchange injection (CEl) is the only way to achieve low loss multi-turn injection into a synchrotron or
storage ring

 Best loss achieved with CEI = ~0.02%

CEl is the only way to stack many turns without linear growth in emittance

ErotaL < N ™ €nsecTED
« CElis a good way to make high density beams

Injection chicane
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GSI-200 Foil Deformation

BI12.BTV1L1

BI3.BTV1L1 BI3.BTV1L1

-
-

16:36:03 16:41:05

12:39:55

90 turns injection 130 turns injection 150 turns injection
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GSI-200 Foil Deformation

BI2.BTV1iL1

f sriso.vGr1LL

2. 03X10'7’ ferizoveri
J sr20.vGP1L1

4 m|n BRI10.VGP1L1
recuperation

Time and Value
15-07-21 12:46:13.500

Mode

[+ Online No filter A

Time Interval

15-07-2021 15-07-2021 15-07-2021 15-07-2021 15-07-2021

12:42:00 12:43:00 12:44:00 12:45:00 12:46:00 Emi:"e 'i”‘”‘ “joday = 150 turns injection

Close Help
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Photos courtesy of

Miscellanea L. Jorat

Ring 2, foil 2 (MLG-250) Ring 2, foil 4 (XCF-200)

o
e A=

PXTKSFR004-CRO00014

Foil broken during vacuum pump down (“no-foil” position
but XCF-200 foil closest to beam) =» recommend to put
MLG foil at that position during pump down

The loader got stuck at the beginning of YETS22/23
=> foil got broken
Only non-original foil in operation
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