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After-LS3 ion users
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After-LS3 ion users

( Delivered as solid '

( Delivered as gas )
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Projects’ status and challenges

Experimental physics projects
Tests done in Run 3 to assess future feasibility

* NA61++/SHINE

- Beam test with magnesium done in 2024
- Bottleneck found, to be retested
- Beren Carbon beam - to be developed for Run 4 (2032+)

* NAG60+
- Continuous testing and use of lead beams
* LHC experimentsin Run 5

- Beam tests with krypton up to Linac3 done in 2023
- One ion species to be selected to maximize luminosity
- Need inputs from source operational tests

with new ions and development of simulations

* Nuclear physics at the LHC

- Done a short LHC neon run adjacent to oxygen run in 2025
- Physics-driven white paper proposal in preparation (due in 2029)
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Projects’ status and challenges

Experimental physics projects Facilities

Tests done in Run 3 to assess future feasibility

NA61++ / SHINE

— Beam test with done in 2024

— Bottleneck found, to be retested
- beam - to be developed for Run 4 (2032+)
NA60+
- Continuous testing and use of beams
LHC experiments in Run 5

- Beam tests with up to Linac3 done in 2023
— One ion species to be selected to maximize luminosity
- Need inputs from source operational tests

with new ions and development of simulations

Nuclear physics at the LHC

* HEARTS++

- Cocktail beams to be tested before 2030
- TDR to be prepared in 2030-2031

- Provide: O, Ar, Kr, Xe, Pb
- Every operational day, with switching
times between species = 15
- The experiment decides the order
in which the species are delivered
- Switch between ions at will
- Impossible with present
injectors: switching between
ions takes weeks

Gamma Factory

- Proof of principle in the SPS

- Done a short LHC run adjacent to runin 2025
- Physics-driven white paper proposal in preparation (due in 2029)

is being prepared

21 Sep 2026
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Operation With ions at CERN Stable part of the source pulse > 200 ps

Past and present experience

Past short ion runs or tests

* Argonrunin 2015 up to SPS
- for NA61

* Xenonrunin 2017
- for NA61 & LHC

* Krypton testin 2023
- input for injector model & LHC Run 5

* Oxygen testin 2023
- validation of LHC oxygen run in 2025

* Magnesium test in 2024 - bottleneck
- validation for NA61++ (Run 4, 2030+)

* Oxygen & neon runs in 2025
- for LHC & NA61 (neon for Nuclear Imaging)

* Oxygen(8+) test in 2026 - failed at LEIR injection
- input for HEARTS++, injector model & LHC Run 5

21 Sep 2026

(required for efficient LEIR injection)

Single Linac3 pulse should contain = 410" e
and be repeatable every 200 ms

Ion I, [MA] Beam intensity [101 ¢]
Src RFQ Ln3 LEIR PS

4OAI' 140 — 60 22 2.0

129Xe 175 B 34 10 4

8Kr 130 83 - - )

24Mg 50 y5# 19 18 L0

160 239 121 93 5.7 36

0Ne 181 - 59 23 1.4

#Calculated with transmission efficiency measured at different time
“Lead performance from the 2024 LHC ion run shown for reference
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OperatiOn With iOﬂS at CERN . 2™ magnesium test: scheduled ‘now’

- Mitigation against short oven lifetime

FUtu re pla ns - L53 - Reduce Mg consumption with hotscreen
Status: Hotscreen production delays
Tests in LS3 (2026-2027) and start of Run 4 (2028-2030) Outcome: the Mg test until 2027
» [ Mg and C (as CO,) for NA61++ and to carbon test
* Cocktail beams for HEARTS++ ) of Carbon test
i ) ) ) - At the source and Linac3
* Ge/Kr/Xe/ O with SPS slip-stacking and O%" in LEIR - Use of CO, or CH.

- Stability & intensity reach
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OperatiOn With iOﬂS at CERN . 2™ magnesium test: scheduled ‘now’

Future plans - LS3 7 L Reduce g tonsumption with hotscreen
Status: Hotscreen production delays

Tests in LS3 (2026-2027) and start of Run 4 (2028-2030) Outcome: the Mg test until 2027

» Mg and C (as CO) for NA61++ and to carbon test

* | Cocktail beams for HEARTS++ " Boron Carbon test

] . . ) — At the source and Linac3
* Ge/Kr/Xe/ O with SPS slip-stacking and O%" in LEIR - Use of CO, or CH.

- Stability & intensity reach

* Cocktail beams

- HEARTS++ doesn't require specific ions,
but a menu with wide ion mass range

- Use noble gasses (O, Ar, Kr, Xe) mixture
- Operational experience with Ar, Xe & O
(when used individually)

- Test setup difficulty (duration),
intensity reach and stability
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OperatiOn With ionS at CERN . 2™ magnesium test: scheduled ‘now’

- Mitigation against short oven lifetime
FUtu re pla ns - L53 - Reduce Mg consumption with hotscreen
Status: Hotscreen production delays
Tests in LS3 (2026-2027) and start of Run 4 (2028-2030) Outcome: the Mg test until 2027
» Mg and C (as CO,) for NA61++ and to carbon test
* Cocktail beams for HEARTS++ f Carbon test
- - - - - At the source and Linac3
* | Ge / Kr / Xe / O with SPS slip-stacking and O%" in LEIR - Use of CO, or CH.

- Stability & intensity reach

* Various tests

- Refine ion injector model and find * Cocktail beams

the most promising LHC Run 5 ion scheme - HEARTS++ doesn't require specific ions,

- Unlock light-ion species but a menu with wide ion mass range

- Use noble gasses (O, Ar, Kr, Xe) mixture
- Operational experience with Ar, Xe & O
(when used individually)

- Test setup difficulty (duration),
intensity reach and stability
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Operation with ions at CERN
Future plans - LS3

Tests in LS3 (2026-2027) and start of Run 4 (2028-2030)
* Mg and C (as CO,) for NA61++

* Cocktail beams for HEARTS++

* Ge/Kr/Xe/ O with SPS slip-stacking and O%" in LEIR

* Various tests

- Refine ion injector model and find
the most promising LHC Run 5 ion scheme

- Unlock light-ion species

* Last chance to test new ions if NA61++ is approved
- Unless a second ion source is installed

21 Sep 2026

nd . ] '
2 magnesium test: scheduled 'now

- Mitigation against short oven lifetime
- Reduce Mg consumption with hotscreen

Status: Hotscreen production delays
Outcome: the Mg test until 2027
and to carbon test

Boeron Carbon test

— At the source and Linac3
— Use of CO, or CH,4
- Stability & intensity reach

Cocktail beams

- HEARTS++ doesn't require specific ions,
but a menu with wide ion mass range

- Use noble gasses (O, Ar, Kr, Xe) mixture
- Operational experience with Ar, Xe & O
(when used individually)

- Test setup difficulty (duration),
intensity reach and stability
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Operation with ions at CERN
Possible LS3 & Run 4 scenario

Tests in LS3 (2026-2027) and start of Run 4 (2028-2030)
* Mg and C (as CO,) for NA61++

* Cocktail beams for HEARTS++

* Ge/Kr/Xe/ O with SPS slip-stacking and O%" in LEIR

LHC Run 4 (2030-2033)
* Pb will dominate ion run periods
* Other-ion operation expected between 2031-2033
* Short runs with =3 collision systems*
= Only if NA61++ is not approved

*One collision system per year possible
if officially approved (with limited exceptions)

21 Sep 2026
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° o ° Year
Operation with ions at CERN [user]
. . MgorC
Possible LS3 & Run 4 scenario AE Run 3 [NAG6L++]
C or Mg
2027 LS LS (NABL++)
o] Cocktail / Pb
g 08 IS Ge / Kr / Xe [HEARTS]
: o Pb
2| 2029 ? SPS slip-stacking
. & 0% in LEIR [HEARTS]
N~
(o]
o (0 Pb
3 2030 [NAG1++] ? [HEARTS & NA]
c
2 Mg OR/ Mg - C
8| 2031 [\agi+s] AND [LHC]
(O]
= © O - He Pb
E 2032 npg14+] OR [LHC]
3 [HEARTS &
[P ?Igaﬁ K;é’)r NA & LHC]
) —
2033 : or (P aca)
[LHC]

X - test, no physics users LS — Long Shutdown
Y - physics run
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Operation with ions at CERN
Distant future - Run 5

LHC Run 5 (2036-2041)

* ALICE3 requests higher integrated nucleon-
nucleon luminosity - by an order of magnitude
- using heavy ion beam (A > 100)

* Unclear how the present injector complex
could deliver it

= Evolutionary improvements are projected
to result in a factor 2-3 higher luminosity

= Opportunity to think of hardware
upgrades, exploiting synergy between
high-lumi and light-ion pilot programmes
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New ions ranking - beam development difficulty
Based on experience from other laboratories

Baseline Deliver Estimated oven Price per fill
form | com- M Main challenges sample lifetime* [KEUR]
method : o
pound EVE] (enrichment %)
76 e High T 7
Ge GeO: Micro-oven Deposition on the plasma chamber walls 10 (96%)
L RSV Too volatile — parasitic plasma heating 12
76 I -
Se metallic & heatepl Condensation in transfer pipes 12 (98%)
transfer pipe
Very high reactivity
. . . Contamination with C
6 -
Li metallic Micro-oven Molten Li wetting and migration 1 0.05
Condensation on cold surfaces
Extreme reactivity 5
1%Ba  Ba(NOs). + Al Sputtering No mature micro-oven design 8** 950
No beam production experience worldwide ( 0)
CaO + Al Very high reactivity 40
“Ca or Micro-oven Deposition on the plasma chamber walls 4 5704
metallic Parasitic plasma heating (57%)

CO., He, Kr, Xe — gaseous and relatively straightforward *assuming consumption of 3 mg/h

**not comparable with oven operation
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Ion Complex Upgrade study

Low-energy region of Linac3 - present limitations

Present limitations Source

* Oneion source, fully commited to operation .
Stripping

- Limited time for any tests
(new ions, automation)

- Only two ion species (mixtures)

can be operated per year Injection

D] E-cooling

Bunch
splitting

Stripping

Slip-
stackin%
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Ion Complex Upgrade study

Low-energy region of Linac3 - present limitations

Source

Stripping

Injection
E-cooling

* Beam-destructive instrumentation
located far away from the source

lengthy CSD scan sp[?i%{i‘ﬁg
- Minimal feedback for tuning, especially for unstable source
. . L Strippin
- Time-consuming new beam development with time- PPiNg
consuming trial-and-error approach Slip-
stacking

- Limited feedback for automation

- Little beam dynamics model improvement possible
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Ion Complex Upgrade study

Specifications and caveats

* Position and connection of the new
source is indicative

- Need thorough market and
beam dynamics study to select
an optimal source type and LEBT

- Most LEBT components need
to be pulsed to monitor and
optimize the performance of both
sources when coupled with the RFQ concurrently

21 Sep 2026
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Ion Complex Upgrade study

* Every beam pulse unused by downstream accelerators could
be redirected to the beam diagnostic line to:

- Continuously measure charge-state distribution (in just 2)

- On demand 2D beam profile measurement,
emittance and energy distribution

21 Sep 2026
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Ion Complex Upgrade study
Alternative stripping between LEIR and PS

New hardware

* Quick stripper assembly (with per-cycle position) downstream of LEIR
* Instrumentation downstream of the stripper and before PS injection
* Pulsed injection kicker into PS

New beam transfer scheme from LEIR to PS
» Energy loss at stripping — the PS fr is no longer a multiple of the LEIRf_

- Transfer is not possible at every PS turn

- New synchronization scheme is needed
- PS has to wait for a suitable turn to trigger transfer

Recent test with 0% beam as a feasibility check of this proposal
* Aimed to verify the beam lifetime in PS for a fully-stripped ion
* Result: Failed to inject beam in LEIR - more beamline / magnets studies needed

21 Sep 2026 Maciej Slupecki
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Ion Complex Upgrade study
25-ns ion bunch spacing for the LHC

New hardware Source

* New RF cavities for the PS to enable batch
compression and reduce bunch spacing
from 100 to 50 ns

Stripping

- Downstream, the SPS can use slip-stacking
to reduce bunch spacing to 25 ns
(without additional upgrades)

Injection
E-cooling

Time [ms]
e
e -
\

Bunch
splitting

Stripping
Slip-
stackirl%

0 100 200 300 400 500
Time [ns]
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Ion Complex Upgrade study
25-ns ion bunch spacing for the LHC

Source

Stripping

Injection
E-cooling

R e e e e R )

* The design of new cavitites is challenging

Time [ms]
e —
\

: Bunch
- Wide-band Finemet type under consideration splitting

— Designs exist up to 10 MHz

Stripping

- Needs to be developed to reach 20 MHz,
including amplifiers Slip-
stacking

- Operation at the limit of the Finemet
material properties 0 100 200 300 400 500
Time [ns]
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Summary and outlook

* The main ion operated at the LHC until the end of Run 4 (2033) will be Pb
* Ongoing studies to identify the optimal ion species to match ALICE3 Run 5 request
- No clear solution = Potential for upgrade proposal
* Growing interest in short LHC runs with lighter ions

* Several new ion species (O, Mg, Ne, Kr) have recently been tested in view of the expected
LHC, NA61++ and HEARTS++ requests

* Excellent overall performance of the ion complex = many records broken in Run 3
* More tests should be performed with

- Magnesium & krypton tests, carbon, cocktail for HEARTS++

- New elements, as an outcome of this meeting (Ge, Se, Li, Ba, Ca, ...)

— Ongoing pre-feasibility check of Ge beam production with GeO,

* Ion injector upgrades will be needed if some of the proposed projects would be approved and funded

21 Sep 2026 Maciej Slupecki




Discussion

Pb-O collisions
* Unrealistic switching time with single ion source - ~1 day

* Feasible with two ion sources — potential for achieving switching time of ~15 min
- Fill one LHC ring with O beam*

- Switch to Pb in 15 min and fill second LHC ring with Pb beam
*O-beam quality deterioration should be acceptable in ~1h waiting time according to latest checks of beam lifetime

Runs possible with single ion source,
- but no time for preparation of operational beams unless a second source is available

* 76Ge run followed by Kr run = which Kr isotope is of interest?
- Potentially straightforward to have a follow-up beam of a noble gas

* 76Ge run followed by 7¢Se run
- Aimilar as with O - Ne: same Q/A possible
- Quick switch possible even with single source, but similar contamination possibility as with O/Ne runs
- Entirely new material delivery hardware setup needed for Se beam production

21 Sep 2026 Maciej Slupecki
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Ion injector complex at CERN
GTS-ECR source operation

Material input

Source

* @Gases and solids

Strippin
Gases are quick to setup PPINg

Oven-fill lifetime limit for solids; some
solids are excluded (too high melting point)

Injection
E-cooling

Bunch
splitting

Stripping

Slip-
stackin%
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Ion injector complex at CERN
GTS-ECR source operation

Material input

Source

* Gases and solids
Strippin
* Gases are quick to setup PPIng
* Oven-fill lifetime limit for solids; some
solids are excluded (too high melting point)
Injection
E-cooling

* Pure material (chemically or isotopically)
vs. compounds

* Better physical, chemical or handling
properties vs. reduced beam stability
and intensity due to presence of undesired
elements or isotopes in the plasm

Bunch
splitting

Strippin
 Significant cost of enrichment PPIng

* Safety considerations: reactivity, toxicity,
flammability

Slip-
stackin%

* Support gas usage
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Ion injector complex at CERN

GTS-ECR source limitations

Availability for development
of new ion beams

Only one source available

* Very limited time to develop new
beams

* Switching between solids, gases,
or gas mixtures takes weeks
to reach the required stability
(with only few exceptions)

- Considering scheduling,
equipment experts availability,
and lack of prior operational
experience with cocktail beams

- Only two ions (mixtures)
per year can be operated

Planning in advance is needed

21 Sep 2026
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Ion injector complex at CERN
GTS-ECR source limitations

Beam instrumentation

* The beam measurement closest to the source
is a Faraday cup (FC) 5m away, downstream
of spectrometer dipoles and slit

* Due to space-charge and aperture limitation losses
upstream of FC

- Limited success in backtracking
of beam parameters to the source
- Limited insight into the source state

* Charge-state distr. (CSD) scan takes 80 min

- Only feasible when the source is stable
- Minimal beam feedback on the source
state at startup

* (CSD scan is beam-destructive

- Can't measure concurrently with operation
- Minimal beam feedback on the long-term
source state evolution (growing
instabilities, or performance loss)

* Limited source tuning automation

21 Sep 2026 Maciej Slupecki
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Ion injector complex at CERN
Particle and charge-state constraints in Linac3 and LEIR

Limits on charge states Source
* Source: A/Q>34 Stripping
* Linac3 RF power: A/Q <8.3
* Transfer line to LEIR (after possible stripping): A/Q<4
Injection
Radioprotection assessment E-cooling
* Radiation levels in LEIR for:
Bunch
* He and Li: too high splitting
* O and Mg: generally acceptable (with constraints in place) Stripping
* Xeand Pb:OK
Slip-
stacking
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Ion injector complex at CERN
EARLY: Fixed-target beam and LHC commissioning

Basic, initial cycle Source
* Single Linac3 injection e '8 , .
- T: :I‘.: C?CLE + EAHL? Ir-:.e.nj.- 2 Mehiinuclean Strlpplng
* Intensities below space- : -] a5 30 = 4(78 Tm
oo T P oh s b 4 I
charge limit 2 z Y :
or onset of significant = B . -l m
intra-beam scattering % | b : 2 Injection
(IBS) effects g n - s o E-cooling
E 3 [ 1]
* Electron-cooling = € |3 k= é‘
- Pb, Xe: not critical f' ot E 3% 3 Bunch
- Light ion: important ol = ! . s splitting
* Relatively ‘quick & easy’ Tienes (me) Stribpin
beam commissioning PPIng
* Low-maintenance beam Slip-
type stacking
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Ion injector complex at CERN
NOMINAL: High-intensity beam for LHC

Performant cycle
* Upto 8 Linac3 injections

* High intensities with sig-
nificant collective effects

* Essential transverse
feedback

* RF shaping harmonic
- to lengthen bunch(es)

* Electron cooling is critical

* Long source conditioning

21 Sep 2026

LEIR intensity [charges]
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Ion injector complex at CERN
NOMINAL: High-intensity beam for LHC

lel0 le8
10t multi-turn
— injections
il
o 8}
mn
=
= 6
2 ™~
7]
&
E 4 @
= 2
= o
o
_ = regime of
0 Ielectron qoollng : beam loss
0 500 1000 1500 2000 2500

* High-maintenance

Cycle time [ms]

- Peak performance is sensitive to drifts and interferences

- deteriorates with time if unattended
- Labour-intensive recovery after power cuts

21 Sep 2026
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Ion injector complex at CERN
NOMINAL: Electron cooling

Reduce beam emittance

Schottky signal along
LEIR cycle showing Source
two Pb injections

Wi

Naturally large after multiturn injection

Stripping
Stack multiple injections

‘I

|||||

I
> |
Drag the energy of the injected ol A ||| i 4'1' ”m IFNex
beam to the stack at lower S R UL inj. Injection
energy, making phase-space available for % | Jn\ e E-cooling
the next injection '(8*_ ” " \"f ”|||| %
(N Y
% | I| M , 3 g Bunch
Wil TR e
1 l 20 N
I||||||||||||1|||| h i |'| I % Stripping
I|”" ]||||||| |H|||"| IHp. o/
P/,

Slip-
stacking

Beam energy spread
at injection: £ 2%o)
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Ion injector complex at CERN
NOMINAL: Electron cooling

Less efficient for lighter ions

Needs more cooling time, but ...

More intensity losses in LEIR due to
beam-gas, e-capture / e-loss

Longer injection in SPS and LHC
- Intra-beam scattering (IBS),
beam-gas, space-charge

21 Sep 2026
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Ion injector complex at CERN
NOMINAL: RF manipulations in PS

Bunch splitting | Source
* Less charge per bunch

. Stripping
* Facilitates recapture after
transition crossing

* Alleviates collective effects downstream, in 3
SPS g Injection
Rebucketing — E-cooling
O
* From 10 MHz to 80 MHz system e
for SPS transfer [==
. Bunch
* Bunch spacing: 100 ns splitting
Stripping
Slip-
. . ‘ ; stackirl%
0 100 200 300 400 500
Time [ns]
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Ion injector complex at CERN
NOMINAL: RF manipulations in PS

Bunch splitting Source
* Less charge per bunch
. Stripping
* Facilitates recapture after
transition crossing
* Alleviates collective effects downstream, in A
oS g Injection
Rebucketing — E-cooling
O
* From 10 MHz to 80 MHz system e
for SPS transfer —=
. Bunch
* Bunch spacing: 100 ns splitting
Limitation .
* Impossible to reduce bunch Stripping
spacing to 50 ns with 4 or 6 bunches |
Slip-
— Missing RF frequency range . . ‘ . stacki#%
for batch compression 0 100 200 300 400 500
Time [ns]
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Ion injector complex at CERN
NOMINAL: Slip-stacking in SPS

Mechanism Source

* Two particle beams of different momenta and different RF frequencies slip longitudinally Stripping
relative to each other in the same beam pipe

* When the two beams are in the correct longitudinal position, the full beam is recaptured with
a non-adiabatic voltage jump at the average RF frequency

Injection
Use case | E-cooling
52t 1
* Reduction of bunch spacing
fram 1NN Nnc +tAn EN nc E Bunch
o i :::-f:;!..‘-_‘.;_:_-f.:-_::_:_-.‘..'-_‘.:_:_-._..‘-_::_.'-. N Spl itti ng
) cifidn, Stripping
9]
>
> Slip-
50+ stackin%

0 50 100 150 200 250 350 300
25 ns slots
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Ion injector complex at CERN
NOMINAL: Slip-stacking in SPS

Mechanism

Source

Two particle beams of different momenta and different RF frequencies slip longitudinally

Stripping
relative to each other in the same beam pipe

When the two beams are in the correct longitudinal position, the full beam is recaptured with
a non-adiabatic voltage jump at the average RF frequency

il

Injection

Use case E-cooling

521
* Reduction of bunch spacing

from 100 ns to 50 nis

\H

E Bunch
o ¥ splitting
Caveats and limitations E51;
L ORI e, Stripping
* Only half of the ring can be g
populated with bunches at injection o Slip-
50+ stacking
* Moderate bunch length increase

0 50 100 150 200 250 350 300
25 ns slots
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