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▪ World class fixed-target research program, which complements CERNs flag-
ship collider physics program

▪ Highly versatile test beam and irradiation program, essential for the design, 
prototyping and construction of future physics experiments and new 
accelerator generations.

CERN “Injector Complex”
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This seminar builds on and complements the “Physics at the CERN Secondary Beamlines” 

seminar from 15 February 2024

▪ Physics at the CERN Secondary Beamlines (Nikolaos Charitonidis)

▪ SPS North Area, available beams and mayor experiments

▪ NA61, NA62, NA64, NA66 AMBER

▪ PS East Area and CLOUD Experiment

▪ Antimatter Gravitation Studies with Trapped Antihydrogen (William Alan Bertsche)

▪ ALPHA experiment at the CERN AD/ELENA antiproton decelerators

▪ AWAKE: beam-plasma interaction studies, and plasma wakefield acceleration for application 

to particle physics (Patric Muggli)

▪ AWAKE experiment at the SPS

Related Recent UK Accelerator Institutes Seminars

https://indico.cern.ch/event/1367316/contributions/5750783/attachments/2801873/4888305/N_Charitonidis_JAI_seminar.pdf
https://indico.cern.ch/event/1330586/contributions/5601187/attachments/2754095/4794929/Bertsche_CI_2023.pdf
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▪ The CERN “Injector Complex”

▪ ISOLDE

▪ AD/ELENA

▪ East Area, North Area Proposals and Future Projects

▪ New Detector Research and Development Collaborations

Outline
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What physics is there at CERN, other than the LHC?

CLOUD

climate 

studies
Radioactive Ion 

Beam facility
big number of 

experiments

Experiments using 

slow antiprotons

NA61, NA62, NA64, 

NA66 AMBER, 

Neutrino Platform test 

facility

Neutron time-of-flight 

facility
several experiments

Experiments without 

beam, e.g. MADMAX;

CAST (CERN axion 

solar telescope, 

finished data taking)
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CERN Beam Driven Irradiation Facilities

▪ PS East Area: 

▪ Proton: CHARM, IRRAD

▪ Ions: CHIMERA/HEARTS

▪ Neutron facility at nTOF

▪ SPS North Area: CERF, GIF++

▪ HiRadMat

▪ CLEAR (CERN Linear Electron 

Accelerator for Research): 

vesper

▪ https://irradiation-

facilities.web.cern.ch/
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ISOLDE — Isotope mass Separator On-Line facility
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ISOLDE — Isotope mass Separator On-Line facility

▪ Large variety of radioactive ion beams

▪ largest range of isotopes worldwide: over 1300 

isotopes of more than 70 elements

▪ Weak interactions and nuclear and atomic physics, 
e.g.: nuclear shapes, lifetimes, beta-decay & EW interactions

▪ Solid state physics and material science, e.g.: 

implantation of radioisotopes in semi-conductors

▪ Astrophysics, e.g.: triple-alpha to 12C rate (star formation), 

nuclear processes occurring during supernovae

▪ Biological systems, medical applications, e.g.: 

detoxification of mercury in bacteria, sensitive diagnostics

▪ ≈ 500 users, small experiments, about 60 

experiments per year

▪ 60 to 70% of CERNs protons go to ISOLDE 

(<0.03% go to LHC)

▪ 57 years of physics at ISOLDE!

▪ first experiments started at the PS in 1967
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▪ How to create radioisotopes that do not exist on earth?

Nuclear Physics at ISOLDE

Fission

Spallation

Fragmentation

1.4GeV

protons from 

PSB
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REX and HIE-ISOLDE: High Energy and Intensity Upgrade

SEC

ISS

Miniball

Miniball detector

Scattering 

chamber

Superconducting 

solenoid

▪ Major upgrade of the REX post-accelerator to the HIE-ISOLDE (High Intensity and Energy 

Upgrade) superconducting linear accelerator in 2018

▪ Increase the energy from 2.8 MeV per nucleon 

to 10 MeV/u

▪ 3 beamlines:
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▪ About 470 shifts in 2023, 122 of them for HIE ISOLDE

▪ About 40% of the shifts to be scheduled are for HIE ISOLDE 

→ shorter physics period for HIE ISOLDE is problematic

▪ “Winter Physics” Program extends beyond the operation of the Booster accelerator by using pre-

irradiated targets

ISOLDE in 2023

Winter Physics: 30 Oct.HIE-ISOLDE: 21 July
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▪ Background: 

▪ The radionuclide thorium-229 features an isomer with an exceptionally low excitation 

energy that enables direct laser manipulation of nuclear states. 

▪ It constitutes one of the leading candidates for a nuclear clocks

▪ Such a nuclear clock would use the frequency of the nuclear transition as a reference 

frequency – in the same way as the atomic clock uses the frequency of an electronic 

transition in the atom shell.

ISOLDE Highlight I in 2023



Implantation of A=229 Implantation of A=230

229Th isomer decay no isomer

Implantation of A=229 and 230 in three different hosts to search for 
and identify the uv transitions with 229Th and to exclude artifacts.

artifact: crystal defects artifact: crystal defects

• First direct evidence of very low-lying state in 
229Th via measurement of the uv decay.

• More precise measurement of energy than indirect 
measurements, giving only 8.338(24) eV 

• Measurement of τ1/2 for isomer embedded in MgF2 

670(102)s

• Nucleus exited state: Low energy enables 
potential direct excitation by lasers and therefore 
use as a nuclear clock.

• Nuclear clock much less sensitive to 
environmental effects than atomic clocks so 
more precise.

• A nuclear clock would be a unique tool for many 
precision tests of fundamental physics.

• The observation of radiative decay in large band-
gap crystal is a huge step forward in design of 
such a clock.

• Reduction in precision of energy significantly 
eases the search for direct laser excitation as 
lasers have narrow bandwidth compared to 
uncertainty in energy.

Slides from Sean Freeman



Indium – from one extreme to the other - two back-to-back ISOLDE PRL’s in July

• Precision measurement of ground 
and isomeric state using ISOLTRAP.

• Excitation of isomer extremely 
constant across In

• In contrast to measurements of 
magnetic moment, which increases 
near N=50 - also ISOLDE experiment 
from 2022!

• Very difficult to reproduce with 
modern calculations and may point 
to missing physics.

• Measured β decays from ground 
and isomeric levels using ISOLDE 
DECAY STATION.

• Decays populate just a few 
unbound levels in 133Sn.

• Measured resonance properties 
that are critical for benchmarking 
models of the astrophysical r 
process that manufactures many 
of the heavy chemical elements.

Z=50

N=82

N=50

Tin - Sn
Indium - In

Antinomy - Sb

Cadium - Cd

Tellurium - Te

Part of nuclear chart with corner stones of  doubly-magic Sn isotopes : 100Sn and 132Sn (★)

99In 133In

Good example of versatility of ISOLDE – precision studies of both neutron-rich and neutron-deficient exotic isotopes 
separated by 34 neutrons!

★ ★

Slides from Sean Freeman
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▪ Fundamental studies in cancer research

▪ ISOLDE target only absorbs about 10% of the beam protons →

MEDICIS uses a second target behind

▪ MEDICIS can also use pre-irradiated targets that are provided by 

external institutions → was operating during ‘Long Shutdown 2’

▪ Produce and test unconventional radioisotopes for the development 

of new imaging and therapy protocols

▪ Isotopes produced at ISOLDE / MEDICIS are mainly to be delivered to 

hospitals and research centres in Switzerland and Europe.

▪ The first batch produced in the new facility (December 2017)

was Terbium 155Tb, a promising radioisotope for diagnosing 

prostate cancer

▪ Terbium is also a possible candidate for Theranostics

(treatments aiming to combine therapy and diagnostics)

▪ Bernerd, C. et. al (2023-09-01). "Production of innovative radionuclides 

for medical applications at the CERN-MEDICIS facility". Nuclear 

Instruments and Methods in Physics Research Section B: Beam 

Interactions with Materials and Atoms. 542: 137–143. 

Medical Isotopes Collected from ISOLDE

https://www.sciencedirect.com/science/article/pii/S0168583X2300201X
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Antiproton Decelerators: AD/ELENA
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▪ Precision measurements and anti-gravitation measurements: 

BASE, BASE-STEP, ALPHA, GBAR, ASACUSA, AEgIS and 

PUMA

▪ Experiments constantly pushing the limits for particle 

trapping (charged ions and neutral atoms) and cooling of 

trapped particles

AD and ELENA – the CERN anti-proton Experiments

Timeline courtesy Johannes Bernhard
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▪ Started Physics in 2000

▪ PS protons at 26 GeV/c on target

▪ Antiprotons captured at 3.57 GeV/c

▪ Deceleration and cooling

▪ Extraction of 2-4 107 antiprotons at 100 MeV/c 

(5.3 MeV) every ~100s for

AD – Antiproton Decelerator

Stochastic Cooling

▪ Invented at CERN by Simon van der Meer 

→ discovery W, Z bosons 

→ Nobel Prize 1984

▪ Cooling power decreases with decreasing 

energy

→ Electron Cooling
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▪ Started Physics in 2021

▪ Deceleration from 5.3 MeV to 100 keV

▪ Improve capture efficiency of experiments - new types of experiments (GBAR) become 

possible

ELENA
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▪ Main goals: compare Hydrogen to Antihydrogen 

▪ Comparison of hydrogen and antihydrogen atomic spectra: CPT symmetry test to 10-13

using mK atoms / antiatoms

▪ Gravitational measurement of antimatter

▪ Secondary goals: compare proton and antiproton (CPT symmetry), evaluate radiation-therapy 

potential of antiprotons, …

Aim of AD Experiments

Spectroscopy on antihydrogen 

and more exotic objects

Gravitational Experiments
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▪ 2023: twice the ELENA design pbar / shot

▪ AD extraction increased to 2000E10 p (target limitation)

▪ Optimisation of transmission efficiency in AD and ELENA → record bunch intensities of 1x107

pbars per bunch

AD / ELENA in 2023

BASE

ASACUSA2

AEGIS

ALPHA

GBAR
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▪ First measurement of direction of gravitational force on anti-matter, which is entirely model 

independent

Antimatter Gravity – ALPHA: Physics Highlights
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▪ GBAR published production of 

antihydrogen atoms by 6 keV 

antiprotons through a positronium 

cloud
https://arxiv.org/abs/2306.15801

▪ Preliminary Result: BASE

performed the first ever coherent 

quantum spectroscopy with a 

single nuclear spin, reducing g-

Factor (magnetic moment) line 

width by more than a factor of 20.

▪ Aim: Precision measurement 

comparing proton to anti-proton g-

factor as stringent test of CPT 

invariance.

Further AD Physics Highlights
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BASE

Winter Physics using antiprotons stocked in the reservoir trap (30 ഥ𝒑 ) to 

measure during the period when the accelerator is not operating (quiet 

environment required); 1 ҧ𝑝 per month required

PUMA

Aim: Transport of ҧ𝑝 from ELENA to ISOLDE; measure charged pions from 

annihilation with low energy ions from ISOLDE → neutron-to-proton annihilation 

ratio

• Antiproton beam line (deceleration with PDT to 4 keV) validated with beam

• Plans first trapping and transport in 2024

• Plans to be ready for first experiments at ISOLDE in 2025.

New Test 

Beam Line 

TELMAX

• First slow anti-proton test beam line

• Planning to be ready for internal and external users by the end of summer 2024

• Invitation to apply for beam time to be sent out soon

Some Recent Technical Highlights
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▪ Already covered by Nikos in February

East Area and North Area – Quick Recap
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▪ https://cerncourier.com/a/science-diversity-at-the-intensity-and-precision-frontiers/

East Area and North Area – Recap

East Area North Area

Neutrino Platform test facility
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▪ Highly diverse and versatile experimental facilities. Proton, hadron, electron, muon, and ion 

beams to more than 100 user teams per year for detector R&D, irradiations and physics 

experiments.

▪ PS: n-TOF (neutrino Time of Flight facility), IRRAD, CHARM, CHIMERA, CLOUD 

experiment, two test beam lines

▪ SPS: AWAKE, HiRadMat, NA61, NA62, NA64, and NA66/AMBER experiments, the two 

large neutrino platform cryostats, GIF++ and CERF irradiation facilities, 4 test beam lines, 

with combined more than 2000 users

▪ Increasing levels of over-booking of the beam lines 

→ partially absorbed by parallel running

▪ Some lines have typically three or more set-ups share 

the same beam whenever possible

▪ Recently conducted survey covering until 2041 (until the end 

of High Lumi LHC) 

→ estimate similar levels of beam time overbooking for the future

PS and SPS Experimental Facilities

courtesy Johannes Bernhard 
and Lau Gattignon
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North Area Consolidation and High Intensity Upgrade
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▪ North Area (NA) experimental halls and transfer tunnels were built in 1970s

▪ About 60 000 square metres, including North Experimental Halls 1 and 2 (EHN1 and 

EHN2) and underground cavern ECN3

▪ Equipment such a power converters exceeded the intended lifetime

▪ Initial Consolidation work 

concentrating on the safety 

of the installations during Long 

Shutdown 2 (starting 2019)

▪ Recent years concentrating 

on safety-related works (such 

as fire safety) and preparations 

for the Long Shutdown 3 

(starting November 2025), with 

mayor de-cabling campaigns

▪ Planned to be ready for 

beam again in Q3 2028

North Area Consolidation Project

Experimental

halls

Underground beam 

tunnels & caverns

Underground

technical galleries
Service

buildings

TT20 (Transfer Tunnel 20)

TCC2 (Target Cavern 2)

EHN1 (Experiment Hall North 1)

TT81-85

(Transfer Tunnel)

EHN2 (Experiment Hall North 2)

TCC8 (Target Cavern 

8)

ECN3 (Experiment 

Cavern North 3)

CT2

cooling 

towers
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Winter Shutdown 2023/2024 Consolidation Highlights
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Phased Approach to Consolidation and High Intensity Upgrade 
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▪ New Physics Experiments: MUONE and SHIP

▪ Neutrino Related Projects from the Physics Beyond Collider (PBC) 

Study Group (https://pbc.web.cern.ch/)

▪ Continued heavy demand for test beams (High Lumi LHC upgrades, 

new projects)

Future Experiments and Projects
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▪ Proposal

▪ „An alternative evaluation of the leading-order hadronic contribution to the muon g-2 with

MUonE", Phys. Lett. B 848 (2024), 138344; doi:10.1016/j.physletb.2023.138344

https://www.sciencedirect.com/science/article/pii/S0370269323006780

▪ Purpose: measure the leading hadronic contributions to anomalous 

magnetic moment of muons (g-2) to sub-percent level 
https://web.infn.it/MUonE/

▪ Long-standing discrepancy between measurement and Standard 

Model (SM) prediction for g-2

▪ Recent lattice QCD results lie between the measurement 

and SM calculation using 𝑒+𝑒- ⟶ hadrons

▪ MUonE will measure the same quantity that is calculated with lattice QCD,

testing directly the theoretical expectation value

▪ Measuring muon elastic scattering on electrons in a target

▪ 160 GeV/c muon beam; 3 full years of data taking post LS3 (2028 onwards)

▪ Intermediate measurement step in 2025 (EM contribution and 10% precision of the hadronic 

contribution)

MUONE (MUon ON Electron elastic scattering)

https://www.sciencedirect.com/science/article/pii/S0370269323006780
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▪ General-purpose intensity-frontier experimental facility operating in “beam-dump mode” 
(BDF/SHiP at the ECN3 high-intensity facility, Proposal,  CERN-SPSC-2023-033) 

▪ Search for feebly interacting GeV-scale particles

▪ Perform measurements in neutrino physics

▪ Two main detector components: SND (scattering and neutrino detector)  and HSDS (hidden 

sector decay spectrometer) 

▪ Data taking envisaged 2031 to 2048

▪ Examples of the physics models and final state that can be measured:

SHiP (Search for Hidden Particles) at the ECN3 High-Intensity Facility
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▪ Urs Wiedemann, ECN3 Physics experiments: HIKE/SHADOWS – SHiP, Chamonix Workshop 

2024, https://indico.cern.ch/event/1343931

SHIP Motivation
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▪ Dealt with at the PBC (Physics Beyond Collider), conventional beam working group, Neutrino 

Beams subgroup, 
https://indico.cern.ch/event/1137276/contributions/4950763/attachments/2543792/4380179/PBC_ENUBET_NUTAGv5.pdf

▪ NA61 Low Energy Beamline (very low energy beamline): under review with the SPSC

▪ 2 to 13 GeV/c hadron beams to NA61 set-up in the SPS NA H2 beam line 

▪ Measurements of 

particle yield and 

cross sections →

reduce uncertainty in 

atmospheric neutrino 

flux

▪ NuTAG: tagged (energy, 

direction measured) 

n beams for next 

generation long-baseline

experiments

Neutrino Related PBC Projects – Currently No Time-Line Available
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▪ NP06 ENUBET: Monitored (flux measurement) n beams for precision n cross section

▪ aim at reducing cross section uncertainties 

from 10% - 30% down to 1% level

▪ K+ → π0 e+νe and other channels

(e.g K+ → μ+ π0 νμ)

▪ Assuming 4.5x10^19 p/year @ 400 GeV/c 

and using ProtoDUNE-SP as detector (NA 

extension) ENUBET would aim to collect a total of 1E4 events in 2 years.

▪ 8.5 GeV/c baseline design; alternative Multi-Momentum” beam line design (4, 6 & 8.5 GeV/c) studied 

as well

▪ Test beam phase nearing completion: PS T9 (2017, 2018, 2022, 2023, 2024)

▪ SBL@PBC: Efforts towards a short-baseline proposal that combines both projects with a 

reasonable number of POT/y within the Conventional Beams – Neutrino Beams WG 
(https://indico.cern.ch/category/14358/)

▪ Ongoing study, feasibility to be established. Possibly submit proposal to SPSC in 2026 (dedicated SPS NA beam 

line; 5 years data taking; would require neutrino beam; <5 10^18 pot/year.

Neutrino Related PBC Projects, cont’d

Eur.Phys.J.C 83 (2023) 10, 964

https://indico.cern.ch/event/1353517/
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▪ DRD1 – Gaseous Detectors

▪ DRD2 – Liquid Detectors

▪ DRD3 – Semiconductor Detectors

▪ DRD4 – Photodetectors and Particle ID

▪ DRD5 – Quantum and Emerging Technologies

▪ DRD6 – Calorimetry

▪ DRD7 – Electronics and On-Detector Processing

▪ DRD8 – Integration

New DRD Collaborations (Detector Research and Development )
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▪ Based on European Strategy for Particle Physics Update 2020 recommendation

▪ The European Committee for Future Accelerators (ECFA) 

released in 2021 “The 2021 ECFA Detector Research and Development 

Roadmap”: full document (200 pages) ; synopsis (https://indico.cern.ch/event/957057/overview)

▪ Overview of future facilities (EIC, ILC,  CLIC, FCC-ee/hh, 

Muon collider) and major upgrades (ALICE, Belle-II, LHC-b,…)

and their timeline

▪ Corresponding mayor Detector R&D Themes (DRDTs)

ECFA Detector R&D Roadmap

https://europeanstrategyupdate.web.cern.ch/
https://indico.cern.ch/event/1090779/contributions/4592538/attachments/2335809/4036993/ECFA%20Detector%20R%26D%20Roadmap%20Main%20File.pdf
https://indico.cern.ch/event/1090779/contributions/4592538/attachments/2335809/4037008/ECFA%20Detector%20R%26D%20Roadmap%20Synopsis.pdf
https://indico.cern.ch/event/957057/overview
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▪ ECFA Detector R&D Roadmap describes 

Strategic R&D towards necessary technologies

to build future facilities and experiments

▪ But it also asks for DRD collaborations to include 

a small scale “blue-sky” R&D

▪ Very diverse Test Beam needs during all the 

stages starting from blue-sky until production 

(batch) validation:

▪ DRD1, DRD3, DRD7: heavy parallel running 

possible

▪ DRD4: some parallel running possible

▪ DRD2, DRD6: require dedicated beam time →

substantial requests expected for beam time

▪ Last Dot: Target date completion of the R&D required by 

the latest known future facility/experiment (earlier dots

represent intermediate facilities/experiments) 

▪ Arrow: further time to be anticipated for experiment-

specific prototyping, procurement, production

validation, construction, installation and commissioning.

▪ R&D for Liquid Detectors will be needed far into the 

future, but estimates do not exist

Timeline of the Identified DRDT Activities
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▪ GSR1: Supporting R&D facilities

▪ It is recommended that the structures to provide Europe-wide coordinated infrastructure in the areas of: test 

beams, large scale generic prototyping and irradiation be consolidated and enhanced to meet the needs of next 

generation experiments … and to maintain a network structure for existing distributed facilities, e.g. for irradiation.
▪ GSR 2: Engineering support for detector R&D

▪ GSR 3: Specific software for instrumentation

▪ GSR 4: International coordination and organisation of R&D activities

▪ … refresh the CERN RD programme structure … revisit and streamline the process of creating and reviewing 

these programmes, with an extended framework to help share the associated load and increase involvement, 

while enhancing the visibility of the detector R&D community and easing communication with neighbouring 

disciplines → A Detector R&D Committee (DRDC) was 

formed in 2023 to deal with new detector R&D 

collaborations. https://committees.web.cern.ch/

▪ GSR 5: Distributed R&D activities with centralised facilities

▪ GSR 6: Establish long-term strategic funding programmes

▪ GSR 7: “Blue-sky” R&D

▪ … unlocking new physics may only be possible by unlocking novel 

technologies in instrumentation …  past examples include … the 

World Wide Web, Magnetic Resonance Imaging, Positron Emission 

Tomography and X-ray imaging …

▪ GSR 8: Attract, nurture, recognise and sustain the careers of R&D experts

▪ GSR 9: Industrial partnerships

▪ GSR 10: Open Science

Roadmap Concludes with 10 General Strategic Recommendations (GSR)

https://committees.web.cern.ch/
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On the increasing requirements for test beams and infrastructure for test beams:

“ … Firstly, coordinated access to test-beam facilities should be continued and enhanced to meet the 

needs of next generation detector development. A small number of world leading facilities at major 

laboratories support access to test beams [Ch10-2], [Ch10-3], where detectors and detector systems can 

be tested under realistic conditions and their response to a range of particle types can be evaluated. Given 

the different functions of different sub-detector systems, beams of charged hadrons, electrons and 

muons at different momenta and rates are vital. The cryogenics, gases, cooling, magnets, 

electrical services and readout, along with provision of the beams themselves, represent a considerable 

annual cost that host laboratories supply to the community. In addition, further detector systems (“beam 

hodoscopes”) are required to provide increasingly accurate tracking and timing information of the 

individual incoming particles, and further instrumentation is required to determine particle energies, 

monitor particle fluxes and determine beam compositions. 

For large scale system tests, the engineering and other infrastructure required can approach the 

cost and complexity of a small-scale experiment.

…”

→ PS EA multipurpose test beam lines (H2, H4, H6, H8)

→ SPS NA: EHN1 multipurpose test beam lines (T9, T10)

General Strategic Recommendation #1 – Excerpt from the Full Text
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On the increasing demands for radiation testing

“… Support for radiation testing should be continued and enhanced to meet the needs of next generation 

detector development. In many experiments, even modest levels of radiation exceed those to which any 

commercially available equipment has been designed to withstand. Unless fully customised components can be 

afforded, the impact of this is that sample (batch) testing of all commercially sourced equipment is needed 

to check that no design or process changes (which would typically be commercially confidential) could have 

resulted in reductions in the radiation tolerance properties and to be able to track such changes over time. Even 

fully customised designs targeting radiation hardness still typically involve commercial partners whose 

detailed device processing may vary. Establishing a design and a process to the most extreme levels of 

radiation hardness requires both a high degree of testing at irradiation facilities [Ch10-3], [Ch10-4] and a deep 

understanding of the physics of the radiation damage mechanisms themselves, often requiring a major 

simulation effort to model the measured macroscopic degradation with irradiation in terms of the microscopic 

changes in the heavily exposed materials. Facilities are needed to allow irradiation at a range of energies with 

neutrons, photons, protons and (ideally) pions (since the latter dominate the actual particle mix for sensors 

closest to the collision point in many experiments with the most severe requirements). Reactors, x-ray and 

gamma-ray sources, low energy cyclotrons and beams at accelerator laboratories are all needed, with a wide 

range of instantaneous particle fluxes and achievable integrated fluences, for these studies. …”

→ PS EA T8: IRRAD/CHARM and CHIMERA/HEARTS

→ SPS NA: GIF++ and CERF

→ SPS HiRadMat

General Strategic Recommendation #1 – Excerpt from the Full Text
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▪ Eight DRD1 set-ups successfully operated in parallel

▪ Operating in parallel to GIF++ facility (taking muon beam behind)

First DRD1 Test Beam
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END


