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Introduction and Motivation

• Heavy ion irradiation of electronics is necessary for the qualification of 
space (and accelerator!) semiconductors against Single Event Effects 

• Tests are typically performed at cyclotron facilities, with energies (ranges) 
in the 10-20 MeV/n (100-200 µm in silicon) interval

• Testing at larger energies and ranges, of >100 MeV/n and >1 mm in 
silicon respectively, is highly advantageous for state-of-the-art 
microelectronics architectures 

• Linked to this interest, since 2021 (and even 2017, in more exploratory 
mode) the development of high-energy heavy ion testing of electronics at 
CERN has been supported first by ESA and then by the European 
Commission, through the HEARTS EU project)

HEARTS at MD Days 2025 
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Where? Slow-extracted PS heavy ions to East Area

HEARTS at MD Days 2025 
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Where? HEARTS 2024 migration upstream

2023 test 

location

CHARMIRRAD

Beam

2024 test location

• From 2024, HEARTS at CERN is relocated 30m upstream from CHARM to IRRAD facility

• Beam taken at the exit of the vacuum pipe ⟶ improved beam quality, lower energies

⟶ several upgrades needed

HEARTS at MD Days 2025 
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Where? HEARTS at IRRAD 2024

BEAM

PMMA DegradersW masks

MWPC: beam 

profile monitor

Test station

HEARTS at MD Days 2025 
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When? Schedule considerations

HEARTS at MD Days 2025 

Start of PS HEARTS MDs to 

East Dump (i.e. in parallel 

with protons to T8), plus T8 

time during proton cool down 

(Tue-to-Wed nights)

Actual dedicated run from 

Nov 13th to Dec 2nd; first beam 

commissioning, calibration 

and validation and then, as of 

Nov 19th, pilot user run
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How? Example of high-energy heavy ion testing at NSRL 
in BNL

HEARTS at MD Days 2025 

Usual SEE tests: fast 

switching of flux, LET 

and setup

Real-time device 

response, very 

dynamic experience!  
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How? Different LETs through different lead energies

Typical for cyclotrons: 

constant energy per 

nucleon; change of LET 

through change of ion 

species

At HEARTS@CERN: single 

ion species, and change in 

LET done through energy, 

achieving a ~12-37 

MeVcm2/mg coverage 

(ideal: 0.1-60 MeVcm2/mg)  



29

How? Different LETs through different lead energies

HEARTS at MD Days 2025 
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How? Different LETs through different lead energies

HEARTS at MD Days 2025 

Increased energy (and LET) spread with degradation
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How? Different LETs through different lead energies

HEARTS at MD Days 2025 

Visible effect of degradation: 

energy deposition spread and 

fragmentation  
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“Bonus beams” (maybe for 2025?)

• Two additional energies developed and calibrated: 350 and 273 MeV/n

• Optimal primary and degraded energy combination to be re-evaluated for 2025 

HEARTS at MD Days 2025 

Challenge for lower energies: energy loss in the beam line is not linear, and increases 

significantly (in relative terms) for lower energies, impacting transmission, position, etc.    
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How? Requirement: flux control over 3 orders of magnitude

HEARTS at MD Days 2025 

By varying the RFKO gain, we achieved a factor ~5 in the linear regime, and a factor 

~50 if we considered also the region of stronger intensity dependence with RFKO   
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How? Requirement: flux control over 3 orders of magnitude

HEARTS at MD Days 2025 

Extra knob used in combination with RFKO: QSE current → achievement of necessary flux range, with required level of control 

103
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How? Requirement: flux control over 3 orders of magnitude

HEARTS at MD Days 2025 

Challenge: very strong dependence of flux with super-cycle composition  
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How? Requirement: flux control over 3 orders of magnitude

HEARTS at MD Days 2025 

Solution: LEQ knob instead of QSE, plus more regular placement in super-cycle (ideally behind another EAST) → factor ~2 

spill-to-spill variability, which is not great for users, but still acceptable 
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Maximum flux

HEARTS at MD Days 2025 

Transmission loss with PS energy (to be 

further analyzed and, if possible, improved)

Transmission loss due to impact of 

degraders



218

Minimum flux and flux (intra and inter-spill) uniformity

HEARTS at MD Days 2025 

← Example of minimum flux and spill-to-spill flux stability 

Example of intra-spill intensity uniformity → 



219

Beam profile – broad beam without scanning

• OK for up to 7.5 x 7.5 cm2 (with a skew in the horizontal direction we will try to improve in 2025)

• 10 x 10 cm2 seems possible (albeit with a flux reduction) but going beyond that is in principle 
incompatible with the beam line optics and aperture restrictions

HEARTS at MD Days 2025 
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Beam related objectives for 2025 (and beyond) 

• Beam energy:
• Requirements already met in 2024 to a very large extent 
• Likely having more than 2 PS energies (e.g. 3-4), extending to lower energies (~250 MeV/n) 

will be useful to improve beam quality

• Beam spatial profile:
• 7.5 x 7.5 cm2 seems already at the limit of what can be reasonably achieved with the 

necessary homogeneity and maximum flux, and also meets user requirements to a large 
extent 

• Beam flux: 
• Spill-to-spill intensity stabilization will be a priority

• We plan to work on this (and other beam aspects) already with “ion-equivalent” low energy proton cycles

• Checking if there is margin to improve spill rate (without impacting other PS users) 

• Some prospects beyond LS3 (very conceptual and hypothetical at this stage!):
• More beam time (presently very constrained) → dedicated beam line and facility 
• Fast (~15min) switches between ions → synergies with Ion Complex Upgrade (ICU)

HEARTS at MD Days 2025 
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Extra Slides

HEARTS at MD Days 2025 
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Preliminary Results from Electronic  Survey

Electronic Survey:

• Completely anonymized

• 32 questions (7 are open-end)

• 8 surveys completed and evaluated

HEARTS at MD Days 2025 
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Motivation: Why radiation effects testing? 

• Radiation effects are critical for high-reliability/availability applications in 
radiation exposed areas, such as space, avionic, accelerator, or even ground 
level (automotive, medical…) applications

• Radiation effects testing is a key pillar of electronics Radiation Hardness 
Assurance, along with modeling (at many different physical levels), radiation 
environment characterization, radiation hardening by design (also at multiple 
levels), etc. 

• Radiation effects testing is important both for rad-hard (i.e. built with the 
requirements of resisting certain levels of radiation) and commercial (i.e. no 
radiation tolerance requirement) parts

• Radiation effects are divided in cumulative and stochastic – this presentation 
focuses on stochastic, Single Event Effects, which are those that can impact a 
system at any moment of their mission (and hence typically dominate the 
overall risk) and which require access to high-energy accelerator infrastructure 
for testing   

HEARTS at MD Days 2025 
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Motivation: why heavy ions?  

• The Linear Energy Transfer (or dE/dx) is the key figure-of-merit for 
SEE induction

• Heavy ions are needed to reach large LET values, which in turn are 
needed for component qualification for space applications, as per 
the related test standards 

• This is mainly motivated by the presence of high-energy, high-LET 
heavy ions in space, as part of the Galactic Cosmic Rays and (to a 
lesser extent) solar particle events

• Heavy ions are not present in the high-energy accelerator 
environment (at least in areas of interest for electronics operation) 
but provide a worst-case test opportunity with respect to the 
constituents of the accelerator mixed-field, composed (from an 
SEE-induction perspective) of neutrons, protons and pions

HEARTS at MD Days 2025 
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Motivation: why heavy ions? 

HEARTS at MD Days 2025 
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Motivation: why high-energy heavy ions? 

• Standard heavy ion facilities 
provide energies up to ~10-20 
MeV/n, which pose practical 
constraints related to their 
limited range in matter and need 
for testing in vacuum 

• Testing at larger energies and in 
air, as could be offered at is an 
additional plus to an already 
very heavily demanded beam 
type 

HEARTS at MD Days 2025 
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Part of Fabio Vitobello’s (European Commission) RADECS 2024 Invited Talk 

HEARTS at MD Days 2025 

Motivation: European Commission 
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Motivation: ESA

HEARTS at MD Days 2025 
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Complementarity with GSI

HEARTS at MD Days 2025 

• Commitment at different GSI 
levels to offer industrial 
access (and related service) 
to industrial users 

• Would very nicely 
complement CERN’s offer, 
especially in terms of having 
two high-energy heavy ion 
irradiation slots per year in 
Europe (i.e. waiting times of 
6-8 months instead of 12 
months – or more, 
depending on shutdowns)
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BNL: present (NSRL) 
and future (NSRL + HEET) 

HEARTS at MD Days 2025 

@Mike Sivertz (BNL)
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BNL online available seminars on NSRL and HEET

HEARTS at MD Days 2025 

https://videos.cern.ch/record/2299807

https://youtu.be/LvpEddIUjf0?si=zihjqs1yUJQhwbmY

https://videos.cern.ch/record/2299807
https://youtu.be/LvpEddIUjf0?si=zihjqs1yUJQhwbmY
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MSU/FRIB: present and future

HEARTS at MD Days 2025 

At the moment, we only have a concept for the facility (see 
drawing to the left) and a rough cost estimate (~$4.5M) and 
schedule (~18 months). 

This facility would operate in a similar fashion to the FSEE 
facility, which is that it runs complementarily to the nuclear 
physics program that has the ultimate priority at this time. In 
this context, we provide up to 2000 hrs per year of SEE testing 
from the linac-based facility. I would anticipate that the 
majority of those hours would be devoted to these higher 
energy studies, while the recommissioned K500 cyclotron 
facility will service the lower energy SEE users (at 4000-6000 
hrs per year). 

For FSEE usage, I have not done the final tabulation, but we 
have averaged ~1500 hrs/year in user experiments for the past 2 
years

@Steve Lidia (MSU FRIB)
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Looking further ahead: ICU for fast ion species changes

HEARTS at MD Days 2025 
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Looking further ahead: dedicated beam line and 
experimental facility 

HEARTS at MD Days 2025 

• Main overall constraint: very limited (~150h/year) beam time, mainly due to the fact of sharing the beam line and facility 
with high-energy, high-intensity protons in T8 (critical for detector and accelerator electronics and sensor radiation testing)

• Possible solution: dedicated beam line and facility → Conceptual Design Study (including feasibility, costing estimate…) to 
be carried out in 2025 
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Thoughts beyond the facility and service: guidelines

HEARTS at MD Days 2025 



237

Thoughts beyond the facility and service: modeling 

HEARTS at MD Days 2025 
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The Beam: control and monitoring

HEARTS at MD Days 2025 

For 2025: focus will by on COSYLAB 

solution for beam control and 

monitoring  
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How? Requirement: flux control over 3 orders of magnitude

• Maximum (~105 - ~106 ions/cm2/spill) and minimum (~100 
ions/cm2/spill[*]) flux values were compatible with user requirements

• Same applies to spill-to-spill intensity stability [*] and intensity uniformity 
within spill
• A factor ~2 was targeted as spill-to-spill intensity stability, and was met throughout 

most of the runs, but periods with larger variability (typically linked to changes in 
the super-cycle composition) were difficult to avoid  

• The achieved average spill rate (one spill every ~12-15s for standard 
operation, ~20s for LHC filling) was however below the target of ~10s
• Also, spills rates are provided in average, but they are not uniformly distributed, 

which typically would be the preference for users  

HEARTS at MD Days 2025 

[*] A good fraction of the beam development and commissioning efforts were devoted to 

reaching very low fluxes in a controlled manner and stabilizing the spill-to-spill intensity 

(note: written independently of user feedback collected by Gerd – more about that later in the presentation)  
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Communication 

HEARTS at MD Days 2025 
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