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Covered by triple ion beam

Fusion challenges

b) J. Knaster, Nature Physics 12 (2016)

a) J. Knaster, Nuclear fusion 58 (2018)

Degradation of Physical Properties Vs. Dose degradation by neutron irradiation

High Energy Fusion Neutrons (pros and cons) 

▪ Displacement damage (dpa)

▪ Transmutation nuclear reaction (impurities): H, He, etc

High current Li(d,n) stripping reactions are the best alternative

Presently Facilities Limitation
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Accelerators in the EU Fusion Road Map

One of the main differences between ITER

and DEMO is the radiation dose: at DEMO 

more than one order of magnitude higher

1-3 
dpa/lifetime

20-50  
dpa/lifetime

▪ Identified as high priority in the EU Fusion Roadmap

▪ Included in the ESFRI Roadmap as a EU strategic facility

• Low & Medium Power Accelerator for fusion application (single, double, triple (CID))

• Detector development and instrumentation calibration

• Ion Beam Modification of Material (IBMM): Implantation, damage studies 

• Ion Beam Instrumentation (IBI)

• Basic physics studies 

• High-power accelerator for fusion application (LIPAc, DONES)  

• Damage neutron emulation

• Tritium production

• Apply physics

DEMO phase -1 DEMO VNS

Pf (MW) 2000 30

NWL (MW/m2) 1 0.5

fpy to reach 20 dpa 2 4

T (kg) consumed to 
reach 20 dpa

224 6.8

Essential to know the effects of fusion-like neutrons on 
materials to ensure the structural integrity of fusion 

reactor components (first wall, etc.) 
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Low & Medium Power Accelerator for fusion application 
(single, double, triple)
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Low & Medium Power Accelerator for fusion application

Use of (a Triple) ion beam for fusion

Capabilities required 

▪ High energy ion implantation (homogeneous area and volumetric irradiation)

▪ Irradiated volume of around 20-25 microns  (at least a few grains for most of the materials of 
interest)

▪ Ion beam mixing (in confluence) at low irradiation angle (bellow 4º)

▪ Radiation damage at nuclear reactor-like conditions (first wall temperatures) 

▪ Possibility of varying the damage/dose rate several orders of magnitude

▪ Possibility of varying the generation of H and He several orders of magnitude

Requirements for fusion materials irradiation damage characterization and modelling

Emulation of neutron damage in nuclear materials using high energy ion beams to low dose rate

▪ Displacement damage (dpa): by heavy (self) ions (Fe, W, Si, C, O, etc)

▪ Transmutation nuclear reaction (impurities): by light ions (He and H) 

Synergetic effects on cavity number density, size, and swelling 
development in9Cr and 12Cr alloys irradiated at several conditions
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Triple ion beam importance for (fusion) technology

▪ Key multipurpose facility for R&D on Fusion Materials & Technologies, but also on multidisciplinary basic/apply R&D

▪ Technological provider and complement for DONES (during the different stages; design, validation, construction, 
analysis, etc) and a important facility to reduce gaps in the IFMIF testing program

➢ Pre-DONES validation: There is currently no 14 MeV neutron source of sufficient flux to test the strength of materials 
under fusion-like conditions, so will provide eessentials inputs of models and R&D development of components, 
diagnostics, detectors, and its calibration

➢ Pre-DONES characterization: Emulation of radiation damage in nuclear-reactor pre-screen materials and dose rate 
(accelerated) damage effect

➢ Pre/Post DONES operation: relevant experiment and modelling studies of damage predictions codes with ion beams 
in a short time irradiation (up to 100 dpa can be reached in 10 h), and very low activation

➢ Post DONES irradiation: indispensable material test lab for PIE samples characterization with on-line IBA Techniques
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SINGLE & DOUBLE ION BEAM:

Tandem 6 MV with two independents ions sources:

➢ Light ions (H-D@12 MeV, He@18 MeV)→ from 100 pA to 100 μA
➢ Heavy ions (Fe (Fe@54 MeV), Si, C, W, etc)→ from 100 pA to 2μA

Tandem 4 MV with two independents ions sources:

➢ Light ions (H-D@8 MeV, He@12 MeV)→ from 100 pA to 100 μA
➢ Heavy ions (Fe (Fe@32 MeV), Si, C, W, etc )→ from 100 pA to 2μA

CID

Triple ion beam:

Superconducting Cyclotron (or shycrocyclotron, lineal, etc) type K = 110-130, with a heavy ion source
➢ Fe@385-400 MeV→ 1 μA/cm2 

More than 2.5 grains

EUROFER’97
EUROFER’97

CID triple implantation profile (in EUROFER) 

Fe at 385 MeV,
He at 10 MeV 
H at 2.5 MeV

Triple implantation profiles 

CID Stopping power

Triple Ion Beam facility design

Synergetic (in confluence) or single irradiation effects 
provide also very relevant (simulation information) 

There is currently no equivalent facility!!
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High-power accelerator for fusion application 
(LIPAc, DONES)  
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IFMIF/DONES main goals

▪ Validate the fundamental understanding of radiation response 
of materials including benchmarking of irradiation effects 
modelling at length-scale and time-scale relevant for 
engineering application

▪ Tests blankets mock-ups and functional materials before or 
complementary to ITER and DEMO test blanket modules

We need to produce fusion-like neutrons with:

1) Intensity large enough for accelerated testing (as compared to DEMO)

2) Damage level above the expected operational lifetime

3) Irradiation volume large enough for the characterization of the macroscopic properties of the 
materials of interest required for the engineering design of DEMO (and the Power Plant)

A fusion-like neutron source

▪ Provide data for the engineering design for DEMO
▪ Provide information to define performance limits of materials and materials systems for DEMO and FPP
▪ Contribute to the completion and validation of (existing) databases to gather and confirm data required 

for licensing and safety assessment
▪ Contribute to the selection or optimization of different alternative fusion materials

The IFMIF/DONES main expected contributions:
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EU_IFMIF Projects relationship

WPENS
(IFMIF-DONES)

Early Neutron Source

IFMIF-DONES 
ESPAÑA

(esDONES)

IFMIF-EVEDA
BA-II (LIPAc) & FNSD

Construction and implementation
of IFMIF-DONES facility in the EU

R&D, Validation Activities and Pending 
Engineering & Design Activities

Engineering Validation & 
Engineering Design Activities 

(General Prototypes operation)

▪ IFMIF/EVEDA: International Fusion Materials Irradiation Facility – Engineering Validation and Engineering Design Activities

- LIPAc: Linear IFMIF Prototype Accelerator

▪ IFMIF-DONES: International Fusion Materials Irradiation Facility – Demo Oriented NEutron Source

Main goal: Fusion Early Neutron Source development

WPENS DONES

esDONES

Since 2007

Since 2015 Since 2023

• 17 RUs 
• At least 22 institutions
• 5-6 LTP companies 
• Around 150 researchers
• 2021-2025 Budget: around 33.5 M€ 
(18.5 M€ CC) + around 6.5 M€ EC FWC
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DONES or WPENS-FP09 Layout

Layout & Site Infrastructures, Buildings
HVAC, Electrical Power Supply, HRS, etc.
Facilities for complementary experiments

Test Cell

Li Dump 
tank

EMP

Cold trapY Trap

Impurity Control 
System

Cooling 
water 

EMP

Quench
tank

Pump

Secondary 
HX

Pump

Tertiary 
HX

Heat Removal System

Primary 
HX

Secondary 
loop

Tertiary
loopMain Li 

loop

Test Systems AncillariesHFTM, 
STUMM
OIM

Target 
System

Accelerator Ancillaries

Test SystemsAccelerator Systems

Lithium Systems

Site, Buildings 
&

Plant Systems

Lithium Systems AncillariesBeam 
Dump

Impurity monitoring 
loop

Central Instrumentation and 
Control Systems

HEBT

RFQ SRF LinacMEBT

RF Power System

CODAC System
Machine Protection System
Safety Control System

LEBT

Supporting facilities, Labs & Workshops 
Hot Cells
Facilities for complementary experiments

Remote handling Systems

Post Irradiation 
and 

Examination
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Heat removal by 
high velocity Li flux

Stripping reaction

15

IFMIF-DONES: Fusion-like neutron source

High Flux Test Module:
20 dpa/fpy in 130 cm3

10 dpa/fpy in 400 cm3

Controlled Temperature:
250 < T < 550 ºC

A fusion-like neutron source required for the qualification of the materials to be used in the EU DEMO

One of the more powerful
accelerators in the world

Challenges: 
high power, high space charge, cw
wave operation, high reability, 
longest RFQ,…

Biggest Li loop in the world

Challenges: 
Biggest Li loop in the world, 
power management, impurities 
management –corrosion risks-, 
reability, lifetime,...

Many Engineering 
Challenges: 

RH, reliability and long 
term control,…

A neutrons flux of ~1015 n/cm2s is 

generated with a neutron spectrum 

up to 55 MeV energy

▪ Two concurrent deuterons beam of 125 mA 
CW at 40 MeV 

▪ Impact on a liquid Li screen

▪ Flowing at 15 m/s

▪ Generating a footprint of 200 x 50 mm2

▪ High Availability of facility > 70% 

2 x 5 MW beams

D+ @ 40 MeV and 125 mA

IFMIF: International Fusion Materials Irradiation Facility

20x5 cm2 footprint
(reference)
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“fusion” Accelerators for the community

IFMIF-DONES

x5

HFTM & OIM

TAA

HEBT-TIR 
B&PS 

A neutron flux of ~ 1015 n/cm2/s 
is generated with a neutron 

spectrum up to 55 MeV energy

R&D in accelerator:
▪ Highest D+current LINAC
▪ One of the highest average beam power
▪ Top H+ & D+Injector performance
▪ Longest RFQ
▪ High Beam loading in resonant cavities
▪ Record of light hadrons current through 

SC cavities
▪ Highest Beam perveance
▪ Safety (free Surface)
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Acelerator Systems

The first of a kind high power ion accelerator
• Production and operation of RF quadrupoles 
• Superconductive high-current linear accelerator
• Radiation-hard ion beam diagnostics  at R.T. & cryo-mode
• Ion beam handling with minimized aberrations & beam halo 

D+ CW 175 MHz SC LINAC
▪ 125 mA / 40 MeV → 5 MW 
▪ Total length of ~100 m
▪ Freesurface liquid Li target interaction
▪ 20 years, 87% availability
▪ Hands-on maintenance (<1 W/m)

20x5 cm2 footprint
(reference)

10x5 cm2 footprint
(optional)

▪ Highest current LINAC
▪ Top H+ and D+ Injector Performance needed
▪ Longest RFQ
▪ High residual doses in the area
▪ Very challenging beam Diagnostics and Beam Loss Monitoring

▪ One of the most powerful accelerators in the world
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Some R&D etails in accelerator
▪ Beam dynamic: Simulation of accelerator component accidental situations
▪ Vacuum design: Free surface, Criomodules, etc
▪ Safety and accident mitigation: Target accident, tritium production, etc
▪ Remote handling and maintenance
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IFMIF/EVEDA Project 
IFMIF/EVEDA project for Engineering Validation & Engineering Design Activities (EVEDA), since 2007 (Broader Approach)

Linear IFMIF Prototype Accelerator (LIPAc) 
9 MeV, 125 mA CW, 1.125 MW 

left: cryomodule vessel onsite
Right: Assembly of the a cavity in the clean room

Accelerator's technological feasibility tested 
through a full 1:1-scale prototype accelerator 
from the injector to the first cryomodule (9 

MeV, 125 mA D+ beam CW)

Are we technologically ready?

LIPAc: a compact but very 
challenging and thrilling 

accelerator to run

▪ Cutting edge technologies: world’s longest 
RFQ (~ 10 m), world’s highest light hadron 
current through SRF cavities, very high 
average beam power

▪ World’s highest current linac in CW (space 
charge repulsive forces)

Phase B+ (5 MeV CW) completed on 27 June 2024
➢ 3 stages with more than 8 months of cumulated beam operation ➔ Lots of results 

gathered

➢ 8.75% duty cycle (52 kW average power - pulse length = 3.5ms / Repetition Period = 
40ms) at 132 kV and 119 mA D+ beam at 5 MeV

➢ Some tests at 10% (4ms / 40ms) maximum allowed with O-ring couplers, but 
unstable most likely because of the RFQ couplers (time-varying power reflection)
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The IFMIF-DONES site in Granada, Spain

UGR-DONES LABs (temporary esDONES offices)

CIEMAT-DONES (DONES offices and warehouse)

Under operation in 2035
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DONES beyond fusion: the DONES user community

18

• Production of radioisotopes
for medical imaging (99Mo, 177Lu) and cancer 
therapies

• Irradiations for cancer treatment (boron neutron 
capture, fast neutron and targeted alpha therapy 

• Study on the effects of irradiation on organisms

• Neutron Activation Analysis
• Thermal-neutron capture reaction to 

produce phosphorus dopants in silicon
• Computed Tomographic imaging
• Irradiation of electronic devices

• Astrophysics Experimental Set-up
• Ultra Cold Neutron (UCN) Source
• Gamma Spectroscopy of exotic nuclei
• Beyond Standard Model (BSM) Physics 
• Cross sections measurement (TOF)
• Ab initio material modelling

• Determination of mechanical properties for 
baseline (EUROFER, CuCrZr, W) and 
advanced materials.

• Measurement of T production rates in 
breeder materials

• Irradiation of diagnostics
• Validation of reduced size functional mock-

ups of BB or DIV concept

Presentation at the 3nd DONES user workshop, courtesy of S. Becerril

DONES Socioeconomic impact
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More close to a make real the Early Neutron source!

Thanks for your attention 
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Additional slides
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The new scope of the WPENS tasks (2024-2027): 
➢ Experimental & design validation (R&D)
➢ Prototyping activities (LIPAc and new facilities) 
➢ Modelling and benchmarking
➢ Pending engineering activities
➢ Double accelerator (IFMIF-DONES) design integration 
➢ Operation definition and PIE activities
➢ Integration of EUROFUSION_WPs in the experimental program 
➢ Analysis of implantation esDONES design
➢ Risk analysis as a mitigation plan for esDONES
➢ Complementary Support to LIPAc operation and esDONES development

WPENS 2025-2026-2027 and DONES

WPENS

DEMO-b

IFMIF-DONES

• 17 RUs 
• At least 22 institutions
• 5-6 LTP companies 
• Around 150 researchers
• 2021-2025 Budget: around 33.5 M€ 
(18.5 M€ CC) + around 6.5 M€ EC FWC

EUROFUSION Consortium Members

R&D, Validation Activities and 
Pending Engineering & Design Activities
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Experimental definition and PIE
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Prototyping and Validation Overview

More details in the Coordinators Summaries

Additional validation experiments to be 
accomplished between 2025-27 are welcome!
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Lithium systems

Characteristics:
• Connected to the Beamline
• Li jet speed: 15 m/s
• Li jet thickness: 25 mm ± 1mm
• Removed power: ~ 5 MW
• Li working temperature: 300 °C
• The biggest loop in the world

Devoted to creating a continuous liquid lithium jet (free surface) 
with the required characteristics in front of the D+ beam
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Test Systems

Devoted to the neutron irradiation of STUMM, HFTM and OIM

Testing and understanding the degradation of the materials and
components’ properties throughout their operational life in
DEMO and future fusion power plants
➢ Fluences of 20-30 dpaNRT in less than 2.5 years apply to 0.3 litre volume and fluences of 50 dpaNRT

in less than 3 years apply to 0.1 litre volume (one accelerator)

➢ Temperature range: 250 - 550 °C; temperature gradient < 3%

➢ High-flux region: Up to 5e15 n/cm2/s fast-neutron flux (> 10 MeV)

STUMM
OIM

HFTM

Bridge HFTM-PCPs 
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Remote Handling
▪ Main RH Equipment in Access Cell HROC and ACMC

▪ Access Cell big enough for storage of all components

▪ Other RH in AS and LS

Cranes + Robotic Arms
Gripper system

3 t capacity
8 m crane span

Decontamination Stations

Mutipurpose system for 
High Flux Test Module

Total absorbed dose ~1 MGy
Precision < ±1 mm

Payload 2t

Telescopic mast crane
Robotic Arm
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Some Experimental Activities supporting the Safety Licensing

MuVacAS Experimental Setup

Multipurpose Vacuum Accident Scenarios

LiFire Facility

Electromagnetic 

Pump Transients 

Validations

Lithium Reactivity Experiments

RISE Experiments KIT Experiments

LiTEC Facility 

Scaled Li-Loop 

for Traps 

Validations

Granada 

University
CIEMAT

IPUL Latvia

CIEMAT

27
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Injector/RFQ/MEBT

• New Chopper for high 
intensity D+ beam

• Experimental plan of study 
of dielectric disks inside the 
ion source for 
improving/optimizing 
injector and Facility 
availability (Boron Nitride 
disk)

• Injector enhancement 
based on LIPAc operational 
feedback  and 
enhancement programme 
performed in the frame of 
the IFMIF/EVEDA BA-I and 
BA-II (respectively)

Based on LIPAc design and commissioning (117 mA / 5 MeV / 8.75%) +

Injector RFQ

• Vanes erosion model based on 
sputtering. Other phenomena 
under study (ion implantation, …) 

• RFQ mechanical engineering 
upgrade to ease the maintenance

• Power coupler with brazed 
windows under prototyping

MEBT

• Modifications introduce to 
improve the maintainability

• Enhancement of the Beam 
Diagnostics (DC measurement) 
and Vacuum package

28
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SRF LINAc/HEBT-BD/Diags

▪ Five Cryomodules top-loaded → integration in the vault

▪ Two types of HWR’s cavities: 19 x low-β and 27 x high- β

▪ <200 kW RF couplers. Biased T-box design

▪ 29 x solenoids packages (with steerers, BPM’s & BLM’s)

▪ 4 x Short Warm Sections

▪ Valve boxes in a parallel room to ease maintenance

▪ Complete study of cryogenic hazards

▪ Studies of assembly and transport

▪ Prototyping and tests of cavities, RF couplers and microloss monitors

- Multipole magnets (oct/dodec) for rectangular shape
- Beam Dump for commissioning and tuning
- Safety-credit and machine protection Fast valves
- Aluminium beampipe to minimize the activation
- CuCrZr water-cooled RH Scraper 
- RH He-cooled Collimator at TIR
- 1% DC RH Beam Dump (LIPAc modified design)
- Beam diagnostics for all beam modes → prototypes and tests of 

critical diagnostics in TIR area (such as profile monitors)
- Argon cold trap in the main beamline
- Secondary beamline for IFMIF upgrade with target diagnostics
- Possibility of beam extraction under assessment

29
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RF Power System

▪ Based on SSPA (LIPAc Tetrode Based) to improve the reliability and
maintainability

▪ The design of the RF System well advanced by improving the efficiency
(>60%) and architecture with respect to the LIPAc one

▪ Requirements for a powerful LLRF based on LIPAc experience

▪ Challenging design of the coaxial lines

▪ Assessment of circulator requirements and transistors technologies

▪ Several prototypes have obtained so far 200 kW CW w/ hydrid
combiners or 100 kW CW w/ cavity combiners

56 RF Stations to supply the RFQ (8), MEBT (2) & SRF (8;11;9;9;9) cavities including the respective coaxial lines

16 kW up to 200 kW 
CW 175 MHz RF Power System
12 MVA electric consumption

30
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Synergetic Triple ion beam effects: historical review

Cross-section view and TRIM calculations for a Fe–12Cr alloy irradiated to 50 
dpa at 510 °C. A constant He/H/dpa ratio was achieved at the hatched area. 
Voids were located from 0.8 to 2.0 μm in-depth, and the damage distribution 
is consistent with the TRIM calculation. Note that the cavity size and number 
density changed as a function of damage level, as shown in the TRIM data

C) S. Hamada, JNM 258-263 (1998)

d) T. Tanaka, JNM 329 (2004)

TIARA first triple ion beam in confluence study

First relevant triple ion beam demonstration of the importance of the synergistic effect (50 dpa)!!

a) Dual ion irradiation (Fe3+ + He+): many small cavities and swelling (0,4%), He to enhance cavity nucleation 
b) Dual ion irradiation (Fe3+ + H+): no cavities and no swelling, H does affect the microstructures  
c) Triple ion irradiation (Fe3+ +  He+ + H+): 

➢ The synergistic effect of He and H was shown clearly
➢ Relatively large cavities were formed
➢ High Swelling (4%) Synergetic effects on cavity number density, size, and swelling 

development in9Cr and 12Cr alloys irradiated at several conditions
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The layout of the MIBL facility in Michigan. url: 
https://mibl.engin.umich.edu

2009

1995

Multiple ion beam facilities worldwide under operation/implementation

1998
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