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Most nuclear properties of stable isotopes and long-lived radioisotopes known 
(half lives, binding energy, nuclear reaction cross sections)
→ nucleosynthesis during stellar burning of elements up to iron understood
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How are the elements made that make up our world?

neutron capture processes

s-process: slow neutron capture in shell burning of stars
r-process: rapid neutron capture in explosive events

stellar burning

Au
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Isotope Production Simulation in Neutron Star Merger

In order to study isotopes with half lives < hours,
production, delivery and experiment must occur simultaneously 

→ Online Radioisotope Beam Facilities 

Other applications: nuclear medicine, solid state physics, 
fundamental symmetries, nuclear applications…
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Versions of Radioactive Ion Beam Production

Thick target 
(100 g/cm2) + 

ion source

protons

Purified 
RIB

ISOL ISOLDE, ISAC, ARIEL, 
ALTO, SPES, …

Heavy

ions
Purified RIBIn-Flight 

Separation
FRIB, FAIR, RIBF, Spiral 2 … 

Thin target
(~10 mg/cm2)

RIB

protons
RIB

Purified 
RIB

IGISOL

Thin target in gas catcher

IGISOL, LISOL, Spiral… 

gas catcher, 
cyclotron stopper

SLOW-RI, FRS-Ion-Catcher

Purified 
RIB

Fission Source CARIBU

RIB

RIB

(Hybrid)
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LERIB-iThemba*

TRIUMF
ISAC (50 kW)
ARIEL* (100 kW)

LBNL

Texas A&M

FSU RESOLUT

ORNL HRIBF+

Notre Dame TwinSol

ANL CARIBU
FRIB (400 kW)

RIBRAS 
University of Sao Paulo

GANIL
Spiral / Spiral 2*

LISOL, Louvain-la-Neuve +

GSI FAIR*

PSI-TATTOOS* 
50 kW

Catania EXCYPT
Legnaro SPES* (8kW)

Dubna DRIBS Lanzhou* CSR HIARF

Delhi HIRA

VECC-ANURIB*

Beijing HI-13/BRIF

RAON* (10 kW)

CARIF* (200 kW)

RIKEN
RIBF (100 kW)

ISOL-type Facilities
In-Flight-type Facilities
planned or in construction
decommissioned

Osaka RIBs

*
+

ISOL@MYRRHA
50 kW

ANU-SOLITAIRE

Radioisotope Beam Facilities World-Wide

CERN-ISOLDE
3 kW
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TRIUMF is Canada’s Particle Accelerator Centre
With ISAC and ARIEL, TRIUMF hosts the highest-power ISOL facilities in the world.
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TRIUMF has five decades of experience in building a rich
particle accelerator infrastructure that enables cutting-edge
multidisciplinary research while growing accelerator expertise.
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Primary and Secondary Particle Accelerators at TRIUMF

TRIUMF accelerators

• 520 MeV, 200 kW cyclotron
• 50 MeV, 100 kW electron linac 
• Cyclotrons: TR30-1, TR30-2, TR14, 

TR24, CP42
• Heavy ion accelerators, up to 16 MeV/u

520 MeV H- cyclotron 
5500 hours per year:

• ISOL RIB (50 kW protons)
• π and µ (60 kW)
• Medical isotopes (50 kW)
• Ultra-cold neutrons (20 kW)
• Proton therapy studies (50 W)IAMI

TR24
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TRIUMF’s Proton, Neutron, Pion, Muon Programs

Beamline 1
Nine secondary channels
• UCN (Ultra Cold Neutrons) for 

nEDM measurement
• Pions, muons for material and 

fundamental science
• Neutrons for electronics 

irradiations servicesIAMI
TR24

M15

M11 M9
M20

UCN

Cyclotron

NIF
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Five H- medical cyclotrons
• TR30-1, TR30-2, CP42, 250 µA – 1 mA

(solid, liquid and gas targets)
• Operated by ATG for
• 2M doses annually
• 103Pd, 111In, 123I, others…

• TR13, <100 µA (solid, liquid and gas targets)
• 11C, 18F, 64Cu, 68Ga, others…

• TR24, 1 mA (gas, solid, liquid targets)
• Future for IAMI

Protons from 90-500 MeV, 300 µA cyclotron
• 82Sr / 82Rb production
• 212Pb, 213Bi, 225Ac production
• Exotic medical isotope R&D, fission and 

spallation with optional isotope separation

TRIUMF’s Medical Isotope Factory

Coming 2023

UBC 
hospital (3 km)

UBC Centre 
for Brain 

Health 
(3 km)

UBC Centre for 
Comparative Medicine 
(500 m)

International 
shipment of 
2M patient 

doses of 
isotopes and 

generators

IAMI
TR24
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ISAC – High-Power ISOL Facility

IAMI
TR24

ISAC (Isotope Separator and Accelerator) 
since 1999

ISAC I:
• Low energy: 

<60 keV
• Medium Energy: 

0.15 - 1.7 MeV/u

ISAC II:
• 6 - 15 MeV/u

• Approx. 3000 h of RIB beam per year
• >700 isotopes extracted
• State-of-the art experimental setups
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`
500 MeV
protons

Mass 
Separator

Low Energy
60 keV

Target

Medium Energy 
1.8 A MeV

High Energy 
16.5 A MeV

ISAC – The Highest Power ISOL Facility in the World

ISAC (Isotope Separator and 
Accelerator) 
since 1995

• Approx. 3000 h RIB beam 
per year

• >700 isotopes extracted
• State-of-the art experimental 

setups
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`
500 MeV
protons

Mass 
Separator

Low Energy
60 keV

Target

Medium Energy 
1.8 A MeV

High Energy 
16.5 A MeV

ISAC – The Highest Power ISOL Facility in the World

ISAC (Isotope Separator and 
Accelerator) 
since 1995

• Approx. 3000 h RIB beam 
per year

• >700 isotopes extracted
• State-of-the art experimental 

setups

Highest intensity worldwide 
for many radioisotopes
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ISAC Target module hanging 
from remote handling crane

Target module transport to 
target station 

Containment Box

Shielding

Target assembly is mounted on the extraction 
Front End in  the Target Module containment box

ISAC Target Stations / Target Modules
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target oven

ionizer tube

cooling-water 
supply

diffusion bonded Ta fins 
→ radiative cooling of up to 13 kW
→ 50 kW proton irradiation

target oven heating 
terminals

ionizer heating 
terminalsheat shield 

(cover hidden)

multi-pin (diagnostics, ion source, etc.)

target container ~2000 °C
(Ø 20 mm, 60 cm3)

extraction electrode

hot cell 
telemanipulator
grips

heat shield

ISAC 50 kW Target Assembly
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Water-cooled heat
shields

ISAC Radioisotope Beams Since 1998

target materials: 
• UCx
• UO2
• ThO
• Nb
• Ta
• TaC
• NiO
• ZrC
• TiC
• SiC

target container ~2000 °C
(Ø 20 mm, 60 cm3)

ion sources: 
• surface
• resonant lasers
• FEBIAD
• IG-LIS

500 MeV 
protons

Target ion source service 
connections
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Pushing the Power Boundaries
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ISOL Fission Facilities

70 MeV

Most new and planned high-power 
ISOL facilities are using low-energy 
accelerators, thin targets and low 
energy fission in actinide targets as 
baseline

• INFN-SPES: 70 MeV protons
• IBS-RISP: 70 MeV protons
• iThemba-LERIB: 70 MeV protons
• SCK CEN-PTF: 100 MeV protons
• VECC-ANURIB: 35 MeV electrons
• IPNO-ALTO: 50 MeV electrons and 

18 MeV deuterons
• CIEA-BRIF: 100 MeV protons
• …
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Beam Power Management in Low-Energy ISOL Targets
INFN – SPES IBS – RISP



26 D
is

co
ve

ry
,

ac
ce

le
ra

te
d

2022-09-28 Alexander Gottberg – High-Power Targets for Radioisotope Beam Production

Beam Power Management in High-Energy ISOL Targets

TargetTarget
Conventional Target

p+ beam

Target

Spallation 
neutrons

p+ beam

Target
ConverterConverterConventional Target

p+ beam

p+ beam

Ionizer 
tube

Tungsten 
converter

Cooling 
brackets

Target 
container

Target 
container

Cooling 
fins

Uranium 
carbide

Ionizer 
tube

• Target heating: Ohmic + beam
• Max Ip: 40 – 100 µA (500 MeV)
• Limited by target thermal performance

• Target heating: Ohmic only
• Max Ip: 100 μA
• No temperature gradients
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ISAC – High-Power ISOL Target Material Development

500 MeV, up to 100 μA proton driver beams

Tantalum fins increase the effective emissivity to ~0.9.

55 mm x
55 mm  
tantalum  
fins

2000: Tantalum or niobium foils

2008: SiCx, TiC, ZrCx cast onto graphite foils

2013: UCx cast onto exfoliated graphite foils

2015: NiO cast onto niobium foils

Target  
heating (I)

⌀ 20 mm
cylindrical  
tantalum  
container

Ion  source  
heating (I)

500 MeV
50 kW p+

Combination of porous materials for optimized release of 
short-lived radioisotopes on backing foils for high conductive 
heat transfer into tantalum container

High-power (50 kW) target design
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Experimental Realities
Isotope beam intensity depends on:
• Nuclear production cross section
• Target thickness
• Ionization efficiency
• Radioisotope release efficiency

Release efficiency depends on:
• Temperature and temperature distribution
• Microstructure
• In-target chemistry

ISAC ZrC target material

after 2 weeks operation 

pristine

as low as 10-6 !
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Engineered Target Materials – Example: Electro Spun SiC Nanofibres

Status:
• Target operated for 15 days at 55 µA
• Stable operation, no signs of material 

degradation

Goal: 
• Reduction of particle size, increase of open porosity
• Nanometric stabilization in refractory carbon fibre backbone
• Increased yield of exotic diffusion limited isotopes
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Translation Into a Multi-User High-Power RIB Facility
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EURISOL
EURISOL DS:

• 1-2 GeV proton driver

• 1 high power (4 MW) indirect 
(Hg proton-to-neutron 
converter) UCx target station 

• 2-4 ‘low power’ (100 kW) 
target stations

• Post acceleration to up to 150 
MeV/u

• Experimental areas: 
• ~ 60 keV
• ~ 20 MeV/u
• ~ 60 MeV/u 
• ~ 150 MeV/u

• Secondary target for RIB 
fragmentation
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Tripling TRIUMF’s Radioisotope Output
Advanced Radioisotope Laboratory - ARIEL



Technology Cherry Picking for a Modern High-Power Multi-User ISOL 
Facility 

ARIEL top level scope and technical concept is informed by a systematic 
analysis of developments, lessons learned, strengths and weaknesses of 
RIB facilities worldwide.  

ARIEL Objectives: 

• Accept high-power proton (50 kW) and electron (100 kW) beam
• Multiply RIB capacity and introduce multi-user operation
• Reduce downtime and increase reliability
• Improve safety and long-term operability
• Generate development opportunities
• Gain operational efficiencies while increasing operational flexibility 
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ARIEL Targetry Systems

module 
storage

spent target storage

protons

electrons

AETE 2025
APTW 2026

drivers beam tunnel

Hall with two floor 
levels

RIB

RIB

ASTM

Hot cell facilities

Remote-controlled crane

2000 t of steel and 
concrete

Modular RH high-power infrastructure 

Symbiotic 
medical target 
in APTW beam 
dump
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Target Pit Shielding and Assembly Design

• Compact shielding envelope around the targets 
is time-consuming and cost intensive

• Iterative simulation-based co-development with 
service and handling design.

• 4 years and about 20 major simulation and 
design iterations before design freeze and build. 
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Proven Modular Design Paradigm for Target Station 
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The Use of the Parasitic Beam
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Use of Parasitic Beam – Medical Radioisotopes
At 500 MeV (ISAC/ARIEL/TATTOOS): ≤100 MeV stopped in target

protons

ASTM

Cross sectional view of 
current medical target 

design

Driver beam
Target 
material

Cooling 
feed

Hundreds of co-produced isotopes including;
225Ra, 225Ac, 224Ra, 223Ra, 213Bi, 212Pb, 212Bi
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Example: 
spring loaded 
PEEK seal leak 
tests after 60 
MGy

Scattered beam 
material studies 
(seals, greases, 
insulators) 

Parasitic material testing at ISAC

In-beam material 
studies (beam 
windows, targets, 
beam dumps)

Use of Parasitic Beam – Radiation Damage in Materials
Dose rates at ARIEL target: up to several GGy/h 

2 µA – 100 µA, 
500 MeV protons

10 – 1000 MGy

10 – 1000 GGy
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Thank you
Merci

Follow us @TRIUMFLab
www.triumf.ca


