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Why radioactive ion beams?
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Production: 

high radiation environment

Detection: 

low radiation background

Transport methods:

• carry (“SRAFAP”) 

• drive (G.T. Seaborg and W.D. Loveland, The Elements 

beyond Uranium, John Wiley & Sons, 1990)

• transport shuttle with pressurized air

• transport in gas-jet

• pump through vacuum system

• send as ion beam

primary

beam

target

1’000’000 m/s

10 m/s

1’000 m/s

50 m/s

100 m/s

Speed (approx.)

[SR22,UK06]



ISOL-history: irradiation of targets

5[SR22,UK06]



ISOL-history: off-line mass separation
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• Ionization to typ. q = 1+

• Acceleration to e.g. 60 keV

• Mass selection by magnetic deflection 

(Lorentz force)

( Br = p/q  A )
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ISOL-history: first ISOL experiment at Niels Bohr Institute

7[UK06, TDG17, SR22]

ISOL beams of  89-93Kr

O. Kofoed-Hansen and K. O. Nielsen, Phys. Rev. 82 (1951)



The isotope separation on-line (ISOL) method
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=

Hot

Experiment

(II) Ionization(I) Production

(hot) ion source

(III) Mass separationExtraction

electrode

HV ~30-60 keVDriver beam

[TDG17-mod, RH22-mod]
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1. low cross-sections  optimize efficiency

2. enormous production of isobars  optimize selectivity

3. short half-lives  optimize rapidity

ISOL challenges

Isotope selectionIsotope production



Optimize event rate R of an experiment

ISOL: RIB optimization
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𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆

𝛆 = 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬

𝛆𝐫𝐞𝐥 = 𝛆𝐝𝐢𝐟𝐟 ⋅ 𝛆𝐟 ⋅ 𝛆𝐞𝐟𝐟

In-target production Efficiency

To maximize event rate at experiment:

➢ Optimize in-target production

➢ Maximize efficiency cascade

Do for each beam!

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency



Optimize event rate R of an experiment

ISOL: RIB optimization

12

𝛆 = 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬

𝛆𝐫𝐞𝐥 = 𝛆𝐝𝐢𝐟𝐟 ⋅ 𝛆𝐟 ⋅ 𝛆𝐞𝐟𝐟

In-target production Efficiency

To maximize event rate at experiment:

➢ Optimize in-target production

➢ Maximize efficiency cascade

Do for each beam!

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

𝐑 = න
𝑬𝒇

𝑬𝒊

𝒅𝑬𝚽 ⋅
𝛔(𝑬)

𝑺(𝑬)
∙ 𝚴𝐭 ∙ 𝛆



All steps of the production-separation chain need to be 

optimized!

powerful accelerator 

 accelerator technology

[UK01,UK6-mod]

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

high production cross-sections 

 nuclear physics

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

[UK01,UK6-mod]



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

reliable “thick” targets

 material science

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

[UK01,UK6-mod]



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

Extraction efficiency from                          

target determined by:

• diffusion 

 solid state physics

• surface desorption 

 surface chemistry

• effusion

 gas phase chemistry

strongly element dependent!

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

[UK01,UK6-mod]



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

high ionization and extraction 

efficiency

 ion source technology

[UK01,UK6-mod]



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

efficient separation and 

transport of RIB

 ion optics

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

[UK01,UK6-mod]



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

Mind the decay losses during delays

 efficiency strongly half-life dependent

 rapid extraction required!

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

[UK01,UK6-mod]



All steps of the production-separation chain need to be optimized!

ISOL: RIB optimization

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

Detection efficiency

𝜎: Cross section

Φ: Pr. Particle flux

Nt: Exposed target nuclei

𝜀: Efficiency

[UK01,UK6-mod]
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ISOL: stages

22

=

Hot

Experiment

(II) Ionization(I) Production
(hot) ion source

(III) Mass separation

Extraction

electrode

HV ~30-60 keV
Driver beam

[TDG17-mod, RH22-mod]



(I) Isotope production: Direct reactions

[UK6,mod., NUC23]
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proton energy (MeV)

• high cross-sections, products relatively close to stability

• driver beams from (low-cost) cyclotrons(p,n), (3He,n), (a,n), (n,a), …



N

Z

58Ni(58Ni,2n)114Ba

58Ni(58Ni,a2n)110Xe

• produces neutron-deficient heavier isotopes

• small energy window in vicinity of Coulomb barrier (some MeV/nucleon)

• requires heavy ion beams  bigger cyclotrons or LINACs

(I) Isotope production: Fusion-evaporation

[UK6,mod., NUC23]



[UK06]

•intranuclear cascade heats nucleus

•evaporation of preferentially neutrons 

neutron-deficient products

•high cross-sections for products close to 

target

•requires protons of >100 MeV 

 big p cyclotron, synchrotron or LINAC

(I) Isotope production: Spallation

T. Enqvist et al., Nucl. Phys. A686 (2001). 10.1016/S0375-9474(00)00563-7

K.-H. Schmidt, et al. Phys. Rev. ST Accel. Beams 10 (2007). 10.1103/PhysRevSTAB.10.014701



UCD: unchanged charge distribution

induced by: “time” (spontaneous) 

[UK06]

(I) Isotope production: Low energy fission



[UK06, mod.]

238U + 1H (500 MeV)

• induced by: neutrons, photons, protons, heavy ions, antiprotons, pions, post fusion-evaporation, beta-

decay/EC

• with increasing excitation energy symmetric and far asymmetric fission is favored, but the products get 

in average less neutron-rich!

• driver accelerators: reactors, medium-energy (some MeV to tens MeV) deuterons from cyclotron or LINAC, 

microtron or LINAC for electron beams,…

(I) Isotope production: High energy fission



(I) Isotope production: Fragmentation

28

238U + 1H (500 MeV)

• target fragmentation needs high energy protons

• Projectile fragmentation needs high energy heavy ions

• Lower-Z fragments Z~ ≤ 23 (U)

• Needs, big cyclotrons, synchrotron or LINAC



Variants of ISOL facilities (past and present, future, non exhaustive)

ISOLDE

CERN

1.4 GeV p

Geneva (CH)

ALTO

IPN Orsay

50 MeV e→𝛾
Orsay (FR)

ISAC, ARIEL

TRIUMF

0.5 GeV p, 50 MeV e→𝛾
Vancouver (CA)

TRIGA-Trap

UNI Mainz

3E-8 MeV n

Mainz (DE)

IGISOL

UNI-JYFL

30 MeV p, 14 MeV d, 

HI < 130 MeV/u

Jyväskylä (FI)

HRIBF*

ORNL

50 MeV p 

Oak Ridge (USA)

LERIB

iThemba LABS

70 MeV p

Cape Town (ZA)

SPES

INFN

40 MeV p

Legnaro (I)

RAON

70 MeV p

Daejeon (KR)

TRIAC

JAEA-ISOL

34 MeV p

Tokai (J)

CARIBU

Argonne National Lab
252Cf sf 

Lemont (USA)

Spiral, SPIRAL-II

GANIL

HI <95 MeV/u ,40 MeV d, 33 

MeV p, 14.5 MeV/u HI

Caen (FR)

IRIS

PNPI

1 GeV p

St. Petersburg (RU)

ISOL@MYRRHA

SCK CEN

0.1 GeV p

Mol (BE)

LISOL

CRC

30 MeV p

Louvain-La-Neuve (BE)

TATTOOS

PSI

0.6 GeV p

Villigen (CH)



Variants of ISOL facilities (past and present, future non exhaustive)

1a protons on thick (heavy) target: fragmentation, spallation, fission

ISOLDE-CERN (1.4 GeV), IRIS-PNPI (1 GeV), ISAC-TRIUMF (0.5 GeV), TATTOOS (0.6 GeV),

ISOL@MYRRHA (0.1(6) GeV) (SCK CEN), SPES (INFN), SPIRAL2 (GANIL), 

LERIB (iThemba LABS), RAON 

1b direct reactions in thick target

CRC Louvain-la-Neuve, HRIBF Oak Ridge, TRIAC Tokai, SPES (INFN), LERIB (iThemba LABS)

1c (photo) fission in thick target

OSIRIS (Studsvik), HRIBF Oak Ridge, TRIAC Tokai, SPIRAL2 (GANIL), ARIEL (TRIUMF), ALTO

2 projectile fragmentation in thick (carbon) target 

SPIRAL (GANIL), DRIBS (Dubna), EXCYT (LNS Catania)

3 fusion-evap. or multinucleon transfer in thin target plus solid catcher

GSI-ISOL, UNIRIB (ORNL), DOLIS (Daresbury), LISOL (Leuven), IMP Lanzhou, MASHA (Dubna), 

SPIRAL2 (GANIL)

4 fusion-evap., direct reaction or fission in thin target plus gas catcher (Ion Guide ISOL =IGISOL)

IGISOL (Jyväskylä), LISOL (Leuven), …

[UK06-mod]



Material requirements
• High production cross section of the isotope(s) of 

interest

• Stability at high temperatures

• Chemically stable and inert 

• Resistance to radiation damage

• Rapid diffusion and effusion rates of the 

element(s) of interest

Operation temperature limitations:
• Sintering (preserve target microstructure)

• Limited reactivity with surrounding materials

• Reduced stable beam contaminants (chemical 

impurities)

• Moderate equilibrium vapor pressure 

compatible with ion source (~10-4 mBar)

Carbon-based

54%

Sn, Pb,...

CaO, ZrO2,…

UC2-2C, SiC,… 

Ta, Ti,…

Powders, pellets or liquid form

Target materials in the last 16 years

[JPR17b]

(I) Isotope production: target material
Example: ISOLDE



(I) Isotope production: target material

32

3. Molecule formation 

4. Inter-grain effusion

2. Diffusion

1. Production
(Nuclear reactions)

5. Effusion
+/- 8V
500 A

+/- 9 V
1000 A

Ion Source

Protons

J.P. Ramos. EMIS Xlll, CERN, Geneva, 2018. 

Proton

React.

gas

𝐑 = 𝚽 ⋅ 𝛔 ∙ 𝚴𝐭 ∙ 𝛆𝐫𝐞𝐥 ⋅ 𝛆𝐢𝐨𝐧 ⋅ 𝛆𝐬𝐞𝐩 ⋅ 𝛆𝐭𝐫𝐚𝐧𝐬 ⋅ 𝛆𝐝𝐞𝐭

𝛆𝐫𝐞𝐥 = 𝛆𝐝𝐢𝐟𝐟 ⋅ 𝛆𝐟 ⋅ 𝛆𝐞𝐟𝐟

𝝈: target-isotope chemistry, T-boundaries

𝐍𝐭: High ρ → high production low release

𝜺𝐫𝐞𝐥: Optimize microstructure, stable at operation conditions

[JPR18-mod]



In most cases 𝜺𝒅𝒊𝒇𝒇𝜺𝒆𝒇𝒇 limit by far the yields.

Operation T Sintering - Grain 

size/Porosity

𝜺𝒅𝒊𝒇𝒇 =
3

𝜋

𝜇

𝜆
, 𝜇 =

𝜋2𝐷

𝑟2
r /10

Diffusion limited release:

𝜺𝒅𝒊𝒇𝒇x10

𝜆 ≤ 2𝜇

0.01%

0.10%

1.00%

10.00%

100.00%

0.01 0.1 1 10 100 1000

𝜺
𝒅
𝒊𝒇
𝒇
𝜺
𝒆
𝒇
𝒇

t1/2 (s)

Same T!

Specific surface 

area
Reactivity

[JPR17b]-mod

ZrO2

ThO2

(I) Isotope production: target microstructure

J.P. Ramos, et al. NIM B 320 (2014). 10.1016/j.nimb.2013.12.009

U. Köster, et al. NIM B 204 (2003). 1016/S0168-583X(03)00505-6

J. Guillot. PhD thesis. (2017)
33

2
0

1
1

CaO – J.P. Ramos, et al.

N
o

v
-

2
0

1
4

LaC2 + 2C – J. Guillot, et al.



Example ISOLDE :Target and ion 
source unit

34



ISOL: stages
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=

Hot

Experiment

(II) Ionization(I) Production

(hot) ion source

(III) Mass separation

Extraction

electrode

HV ~30-60 keV
Driver beam

[TDG17-mod, RH22-mod]



(III) Mass separation

36[UK06]

• Ionization to typ. q = 1+

• Acceleration to e.g. 60 keV

• Mass selection by magnetic deflection 

(Lorentz force)

( Br = p/q  A )

Position x

P
o
s
it
io

n
 y



(III) Mass separation

37[UK06, SR22]

• Ionization to typ. q = 1+

• Acceleration to e.g. 60 keV

• Mass selection by magnetic deflection 

(Lorentz force)

( Br = p/q  A )

Position x

P
o
s
it
io

n
 y

isobars



(II) Ionization

38[UK06-mod]



(II) Ionization

39

𝜶 = 𝑵 ⋅ 𝜺 ⋅ 𝒆
𝝓−𝑰𝑷
𝒌𝑩𝑻

𝜺𝒊𝒐𝒏 ≈
𝜶

𝟏 + 𝜶

Increasing the work function 

increases the ionization 

efficiency if 

𝑁 ⋅ 𝜀 are preserved 

→ Sufficient thermal electron 

emission must be maintained

𝛼: ionization degree

N: atom-wall collision

𝜀: ion survival probability

𝜙: work function

IP: ionization potential

𝑘𝐵𝑇: Boltzmann constant and temperature

R. Kirchner. NIM 198 (1981) 10.1016/0029-554X(81)90916-2

R. Kirchner. NIM A 292 (1990). 10.1016/0168-9002(90)90377-I

R. Kirchner. NIM B 204 (2003). 10.1016/S0168-583X(02)01900-6 
[UK06-mod, TDG17-mod]



Ionization potentials of the elements

1  Ionization potential: < 5 eV 2

H He

3 4  Ionization potential: 5.0 - 5.8 eV 5 6 7 8 9 10

Li Be B C N O F Ne

11 12  Ionization potential: 5.8 - 6.5 eV 13 14 15 16 17 18

Na Mg Al Si P S Cl Ar

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

87 88 89 104 105 106 107 108 109 110 111 112

Fr Ra Ac Rf Db Sg Bh Hs Mt

58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

90 91 92 93 94 95 96 97 98 99 100 101 102 103

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

[UK06]



(II) Ionization

41[UK06]



(II) Ionization

42

Ionization

lasers

Target /

sample

Collection / 
Experiment

HV platform

En
er
gy

Ground state

Excited states

Probed transition

Ionization

potential

Auto-ionizing

state

Ion

Atom

Ion

CERN-RILIS: Resonance Ionization Laser Ion source

≤
1
0
 e

V

Resonance ionization

[UK06-mod, TDG17-mod, RH22-mod]



[RE23]

RILIS elements



(II) Ionization

44[UK06]



(II) Ionization: 

45

Properties
+ universal ionization (our “dirty” ion source )

+ good efficiency for noble gasses and volatile species 

+ moderate emittance (<20 p mm mrad at 15 kV, 95%)

- Limited lifetime

+ stable operation with little support gas (Pressures 5E-4 to 3E-5 mbar)

+ low ion current density (1-20 mA/mm2)

+ low energy spread (<2 eV) 

+ volume as small as 1.3 cm3 (6 ms intrinsic delay)

Example: Forced Electron Beam Arc Discharge ion source

[UK06-mod, TDG17, FW03, SR22]



[TDG17]

FEBIAD : Forced Electron Beam Arc Discharge ion source



[YM17-mod, SR22]

Hot cavity

Universality

Selectivity

Simplicity

Reliability

Efficiency

Surface ionization Laser ionization FEBIAD – Plasma ion source

ISOLDE

(II) Ionization: overview
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Laser spectroscopy of radioactive molecules

• 1st laser spectroscopy of short-lived radioactive molecules

• 223-226,228RaF

➢ Avenue for search of physics beyond the standard model 

R.F. Garcia Ruiz et al. Nature 581 (2020). 10.1038/s41586-020-2299-4



Laser spectroscopy of radioactive molecules

➢ UCx target with W-surface ion source with CF4 injection

➢ Collinear Resonance Ionization Spectroscopy (CRIS) setup UCx

Target-ion source unit

R.F. Garcia Ruiz et al. Nature 581 (2020). 10.1038/s41586-020-2299-4



Shape staggering in Hg-isotopes

51

➢ Odd-even shape staggering for 181-185Hg isotopes

➢ Monopole and quadrupole interactions driving quantum 

phase transitions

B.A. Marsh, et al. Nature Physics 14 (2018). 10.1038/s41567-018-0292-8 



Shape staggering in Hg-isotopes

52

• Liquid Pb target

• Temperature-controlled chimney

• Enable Hg-effusion

• Suppress less volatile species (e.g. Pb)

• Special plasma-laser ion source (“VADLIS”) 

T. Day Goodacre, et al. NIM B 376 (2016). 10.1016/j.nimb.2016.03.005



Shape staggering in Hg-isotopes

53

➢
xHg-isotopes from high-energy proton (1.4 GeV) induced spallation

➢ In-source laser spectroscopy to bridge to more n-deficient isotopes

207Pb

B.A. Marsh, et al. Nature Physics 14 (2018). 10.1038/s41567-018-0292-8

J. Ballof, et al. NIM B 463 (2020). 10.1016/j.nimb.2019.05.044 



Shape coexistence in 110,112Cd
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• 110,112Cd decay spectroscopy

• Suggests: multiple shape coexistence (SC) 

in low-lying states

➢ Endorses: SC not as rare as thought

➢ Suggests: SC may begin immediately, even 

at closed-shell

BMF BMF

Meas. Meas.
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55P.E. Garret, et al. PRL 123 (2019). 10.1103/PhysRevLett.123.142502

P.E. Garret, et al. J. of Phys.: Conf. Ser. (2015). 10.1088/1742-6596/639/1/012006

• TRIUMF-ISAC 0.5 GeV, 40-65 µA protons

• Tantal target, Re-surface and TRILIS

• Primary RIBs: 110g,m,112g,mIn, 112Ag; rates ~E6-E7 s-1

• Implanted on Mylar tape

• Decay spectroscopy using 8π spectrometer

• 20 HPGe-detector with BGO Compton-suppression



Atomic mass difference of 76As-76Se and 155Tb-155Gd
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• Direct high-precision 

determination of 𝑄𝛽− , 𝑄𝐸𝐶
using JYFLTRAP Penning-

trap mass spectrometer

• Determined 𝑄𝛽−
∗ , 𝑄𝐸𝐶

∗ using 

tabulated energy-level data 

from γ-spectroscopy

➢ Energetically forbidden 

channels (negative)

➢ Unsuitable candidates for 

(anti)neutrino mass 

determination

𝑄𝛽−:
76As-76Se

𝑄𝐸𝐶:
155Tb-155Gd

𝑄𝛽−
∗ : 76As-76Se* 𝑄𝐸𝐶

∗ : 155Tb-155Gd* 



Atomic mass difference of 76As-76Se and 155Tb-155Gd

57[AK18] J. Äzstö. Nucl Phys A 693 (2001). 10.1016/S0375-9474(01)00923-X

• IGISOL

• 2 mg/cm2 Ge target - 9 MeV d (76As+,76Se+)

• 2 mg/cm2 Gd target - 60 MeV p (155Tb+, 155Gd+)

• Mass separation, cooled and bunched (RFQ)

• JYFLTRAP double Penning trap

• Separation of isobaric contaminants (1st trap)

➢ Measured cyclotron frequency via phase-

imaging ion-cyclotron-resonance (PI-ICR)



Nuclear structure of 253-255Es via laser spectroscopy
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• Hyperfine structures measured for 5 ground-state 

transitions in 254Es

• Accurate determination of spin and Ags, Bgs

coupling constants through large dataset

• x100 atomic transitions recorded; scheme dev.

The isotopes used in this research were supplied by the U.S. Department of Energy, Office of Science, by the Isotope Program in the

Office of Nuclear Physics. The 253,254,255Es and 255,257Fm were provided to Florida State University and the University of Mainz via the

Isotope Development and Production for Research and Applications Program through the Radiochemical Engineering and Development

Center at Oak Ridge National Laboratory.

[DS23]



Nuclear structure of 253-255Es via laser spectroscopy
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Specified sample contents Jan. 2019

257Fm ~0.5 pg ~1e9 atoms

255Es ~4 pg ~ 1e10 atoms

254Es ~4 ng ~ 1e13 atoms

253Es ~2 ng ~ 5e12 atoms

*Cf n.d.

ΣCm~ 6g

Initial nuclides

Produced nuclides

High Flux Isotope Reactor 

(HFIR) at ORNL • Irradiation of 6g Cm at ORNL for ~5 months in 2018

• Chemical separation after ~4 months cooling

• Shipping of Es/Fm fraction to U. Mainz in Aug. 2019

(short-lived isotopes have decayed)

The isotopes used in this research were supplied by the U.S. Department of Energy, Office of Science, by the Isotope Program in the

Office of Nuclear Physics. The 253,254,255Es and 255,257Fm were provided to Florida State University and the University of Mainz via the

Isotope Development and Production for Research and Applications Program through the Radiochemical Engineering and Development

Center at Oak Ridge National Laboratory.

S. Notthelfer, et al. PRC 105 (2022). 10.1103/PhysRevC.105.L021302[DS23]



• What are the stages of ISOL-type RIB production?

• What are general and stage-specific ISOL challenges?

• What reactions are employed and where?

• ISOL is powerful for nuclear physics research

Summary

60
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Questions, comments?



Properties
* Ionisation efficiency 100% for Wi<5 eV, few % for Wi=6.5 eV

* Used for alkalines, alkaline earths, rare earths, Ga, In and Tl

also molecules as BaF and SrF

* Emittance ~ 10 p mm mrad (60 kV, 95%)

* Energy spread <2 eV

* max current 1 ma/mm2

* Short delay time (half-lives as short as 10 ms)

small ionisation volume

operates at elevated temperatures

closely coupled to targets

[FW03, mod, TDG17]

Ionizer material
* Ta, W, Re, Ir, Pt

* temperatures up to 2800 K

* e.g. tungsten with f~4.5 eV at 2400 °C

* Work function depends on crystal orientation,

temperature and cleanliness

(positive) surface ionization source

N=1 - pure surface ionization
N=7500 - thermal equilibrium

Ionization efficiency vs (eff.) ionization potential
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Beam purification

• Shift the mass region to a higher mass

• avoid isobaric contaminants. e.g. GeS, SnS, SeCO, LaO

Beam extraction by In-situ volatilization

• Elements with very low volatility are not released

• Reactive elements can be chemically trapped

Physics with radioactive molecules

Molecular beams development

Target material

SeCO

[JB17,RBB20,MIT20,LISA]

Garcia Ruiz, R., Berger, R., Billowes, J. et al. Spectroscopy of short-lived radioactive molecules. Nature 581, 396–

400 (2020). https://doi.org/10.1038/s41586-020-2299-4

https://doi.org/10.1038/s41586-020-2299-4


Filling the gaps - boiling points vs. ISOLDE yields

[MAu22]
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