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The main ingredients for isotope beam production : An 

accelerator for production + mass purification
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“Quality criterias” for an ISOL facility

Figure of merit of a given radioactive ion beam facility:

• Diversity of available beams.

• Beam intensity (secondary ions/ primary beam mC).

• Beam quality, for instance purity, time structure and emittance.

• Facility down-time.

• Stability of beam intensity over time.
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R. Klapish et al.

(UCx at CERN-PS&IPNO/CSNSM, 1967)

Fission

(10.5GeV p on ThCx)

Rb release

Phys Rev Lett, 1968

After

Proton

pulse

After 8 sec.

1st Targets used at CERN-PS for alkali metals (p 10-24 GeV)

Target preparation:

5cm long, 6mm diameter.

36x 70mm C, 1-10mm (1-8mg/cm2) U compound, 100mm gap: tot 0.3g/cm2 U

Operated at ca 1500°C

UO2(NO3)2.6(H
2
O) layer, converted to UO3 at 200°C

Heated further to obtain U3O8 / UC /UC2 / oxycarbide

Na from Ir/C target
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Hydrodynamics of ISOLDE liquid metal targets

ISOLDE Workshop and Users Meeting - 19/12/07

CERN Proton Synchrotron Booster

• Normal beam
– 4 bunches.

– 230 ns bunch width.

– 573 ns bunch spacing.

– 1.2 s repetition rate.

– most targets.

Current Power

Average 1.92 μA 2.7 kW

Bunch 8.36 A 11.7 GW

• Staggered beam
– 3 bunches.

– 230 ns bunch width.

– 10 μs bunch spacing.

– 1.2 s repetition rate.

– liquid metal targets.

1.4 GeV protons ISOLDE targets

16ms

Proton beam for ISOLDE

s=2-3.5mm

Linac 4

LIU (2GeV)

PS
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How to deal with a pulsed 2GeV 6-10kW beam on ISOL target(s) ?

3 

 

 

Figure 2: Reproduced from ref. [3]. Left: Calculated production cross-sections of various nuclides using 1 
GeV protons on 238-U target. Right: Contribution of fragmentation (blue, IMF), fission (green), and 
spallation (pink, Evap. Residues) in the numerical simulations and comparison with experimental data 
(black dots). 

 

2.- IMPACT OF A 2GEV PRIMARY PROTON BEAM FOR ISOLDE/HIE-ISOLDE: 

TECHNICAL ASPECTS 

2.1 Gains in yields with 2GeV proton beam 

The beam intensities available at ISOLDE, or at any given ISOL-type facility, result in a first 
approach, from the folding of four parameters: 

- The primary proton beam intensity I (expressed as µA or µC) 

- The target thickness X (in g/cm2), which provides the number of target nuclei with which the 
proton beam interacts 

- The production cross-section μ (mb), which is the probability that a given nuclear product is 
formed 

- Different efficiencies μrel μion μsep μtransp (release, ionization, mass-separation, transport), which 
depend on the type of the beam, ion source, or parameters during operation. 

The yields Y (radioactive ion beam intensities, often normalized for I=1p.µA of primary proton 
beam) can be then computed from eq. [1]: 

 Y = I X μμrel μion μsep μtransp      eq. [1] 

Obviously, the yield Y for various isotope beams directly impacts the figure of merit for a given 
facility such as (HIE)-ISOLDE, as defined at the beginning of this document. 

 

 

 

 

 

Figure 3: Measured experimental cross-section μ 
for different elements by interaction of protons of 
200 MeV to 30 GeV energies with 197-Au ([4] and 
references therein). It is clearly seen that cross-
section increases up to 10 GeV proton energy. 
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Beams under discussion : 2 GeV, 6-10kW

ISOLDE UCxpressed pellets

HfO2 felts

2 mm 

100 mm

nm/sub-mm SiC

20 mm

High density UCx

Ta foils

NaF:LiF
1 mm
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Isotope release : an analytical function

(9Be (n,a) 6He

Eur. Phys. Lett. 98, 32001 (2012) & Europhysics news 

2009

Isotope with

“short/long” T1/2

J. Nolen (1995/2002)
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Beam induced grain growth

Release properties of several isotopes in prospective SiC matrices for RIB production                                  Chapter 3 

  Sandrina Fernandes                                                                                                                                    117 | P a g e    

located in both extremities of the target container was observed. These crystals were formed by 

recrystallization of SiC resulting from reaction of free Si with free C (Fig. 3.13 a)). In the middle 

of the target container, black pellets in both frontside and backside were found (Fig. 3.13 c)). 

These colour change resulted from graphitization of the SiC surface due to Si evaporation. These 

pellets were located at the center of the target system and submitted to highest temperature. 

 

 

 

Fig. 3.13: Target SiC#334 after proton irradiation: a) backside of a SiC pellet, b) frontside of a 

SiC pellet facing the proton beam, c) pellets in the middle of the target container and d) broken 

inner graphite target container edge, seen from the inside. 

 

A gamma spectroscopy was made 14/11/2007 in eight sample pellets with the reference numbers: 

2, 3, 4, 40, 41, 42, 81 and 82, which represent the position from the first pellet facing the beam 

(pellet 1) (Fig. 3.14). The overall activity detected for 
7
Be and 

22
Na was 10 kBq and 381 kBq per 

unit respectively. The sample pellets located at the edges had higher concentrations that the ones 

in the center and increasing progressively towards both edges of the target. 

 

 

Fig. 3.14: SiC #334 target geometry and pellet positioning. 

 

Position 40, 41, 42 Position 80, 81, 82 Position 1, 2, 3 

C (graphite)                                                  Ta container 

                  Transfer tube to the ion source 

Stacked SiC pellets 

Unit SiC334, operated at 1600C for 5days, ~ 3e17poT
Before irradiation

Release properties of several isotopes in prospective SiC matrices for RIB production                                  Chapter 3 
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Fig. 3.19: SiC #334, pellet position 1-2-3. TEM analysis in the lamella cut near the center of the 

pellet next to the big crystals: a) lamella, b) grain, c) GB and d) higher magnification. 

 

 

Fig. 3.20 SiC #334, pellet position 1-2-3. EDX mapping in: a) SEM selected region and location 

of b) Si, c) C, d) O, e) Ga and f) Na elements in the grains of the material. 

 

0.7 µm 

 (b) 

 (a)  (b)  (c) 

 (d)  (e)  (f) 

 (a) 

 (c)  (d) 

10nm

After irradiation

Diam 14mm

Release properties of several radisotopes i

  Sandrina Fernandes                                  

 

Fig. 3.5: SEM micrographs of SiC 

at: a) 1873 K and c) 2173 K. 

 

3.5 Release studies 
 

Off-line release studies by γ-spect

half-life (T1/2) of about a few hour

28
Mg and 

18
F radiotracers. The fi

RaBIT, a Rapid p-Beam Irradiati

ISOLDE used to send the samples

decay of implanted 18Ne for the lat

activity in the samples by γ - spec

and heating times. The γ - rays ass

are listed in Table 3.3. 

 

 

 

 

 

Table 3.3: Properties of the nucl
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Nuclide T1/2 γ - energy (keV) 

7
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24
Na 14.96 h 2754, 1369 

28
Mg 20.9 h 31, 1342, 401, 942 

18
F 109.7 min 511

*
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3.6.4.2.2.1 Pellet 40-41-42 
 

The SEM micrographs in Figure 3.16 show the post-irradiation analysis done on the pellet 40-41-

42. After irradiation it was possible to observe transgranular cleavage (Fig. 3.16 a) and b)) in the 

region in the center of the pellet and grain growth (grain size is about 2 to 5 µm). Small regions 

of localized small grain-sized SiC with the rim or "Cauliflower-like" structure (Fig. 3.16 c) and 

d)) were also identified in regions near the border of the pellet, eventually due to the occurrence 

of localized hadronic cascades. 

 

 

Fig. 3.16: SEM analysis in the cross-section of the fractured pellet 40-41-42: a) center of the 

pellet, b) higher mag., c) region near the edge and d) higher magnification. 

 

The TEM pictures, Fig. 3.17 show single-phase grains of pellet 40-41-42 and their structure (seen 

by SEM in Fig. 3.16 b). Within the grain, it was possible to see stacking faults along the grains 

till the GBs. The SAD diffraction patterns show the presence of crystalline structures in the 

grains. EDX analysis did not detect any impurity segregation on the tested samples and therefore 

ageing did not induce significative chemical changes, within the bulk material. In the sample 

surface analyzed irregular pores bigger than 1 µm exist between the grains. Dense agglomerates 

include several grains with different crystalline orientations, bigger than the ones seen before 

irradiation, as the result of densification mechanisms. Piles of dislocations were seen in some 

grains (Fig. 3.17 d)).   

 

 

 

 

 

 (a)  (b)  (c)  (d) 

   1  µm    1  µm    10  µm    10  µm 

1st submicron targets operated for fast isotope release (Mg) 

Sandrina Fernandes (EPFL, PSI)

𝜺𝒅𝒊𝒇𝒇 =
3

𝜋

𝜇

𝜆
, 𝜇 =

𝜋2𝐷

𝑟2

Diffusion limited release:

𝜆 << 𝜇
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Beam induced grain growth : dependance of position in pellet
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Context: Secondary isotopes
Neutrons
Primary beam

Secondary reaction created from neutron impacting onto target material

Secondary isotopes diffuse/effuse out of the material toward ion source

yield gains in neutron-rich isotopes

yield reductions in neutron-deficient isotopes • Less

contaminant from

the neutron-

deficient side ->

beam more pure

• BUT current

design not yet

optimized on

proton & neutron

fluencePrimary beam

Neutron spallation source – “classical” 

EPJA 48.6 (2012): 90.
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After (2200 °C – 16 h ) – no change

Standard UCx pellets

Details on the prototype

MEDICIS Target oven

5
0

 m
m

100 mm

https://doi.org/10.1016/j.nimb.2019.04.060

Sigatherm

https://doi.org/10.1016/j.nimb.2019.04.060
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J.P. Ramos, et al., to be published.

Online thermal data and simulations
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p beam
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8 samples: (pellets  Ø 2 cm x 2 cm) – 4 SiC & 4 Al2O3

beam: NORMGPS – 1.4 GeV, 3.2x1013/pulse (2.4 

µs/1.2s, 3-4 bunches), σ = 2.3

RaBIT + passive irradiation on target unit

beam: SPS – 450 GeV, 4.9x1013/pulse (7.2 µs/18s, 

3-4 bunches), σ = 2.0

Max. cycles = 100  

Setup  - 8 samples in a row  

1mm

1cm

Al2O3 with

uniaxial

porosity

NIMB317 (2013): 385-388.

Study on porous targets with PSB and SPS beams    

https://espace.cern.ch/hiradmat-sps/
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A d v an ced  Si C an d  A l 2O3 w i t h  u n i d i r ect i o n al  o p en  p o r osi t y  as 

p r o t o t y p e t ar get  m at er i al s f o r  r ad i o i so t op e b eam  p r od u ct i on
C z a p s k i   M . * 1 ,   S t o r a T . 1 ,   D o s   S a n t o s   A u g u s t o   R . 1 ,   T a r d i v a t C . 2 ,   D e v i l l e   S . 2 , L e l o u p J . 2 ,   B o u v i l l e F . 2 ,   F e r n a n d e s   L u i s   R . 3

* M i c h a l . C z a p s k i @ C E R N . c h

European Organization for Nuclear Research (CERN), Geneve, CH‐1211 Switzerland1; Lab. de Synthèse et Fonctionnalisation des Céramiques, CNRS/Saint‐Gobain, Av. Jauffret 84306 Cavaillon, France2 ; Univ. 

Técnica de Lisboa Estrada Nacional 10, 2686‐953 Sacavem, Loures, Portugal3

T h i s   r e s e a r c h   p r o j e c t   h a s   b e e n   s u p p o r t e d   b y   a  M a r i e   C u r i e   E a r l y   I n i t i a l   Tr a i n i n g   N e t w o r k   F e l l o w s h i p   o f   t h e   E u r o p e a n   C o m m u n i t y ’ s   F P 7   P r o g r a m   u n d e r   c o n t r a c t   n u m b e r   ( P I T N ‐ G A ‐ 2 0 1 0 ‐ 2 6 4 3 3 0 ‐ C AT H I )

A t I S O L ( I s o t o p e S e p a r a t o r O n l i n e ) f a c i l i t i e s a v a r i e t y
o f r a d i o a c t i v e i o n b e a m s i s p r o d u c e d t h r o u g h
b o m b a r d i n g a t h i c k s o l i d o r l i q u i d t a r g e t w i t h h i g h l y
e n e r g e t i c p a r t i c l e s t o i n i t i a t e n u c l e a r r e a c t i o n s i n t h e
m a t e r i a l .

2. Ice templating method

C E R N ‐ I S O L D E h a s l o n g t r a d i t i o n i n u s i n g d i f f e r e n t
t a r g e t m a t e r i a l s a m o n g w h i c h t h e r e a r e m o l t e n
m e t a l s , m e t a l p o w d e r s a n d f o i l s , r e f r a c t o r y c a r b i d e s
a n d o x i d e s , a s w e l l a s m o l t e n s a l t s .

Ta rg e t  ma t e r i a l s   u s e d   a t  
I SO LDE   f a c i l i t y   a t   C E RN .  

Ca r b i d e s   a n d   ox i d e s   a r e   o f  
p a r t i c u l a r   i n t e r e s t   d u e   t o   t h e i r  
s t a b i l i t y   a t   h i g h   t empe r a t u r e s .

I t w a s s h o w n [ 1 ] t h a t b y m o d i f y i n g t h e m i c r o s t r u c t u r e
o f t h e t a r g e t m a t e r i a l b y d e c r e a s i n g t h e g r a i n s i z e
b e l o w t h e m i c r o m e t r e r s c a l e a n d b y c o n t r o l l i n g t h e
p o r o s i t y f r a c t i o n w e c a n a l t e r t h e r e l e a s e p r o p e r t i e s
o f t h e m a t e r i a l s . O n t h e o t h e r h a n d s u c h
m o d i f i c a t i o n s i n f l u e n c e t h e m a t e r i a l s t a b i l i t y a n d
t a r g e t l i f e t i m e .

1. Introduction

Re l e a s e   p r o p e r t i e s   o f   a l um i n a   w i t h   t h r e e   d i f f e r e n t  
ma t r i c e s   [ 1 ] .

Powder Compound Characteristics

Ceralox® Aluminum Oxide  high purity 

Hexoloy®  Sintered Silicon Carbide
high hardness, compressive strength and light weight, 

high density structure ( <5%) 

Crystar®  Reaction‐Bonded Silicon Carbide
optimum strength and oxidation resistance.  porous walls 

(15 – 50 %) 

C o n t r o l l a b l e p o r e f o r m a t i o n i s a k e y t o o b t a i n t a i l o r ‐
m a d e m a t e r i a l s o f d e s i r e d m e c h a n i c a l p r o p e r t i e s . I c e ‐
t e m p l a t i n g t e c h n i q u e [ 4 ‐ 6 ] a l l o w s p r o d u c t i o n o f
c e r a m i c s m a t e r i a l w i t h o p e n u n i d i r e c t i o n a l c h a n n e l s
t h r o u g h s o l i d i f i c a t i o n o f t w o ‐p h a s e s y s t e m s .

Un i d i r e c t i o n a l   f r e e z i n g   o f  
t h e   i n i t i a l   s l u r r y   d u e   t o  

t h e rma l   g r a d i e n t .

F r e e ze ‐ d r y i n g   p r o c e s s .  

F r e e z i n g   s e t u p .   T h e   p l a t e   ( l e f t )   a l l ow s   c o n t r o l   o f   t h e  
f r e e z i n g   r a t e ,   b u t   c o pp e r   f i n g e r s   d i p p e d   i n   l i q u i d  
n i t r o g e n   ( r i g h t )   a r e   s u f f i c i e n t   t o   p r o du c e   i c e ‐

t emp l a t ed s amp l e s .  

SLURRY PREPARATION 

(porous fraction,  pore shape)

SLURRY FREEZING 

(pore size)

FREEZE DRYING 

(green body)

SINTERING

(final properties) 

.

I c e ‐ t emp l a t i n g p r o c e s s .

3. Samples 

I n t h i s s t u d y w e u s e d 3 d i f f e r e n t p o w d e r s t o p r o d u c e s e v e r a l p r o t o t y p e s o f d i f f e r e n t
m i c r o s t r u c t u r e .

Powde r   c h a r a c t e r i s t i c s   u s e d   i n   t h i s   s t u d y .

N on ‐mod i f i e d   s t r u c t u r e   ( 1 7%   p o r o s i t y ) .
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S i n t e r i n g   p r o c e s s   d e s t r o y e d   t h e  ma c r o po r o u s s t r u c t u r e .
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2 5%

Mac r o po r o u s s t r u c t u r e   p r e s e r v ed .   N o   s h r i n ka g e   d u r i n g   s i n t e r i n g .
S amp l e s   p r e s e n t   u n i d i r e c t i o n a l   p o r o s i t y   ( a b o v e   7 0% ) .

Powd e r   v o l ume   r a t i o  
2 5%

Z i r c o n i um   A c e ta t e

Po r o s i t y   f r a c t i o n

3. Thermo‐mechanical analysis

I n o r d e r t o p r e d i c t i f s e l e c t e d m i c r o s t r u c t u r e s w i l l s u r v i v e t h e i m p a c t o f a p r o t o n b e a m
t h e s t u d y o f m e c h a n i c a l i n t e g r i t y u n d e r i r r a d i a t i o n w i t h p r o t o n s o f 1 . 4 G e V ( I S O L D E
b e a m ) a n d 4 4 0 G e V ( H i R a d M a t b e a m ) w a s p e r f o r m e d .

En e r g y   d e po s i t i o n   s p e c t r a .
A )   H i R a dMa t .   B )   I S O LDE .

Max imum   o f   d epo s i t e d   e n e r g y   ( E d ep )  
R e g i o n   o f   t h e   b i g g e s t   t h e rma l   s h o c k   ( σ )

∆
∆
∆

∆ ∆
∆

∆

∆
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∆

∆

∆
0.2∆ ∆

∆
/

Powder Beam
σ

[Mpa]

σ *
f

[MPa]

Ceralox®
HiRadMat 31
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ISOLDE 23

Hexoloy® 
HiRadMat 19

184
ISOLDE 15

Crystar® 
HiRadMat 21

60
ISOLDE 16

A x i a l  
c omp r e s s i o n   o f    
t h e  wa l l s   [ 7 ]

4. Conclusions

I n w a s s h o w n t h a t i c e ‐ t e m p l a t i n g t e c h n i q u e a l l o w s a d e s i g n o f
t a i l o r ‐m a d e m i c r o s t r u c t u r e s , h o w e v e r t h e f i n a l o p t i m i z a t i o n o f t h e
p r o c e s s s t r o n g l y d e p e n d s o n t h e p o w d e r p r o p e r t i e s . S e l e c t e d
p r o t o t y p e s s h o u l d w i t h s t a n d t h e g e n e r a t e d t h e r m a l s t r e s s e s u n d e r
i r ra d i a t i o n w i t h C E R N p r o t o n b e a m s .

43%             50%              55%             69%

44%            xx% 35%             25%

F
a
s
t 
c
o
o
li
n
g

S
lo

w
 c
o
o
li
n
gTa r g e t   U n i t   u s ed  

a t   I S O LDE   f a c i l i t y .

Beam
Energy
GeV

P r o t o n s
per pulse
x1012

Sigma
mm

Repetition rate
s

ISOLDE 1.4 30 3.5 1.2

HiRadMat 440 8 2.0 40

1cm

Al2O3 with

uniaxial

porosity

NIMB317 (2013): 385-388.

1mm

Characterization of the target irradiation 
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Comparison of microstructure – hexaloy SiC

Before irradiation Post irradiation
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Plastic deformation seen on

Tantalum spallation neutron

Source

Some Issues to be addressed/checked with new beam parameters  

etam.noah@cern.ch

Hydrodynamics of ISOLDE liquid metal targets

ISOLDE Workshop and Users Meeting - 19/12/07

Liquid Metal Target Damage

Figure of merit of the Liquid Lead targets (91-95)
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 # protons on target

   max. P-pulse    

Ta - 750 deg.CSS - 650 deg.C

Pb019

Pb019

Pb031

Condensed Pb found 

on condensation helix 

introduced in chimney.

Broken container 

welds and splashing 

of Pb onto target unit.
Some early target units were 

destroyed after just a few pulses from 

the PSB (e.g. Pb019, Pb031)

Data and photos from J. Lettry

Photos taken by CERN photos

Welding rupture in window

of molten lead targets

(not an issue observed with 

solid targets

at >2000C)

Production of H and He

(from 1 appm to 20appm in UCx)

And its impact

We remain in the sub-dpa range

MWCNT

Porous target stability
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• Possible proton beam upgrades can lead to important improvements in the output 

of the ISOLDE facility

• In the list of criteria :
• beam intensity

• beam stability

• facility downtime

are directly linked to target design which can cope, or not, with the new 

parameters

• Some investigations at the HiRadMat facility could help validate the most critical 

parts

Outlook
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Beam intensity and target temperature

RIB intensity

[s-1 mA-1]

Target density

[g cm-3]

Cross section

[cm2]

Prim. Part. beam

Intensity

[s-1 mA-1]

Target Atomic

Mass [g]

Diffus.+Effus.

Efficiency

Ionization

Efficiency

  opticsioneffdiff    dx N/A x x)(E, (E)  I s  
Avogadro

#

Beam transport

Efficiency

Protons

+/- 8V

500A

+/- 9V

1000A

*

Ionisation

Molecular transport

Effusion

DiffusionDiffusion

Nucl. reaction

Target material 5-200 g/cm2

“Oven - Radiator” (Ta,Mo,Nb, C …)

Ion-source & 

Transfer line 
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AZ
dx
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ρ

Energy deposition
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Thermal gradient
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Release time [s]

t0 ~ Vy exp(1/T)
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From production to beam formation

1mm

1cm

Target (Nb/ZrO2

by reactive brazing);

Operation at 1400C

Al2O3 with

uniaxial

porosity

2000C

300-1100C

2000C

M. Czapski, et al. "Porous silicon carbide and aluminum oxide with 

unidirectional open porosity as model target materials for 

radioisotope beam production." NIMB317 (2013): 385-388.

E. Bouquerel, et al. "Beam purification by selective 

trapping in the transfer line of an ISOL target unit." 

NIMB 266.19 (2008): 4298-4302.

EURISOL-DS Final Report,

J. Cornell Ed, GANIL (2009)
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Beam interaction with target

24A&T Sector Seminar | Public Defense

João Pedro Ramos | 26/01/2017

2.3 μs

230 ns

Beam power deposition – pulsed beams!

Thermomechanical stresses and shockwaves

Pictures from PhD Thesis, R. Wilfinger

Booster pulse pictures from PhD Thesis, R. Wilfinger
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Target Materials

A&T Sector Seminar | Public Defense 13

• In squares – currently used at ISOLDE

• Underlined and Bold – had some kind of material development

120 Materials (possibly more) were tested and/or 

used as ISOL targets!

João Pedro Ramos | 26/01/2017
J.P. Ramos, PhD Thesis, EPFL/CERN (2017)
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Post-irradiation study
at EN/MME-MM

EDS

SEM

XRD

Irradiation assisted 
stress corrosion 

cracking

Microstructural 
changes

Microcompositional 
effects:

• recrystalisation, 

• phase 

transformation 

• grain size change

• pore shrinkage

• grain coarsing

diffusion and segregation of  

impurities
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HiRadMat assessment


