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Did you say ? (topics to be covered)

Production

target - ion source

A 7
‘ / analysing magne
1

By the ISOL technique

proton beam
(1 GeV)

radioisotopes
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Radioisotopes in biological organisms

Daily, we “internalize” radiomarkers with rather well defined protocols

A4«
evian

Natural Spring Water

Country

Source

Type

pH

Calcium (Ca)
Chiloride (CIN)
Bicarbonate (HCO;)
Magnesium (Mg)

€ Nitrate (NO5)

Potassium (K)
Silica (Si05)
Sodium (Na)
Sulfates (SO)
Website
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40K, a radioisotope “bio” for imaging and treatment ?

4UK 12?? 10 %a

There is ~0.01% natural 4°K on Earth
Our whole body natural activity

_ 4DCa
is of ca 4 kBq (0.2 mSvl/year) WAr o 20 o
—_— e
Method of production :
Neutron capture s-process Nucleosynthesis in supernovae explosion
20 """"""'c;fo;~;«;w;
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But none of these production sites are yet commercial ! Mo Memee
S. Woosley, Astrophys j
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Targeted internal therapy

This is moving and localising several isotope sources close to the tissue to be treated

Linker

T. Stora — MEDICIS-Promed kick-off week 5




PET scan imaging

Positron emitter
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What accelerator to produce which isotopes ?

* (p.n), (P,2p), (P,a), (P,X), (P,an), etc... p* A/g=1

e (d,n), (d,p), etc... d* Alg=2

* (°*He,n), (°He,a), etc... SHe** Alg=1.5

* (a,n), (o,2n), (a,p), etc... ot Alg=2
 (“Li,Xn), etc ... Li** Li*** A/g=3.5, 2.33
* (n,y), (n,2n), (n,p), etc... n% A/g=infinity

 And we need accelerators, facilities, concepts better
suited than explosive supernovae
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WhICh rad|0|sotopes do we need ?
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While there are a few “blockbusters” (**™Tc, 18F)
and some other emerging (*’7Lu, 223Ra)
There is room/need for even better suited new radioisotopes
along with their production
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List of some PET isotopes

, Maximum Mean Max. SA

Nuclide Half._h[c Decay mode energy energy Max. range (theoretical)
(min) (MeV)  (Mey)  mm) (Ci/umol)®

C-11 204 100% B~ (.96 0.386 4.1 9220
N-13 0.98 100% B* 1.19 0.492 54 18 900
0-15 2.03 100% B* 1.7 0.735 8.0 91 730
F-18 109.8 7% B* (.69 0.250 24 1710
Cu-62 9.4 99.7% B* 2.93 1.314 14.3 19 310
Ga-68 68.0 89% B* 1.9 0.829 9.0 2 766
Br-75 96.0 75.5% B* 1.74 0.750 8.2 1 960
Rb-52 1.25 95.5% B° 3.36 1.5 16.5 150 400
I-122 3.62 75.8% B° 312 1.4 15.3 51 950
I-124 6019.2 23.3% B7 2.13 0.8 10.2 31
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Targets (production, not biological !)

«

Gas target IAEA, trs465
(ie N, + trace of O, for *N(p,a)*CO,)

Navette ] 3 Cibles

: £ OSaSARET T Vi)
Solid target “!\f;{")‘. \\ W P

) \ ‘ . m | AN i e
(RbCI for 82Sr, Ga;Ni, for $8Ge/Ga) ‘::@;g_: 1idg Sounalet, PhD
U Y

|': Frn Y
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From excitation function to production rate

I[ppS] ~ (I)[pps] Obarn] N[g/cm2] production rate
10%%ps  100pA (6.10%) Imbarn 1g/cm? for A, e=30g/mol

R[Bq] = IA/(1-A) = | for 5 T,,, (A=0.606/T,,, ) saturation activity

Incident particle
Beam intensity

Bragg peak possibly
in a dump

Target thickness

[\ E
For imaging is ~100's MBq ///,_\\\\ 4
For treatment ~ 1 GBq 7/ "\

P
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Some ways to accelarate ions or generate neutrons

The most common methods :

At medical cyclotrons (p/d/a,X)
9-70MeV

More prospective : compact Linacs,
Heavy ion cyclotrons, high energy p drivers

=
@O . ] P
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Principle of beam regulation, diagnostics

-: ERIDGING SCIEMCE WITH LIFE

'Proton beam generation principle:

Regulation loop

Regulation loop
H, gas I

I
I I
I 1
| e = e ot e T e
1 ; ) I
| Acceleration area: H- energy increase
; 16.5 MeV |
lon source: | RF cavities: :Extraction: :Coiiimators: :Tarqet:
I
H- generation: | H- ions extraction from IS (Puller) IH—-P I Beamshape Ig.. ., requlation
I I I I
H, - H I H-ions acceleration 1 Beam position | I

Magnetic field (B):

IS plasma generation
H- ions trajectory driver
\ RF stability (avoid spark avalanche effect)

Vacuum:
Electrical isolation (40kV)

. Reduce interactions: H-, P / environement 4
B L. Maciocco, AAA
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General layout of isotope mass separation « online »

(ISOL) Isotope mass Separation OnLine
ISOL

Transfer tube Ion source

Isotope / isobar
separator

Thick, hot target
Production beam

Radioactive ion beam
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Principle of mass selection : The Lorentz force

Diverging

\

Extraction
Electrode

Source

target - ion source

proton beam
\ (1 GeV)

Il B B EE N
Entrance Detector Arrav

mdv/dt - q(vAB
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The Release of iIsotopes from the
target and their ionization

lonisation
lon-source &

Molecular transport =»  Transfer line /SOtOpe
Effusion (Ta,Mo,Nb, C ...) .
mass Separation
= On

Nucl. reaction

[ .
Protons e line
—_—
Target material 5-200 g/cm?
“Oven - Radiator” (Ta,Mo,Nb, C ...) oy
* 1000A *

el
(g @ _ %& ici% T. Stora — MEDICIS-Promed kick-off week 17
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Principles of radioactive beam production

g%

Spa”wr. + 3.‘.

14Gey agmentation

protons o . * . T
fission
PI asma Extracted
~nA for Surf
~uA for FEB
~m or H

varget oven |Vranster line | lon souree | Eitraetion

1 1 |
Leaks I —l Leaks I L Leaks I _JNeutraIsI l
Release loss Condensatio Condensatio Sidebands
Decay loss Decay loss Decay loss  Multiply chargd

Primary beam

(MeV/u-GeV/u) There is an overall efficiency
For these extraction processes

ey
|cFrr N @ .’ 18
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ISOL TARGETS

Kl'arqet materials: \

» Refractory ceramics:

Oxides and carbides
(UC,, SIC, Al,O4, HfO,);
*Solid metals (Ta, Nb, Mo);

\-Molten metals (Pb). /

Weight Percent Carbon

HfO, felts from Z. Zirconia

2 1
2585°
2530°C
L+Graphite
2404°C
L
) 6
SiC pressed pellets (Saint-Gaehain) 2104° N
Graphite
O
19004
g 1823+10°C .
:s 17
E 1700 X : 2
) Graphite |
o 151610 repnie F
g 15004 3
2
<—§' E
13004 1135°C g
11004 119417 ¢ + Graphite 7
.. (V) :
Actinide targe 900 e 3
RNy | weec e f
GF“N II ,@ T S ',/ (£U) d + Graphite
)| 700
; NETEERNC & “‘g : 10 20 3‘9 40 50 60 70
and‘ﬂﬁa . U Atomic Percent Carbon



Case Study: Silicon carbide

Bulk Average Average
Sample description density | total porosity | grain size
(g/cm?) (%) (nm)
DUOCEL FOAM 25-30% 0.8-1.0 70-75 -
CVDR&H
(Chemical vapor deposition) 22 ¢ 2
SiC Poco.Graphlte ‘ 26 21
(POCO SiC Conversion)
SiC Starfire
(CIP + Infiltration) 24 20
SiC 3% Starfire 1.8-1.9 40
SiC SG 1.4 56
Saint —Gobain (CIP) 1.2 62
G. Arnau
TS-MME CERN

INLN — Laboratori Nazionali di Legnaro - University @

S. Fernandes, ISOLDE - CERN

EUF SOL

Design Study

ISOLDE
CERN



Diffusion In target matrices

» Arrhenius Equation:

« Assumptions:

Fick's second law
diffusion equation

(spherical particles)*:

t = heating time
u, = diffusion parameter

8. Férnbfwiess

&
D=D,e ™
6 & 1
F(t) = —
(N =— ;Fe
_7r2D
Hs =73



The Isotopes need to find their way
to the ion source

Rolled 25-um _ - ,,
MNb-foils _ ni TR b
in target tube @?w . Plasma
:,l"r"
Y K

| Water-cooled lon source
Gg#| transfer tube

Monte Carlo numerical simulation of isotope trajectory
(RIBO code)

o @ |
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THE “FEBIAD” ION SOURCE

Forced Electron Beam Induced Arc Discharge
m Electrons emitted from a hot cathode (~2000°C)

Courtesy L. Penescu/R. Catherall, “Marie Curie” Conference, Manchester 10-12 April 2006
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THE “FEBIAD” ION SOURCE

Forced Electron Beam Induced Arc Discharge

m Electrons emitted from a hot cathode (~2000°C)
m Electrons accelerated by a grid (~150V)

+ ~150V — —|!

~100mA

r'.r\
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THE “FEBIAD” ION SOURCE

Forced Electron Beam Induced Arc Discharge
m Electrons emitted from a hot cathode (~2000°C)
m Electrons accelerated by a grid (~150V)
m Electron’s path is increased by a magnetic field

|
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THE “FEBIAD” ION SOURCE

Forced Electron Beam Induced Arc Discharge

m Electrons emitted from a hot cathode (~2000°C)
m Electrons accelerated by a grid (~150V)

m Electron’s path is increased by a magnetic field
m Atoms enter from a hole in the cathode

m Atoms ionized in the plasma volume and extracted (60 kV)

60kV 0 kV

-
N\

~150V




The « ISOL » filter

Isotope mass separation online In-target production rate

1.0E+11
1.0E+10

1000+ iSOtopes 1.0E+09 -

1.0E+08

(for 73+ elements) 1.0E407 |
“online” et
1.0E+05 1
1.0E+04 -
1.0E+03 1 ‘
1.0E+02 : U."‘

1.0E+01 e
I 12

1.0E+00 - - . - - - - v - - - L . . —3 . .
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

I[pps] - (I)[pps] Obarn] N[g/cm2] e [%]

i Na kK A=83 rb cs A=152 Fr
1.0E+10 - : - . "
; 1.06409 . | HH
Intensity 106 - ] -
. 1.0E407 $-dM-cod. ool doid e b T h PLEE PO Y ey i
Purity roswos IEHESNE L ¥4
1.0E405 $---4--= e e b \ ‘71 B vid
1.0E+04 -v---%- -+ J JJ\ ‘ j .‘: [ I 1
Beam production rate |'%® [/ T ] i ’i A
(Mass separation filter)| oo fttd ot 4 B AV 8 i
1.0E400 WEE g EHT d SRR L 8 LA O
- 0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
{:.-I'-'I-:N\"'.




THE BIRTH OF ON-LINE ISOTOPE SEPARATION
ISOLDE “0”

O.Kofoed-Hansen

K.O. Nielsen
Dan. Mat.Fys.Medd. 26, no. 7 (1951)

10 MeV deuterons
d-to-n converter (Be)
n moderator (wax)
UO, (10 kg)

Baking powder

2" METAL 7TUBE
ON S0KVOLY
89Ky (CO,, H,0,
MODERATOR AND =

N H3) INSULATOR

n=CERN 7613, 3" conf. nuclei far from_stability
@I Y




Case studies :15t Boron 8BF,* from carbon nanotubes

8BF,* (T1/2 880ms) produced
from multiwall carbon nanotube target (fast diffusion)
and SF, reactive gaz injection (volatile BF3 molecule)

MWCNT

ce | o [ me| pm Smrfu o | m| gyl o | & |mm| m|
L_ k- bk ah h hhm k-
A q Mol Al am| om| 1 O es|rm| me| vo| e

C. Seiffert, Production of radioactive molecular beams
for CERN-ISOLDE.
PhD thesis TU Darmstadt, CERN (2015)
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Isotope mass separation added value

Non carrier added radioisotope fraction (high specific activity)
Efficiencies to be developed

Can this process be applied in large scale ?

A first terrifying use: 235 uranium enrichment of “Little Boy”

And later a much more positive application :
iIsotope enrichment for medical isotope production

‘ W ulll

The Calutron (E. Lawrence)

G @ |
W /:'y' .’iﬂitiﬁ T. Stora — MEDICIS-Promed kick-off week
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And today

CERN ISOLDE

LETTER

doi:10.1038/ nature14342

Measurement of the first ionization potential of
lawrencium, element 103

T. K. Sato', M. Asai', A. Borschevsky™”, T.Stora*, N. Sato’, Y. Kaneya'®, K. Tsukada', Ch. E Dilllmann®®7, K. Eberhardt’”,
E. Eliav®, S. Ichikawa'”, U. Kaldor®, 1. V. Kratz", S. Miyashita', Y. Nagame'*, K. Oce"’, A. Osa', D. Renisch’, J. Runke®,
M. Schiidel', P. Thisrle- Pospiech®7, A. Toyoshima® & N. Trautmann’

This work
This work

Author Year IPy/eV method

E. Eliav™* 1995 43887 DCB-FSCC?

W. Lin®® 1998 5.28 RECP+CASSCF+ACPF+Ag?
X. Cao™ 2003 480  RECP+CASSCF+ACPF+Ag”
A. Borschevsky'” 2007  4.893 DCB+FSCC?

V. A. Dzuba'® 2014 4.934 CI+all-order®

4.963(15) DC CCSD(T)+Breit+Lamb shift®

4963502 Experimental

D D Mesiews

OCPARTWITH

nature

THE INTEANATIONAL WEEKLY JOURNAL OF SCIENCE

EXTREME
CHEMISTRY

Experiments on rare lawrencium
atoms illuminate a relativistic
region of the periodic table eaes1s6&209

© NATURE COMMATURE

POSTDOC OF BIOLOGY BY COLD s
THE FUTURE THE NUMBERS COMFORT '"llJMIln I‘I"
: L

Why permadocs nrust Data analyis is undervalued
b c in

Sup
ML PaGES1
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CERN-MEDICIS : Isotope production in the dump and
mass separation in the lab

. ; 00d
Isotope production spallation ) + <3

Ve
° .— .'|'.'|'=.:o:.:.

1.4 GeV protons N\, fragmentation

fission . * . t

1000+ isotopes
of 70+ target - ion source
chemical element

\ purification

analysing magnet

Isotope collection

WoA | I’iﬂ“iﬁ 1. Stora — MEDICIS-Promed kick-off week
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* Merci, Questions ?
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CFRN I\II @
I"zg” Rzaicis

T. Stora — MEDICIS-Promed kick-off week

33



* RESERVE
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T. Stora — MEDICIS-Promed kick-off week

34



Case studies :*>Ar * from cold nanostructured targets

Fast release of 3°Ar from cold nanostructured CaO targets:
Recoil into nanomaterial

_ Tom Famezn = 158 4 S, = IL1AHZ
48h at 800°C g v
2 TP
= delll
=
=
s B
"z
i ERL
E"‘__-‘ 210l
= .
= 1x1r
i ik
4N 4
M
L | Be
Na | My T (°C)
L—— 800 500 300 200 100 25
x Ca 10° L— T — T g T T T
Ro | S
Cs | Ba (-:)L 107 4 L]
r | Ruv %
>
L
1 . S 1071
Ce | Pr | Mo SaEuOdIDWHoEIL'm”Lu «
— M- 35ArYields
» N Pul Am| Om| Bk | O | Es | Fm| Mo Mo | Lo — Yield prediction (if diffusion driven)
: (scaled for 3% ion source efficiency)
10° ————— R ———
0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035

J. P. Ramos et al., submitted (2015)

1T (°K™)
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R&D towards Mo-99/Tc-99m mass separation at CERN-
MEDICIS

« Method similar to that found in a
neutron spallation facility (SNS,
ESS, JSNS, ISIS, etc)

i
4
"0‘,‘.1

target - ion source

proton beam
(1 GeV)

238 s fissioned by fast neutrons to produce Mo
Requires the use of um thick 238U metallic foil
target for fission recoill

0
However Mo is a refractory element, it cannot be !!
released in atomic form. oz, | 0 FOrmation of
. . . L il
Oﬁ_r ﬁlgn. r?iﬁt it with CO gas. Forms a complex chfn.ia.__{:i Mo(CO), complex
which is volatiie. c already achieved
0

J. Even, et al Radiochim Acta 2014

e
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R&D towards Mo-99/Tc-99m mass separation at CERN-
MEDICIS

« Mo(CO)4 not very stable — can easily oxidize and dissociate at high temperature
« Requires the use of um thick 238U metallic foil target for fission recoil out

( 25 micron "&U foils) at low temperature
« Grow graphene:

does not stop recoil isotopes, reduce oxidation and taylor Mo(CO), adsorption

Ink (mgecm2.5")

]
.
K.S. Novoselov and AH Castro Neto. "Two-dimensional bie. 4. Comparson of A2 00 oidation rates (cirles
crystals-based heterostructures: materials with tailored e e e and (7
properties.” Physica Scripta 2012.T146 (2012): 014006.
D. Prasai, et al. "Graphene: corrosion-inhibiting P.J. Hayward et al., J. Nucl. Mat 187, (1992)

coating." ACS nano 6.2 (2012): 1102-1108.

Cj @ hzaicin 37




R&D towards Mo-99/Tc-99m mass separation at CERN-
MEDICIS

« Alternative target materials : towards submicron uranium-based materials

« Work has started as with lanthanide precursors via electrospinning

-
-

a.

¥b 203 7 Mag: 10000x SE WD: 11 mm HV: 20 kV

.
“i'yh

M. S. Henriques, et al. "Preparation of Yb203
submicron-and nano-materials via electrospinning."
Ceramics International 41(9), 10795 (2015).
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