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Introduction

B General overview of isotope separation methods and
potential for practical applications of isotope harvesting at
high power RIB facilities

B Presentation based mainly on contributions of Helge Ravn

M |deas are generally applicable for parasitic operation at
future facilities such as RIA and EURISOL
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< Overview

 The mass separation in the Radioactive lon beam Facilities (RIB)

« A biomedical program with carrier free radionuclides has shown the strength
of such high quality preparations.

« Concentrate on the new dry radiochemical separation techniques using isotope
separation

* The nuclear production reactions at energies > 100 MeV
* lon sources for efficient and selective ionization
» Efficiency of the mass separation process

» Describe the new production methods that may be derived from the ISOL
target and ion-source techniques

« The method makes almost all existing radionuclides available and allows to
introduce new ones in medicine

» The opportunity for parasitic medical isotope production in collaboration with
future high power accelerator driven projects

 Conclusion and outlook
« Acknowledgement and links

Helge Ravn CERN, EP



< Overview

*Use of the mass separation methods from Radioactive lon beam

Facilities (RIB) allows to produce carrier free radioisotopes of all
elements. SN

*The method permits to

Introduce new isotopes

hitherto not available. They
are either only or best
produced in nuclear
reactions at energies
> 100 MeV.

Concentrate on the new dry
radiochemical separation
techniques developed for
Isotope separation.

*A biomedical *An opportunity is

program with this described to place
Isotopically pure and  f,ture mass
carrier free material  production in

has shown the synergy with the
strength of such upcoming facilities
preparations. using MW targets.

Helge Ravn CERN, EP



e lonisation to q = 1+ ISOLDE

» Acceleration to 60 keV CERN

» Mass selection by magnetic deflection
* Bp = p/g o« VA

Z selection by chemically selective step

11—




@1 The Isotope Separator On-
-= LIne (ISOLDE) at the
V2 C S-BOOSTER

== proton beam:
3E13 per pulse
2.4 us pulse length
Rep. Rate 0.5 Hz

Ny e Delivers yearly 3200 h of

; radioactive ion-beam to 30
Experiments by means of
two target stations -

Helge Ravn CERN, EP
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@ISOLDE 2004: 2560 hours radioactive ion bea

O BiO|09_Y_ and @ particle and
Medicine Astrophysics
2% 11%

O Atomic
Physics

21%
] W eak

Interaction
and Nuclear

Physics B Solid State

56% Physics
10%
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@) Biomedical program at s~
at the CERN ISOLDE facility

« Almost all nuclides of the nuclidic chart available in one laboratory
* Unprecendented purity chemical (carrierfree) since mass separated

o 30 years experiences in complex bio-medical studies using ISOLDE produced
radionuclides

* Implementation of isotope separation technique into the medical isotope
programs.

« First patient studies 1978 MED Dresden planar scintigraphy of lymphoma
patients using 1“Tm Citrate

 Over more than 2 decades collected data set on the bio-kinetik behaviour of
radio-lanthanides in tumor bearing animals

 Lanthanides are used today in tumor seeking radiotracers

« EXxotic positron emitters are available

e First in-vivo study with the partially alpha emitting 14°Tb

« Already today patient doses available

« Materials: Collectlons In the on- Ilne mass separator, Waste — recycling,

adiochemica NDrocessed, pe - - 'k ater 1 Rossendao ANA (seneva

H &Bfﬁqvn CERNEP )




Autoradiogram
of a whole body
sagittal slice of a

tumor bearing
mouse
24 hours after
Injection of 0.4 MBq

of 1/Tm-Citrate

Lanthanides are
unspecific tumor seeking
tracers

G.J.Beyer, R.Mlnze et al., in:
"Medical Radionuclide Imaging 1980"
IAEA Vienna (1981) Vol.1 p. 587




The Isotope Separator On- 4~
Llne (ISOL) Integrated

—— target and

/ \
*f\ ion source

Target and ion-source
techniques developed for
beams of 600 isotopes of 70
elements

Accecceleration
to 60 kV

Electromagnetic
mass separation

Driver beams:

Delivered as singly Spallation neutrons
charged, mono- Thermal neutrons

isotopic, CW beams of High energy protons

60 kV energy Heavy iOﬂfl

Helge Ravn CERN, EP



An ISOLDE target and 1on
source unit

Water-cooled

transferlln .

Plasma
chamber

" Extraction e
electrode

X

<

Target material

\

Heated target
container
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The ISOLDE target and ion-source

Lifetime about
: Vacuum chamber
Target unit for ‘b S/ one month due to
selective Yacudm valve gy optimisation for
production.of short-lived nuclei
He, Ne, Ar, Kr, Magnet |:|
Xe and Rn %% Water cooled transfer
beams J > o
[\M
Plasma discharlqe ion solurce/ Target
Separate
Systems are u
deve|oped for  Linecurrent feed ! ~
each element R |
or group of e e
elements R R -
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©1  The need for selectivity

1.E+14

Calculated

production rate )
of some rare
1.E+13

earths in a Hg

target

irradiated with a

5mA , 1 GeV T \\\

proton beam.
1.E+10

ca | \
1.E+09 X

1.E+08 : : :
135 145 155 165 15

Helge Ravn CERN, EP Mass

Production rate (atoms/s)




&l production rate in the target
A=® o N

o REACTION CROSS SECTIONS
Tens of milibarns

N TARGET THICKNESS
Very thick targets mol/cm?

® DRIVER BEAM INTENSITY
Driver beam intensity presently 1 to 100 pA

A = 1013 atoms/s

16
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Mass transport
efficiency

*A=® o N g ¢, ¢,

 How to get the products out and transferred into an ion beam for
separation and acceleration.

» Decay losses due to diffusion and effusion from the target to ion
source g, €,=100% for nuclei with t,,>1h

 lonisation efficiency g; = 10-25% for long-lived nuclei

e A = 1012 atoms/s

17
Helge Ravn CERN, EP



&) Release models

C.J. Densham et al.,
Nucl. Instr. Meth. B126 (1997)
154.

Rolled 25-um
Nb-foils
in target tube

.';'\\

. B. Mustapha and J.A. Nolen,
\, ‘onsouree  Nycl. Instr. Meth. B204 (2003)
286.

Mario Santana-Leitner, PhD, 2005
(http://www.ganil.fr/eurisol/ )

=T \Water-cooled
<#1 transfer tube

Database on diffusion and desorption properties is
maintained and further studied made in the EU FP 5 program
TARGISOL

http://www.targisol.csic.es/
18
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] Release efficiency g, ¢,
determined by the decay losses

Release efficiency of tin from a UCx/graphite target

o
=

Efficiency

0.01 ——850 A, 2200 deg C
B ——750 A, 2100 deg C
——600 A, 1850 deg C

0.001

0.1 :;. 1'0 100
Half-life (s)

19
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@ Isotope harvesting: general considerations

1.

© N o O kWD

High energy reactions provide a wide spectrum of reaction products
= Universality !

Mass separated beams are intrinsically carrier-free !
Simultaneous extraction of several isotopes !

lon implantation facilitates the molecule labelling !

lon source unit and target materials reusable many times !

No liquid waste !

Production presently only allows to supply research quantities !
Future industrial production sites for therapeutical amounts ?

SOLDE o . o
EUR SOLES

CERN

Helge Ravn CERN, EP



@l  Nuclear chart at ISOLDE

=0
p -
>1100 isotopes of 70 elements produced with ISOL \,,/”
method Br= 4MeV -7
B= 0 7
>2000 isotopes in principle available with th\IS\O . b
method gprcas 5
82 ——=mtilll _
o I BF: AMEV
§ 1 i
Ll e o r-process
;o \
L 5= 1
28 ,«J
__,“ 5 B stable nuclides
20 . == > B ¢, B° - decay
7 ,,f B B —ddecay
- O a - deca
ch 28 90 O spontaneo\{.ls fission
> 20 N E p - decay
2 8
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Stepwise resonant laser
lonization of TiIn

lonization scheme forTin

C
IP=7.34 8V 58233 cm'!

823.5 nm
500 mW (not saturated)

6p 3P, 47235 cm'!

811.4 nm
150 mW (saturated)

38629 cm1

34914 cm'!
34641 cm1

300.9 nm
45 mW (saturated)

» S1inmg

15O0LDE

proton bear
(16eY)
analysing magnet

radioactive ion beams

-EKT
55211, et iz |
P 1 cm ]
sp, —@—— ocm’ 37% Sn |
T=20002 C

Three fine structure components of the ground state
are thermally populated, but only one can be excited
at a time. A second UV laser (dotted line) could roughly

double the efficiency.

Helge Ravn CERN, EP

y b \
< y
CVL 1 (amplifier) 28 W > \
850 mW
. v S Lambdameter
CVL 2 (amplifier) 34 W - b
requency doubiin
| AR, | g Sl
N ' A | mplifier 16w 210mW
CVL 3 (oscillator) 6 W E.E > YT 5
Copper-Vapor-Laser-System Dye laser system AT
E!‘f:ei Theodoli
60 kV eodolite
Extraction
|
ol At source: 45 mW
150 mW
o> 500 mW
o>
lonizer
cavity
Target -l
[-
+someV - Jonization efficiency 10-25%
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1 MW target for 10*° fissions/s

238y, CSpaI[ation neutrons

Fission products >

N

Transfer line o )
to Ion source

ot
. “.e“etg\l Spallation target:
no a) Watercooled W
\ b) Hg-Jet

ISOL target surrounding a spallation neutron source

Helge Ravn CERN, EP



Q‘ Snyields from a UC target

10%a | 41m | 21n | 65
v I
ieeer.. |y ‘u.

iyBa
1

Sn127 | Sn128 | Sn120 | Sn130 | Sn131 f Sn132 || Sn133 | Sn134 | Sn135 | Sn 136
s [8im | 63m | 17m | 3Tm | s0s | s § 39.7s 144s | 105s ;

e

1E+8§ y |—L ‘.

i 1 | Rl

< | 1

RZIR A

N S

a0k 0 :

= ¢ 0

:1E+5 T3 1.4 GeV p onto target I

1l

1EH W14 GeV ponto W converter

R
06 10 114 18 12 126 10 14

Mass

Ref. Ulli Koester

Helge Ravn CERN, EP

Today at ISOLDE:

1325n* intensity: 5.0E8 per s
with 2.5 pA of 1.4 GeV protons
onto 12.7 mm W converter

(release efficiency about 80%)

EURISOL.:

1.0 GeV protons instead of 1.4 GeV 0.7
1 mA protons 400
cylindrical target 10
RILIS improvement )
Total 14000

Expected intensity:
7E12 per s = 1 pA 1325n*
25



= Hg-jet p-converter target

*Within the EURISOL-EU, FP6 de5|gn
DETAIL OF NOZ study a program of reaction product
chemistry in a Hg flow is being
started.

Protons

f i |
I Valwve i
|
Observation Box Hog=jet target T?" I I
| |
Hg Injection / T
]
LT
| I |
Prui -F F??dgg; beam pipe
I-!;l-rlr'a- A —I
I e Fission target chamber L '
%_m . ] — | E
Hg wacuaunn+ I
I

~———— |nterchangeable

Synergies with targets for SNS, Superbeam, v-factory, u-collider,...
Helge Ravn CERN, EP
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@ | EURSOLES
1-2.2 GeV, multi-MW protorrdhivERAERI 3bL)

Several direct target stations (ca. 100 kW)

One Hg spallation + fission target station (>1 MW, i.e. 1E15 fissions/s)

Multiple user operation in parallel

Post-accelarator (linac)
Low-energy beam area Hi-resolution _:':’/
mass-separator -
Post-acceleration with
T
LINAC up to ca. 10 A.MeV [l OISk o SR e i
user areas
. L i tt
Post-acceleration to jon SOUrCes
ca. 100 A.MeV

each target, ion source
and pre-separator,

with LINAC or cyclotron ~ shielding needed around

Fragmentation of
post-accelerated RIBs

Commissioning: 20157? ~ Proton beams

from driver Megawatt target area
accelerator

-

Helge Ravn CERN, EP -




EURISOL target layout

Very similar to the target stations of the ISOL facility ISAC in
operation at TRIUMF

Cooling |
Target Target vacuum box | | Services |

Traverser Rails

L g Plant =
Room [+ &

Tubular ceramic/aluminium . - ' ? . .
— high voltage feed through : = aq wiie mrmee
| L] 1] (] n .

Target shielding =
plug assembly assembly

0 kV Proton Beam | =% : - M =

) d High voltage - e e e . B
_—100 kV room wall e \ ] IrE

1} : ; ; _ il 3 L]

— Target Beam Dump .

Extracted beam
Remote Handling Cell
28
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Production rates in the

EURISOL Mercury target

Radic- Half-life | X-saction | Production Alternative
Isotope Tirz (mb) rate [pers)| production processes Applications
192-Ir T4 d 2 58E+00 | 1.0E+14 {n,y) reactor Sealed sources for industry and cancer therapy
18B-WIRe 69 d B 90E-02 2.TE+12 {2n,7v} HFR Radio-immuno-therapy with 188-Re
178- W' Ta 22d 8. 0BE+0D 3.1E+14 {p.4n) accelerator Generator with potential in PET
177=Lu 6.7 d 6.31E-02 24E+12 (i, ) reactor Therapy with labelled antibodies and peptides
166-Ho 258 h 5 30E-03 2.0E+11 {n, ) reactor Therapy with labelled antibodies and peptides
149-Th 412 h 9 21E-01 3.56E+13 Targeted Alpha Therapy, single cancer cell targeting
148-Gd T4.6a S.31E-D1 21E+13 spallation accelerator Low-energy alpha sources
153-8m 4675 h | 1.41E-03 0.6E+11 {n,y) reactor Therapy of bone metasiases
127-%e TE. 4 d 9 22E-02 3.56E+12 {p.x...) accelerator SPECT, lung ventilation and brain perfusion
117m=-5n 136 d 1.TBE-01 0.TE+13 (n, ) HFR Systemic Adionuclide therapy
S89-Mo29m-Tc 565 h 2. T8E-01 0.6E+13 (n,fh reactor Maost important radionuclide for nuclear medical
imaging
B9-Sr 505 d 5_39E-01 21E+13 {n,y} {mp) reactor Palliative therapy of bone metastases
82-Sr/Rb 255d 1_.36E-01 0.56E+13 (p,4n) accelerator Generator, PET, myocardial perfusion
68-Gefsa 288 d 9 38E-02 3. 6E+12 (p,2n}, spall. | accelerator |Different PET imaging procedures, calibration of PET
BT-Cu B1.89 h 3. 83E-01 1.5E+13 ) accelerator Therapy with labelled antibodies and peptides
44-TirSc AT.3 v 1.77E-03 0.TE+11 spallation accelerator Generator, great potential for PET
32-8i 101y 3.03E-02 1.ZE+12 Imnportant isotope for R&D and technical application
28-Al T.16e5y | 6.05E-03 2.3E+11 {p.m) cyclotron Imnportant isotope for R&D and technical application
28-Mg 2089 h 1. 45E-02 0.6E+12 Important isciope for R&D




Options for harvesting

radioisotopes | RN

Parasitic collections on-
beams in the mass

spectrum

(o1}
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@ EURISOL 2020(?) 2x7200 hours

Of radioactive ion beam

| Weak
Interaction and
Nuclear
Physics
20%

B Solid State @ Nuclear
Physics Medicine
5% 50%
O Atomic
Physics

5%

@ Particle and
Astrophysics
20%
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< Conclusion and outlook

*A large amount of data has shown the strength of medical application of carrier
free lanthanides.

It is timely to introduces mass separation as a chemical unit operation in the
industrial isotope production line for quality improvement.

*Present research facilities can cover the upcoming need of carrier free rare
Isotopes in amounts that allows the development and testing new
radiopharmaceutical products.

*A number of new exotic nuclide can be made available for medical research.
L_arge scale industrial production can be made by harvesting the nuclei of interest
from spent targets in present and future physics research facilities.

*Variants of the ISOLDE target and ion-source techniques lend itself to this kind
of industrial isotope production.

A program of validation securing of these new production methods should be
started now so that they are ready in time for future marketing and mass
production.

*A joint technology transfer enterprise between industry and CERN/ISOLDE
during a 10 y period has been proposed.
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