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Imaging of prostate cancer gastrin releasing 
peptide receptor, GRPr, and targeted radiopeptide 
therapy combined with radiation therapy 
 
Franz Buchegger1, David Viertl1,2*, Eleni Gourni3, John O. Prior1, 
Thierry Stora4, Leo Bühler5,  Beatrice Waser9, Marek Kosinski6; 
Raymond Miralbell7, Cristina Müller8, Jean Claude Reubi9, 
Helmut R. Maecke3 and Rosalba Mansi3   
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What CERN is best known for … 

HUG 

Celebrated 
its 50th (+1) 
anniversary 

224Radium octupole deformation by Coulex 
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Radioisotopes and nuclear medicine 

From U. Koester, 
workshop on physics for Health in Europe 
CERN, Feb. 2010 

99Technecium supply shortage 
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Concept of theranostics pairs 

C. Muller et al. 
jnumed.112.107540v1 

15 years ago 



T. Stora EN-STI - CERN-MEDICIS – INPC 2016 6 

Courtesy Prof. MD Osman Ratib 
in the context of CERN-MEDICIS 

How to progress in the field ? 
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A first example 
Added functionality : 

Molecular engineering (inorganic chemistry) 
 
 
 

Folate bioconjugate with fluorescence and radioligand chelator 
Tkhe Kyong Fam, Prof Dubikovskaya, EPFL 
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Protons	
in		

the	dump	

30-50% of 1.4GeV CERN 
protons reach the dump 
there 

A second example : CERN-MEDICIS 
When a CERN 
proton beam 
intercepts a target: 
(and if you are not careful enough) 
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229Rn 

discovered 

I[pps] ~ Φ[pps] σ[barn] N[g/cm2] ε [%]  

Proton 1.4 GeV 
Analyzing 
Magnet 

Target and Ion Source 

Isotope Separation 
OnLine (ISOL) 

Intensity 
Purity (quality) 

Reliability 

Diffusion 
Physical Chemistry 

ΔHads = 145  ± 15 kJ/mol 

Radioisotope Beam Production at ISOLDE 

10-100m 20cm 

Eur. Phys. Lett. 98, 32001 (2012) 
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New isotope beams by mass separatio (ISOL) 

2012 And more recently 

at JAEA (2013)  

at TRIUMF  

at GANIL  

1986 

?? 

at ISOLDE (2015)  
We don’t evaporate/release 
refractory elements in atomic  
Form : Developments ongoing 

T. Sato, et al. http://dx.doi.org/10.1063/1.4789772 (2013). at JAEA (2016)  
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1st Boron ISOL beams: 8BF2
+ from carbon nanotubes 

8BF2
+ (T1/2 880ms) produced 

from multiwall carbon nanotube target (fast diffusion) 
and CF4 reactive gaz injection (volatile BF3 molecule) 
« CHEMICAL EVAPORATION » 

	

Multiwall Carbon Nanotubes 

C. Seiffert, Production of radioactive molecular beams 
for CERN-ISOLDE. 
PhD thesis TU Darmstadt, CERN  (2015) 
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M
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MEDICIS 
Target 
Irradia5on 

Rail 
Conveyor 
System 

A dedicated mass separation facility for medical applications 

1000+ isotopes 
of 70+ 
chemical elements 

Start operation 2017 
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The complete cycle of MEDICIS 

CERN-Medicis Facility 
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MEDICIS-PROMED 

« MEDICIS-Produced radioisotope beams 
for medicine » 
 
Apr 2015 – March 2019 
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The intersectorial distributed network 

CERN, HUG, CHUV, EPFL 
AAA, ILL, CNAO 

The intersectorial 
“regional” network 

15 PhD students 
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Overview of the Research Network 

MEDICIS_PROMED	training	network
"Timely	 Coordination	Dr.	T.	Stora,	CERN	

Innovations" WP3	:	theranostic	pharmaceuticals/surgery	for	new	ovarian	cancer	personalized	treatment
Terbium	isotope	theranostic	pairs AAA	(FR)	lead-	radiopharmaceuticals	-	ESR6

Biological	targets	for	ovarian	cancers IST	(PT)/dna	targetting	-	ESR8
CERN	MEDICIS	(EU)/molecular	break-up	-	ESR1
HUG	(CH)/surgery	-	ESRCH3

"Timely	 CHUV(CH)/preclinical	tests	-	ESRCH2 "Timely	
Innovations" WP	1	:	mass	separation	of	new	medical	isotopes WP	2	:	Pet	aided	11C	hadrontherapy Innovations"

Graphene JOGU	(DE)	lead	-	laser	purification	-	ESR5 CNAO	(IT)	lead	-	11C	hadrontherapy	-	ESR9
CERN-MEDICIS UNI	MANCHESTER	(UK)/adv	material-		ESR4 KUL	(BE)	-	mass	sep	11C	-	ESR11 Medaustron

Ti:Sa	Ion	sources CERN	MEDICIS	(EU)/	production	safety	-	ESR2 CERN	MEDICIS	(EU)	-	11C	acceler.	-	ESR3 animal	models
Lemer-Pax	(FR)	/transport	-	ESR10 HUG	(CH)		-	imaging	tests	-ESRCH1

α-isot.	Transp. IST	(PT)/nanofibers	-	ESR7 EPFL	(CH)	-	biochemical	synthesis	-	ESRCH4
Medaustron	(AT)	-	hadrontherapy

Medical coordination : PhD, MD J. Prior, CHUV 
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79 µL AB 6.9 mg/mL   
à 547 µg in 107 µL 
(5 mg/mL) 

1 h  42 °C 

111In-CHX-A’’-DTPA-FcTEM1 

 and 
152Tb-CHX-A’’-DTPA-FcTEM1 

 

 

Labelling of 78Fc anti-TEM1 with radiometals 

In Vitro Testing / 
 Immunoreactivity 
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First PET imaging of   152Tb-CHX-A’’-DTPA-ScFv78Fc 

Ewing Sarcoma cell line A673 

24 hours p.i. 60 hours p.i. 

Cicone F et al. IRIST Conference, Lausanne 2016 
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Isotope mass separation and post acceleration 
>1e7pps 110Sn 4.5MeV/n delivered in sept 2016 ! 

 

1+ ions 

HV 
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A

P 

EB
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Charge  
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Doublets Triplet 7-gap  
resonat

or Accelerator  
from  

1.2 -> max 2.2 MeV/u 
Target and 
detectors 

ISOLDE 

REX-ISOLDE radioactive ion beam post-accelerator 

2nd cryomodule @ HIE-ISOLDE 

9-gap 
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World map of hadrontherapy centers 

From NuPECC 
2013 
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11C Beams for combined PET/Hadron therapy 

Comparison of in-beam PET with fragment 12C (11C, 15O) and direct 11C use 
 

Treatment Planning Systems .OR. Monte Carlo?

Rationale for Monte Carlo

1. Proper primary beam and secondary particle generation, leading to possible imaging
modulation.

2. Allow a more realistic composition of human tissue in the simulation model.

3. Better description of radiation transport and interaction.

Left – Dose distributions calculated using a commercial TPS, based

on a pencil-beam algorithm (XiO - Computerized Medical Systems).

Right – A TPS with a Monte Carlo “flavour” (Dose distributions

calculated with a Monte Carlo code).

The arrow points to the dose range discrepancy, caused by the

presence of an obstacle parallel to the beam path.

Source: H. Paganetti et al 2008 Phys. Med. Biol. 53 4825

Major setback:

Monte Carlo is extremely slow when compared with modern TPS.
And therefore. . . is not competitive with current treatment’s schedules/demands.

— Why is it so?

6

Annihilation Events at Rest

Event Mapping

Positron Emission:

A
ZX !A

Z�1 Y + e+ + ⌫e

Annihilation Events:

Annihilation Events are a
powerful indicator of the
imaging potential, as the re-
sulting � can be detected and
coincidence–reconstructed by
PET-CT scans.
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Annihilation Events at Rest Mapped for 15–cm SOBP of 1 Gy

An increase of up to one order of magnitude is verified with radioactive ion beams. 23

R. Augusto et al. These studies have been performed at HIMAC, NIRS 
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Possible acceleration schemes : efficiencies matter 

•  T.M. Mendonca et al., CERN-ACC-2014-0028 
S. Hojo, et al. NIMB 240, 75 (2005). 

•  R. Augusto et al NIMB, 376, 374 (2016) 

“A la Isolde” 

Directly in the ECRIS 

11CO2 

involving irradiation from many directions. Nevertheless, these
methods are still not the most adequate for certain types of
tumours being the major problems associated with the volume of
healthy tissue exposed. Furthermore, for tumours near critical
organs this type of therapy is inappropriate.

The radiation therapy using fast hadrons (protons, neutrons and
ions) to treat tumours, so-called hadron therapy, presents several
advantages in particular in deep seated tumours or the ones near
critical organs. The concept dates back to 1946 when Robert Wil-
son has reported about the therapeutic interest of protons in can-
cer therapy [10]. The clinical advantage of hadron therapy is
related with the precise treatment of tumours making use of the
characteristic shape (the Bragg peak) of the energy deposition in
the tissues as shown in Fig. 1. Moreover, the Bragg peak allows
to target a well defined region at a precise depth in the body that
can be adjusted by tuning the energy of the incident beam, sparing
the surrounding healthy tissue.

Nowadays, protons are an important tool in clinical practice as
shown by the increasing number of hospital-based centres in oper-
ation and to the continuously increasing number of facilities pro-
posed worldwide [11]. On the other hand, very promising results
have been obtained with carbon ions, especially in the treatment
of specific radioresistant tumours types. In fact, carbon ions pre-
sent clear advantages such as higher biological effectiveness and
a better depth dose distribution due to a lower lateral diffusion
than protons. The first carbon therapy facilities in operation were
in Japan, Germany and Italy [1,12,13]. Data collected with carbon
ions in these facilities show promising effects on radio-resistant
tumours and lower post-treatment morbidity [14,15].

In addition to the mentioned advantages, the use of carbon per-
mits also the determination of the location where the dose is
deposited by means of on-line positron emission tomography
(PET) using 11C. This feature allows providing a beam for treatment

while collecting information on the 3D distributions of the
implanted ions by PET imaging. Therefore, carbon therapy treat-
ments based on 12C could be combined or fully replaced with 11C
radioactive ions post-accelerated at the same energy following an
approach tested in Japan [1]. In this paper we discuss the combina-
tion of stable ions used in hadron therapy with PET emitters of the
same chemical element following progresses made in the produc-
tion of 11CO+ beams [3] and in post-acceleration of pure 10C3/6+ [5].
Monte Carlo calculations using the FLUKA code have been per-
formed in order to assess the feasibility of such approach.

2. 11C beam production

The production of 11C beams can be performed using the frag-
mentation method in which a high energy 12C beam, produced at
a synchrotron, irradiates a 7Be target. Other methods have been
developed and include the use of compact PET cyclotrons with
10–20 MeV protons where 30 GBq batches can be produced every
30 min exploiting 14N(p,a)11C reactions in high pressure N2 targets
[1,2]. One shall note that these targets cannot be directly con-
nected to typical ion sources for radioactive ion beam production
since the ion source operating pressure is several orders of magni-
tude lower than the required gas pressure. In PET-compound syn-
thesis modules, the N2 target bulk is released through a selective
trapping column which retains the produced 11CO2. This column
can be heated after to gradually release the 11CO2 for injection in
the ion source at relevant operating pressures allowing a continu-
ous 11CO2 delivery by using two extraction ports of a single cyclo-
tron and target modules in a sequential mode. As an illustrative
accelerator scheme, we adopt MedAustron’s machine parameters
[16,17]. This leads to an average injection rate of 3! 1010 11CO2/s
in a electron cyclotron resonance (ECR) source used for 12C produc-
tion. Taking an average of 5% ionization efficiency using an ECR ion
source, 45% for transport and trapping efficiency, 30% for capture
and ionization in the charge breeder, an intensity of 1.5 ! 108 11C
ions/spills can be delivered into a linac assuming a 10 ls pulse.
Assuming 90% for post-acceleration efficiency in the linac and an
overall 60% multi-turn injection and extraction efficiency in the
synchrotron, an intensity of 8.1 ! 107 11C ions/spills is expected
from the synchrotron (Fig. 2).

An alternative route has recently been developed at CERN-
ISOLDE, exploiting the spallation reactions 19F(p,X)11C and 23Na
(p,X)11C on a molten fluoride target made of a NaF:LiF eutectic
and combined with a VADIS 1+ ion source [3]. The combination
of molten fluoride salt with the ISOL (isotope separation on-line)

Fig. 1. Depth dependence of the deposited dose for different radiations [9].

Fig. 2. Set-up taking present devices, combining present accelerator components of
injection, at ISOLDE and MedAustron.

Table 1
Main parameters for 11C production.

Method Cyclotron Target Reaction In target
production

Trap charging
time

Injector Injector
repetition rate

Refs.

E [MeV] I[lA] [pps] (ms) [p/injection cycle] [Hz]

PET production
(production batch)

22 150 N2

(61 atm)

14N(p,a)11C 3! 1010 741 1:5! 108 1.3 [16,18]

REX-ISOLDE
(ISOL)

70 1200 NaF:LiF
eutectic

19F(p,2an)11C 4! 1011 56 1:5! 108 18 [4,5,16]

R.S. Augusto et al. / Nuclear Instruments and Methods in Physics Research B 376 (2016) 374–378 375

involving irradiation from many directions. Nevertheless, these
methods are still not the most adequate for certain types of
tumours being the major problems associated with the volume of
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son has reported about the therapeutic interest of protons in can-
cer therapy [10]. The clinical advantage of hadron therapy is
related with the precise treatment of tumours making use of the
characteristic shape (the Bragg peak) of the energy deposition in
the tissues as shown in Fig. 1. Moreover, the Bragg peak allows
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DFTXLUHG�GXULQJ�WKH�SDVW����\HDUV�LQ�SURGXFLQJ�EHDPV�RI�UDGLRLVR�
WRSH�LRQV�IRU�,62/'(·V�H[SHULPHQWDO�SURJUDPPH��'LDJQRVLV�E\�
VLQJOH�SKRWRQ�HPLVVLRQ�FRPSXWHG�WRPRJUDSK\��63(&7���D�IRUP�
RI�VFLQWLJUDSK\��FRYHUV�WKH�YDVW�PDMRULW\�RI�ZRUOGZLGH�LVRWRSH�
FRQVXPSWLRQ�EDVHG�RQ�WKH�JDPPD�HPLWWLQJ�99m7F��ZKLFK�LV�XVHG�
IRU�IXQFWLRQDO�SURELQJ�RI�WKH�EUDLQ�DQG�YDULRXV�RWKHU�RUJDQV��3(7�
SURWRFROV�DUH�LQFUHDVLQJO\�XVHG�EDVHG�RQ�WKH�SRVLWURQ�HPLWWHU���)�
DQG��PRUH�UHFHQWO\��D�68*D�FRPSRXQG��7KHUDS\��RQ�WKH�RWKHU�KDQG��
LV�PRVWO\�FDUULHG�RXW�ZLWK�EHWD�HPLWWHUV�VXFK�DV����,��PRUH�UHFHQWO\�
ZLWK����/X��RU�ZLWK����5D�IRU�WKH�QHZ�DSSOLFDWLRQ�RI�WDUJHWHG�DOSKD�
WKHUDS\��VHH�S�����2WKHU�LVRWRSHV�DOVR�RIIHU�FOHDU�EHQHÀWV��VXFK�DV�
���7E��ZKLFK�LV�WKH�OLJKWHVW�DOSKD�HPLWWLQJ�UDGLRODQWKDQLGH�DQG�DOVR�
FRPELQHV�SRVLWURQ�HPLWWLQJ�SURSHUWLHV�

Driven by ISOLDE 
:LWK����0HPEHU�6WDWHV�DQG�DQ�HYHU�JURZLQJ�QXPEHU�RI�XVHUV��
,62/'(�LV�D�G\QDPLF�IDFLOLW\�WKDW�KDV�SURYLGHG�EHDPV�IRU�
DURXQG�����H[SHULPHQWV�DW�&(51�LQ�LWV����\HDU�KLVWRU\��,W�DOORZV�
UHVHDUFKHUV�WR�H[SORUH�WKH�VWUXFWXUH�RI�WKH�DWRPLF�QXFOHXV��VWXG\�
SDUWLFOH�SK\VLFV�DW�ORZ�HQHUJLHV��DQG�SURYLGHV�UDGLRDFWLYH�SUREHV�
IRU�VROLG�VWDWH�DQG�ELRSK\VLFV��7KURXJK����\HDUV�RI�FROODERUD�
WLRQ�EHWZHHQ�WKH�WHFKQLFDO�WHDPV�DQG�WKH�XVHUV��D�GHHS�ERQG�KDV�
IRUPHG��DQG�WKH�IDFLOLW\�HYROYHV�KDQG�LQ�KDQG�ZLWK�QHZ�WHFKQROR�
JLHV�DQG�UHVHDUFK�WRSLFV�
&(51�0(',&,6�LV�WKH�QH[W�VWHS�LQ�WKLV�DGYHQWXUH��DQG�WKH�XVHU�

FRPPXQLW\�LV�MRLQLQJ�LQ�HIIRUWV�WR�SXVK�WKH�GHYHORSPHQW�RI�WKH�
PDFKLQH�LQ�D�QHZ�GLUHFWLRQ��7KH�SURMHFW�ZDV�LQLWLDWHG�VL[�\HDUV�DJR�
E\�D�UHODWLYHO\�VPDOO�FROODERUDWLRQ�LQYROYLQJ�&(51��.8�/HXYHQ��
(3)/�DQG�WZR�ORFDO�8QLYHUVLW\�+RVSLWDOV��&+89�LQ�/DXVDQQH�
DQG�+8*�LQ�*HQHYD���2QH�\HDU�ODWHU��LQ�������&(51�GHFLGHG�WR�
VWUHDPOLQH�PHGLFDO�SURGXFWLRQ�RI�UDGLRLVRWRSHV�DQG�WR�RIIHU�JUDQWV�
GHGLFDWHG�WR�WHFKQRORJ\�WUDQVIHU��:KLOH�WKH�PHFKDQLFDO�FRQYH\RU�
V\VWHP�WR�WUDQVSRUW�WKH�LUUDGLDWHG�WDUJHWV�ZDV�FRYHUHG�E\�VXFK�D�
JUDQW��WKH�FRQVWUXFWLRQ�RI�WKH�&(51�0(',&,6�EXLOGLQJ�EHJDQ�LQ�
6HSWHPEHU�������7KH�LQVWDOODWLRQ�RI�WKH�VHUYLFHV��PDVV�VHSDUDWRU�
DQG�ODERUDWRU\�LV�QRZ�XQGHU�ZD\��
$W�,62/'(��SK\VLFLVWV�GLUHFW�D�KLJK�HQHUJ\�SURWRQ�EHDP�IURP�

WKH�3URWRQ�6\QFKURWURQ�%RRVWHU��36%��DW�D�WDUJHW��6LQFH�WKH�EHDP�
ORVHV�RQO\�����RI�LWV�LQWHQVLW\�DQG�HQHUJ\�RQ�KLWWLQJ�WKH�WDUJHW��
WKH�SDUWLFOHV�WKDW�SDVV�WKURXJK�LW�FDQ�VWLOO�EH�XVHG��)RU�&(51�
0(',&,6��D�VHFRQG�WDUJHW�WKHUHIRUH�VLWV�EHKLQG�WKH�ÀUVW�DQG�LV�XVHG�
IRU�H[RWLF�LVRWRSH�JHQHUDWLRQ��.H\�WR�WKH�SURMHFW�LV�D�PHFKDQLFDO�
V\VWHP�WKDW�WUDQVSRUWV�D�IUHVK�WDUJHW�DQG�LWV�LRQ�VRXUFH�LQWR�RQH�RI�
WKH�WZR�,62/'(�WDUJHW�VWDWLRQV·�KLJK�UHVROXWLRQ�VHSDUDWRU��+56��
EHDP�GXPS��LUUDGLDWHV�LW�ZLWK�WKH�SURWRQ�EHDP�IURP�WKH�36%�WR�
JHQHUDWH�WKH�LVRWRSHV��WKHQ�UHWXUQV�LW�WR�WKH�&(51�0(',&,6�

$FFHOHUDWRUV�DQG�WKHLU�UHODWHG�WHFKQRORJLHV�KDYH�ORQJ�EHHQ�GHYHO�
RSHG�DW�&(51�WR�XQGHUWDNH�IXQGDPHQWDO�UHVHDUFK�LQ�QXFOHDU�
SK\VLFV��SUREH�WKH�KLJK�HQHUJ\�IURQWLHU�RU�H[SORUH�WKH�SURSHUWLHV�
RI�DQWLPDWWHU��6RPH�RI�WKH�VSLQ�RIIV�RI�WKLV�DFWLYLW\�KDYH�EHFRPH�
NH\�WR�VRFLHW\��$�IDPRXV�H[DPSOH�LV�WKH�:RUOG�:LGH�:HE��ZKLOH�
DQRWKHU�LV�PHGLFDO�DSSOLFDWLRQV�VXFK�DV�SRVLWURQ�HPLVVLRQ�WRPRJ�
UDSK\��3(7��VFDQQHU�SURWRW\SHV�DQG�LPDJH�UHFRQVWUXFWLRQ�DOJR�
ULWKPV�GHYHORSHG�LQ�FROODERUDWLRQ�EHWZHHQ�&(51�DQG�*HQHYD�
8QLYHUVLW\�+RVSLWDOV�LQ�WKH�HDUO\�����V��7RGD\��DV�DFFHOHUDWRU�
SK\VLFLVWV�GHYHORS�WKH�QH[W�JHQHUDWLRQ�UDGLRDFWLYH�EHDP�IDFLOL�
WLHV�WR�DGGUHVV�QHZ�TXHVWLRQV�LQ�QXFOHDU�VWUXFWXUH�²�LQ�SDUWLFXODU�
+,(�,62/'(�DW�&(51��63,5$/���DW�*$1,/�LQ�)UDQFH��,62/#
0\UUKD�DW�6&.�&(1�LQ�%HOJLXP�DQG�63(6�DW�,1)1�LQ�,WDO\�²�
PHGLFDO�GRFWRUV�DUH�GHYLVLQJ�QHZ�DSSURDFKHV�WR�GLDJQRVH�DQG�WUHDW�
GLVHDVHV�VXFK�DV�QHXURGHJHQHUDWLYH�GLVRUGHUV�DQG�FDQFHUV�
7KH�EULGJH�EHWZHHQ�WKH�UDGLRDFWLYH�EHDP�DQG�PHGLFDO�FRPPX�

QLWLHV�GDWHV�EDFN�WR�WKH�ODWH�����V��ZKHQ�UDGLRLVRWRSHV�FROOHFWHG�
IURP�D�VHFRQGDU\�EHDP�DW�&(51·V�,VRWRSH�PDVV�6HSDUDWRU�2Q�
/LQH�IDFLOLW\��,62/'(��ZHUH�XVHG�WR�V\QWKHVLVH�DQ�LQMHFWDEOH�UDGL�
RSKDUPDFHXWLFDO�LQ�D�SDWLHQW�VXIIHULQJ�IURP�FDQFHU�����7P�FLWUDWH��
D�UDGLRODQWKDQLGH�DVVRFLDWHG�WR�D�FKHODWLQJ�FKHPLFDO��ZDV�XVHG�WR�
SHUIRUP�D�3(7�LPDJH�RI�D�O\PSKRPD��ZKLFK�UHYHDOHG�WKH�VSUHDG�
RXW�FDQFHURXV�WXPRXUV��:KLOH�3(7�EHFDPH�D�UHIHUHQFH�SURWRFRO�
WR�SURYLGH�TXDQWLWDWLYH�LPDJLQJ�LQIRUPDWLRQ��VHYHUDO�RWKHU�SUH�
FOLQLFDO�DQG�SLORW�FOLQLFDO�WHVWV�KDYH�EHHQ�SHUIRUPHG�ZLWK�QRQ�FRQ�
YHQWLRQDO�UDGLRLVRWRSHV�FROOHFWHG�DW�UDGLRDFWLYH�LRQ�EHDP�IDFLOLWLHV�
²�ERWK�IRU�GLDJQRVLV�DQG�IRU�WKHUDSHXWLF�DSSOLFDWLRQV��
�'HVSLWH�VLJQLÀFDQW�SURJUHVV�PDGH�LQ�WKH�SDVW�GHFDGH�LQ�WKH�ÀHOG�

RI�RQFRORJ\��KRZHYHU��WKH�SURJQRVLV�RI�FHUWDLQ�WXPRXUV�LV�VWLOO�
SRRU�²�SDUWLFXODUO\�IRU�SDWLHQWV�SUHVHQWLQJ�DGYDQFHG�JOLREODVWRPD�
PXOWLIRUPH��D�IRUP�RI�YHU\�DJJUHVVLYH�EUDLQ�FDQFHU��RU�SDQFUHDWLF�
DGHQRFDUFLQRPD��7KH�ODWWHU�LV�D�OHDGLQJ�FDXVH�RI�FDQFHU�GHDWK�LQ�
WKH�GHYHORSHG�ZRUOG�DQG�VXUJLFDO�UHVHFWLRQ�LV�WKH�RQO\�SRWHQWLDO�
WUHDWPHQW��DOWKRXJK�PDQ\�SDWLHQWV�DUH�QRW�FDQGLGDWHV�IRU�VXUJHU\��
$OWKRXJK�H[WHUQDO�EHDP�JDPPD�UDGLDWLRQ�DQG�FKHPRWKHUDS\�DUH�
XVHG�WR�WUHDW�SDWLHQWV�ZLWK�QRQ�RSHUDEOH�SDQFUHDWLF�WXPRXUV��DQG�
VXUYLYDO�UDWHV�FDQ�EH�LPSURYHG�E\�FRPELQHG�UDGLR��DQG�FKHPR�
WKHUDS\��WKHUH�LV�VWLOO�D�FOHDU�QHHG�IRU�QRYHO�WUHDWPHQW�PRGDOLWLHV�IRU�
SDQFUHDWLF�FDQFHU�
$�QHZ�SURMHFW�DW�&(51�FDOOHG�0(',&,6�DLPV�WR�GHYHORS�QRQ�

FRQYHQWLRQDO�LVRWRSHV�WR�EH�XVHG�DV�D�GLDJQRVWLF�DJHQW�DQG�IRU�
EUDFK\WKHUDS\�RU�XQVHDOHG�LQWHUQDO�UDGLRWKHUDS\�IRU�WKH�WUHDWPHQW�
RI�QRQ�UHVHFWDEOH�EUDLQ�DQG�SDQFUHDWLF�FDQFHU��DPRQJ�RWKHU�IRUPV�
RI�WKH�GLVHDVH��,QLWLDWHG�LQ�������WKH�IDFLOLW\�ZLOO�XVH�D�SURWRQ�EHDP�
DW�,62/'(�WR�SURGXFH�LVRWRSHV�WKDW�ÀUVW�ZLOO�EH�GHVWLQHG�IRU�KRVSL�
WDOV�DQG�UHVHDUFK�FHQWUHV�LQ�6ZLW]HUODQG��IROORZHG�E\�D�SURJUHVVLYH�
UROO�RXW�WR�D�ODUJHU�QHWZRUN�RI�ODERUDWRULHV�LQ�(XURSH�DQG�EH\RQG��
7KH�SURMHFW�LV�QRZ�DSSURDFKLQJ�LWV�ÀQDO�SKDVH��ZLWK�VWDUW�XS�IRUH�
VHHQ�LQ�-XQH������

A century of treatment
7KH�LGHD�RI�XVLQJ�UDGLRLVRWRSHV�WR�FXUH�FDQFHU�ZDV�ÀUVW�SURSRVHG�
E\�3LHUUH�&XULH�VRRQ�DIWHU�KLV�GLVFRYHU\�RI�UDGLXP�LQ�������7KH�
XVH�RI�UDGLXP�VHGXFHG�PDQ\�SK\VLFLDQV�EHFDXVH�WKH�SHQHWUDWLQJ�
UD\V�FRXOG�EH�XVHG�VXSHUÀFLDOO\�RU�EH�LQVHUWHG�VXUJLFDOO\�LQWR�WKH�

CERN to produce radioisotopes for health 

V

A new project called CERN MEDICIS aims to 
produce novel isotopes as diagnostic agents 
and treatments for brain and pancreatic 
cancers, explain Leo Buehler, Thomas 
Cocolios, John Prior and Thierry Stora.

Clockwise from top left: Storage shelves for ISOLDE and CERN-MEDICIS targets after their operation, showing the robot for remote handling.  
A “fresh” target unit stands on the CERN-MEDICIS supply point, ready for the robot pick-up and transportation to the irradiation point. A rail 
conveyor system end-station for target transportation, showing the inspection camera and two modern target units. The MEDICIS building at CERN, 
next to ISOLDE. (Image credits: Yury Gavrikov.)

This research project has been supported by a Marie Skłodowska-Curie Innovative Training Network Fellowship 
of the European Commission’s Horizon 2020 Programme under contract number 642889 MEDICIS-PROMED. 

Training in Manchester with prof. Kostya Novozelov 
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Medical 
 

Application 

Isotope 
half-
life 

Parent 
isotope 
beam 

Target 
- 

Ion source 

ISOLDE† 

RIB 

εext** 
 (%) 

CERN-MEDICIS† CERN-MEDICIS 2GeV 6µA 

Comments 
In-target 

In-target 

ActivityEOB  
(Bq) 

Extracted 
Activity 

EOB (Bq) 

Possible 
gain  

εext (%) 

 
In-target 

Activity EOB/ 
Extracted Activity 

EOB (Bq) 

Production 
rate (pps) 

ActivityEOB  
(Bq) 

α,β- therapy/ 
SPECT/dosimetry 

213Bi 
45.6m 

225Ac UCX-Re 1.5E9* 7.2E8 
221Fr 

10 
2.8E8 2.8E7 50 8.4E8 4.2E8 

Only mass 
separation 

α,β therapy 
212Bi 
60.6m 

224Ac UCX-Re 1.5E9* 1.4E9 
220Fr  

10 
1.7E9 1.7E8 50 5.1E9 2.5E9 

Only mass 
separation 

β therapy 
177Lu 

6.7d 

177Lu 

RILIS/VD 

Ta-Re/ 

Re-VD5 
3.3E9 7.4E8 

177Lu 

1 
6.4E8 6.4E6 20 8.3E8 1.7E8 

Chemical 

purification  

Auger therapy 
166Yb 
56.7h 

166Yb Ta-Re 1.4E10 5.4E10 
166Yb 

5 
4.1E10 2.1E9 20 5.4E10 1.1E10 Chemical 

purification 

β therapy 
166Ho 

25.8h 

166Ho Ta-Re 1.4E7 1.2E7 
166Ho 

5 
9.6E6 4.8E5 20 2.9E7 6.0E6 

Chemical 
purification 

β-/Auger therapy 
161Tb 

6.9d 

161Tb UCX-Re 2.1E7 2.7E7 
161Tb 

5 
1.9E7 9.5E5 20 2.7E7 5.4E6 

Chemical 
purification 

β- therapy 
156Tb 

5.35d 

156Tb Ta-Re 2.5E8 8.9E7 
156Tb 

1 
5.5E7 5.5E5 20 6.3E7 1.3E7 

Chemical 
purification 

SPECT 
155Tb 
5.33d 

155Dy/ 
Tb 

Ta-Re 
3.2E9/ 
7.4E8 7.9E9 

155Dy 
1 

5.3E9 5.3E7 20 3.4E9 6.8E8 RILIS Dy 

β therapy 
153Sm 
46.8h 

153Sm UCX-Re 1.5E8 2.2E9 
153Sm 

5 
2.8E9 1.4E8 20 5.2E9 1.0E9 

Chemical 
purification 

PET/CT 
152Tb 
17.5h 

152Dy/ 
Tb 

Ta-Re 
1.3E10/ 
3.3E9 5.6E10 

152Dy 
1 

3.7E10 3.7E8 20 1.1E11 2.2E10 RILIS Dy 

α therapy 
149Tb 
4.1h 

149Tb Ta-Re 1.1E10 6.0E10 
149Tb 

1 
3.8E10 3.8E8 20 1.2E11 2.4E10 Chemical 

purification 

140Pr-PET/ 
Auger therapy 

140Nd 
3.4d 

140Nd Ta-Re 1.8E9 2.0E10 
140Nd 

5 
1.2E10 6.0E8 20 2.0E10 4.0E9 

Chemical 
purification 

β- therapy 
89Sr 

50.5d 
89Sr UCX-Re 1.2E10 2.3E9 

89Sr 
5 

2.0E9 1.0E8 20 2.7E9 5.4E8 
Only mass 
searation 

PET 
82Sr 

25.5d 
82Sr UCX-Re 3.6E10 4.6E9 

82Sr 
5 

1.7E9 8.5E7 20 2.0E9 4.0E8 
Only mass 
separation 

β- therapy 
77As 
38.8h 

77As 
UCX-

VD5 
5.7E9 1.1E10 

77As 
5 

5.8E9 2.9E8 20 9.4E9 1.4E9 
Chemical 

purification 

PET 
74As 
17.8d 

74As 
Y2O3 

-VD5 
6.5E9 1.2E9 

74As 
5 

3.8E8 1.9E7 20 4.5E8 9.0E7 Chemical 
purif 

PET 
72As 
26.0d 

72As 
Y2O3 

-VD5 
1.6E10 2.8E10 

72As 
5 

9.1E9 4.6E8 20 1.5E10 3.0E9 
Chemical 

purification 

PET 
71As 
65.3h 

71As 
Y2O3 

-VD5 
1.8E10 1.8E10 

71As 
5 

5.9E9 3.0E8 20 8.0E9 1.6E9 Chemical 
purification 

β therapy 
67Cu 
61.9h 

67Cu UCX-Re 2.7E9 3.4E9 
67Cu 

7 
1.5E9 1.1E8 20 2.7E9 5.4E8 

Chemical 
purification 

PET 
64Cu 
12.7h 

64Cu 
Y2O3 

-VD5 1.1E10 2.3E10 
64Cu 

5 
7.1E9 3.6E8 20 2.1E10 3.6E9 

Chemical 
purification 

PET, dosimetry 
61Cu 
3.3h 

61Cu 
Y2O3 

-VD5 
7.7E9 1.7E10 

61Cu 
5 

5.1E9 2.6E8 20 2.1E10 4.0E9 
Only mass 
separation 

β therapy 
47Sc 
3.4d 

47Sc Ti 6.4E10 5.0E10 
47Sc 

5 
4.2E10 2.1E9 20 5.9E10 1.2E10 Evaporation 

PET 
44Sc 
4.0h 

44Sc Ti 4.4E10 6.6E10 
44Sc 
6.4 

5.7E10 2.9E9 20 1.6E11 3.2E10 Evaporation 

PET 
11C 

20.3m 
11CO 

NaF-LiF-

VD5◊ 
- - - 

15 
- 1.4E9 - - 4.2E9 Only mass 

separation 

 

Some yield estimates 
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Medical 
 

Application 

Isotope 
half-
life 

Parent 
isotope 
beam 

Target 
- 

Ion source 

ISOLDE† 

RIB 

εext** 
 (%) 

CERN-MEDICIS† CERN-MEDICIS 2GeV 6µA 

Comments 
In-target 

In-target 

ActivityEOB  
(Bq) 

Extracted 
Activity 

EOB (Bq) 

Possible 
gain  

εext (%) 

 
In-target 

Activity EOB/ 
Extracted Activity 

EOB (Bq) 

Production 
rate (pps) 

ActivityEOB  
(Bq) 

α,β- therapy/ 
SPECT/dosimetry 

213Bi 
45.6m 

225Ac UCX-Re 1.5E9* 7.2E8 
221Fr 

10 
2.8E8 2.8E7 50 8.4E8 4.2E8 

Only mass 
separation 

α,β therapy 
212Bi 
60.6m 

224Ac UCX-Re 1.5E9* 1.4E9 
220Fr  

10 
1.7E9 1.7E8 50 5.1E9 2.5E9 

Only mass 
separation 

β therapy 
177Lu 

6.7d 

177Lu 

RILIS/VD 

Ta-Re/ 

Re-VD5 
3.3E9 7.4E8 

177Lu 

1 
6.4E8 6.4E6 20 8.3E8 1.7E8 

Chemical 

purification  

Auger therapy 
166Yb 
56.7h 

166Yb Ta-Re 1.4E10 5.4E10 
166Yb 

5 
4.1E10 2.1E9 20 5.4E10 1.1E10 Chemical 

purification 

β therapy 
166Ho 

25.8h 

166Ho Ta-Re 1.4E7 1.2E7 
166Ho 

5 
9.6E6 4.8E5 20 2.9E7 6.0E6 

Chemical 
purification 

β-/Auger therapy 
161Tb 

6.9d 

161Tb UCX-Re 2.1E7 2.7E7 
161Tb 

5 
1.9E7 9.5E5 20 2.7E7 5.4E6 

Chemical 
purification 

β- therapy 
156Tb 

5.35d 

156Tb Ta-Re 2.5E8 8.9E7 
156Tb 

1 
5.5E7 5.5E5 20 6.3E7 1.3E7 

Chemical 
purification 

SPECT 
155Tb 
5.33d 

155Dy/ 
Tb 

Ta-Re 
3.2E9/ 
7.4E8 7.9E9 

155Dy 
1 

5.3E9 5.3E7 20 3.4E9 6.8E8 RILIS Dy 

β therapy 
153Sm 
46.8h 

153Sm UCX-Re 1.5E8 2.2E9 
153Sm 

5 
2.8E9 1.4E8 20 5.2E9 1.0E9 

Chemical 
purification 

PET/CT 
152Tb 
17.5h 

152Dy/ 
Tb 

Ta-Re 
1.3E10/ 
3.3E9 5.6E10 

152Dy 
1 

3.7E10 3.7E8 20 1.1E11 2.2E10 RILIS Dy 

α therapy 
149Tb 
4.1h 

149Tb Ta-Re 1.1E10 6.0E10 
149Tb 

1 
3.8E10 3.8E8 20 1.2E11 2.4E10 Chemical 

purification 

140Pr-PET/ 
Auger therapy 

140Nd 
3.4d 

140Nd Ta-Re 1.8E9 2.0E10 
140Nd 

5 
1.2E10 6.0E8 20 2.0E10 4.0E9 

Chemical 
purification 

β- therapy 
89Sr 

50.5d 
89Sr UCX-Re 1.2E10 2.3E9 

89Sr 
5 

2.0E9 1.0E8 20 2.7E9 5.4E8 
Only mass 
searation 

PET 
82Sr 

25.5d 
82Sr UCX-Re 3.6E10 4.6E9 

82Sr 
5 

1.7E9 8.5E7 20 2.0E9 4.0E8 
Only mass 
separation 

β- therapy 
77As 
38.8h 

77As 
UCX-

VD5 
5.7E9 1.1E10 

77As 
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5.8E9 2.9E8 20 9.4E9 1.4E9 
Chemical 

purification 

PET 
74As 
17.8d 

74As 
Y2O3 

-VD5 
6.5E9 1.2E9 

74As 
5 

3.8E8 1.9E7 20 4.5E8 9.0E7 Chemical 
purif 

PET 
72As 
26.0d 

72As 
Y2O3 

-VD5 
1.6E10 2.8E10 

72As 
5 

9.1E9 4.6E8 20 1.5E10 3.0E9 
Chemical 

purification 

PET 
71As 
65.3h 

71As 
Y2O3 

-VD5 
1.8E10 1.8E10 

71As 
5 

5.9E9 3.0E8 20 8.0E9 1.6E9 Chemical 
purification 

β therapy 
67Cu 
61.9h 

67Cu UCX-Re 2.7E9 3.4E9 
67Cu 

7 
1.5E9 1.1E8 20 2.7E9 5.4E8 

Chemical 
purification 

PET 
64Cu 
12.7h 

64Cu 
Y2O3 

-VD5 1.1E10 2.3E10 
64Cu 

5 
7.1E9 3.6E8 20 2.1E10 3.6E9 

Chemical 
purification 

PET, dosimetry 
61Cu 
3.3h 

61Cu 
Y2O3 

-VD5 
7.7E9 1.7E10 

61Cu 
5 

5.1E9 2.6E8 20 2.1E10 4.0E9 
Only mass 
separation 

β therapy 
47Sc 
3.4d 

47Sc Ti 6.4E10 5.0E10 
47Sc 

5 
4.2E10 2.1E9 20 5.9E10 1.2E10 Evaporation 

PET 
44Sc 
4.0h 

44Sc Ti 4.4E10 6.6E10 
44Sc 
6.4 

5.7E10 2.9E9 20 1.6E11 3.2E10 Evaporation 

PET 
11C 

20.3m 
11CO 

NaF-LiF-

VD5◊ 
- - - 

15 
- 1.4E9 - - 4.2E9 Only mass 

separation 
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Training : Events and models 
Kick-off week – CERN (EU) 8-12 feb 2016, before ICTR-PHE 2016 

General training 1 – Manchester (UK) 
Workshop on functional multimodal SPECT/PET imaging – Lausanne/Geneva (CH) 
Specialized training 2 – Leuven (BE) 
Summer school 1 at CNAO – Pavia (IT). 
Summer school 2 at C2TN-IST – Lisbon (PT) 

K. Novoselov, Graphene Institute – Physics Nobel Prize 2010 – Scientific 
Innovation and Advanced Materials 
 
U. Koester, ILL- chairman of the NuPECC working group for Nuclear Physics 
for Medicine-Radioisotope production– Production of medical radioisotopes 
 
P. Van Duppen, KUL – Adv ERC – Radioactive Ion Beams and Lasers 
 
S. Buono, AAA – Radiopharmaceuticals marketing and Entrepreneurship 
 
G. Coukos, CHUV – Adv. ERC – Immunotherapy and cancer treatment 
 
P. Lecoq, CERN – Adv ERC – Detectors and Medical imaging 
 
K. Noda-san – NIRS – PET-aided hadron therapy with carbon ions 
 
 
Program cohesion : Oxford University Said Business School (ECTS, PhD) 
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10 MeV deuterons 
d-to-n converter (Be)‏ 
n moderator (wax)‏ 
UO2 (10 kg)  
Baking powder 

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

ISOLDE “0” 

89Kr (CO2, H2O, 
NH3)  ‏

From CERN 76-13, 3rd conf. nuclei far from stability  
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Prof D. Hanahan, Swiss Inst. For Exper. Cancer Research 
Lauréat du prix 2014 « Contribution pour l’impact global tout au 
Long d’une carrière » assoc. Americaine  Rech. Cancer 

Translational approach 
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GRPr : 
Gastrin Releasing Protein receptor 

In the Stomach tissues (Gastric acid) 

I. Dijkgraaf et al., JNM 53, 947 (2012) 
And also overexpressed in some cancer tissues 



T. Stora EN-STI - CERN-MEDICIS – INPC 2016 32 

Bombesin analog from 
Bombina bombina 

Trials in 2012 

152Tb 
Collected 
at ISOLDE Prostate 

Cancer 
cells 
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Neurokinin subtype I receptor (NK1R)  is overexpressed in glioma cells and tumor vessels. 
 
11mer Substance P (SP ) is member of the tachykin peptide neurotransmitters family 
 
SP:Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met 
 
213Bi-DOTAGA-Arg1-SP 
213Bi-DOTA-[Thi8,Met(O2)11]-SP 
 
Neoadjuvant and adjuvant intracavity treatment before resection. 
 
Comparaison with external radiotherapy 
 
Therapeutic nuclear medicine (medical radiology series, R. P. Baum Ed, Springer, 2014) 
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Collaboration with JRC-ITU 

Cf prof. Merlo : 
Intracavity injection+resection of Glioblastoma 
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Intracavity injection 
+resection of Glioblastoma 
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Neurokinin subtype I receptor (NK1R)  is overexpressed in glioma cells and tumor vessels. 
 
11mer Substance P (SP ) is member of the tachykin peptide neurotransmitters family 
 
SP:Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met 
 
213Bi-DOTAGA-Arg1-SP 
213Bi-DOTA-[Thi8,Met(O2)11]-SP 
 
Neoadjuvant and adjuvant intracavity treatment before resection. 
 
Comparaison with external radiotherapy 
 
Therapeutic nuclear medicine (medical radiology series, R. P. Baum Ed, Springer, 2014) 
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Mass spectrometers 

37 

GPS 

HRS 
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Click Chemistry 

Click = simple, fast, easily 
available, no/easy to remove 
solvent, simple isolation 
 

[ex. Tetrazine / trans-cyclooctene (TCO) 

1)  Injection of mAb-TCO 
2)  Injection of Tb-tetrazine 
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The Target : Tumor Endotelial Marker-1 (TEM1) 

Morab 0004 (Clinical phase 2) 

scFv78-Fc (78Fc) 

full IgG anti-TEM1 

Tumor Vessels 

Tumor cells 

Host microenvironment (fibroblasts, pericytes)  

Overexpressed by: 
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First SPECT imaging of   111In-CHX-A’’-DTPA-ScFv78Fc 

Ewing Sarcoma cell line A673  

1.8 MBq/33 µg 

Dual head SPECT/CT, 60 proj, 45 sec each 

24 hours p.i. 
Cicone F et al. IRIST Conference, Lausanne 2016 
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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) 

•  238U is fissioned by fast neutrons to produce Mo 
•  Requires the use of µm thick 238U metallic foil 

target for fission recoil  
•  However Mo is a refractory element, it cannot be 

released in atomic form.  
•  Our plan: react it with CO gas. Forms a complex 

which is volatile.   

Formation of 
Mo(CO)6 complex 
already achieved 

J. Even, et al Radiochim Acta 2014 
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R&D towards Mo-99/Tc-99m mass separation at CERN-
MEDICIS 

Some challenges: 
How to ionize 
Mo(CO)6?  

Ion source choices: 
•  Plasma ion source 

•  Will complex survive this ion source? 
•  RF ion source 

In order to form coordination 
complex, CO gas pressure 
should be high, however in 
order for the ion source to 
operate we require a low gas 
pressure. Potential solutions are 
the subject of current research.  

L. Penescu, et al. "Development of high efficiency Versatile Arc 
Discharge Ion Source at CERN ISOLDE." Review of Scientific 
Instruments 81.2 (2010): 02A906. 
T. Stora, “Radioactive Ion Sources”, CERN-2013-007, p331. 
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•  Mo(CO)6 not very stable – can easily oxidize and dissociate at high temperature 
•  Requires the use of µm thick 238U metallic foil target for fission recoil out 

 ( 25 micron natU foils) at low temperature 
•  Grow graphene: 

does not stop recoil isotopes, reduce oxidation and taylor Mo(CO)6 adsorption 

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

P.J. Hayward et al., J. Nucl. Mat 187, (1992) 

K.S. Novoselov and AH Castro Neto. "Two-dimensional 
crystals-based heterostructures: materials with tailored 
properties." Physica Scripta 2012.T146 (2012): 014006. 
D. Prasai, et al. "Graphene: corrosion-inhibiting 
coating." ACS nano 6.2 (2012): 1102-1108. 
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R&D towards Mo-99/Tc-99m mass separation at CERN-
MEDICIS 

M. S. Henriques, et al. "Preparation of Yb2O3 
submicron-and nano-materials via electrospinning." 
Ceramics International 41(9), 10795 (2015). 

•  Alternative target materials : towards submicron uranium-based materials 

•  Work has started as with lanthanide precursors via electrospinning 
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Tentative planning  

 (*) 

* Preferable but may be hard to achieve 



T. Stora EN-STI - CERN-MEDICIS – INPC 2016 46 

Brachytherapy 

Plan for development of surgical methods (L. Buehler) 
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1st Grace-MEDICIS collaboration/public lecture 
took place on 15th October 2014 
 
The 2nd is in preparation : Prof W. Weber, 
 
Memorial Sloan Kettering Cancer Center 

AACR’s Lifetime Achievement Award 

Outreach 

Prof Doug Hanahan  

Director ISREC Lausanne 


