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How to neutralize cancer tissues
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decisive role in its growth and homeostasis. Cancer 

stem cells are resistant to radiation and hypoxia, 

and therefore heavy ions may represent an ideal tool 

to destroy this compartment, which is responsible 

for both local recurrence and metastasis. Recent in 

vitro studies show indeed that carbon ions are more 

ef ective than X-rays in killing stem cells from colon 

and pancreas cancers. Moreover, preliminary results 

indicate an increased ef ectiveness of low-energy 

protons in eliminating cancer stem cells from colon 

and mammary human cancer cells in vitro (studies 

reviewed in ref. [3]).

Radiotherapy is now clearly going towards hypo-

fractionation. Stereotactic body radiation therapy 

(SBRT) and ion therapy are both pushing hypof-

ractionation toward the region of 1–3 fractions 

(oligofractionation) with a very high dose/ fraction 

(up to 25–30 Gy). Treatment technology in conven-

tional radiotherapy has in fact advanced so much 

in recent years, improving tumour localisation 

with high-quality imaging and achieving greater 

conformity using high-resolution collimators. T is 

makes it possible to deliver single high doses to 

tumours, sparing organs at risk and maintaining 

the dose to the normal parallel organs below the 

tolerance dose. In addition, at very high dose, vas-

cular injury, i.e. damage to the endothelial cells 

supplying the cancer tissue with oxygen and nutri-

ents, may become a dominant pathway for tumour 

suppression (Figure 7.4). Damage to the tumour 

stroma at high doses has been elegantly shown 

by the Memorial Sloan Kettering Cancer Center 

(MSKCC, NY, USA) researchers, who found that 

vascular endothelial cell apoptosis is rapidly acti-

vated above 10 Gy per fraction [3], and that the 

ceramide pathway orchestrated by acid sphingo-

myelinase is a major pathway for the apoptotic 

response. In later clinical work involving the use 

of single fraction high-dose spinal SBRT, investiga-

tors from the same institution recorded pronecrotic 

response af er doses in the range of 18–24 Gy, a 

radiographic change consistent with a devascular-

ising ef ect. Particle radiobiology research at high 

doses is needed to support and guide oligofraction-

ation in hadrontherapy. Indications of suppressed 

angiogenesis with C-ions even at low doses suggest 

that vascular damage may be particularly ef ective 

with protons or heavy ions.

Even though local control is generally very high with 

hadrontherapy, in most malignancy radiotherapy 

must be combined with systemic therapies to con-

trol metastasis and increase survival. Combined 

radio and chemotherapy protocols are already 

used in many cancers, such as glioblastoma multi-

forme (GBM) or pancreatic cancer. However, very 

few radiobiology studies specif cally address the 

potential synergistic interaction of drugs and ion 

irradiation. In vitro experiments on GBM have 

  

Two modes of cell death 

following high-dose radiation 

conventional DNA damage 

as those used in stereitactic 

vascular damage, which 
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 99mTcO4
– (pertechnetate) behaves similarly to 

iodide anions, i.e. it will enrich in the thyroid and 

is used for thyroid imaging to detect thyroid can-

cer or other thyroid malfunctions.

Various 99mTc compounds (DMSA, DTPA or 

MAG3) allow assessment of kidney function.
 99mTc-MAA (macro aggregated albumin) are 

aggregates used for lung perfusion studies to 

detect pulmonary embolism.

Technegas consists of 99mTc attached to carbon 

aerosols. T ese can be inhaled and exhaled and 

serve for lung ventilation studies. 
 99mTc is also used for labelling of leukocytes to 

detect sites of infection or inf ammation, e.g. in 

cases of fever of unknown origin.

Additional 99mTc compounds are in clinical use or 

under development for a variety of applications.

Today the second-most universal SPECT isotope is 
123I : As iodide it is ideal for thyroid uptake meas-

urements and for thyroid imaging as an alternative 

to 99mTc-pertechnetate. 123I-iof upane is a cocaine 

analogue with high aff inity to the dopamine 

transporter used in brain imaging for diagnosis of 

Parkinson’s disease. 123I-iodohippurate serves for 

renal function measurement and renal imaging and 
123I-MIBG (m-iodobenzylguanidine) for detection 

of neuroblastoma and adrenal gland tumours.
133Xe and generator-produced 81mKr are alterna-

tives to Technegas for lung ventilation studies. Here 

the beta-minus emission of 133Xe does not cause 

major radiation dose due to relative rapid exhalation.
201Tl can be used for myocardial imaging as an 

alternative to 99mTc-MIBI but the attenuation cor-

rections are higher (see Figure 2), leading to lower 

quality images, and due to the longer half-life the 

radiation dose is higher too.

Free gallium ions behave iron-like in the human 

body and are bound in areas of rapid cell division 

(tumours) and inf ammation sites. T us gallium 

scans (with 67Ga) or indium scans (where 111In is 

labelled to removed leukocytes, then reinjected) 

are used to localise inf ammation sites. Labelled to 

a suitable peptide (e.g. octreotide) 111In also serves 

for peptide receptor detection [Mae11].

T e in vivo distribution of some therapeutic 

isotopes such as 131I or 177Lu can also be monitored 

by gamma cameras. In addition to these clinically 

used isotopes some other SPECT isotopes are used 

-

terion is their chemical property, e.g. to study the in 

vivo behaviour of a given chemical compound or as 

complementary imaging isotope belonging to the 

same chemical element as a promising therapeutic 

isotope.

T e administration of elements like gallium or 

thallium might appear surprising at f rst glance since 

these elements are known to be toxic in macroscopic 

amounts. However, one has to realise that while the 

activities used are in the range of tens to hundreds 

of MBq, this corresponds just to trace quantities 

of few nanograms, i.e. many orders of magnitude 

below levels where chemical toxicity would appear. 

It is the extreme sensitivity of nuclear detection tech-

niques that assures safe use of such a large variety 

of substances and many could not be used with non-

nuclear techniques in larger concentrations.

Desirable properties of positron emitters for PET 

are high branching ratio for positron emission 

(BRb ), no or low emission of gamma rays, limited 

positron energy to assure stopping and annihilation 

close to the point of emission, as well as suitable 

half-life and chemical properties for the application 

in question (Table 1.2 and Table 1.3).

Similarly to 99mTc for SPECT, here these condi-

tions converge for many applications of one isotope: 
18F. It has BRb = 99.8% with a short average range 

in water of only 0.6 mm. Fluoride can be rapidly 

Figure 1.3. Bone metastases 

Tc-MDP on a planar scan 

18

SNMMI from Even-Sapir E et 

al., J Nucl Med

Figure 1.

Brute force : Remove or destroy cancer tissue, e.g. by irradiation, and spare 

healthy tissue

Sometimes, not that simple

NuPECC Nuclear Physics for Medicine 

(2014)

Treatment Planning Systems .OR. M onte Carlo?

Rat ionale for M onte Carlo

1. Proper primary beam and secondary part icle generat ion, leading to possible imaging

modulat ion.

2. Allow a more realist ic composit ion of human tissue in the simulat ion model.

3. Better descript ion of radiat ion transport and interact ion.

Left – Dose dist ribut ions calculated using a commercial TPS, based

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

Right – A TPS with a Monte Carlo “ flavour” (Dose dist ribut ions

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. Paganett i et al 2008 Phys. Med. Biol. 53 4825

M ajor setback:

Monte Carlo is ext remely slow when compared with modern TPS.

And therefore. . . is not compet it ive with current treatment ’s schedules/ demands.

— Why is it so?

6
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Advantage of Ion beams (hadron therapy) :
Bragg peak for local dose delivery

U.Amaldi, G.Kraft, 

Rep.Prog.Phys.68,1861(2005) 
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as shown by the increasing number of hospital-based centres in

operation and to the continuously increasing number of facili-

ties proposed worldwide [11]. On the other hand, very promis-

ing results have been obtained with carbon ions, especially in

the treatment of specific radioresistant tumours types. In fact,

carbon ions present clear advantages such as higher biological

effectiveness and abetter depth dosedistribution due to a lower

lateral diffusion than protons. The first carbon therapy facili-

ties in operation were in Japan, Germany and Italy [1, 14, 15].

Data collected with carbon ions in these facilities show promis-

ing effects on radio-resistant tumours and lower post-treatment

morbidity [12, 13].

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

In addition to the mentioned advantages, the use of carbon

permits also the determination of the location where the dose

is deposited by means of on-line positron emission tomogra-

phy (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 ther-

apy treatments based on 12C could be combined or fully re-

placed with 11C radioactive ions post-accelerated at the same

energy following an approach tested in Japan [1]. In this paper

we discuss the combination of stable ions used in hadron ther-

apy with PET emitters of the same chemical element following

progresses made in the production of 11CO+ beams [3] and in

post-acceleration of pure 10C3/ 6+ [5]. Monte Carlo calculations

using the FLUKA code have been performed in order to assess

the feasibility of such approach.

2. 11C beam production

The production of 11C beams can be performed using the

fragmentation method in which a high energy 12C beam, pro-

duced at a synchrotron, irradiates a 7Be target. Other methods

have been developed and include the use of compact PET cy-

clotrons with 10-20 MeV protons where 30 GBq batches can

beproduced every 30 minutes exploiting 14N(p,↵)11C reactions

in high pressure N2 as targets [1]. One shall note that these

targets cannot be directly connected to typical ion sources for

radioactive ion beam production since the ion source operating

pressure is several orders of magnitude lower than the required

gas pressure. In PET-compound synthesis modules, the N2 tar-

get 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 continuous 11CO2 de-

livery by using two extraction ports of a single cyclotron and

target modules in asequential mode. Asan illustrativeaccelera-

tor scheme, weadopt MedAustron’smachine parameters [6, 7].

This leads to an average injection rate of 3⇥1010 11CO2/s in a

electron cyclotron resonance (ECR) source used for 12C pro-

duction. 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, 90% for

post-acceleration in a Linac and an overall 60% multi-turn in-

jection and extraction efficiency in thesynchrotron, an intensity

of 8.1⇥107 11C ions/spills can be delivered assuming a 10 µs

pulse.

Ion. eff. Trap & EBIS Linac Synchrotron

0
5%

−−−−−−−! 1+
45% & 30%

−−−−−−−! 4+
/6+

90%

−−−−−−−! Injection
60%

−−−−−−−! Ejection

Figure 2: Set-up taking present devices, combining present accelerator compo-

nents of injection, at ISOLDE and MedAustron.

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 fluoridesalt with theISOL (isotope sep-

aration on-line) method allowed the production and extraction

of 8⇥108 11CO+ /µC of incoming proton beam. The pulsed 1.4

GeV Proton Synchrotron Booster is not a particular suitable

driver for 11C production. Therefore, to reach more interesting

in-target production yields, the molten salt unit should be com-

bined with a more appropriate proton driver such as the com-

mercial cyclotrons delivering 70 MeV, 1.2 mA beam, which

would lead to 8.1⇥107 11C6+ / spills for a10 µspulse, assuming

5% ionization efficiency, 45% for transport and trapping, and

16.2% for injection into the synchrotron. Although this inten-

sity isstill lower than thenominal 4⇥108 ions/second requested

in facilities like MedAustron, it is appropriate to use 11C alone

for both imaging and treatment.

The layout of the low energy part of the accelerator chain

beforeinjecting in theLinac will adopt aschemesimilar to what

hasbeen successfully operated in theexisting ISOL facilities or

used to inject 12C ions in hadron therapy facilities. The 1+ ! 6+

ion trapping, charge breeding and beam injection will follow a

similar scheme to the one successfully demonstrated at REX-

ISOLDE [5].

The feasibility studies including costs, efficiencies, mainte-

nance and operational requirements are ongoing. A summary

of the main parameters for 11C beam production is shown in

Table 1. Finally, one shall note that in the present proposal, the

limitation comes mostly from the trapping process.

2

Needs simulation tools, e.g Monte Carlo
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dif cult to realise non-invasively (i.e. without sur-

gical sampling). T us the use of radioactive probes 

allowing non-invasive studies represents a decisive 

advantage of nuclear medicine.

In clinical trials the maximum tolerated dose 

(MTD) is determined as the amount that does not 

lead to excessive side ef ects and is f xed for the 

clinical application. T is concept will obviously 

lead on average to an under-treatment and thus to a 

reduction of the therapy success. T e distribution 

of pharmaceuticals varies from patient to patient 

(see Figure 3.10). By measuring the real distribu-

tion in an individual patient before the therapy, the 

administered amount can be tailored accordingly to 

achieve the optimum dose and improve the success 

of the therapy.

Obviously the theranostics approach relies on 

the fact that the scout dose of the imaging isotope 

and the therapeutic dose behave the same way in 

vivo. Ideally one should use radioisotopes of the 

same element to ensure identical biochemical 

behaviour. T is explains the particular interest for 

so-called “matched pairs” of one diagnostic and 

one therapeutic isotope of the same element. Real 

matched pairs are 123I (SPECT) or 124I (PET) with 
131I (b-) or 125I (Auger), 86Y (PET) with 90Y (b-), 61Cu 

or 64Cu (PET) with 67Cu (b-), 44Sc (PET) with 47Sc 

(b-) or 203Pb (SPECT) with 212Pb (a). T ere is even 

one element with a “matched quadruplet“ that cov-

ers all decay modes used in nuclear medicine: 152Tb 

(PET) or 155Tb (SPECT) with 161Tb (b- plus Auger) 

or 149Tb (a). I f real matched pairs are not available 

one of en resorts to “nearly matched pairs“ of radio-

isotopes from chemically similar elements, e.g. 99mTc 

(SPECT) with 186Re or 188Re (b-), 111In (SPECT) or 
68Ga (PET) with 90Y (b-) or 177Lu (b-). However, the 

degree of chemical resemblance has to be validated 

by in vivo experiments for every targeting vector 

and chelator combination. Some element depend-

encies have indeed been observed. Since the uptake 

can also be followed to a certain degree by SPECT 

or planar gamma cameras, therapeutic isotopes that 

also emit low intensities of imageable gamma rays 

(153Sm, 166Ho, 177Lu, 186Re, 188Re, 211At) allow monitor-

ing of the biodistribution with the therapeutic dose. 

Usually such therapies are fractionated into smaller 

administered activities that are repeated regularly. 

T us deviations in the uptake can be compensated 

for in the subsequent treatment cycle.

 177

With a convenient half-life of 6.65 days, a low beta 

energy (0.13 MeV mean) and range (< 2mm) and a 

low abundance of SPECT imageable gamma rays 
177Lu has excellent nuclear decay properties for a 

therapeutic isotope. Moreover lutetium has the 

lowest ionic radius among all lanthanides, ensur-

ing particularly stable labelling with macrocyclic 

ligands. T is makes it an optimum isotope for appli-

cations including RIT, PRRT and other targeted 

radionuclide therapies. Even successful use for treat-

ment of bone metastases has been reported.

Direct production of c.a. 177Lu by neutron cap-

ture on enriched 176Lu targets in high f ux reactors 

provides a specif c activity of about 20 Ci/mg at the 

moment of production. T us, af er delivery the ratio 

of radioactive 177Lu to total Lu is about 1:6 to 1:8. 

T is seems suf cient for present PRRT applications 

and treatment of bone metastases but certain RIT 

would prof t from higher specif c activity and pre-

clinical PRRT experiments demonstrated improved 

targeting with higher specif c activity.

In the direct production of c.a. 177Lu a 0.1% 

branch of the neutron capture reaction leads not to 

the “useful” 7/2  ground state of 177Lu (T1/ 2=6.65 d) 

 Principle of theranostics: the distribution of 

pharmaceuticals varies from patient to patient, thus for a given 

dose is reduced and a better therapeutic effect can be achieved.

Here again,

Sometime not so simple Relative 

Biological Effectiveness (RBE) links to 

physical dose

Advantage of Ion beams (hadron therapy)

From NuPECC 2014
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PET Ion beams for Hadron therapy

Comparison of in-beam PET with fragment 12C (11C, 15O) and direct 11C use
Annihilat ion Events at Rest

Event M apping

Posit ron Emission:

A
Z X !

A
Z − 1 Y + e

+
+ ⌫e

Annihilat ion Events:

Annihilat ion Events are a

powerful indicator of the

imaging potent ial, as the re-

sult ing γ can be detected and

coincidence–reconstructed by

PET-CT scans.
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An increase of up to one order of magnitude is verified with radioact ive ion beams. 23

Simulations by R. Augusto et al. : 10x stronger signal !!

Experimental studies have been performed at 

HIMAC, NIRS
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as shown by the increasing number of hospital-based centres in

operation and to the continuously increasing number of facili-

ties proposed worldwide [11]. On the other hand, very promis-

ing results have been obtained with carbon ions, especially in

the treatment of specific radioresistant tumours types. In fact,

carbon ions present clear advantages such as higher biological

effectiveness and abetter depth dosedistribution due to a lower

lateral diffusion than protons. The first carbon therapy facili-

ties in operation were in Japan, Germany and Italy [1, 14, 15].

Data collected with carbon ions in these facilities show promis-

ing effects on radio-resistant tumours and lower post-treatment

morbidity [12, 13].

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

In addition to the mentioned advantages, the use of carbon

permits also the determination of the location where the dose

is deposited by means of on-line positron emission tomogra-

phy (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 ther-

apy treatments based on 12C could be combined or fully re-

placed with 11C radioactive ions post-accelerated at the same

energy following an approach tested in Japan [1]. In this paper

we discuss the combination of stable ions used in hadron ther-

apy with PET emitters of the same chemical element following

progresses made in the production of 11CO+ beams [3] and in

post-acceleration of pure 10C3/ 6+ [5]. Monte Carlo calculations

using the FLUKA code have been performed in order to assess

the feasibility of such approach.

2. 11C beam production

The production of 11C beams can be performed using the

fragmentation method in which a high energy 12C beam, pro-

duced at a synchrotron, irradiates a 7Be target. Other methods

have been developed and include the use of compact PET cy-

clotrons with 10-20 MeV protons where 30 GBq batches can

beproduced every 30 minutes exploiting 14N(p,↵)11C reactions

in high pressure N2 as targets [1]. One shall note that these

targets cannot be directly connected to typical ion sources for

radioactive ion beam production since the ion source operating

pressure is several orders of magnitude lower than the required

gas pressure. In PET-compound synthesis modules, the N2 tar-

get 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 continuous 11CO2 de-

livery by using two extraction ports of a single cyclotron and

target modules in asequential mode. Asan illustrativeaccelera-

tor scheme, weadopt MedAustron’smachine parameters [6, 7].

This leads to an average injection rate of 3⇥1010 11CO2/s in a

electron cyclotron resonance (ECR) source used for 12C pro-

duction. 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, 90% for

post-acceleration in a Linac and an overall 60% multi-turn in-

jection and extraction efficiency in thesynchrotron, an intensity

of 8.1⇥107 11C ions/spills can be delivered assuming a 10 µs

pulse.

Ion. eff. Trap & EBIS Linac Synchrotron

0
5%

−−−−−−−! 1+
45% & 30%

−−−−−−−! 4+
/6+

90%

−−−−−−−! Injection
60%

−−−−−−−! Ejection

Figure 2: Set-up taking present devices, combining present accelerator compo-

nents of injection, at ISOLDE and MedAustron.

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 fluoridesalt with theISOL (isotope sep-

aration on-line) method allowed the production and extraction

of 8⇥108 11CO+ /µC of incoming proton beam. The pulsed 1.4

GeV Proton Synchrotron Booster is not a particular suitable

driver for 11C production. Therefore, to reach more interesting

in-target production yields, the molten salt unit should be com-

bined with a more appropriate proton driver such as the com-

mercial cyclotrons delivering 70 MeV, 1.2 mA beam, which

would lead to 8.1⇥107 11C6+ / spills for a10 µspulse, assuming

5% ionization efficiency, 45% for transport and trapping, and

16.2% for injection into the synchrotron. Although this inten-

sity isstill lower than thenominal 4⇥108 ions/second requested

in facilities like MedAustron, it is appropriate to use 11C alone

for both imaging and treatment.

The layout of the low energy part of the accelerator chain

beforeinjecting in theLinac will adopt aschemesimilar to what

hasbeen successfully operated in theexisting ISOL facilities or

used to inject 12C ions in hadron therapy facilities. The 1+ ! 6+

ion trapping, charge breeding and beam injection will follow a

similar scheme to the one successfully demonstrated at REX-

ISOLDE [5].

The feasibility studies including costs, efficiencies, mainte-

nance and operational requirements are ongoing. A summary

of the main parameters for 11C beam production is shown in

Table 1. Finally, one shall note that in the present proposal, the

limitation comes mostly from the trapping process.

2

KyungDon Choi, “ESR-9 of MEDICIS-Promed”, CNAO: 

Personalized 11Carbon PET aided hadron therapy
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PET Ion beams for Hadron therapy
Annihilat ion Events at Rest
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Annihilat ion Events:

Annihilat ion Events are a

powerful indicator of the

imaging potent ial, as the re-

sult ing γ can be detected and

coincidence–reconstructed by

PET-CT scans.
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An increase of up to one order of magnitude is verified with radioact ive ion beams. 23

Simulations by R. Augusto et al. : 10x stronger signal !!

Experimental studies have been performed at 

HIMAC, NIRS

KyungDon Choi, “ESR-9 of MEDICIS-Promed”, CNAO: 

Personalized 11Carbon PET aided hadron therapy
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The main ingredients :An accelerator for isotope 

production + isotope acceleration/separation



A large fragment separator :

FRIB under construction at MSU (USA) 



Isotope mass separation with long-lived isotopes*

The Calutron (E. Lawrence) used during 2nd world-war

* are 11Carbon or 15Oxygen PET isotopes long-lived ?
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Losses in radioactive beam production

Leaks
Release loss

Decay loss

Leaks

Decay loss
Condensation

Decay loss
Condensation

Leaks Neutrals
Sidebands

Multiply charged

Plasma Extracted

ion beam
~nA   for Surface

~A   for FEBIAD

~mA   for ECR

H. Ravn and W. Brian

"On-line mass separators.

" Treatise on heavy ion science. Springer US, 1989. 363-439.

Make sure you collect a large fraction and fast,

before it is decayed !
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Accelerator components and concepts are required

Ion Source,

J. Pitters, ESR3

Break-up and trapping,

A. Ringvall-Moberg, ESR1

Gas target 

(N2
14N(p,a)11CO2)

11C isotope production

S. Segemann ESR11 
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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
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I wish you a very successful

summer school hosted by CNAO!!!

CERN, HUG, CHUV, EPFL

AAA, ILL, CNAO

www.cern.ch/medicis-promed
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RESERVE



Cancer regulation pathways: « it’s simple »
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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)

CERN 76-13, 3rd conf. nuclei far from stability 
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ISOL Beam intensities

Target

density

[g cm-3]

Cross section

[cm2]

Target

Atomic Mass

[g]

1.4 GeV

p
n

238

U

201

Fr

+spallation

11

Li X

+ +
fragmentation

143

Cs Y

+ +
fission

p

Diffusion+

Effusion

Efficiency

Ionization

Efficiency

Avogadro

Numb.

RIB intensity

[s-1 A-1]

Proton beam

Intensity

[s-1  A-1]
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Isotope mass separation and post acceleration

HIE-ISOLDE:

Superconducting

post-accelerator

(1st beam in 2015) 

1+ ions

HV 

platform

T
R

A
P

E
B

IS

60 kV

Analyzing magnet,Bunches and cools

ions

Charge 

breeding

Triplet

Multiple charged

ions

Switched 

HV 

platform60  20  

kV

RFQ IH

Accelerator 

from

5 -> 300 keV/u

Accelerator 

from

0.3 -> 1.2 MeV/u

Doublets Triplet 7-gap 

resonat

orAccelerator 

from

1.2 -> max 2.2 MeV/u
Target and

detectors

ISOLDE

REX-ISOLDE radioactive ion beam post-accelerator
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M
ED

IC
IS

La
b
o
ra
to
ry

MEDICIS
Target
Irradiation

Rail
Conveyor
System

A dedicated mass separation facility for medical 

applications

1000+ isotopes
of 70+
chemical elements


