
Nuclear-reaction theory as a research tool for
innovative radioisotope production 

in nuclear medicine. 

CAGLIARI,  22 June 2012

Canton L.  INFN - Sezione di Padova, Italy

Projects:  REMIX, METRICS CS5 (Interdisciplinary); NUCSYS CS4

Collaboration: LNL, PD, PV, MI, FE, Arronax (Nantes), Ospedale 
Sacro Cuore Don Calabria (Negrar, Verona), IOV  



 Ricordo di Gianni Fiorentini  
22 febbraio 1948 – 18 giugno 2022

CAGLIARI,  22 June 2012

Come direttore di Laboratorio LNL,
Gianni  ha avuto un ruolo fondamentale e cruciale, fra le moltissime altre cose, 
nel portare la ricerca sui radiofarmaci  nei laboratori LNL, e in particolare è la 
persona che mi ha incoraggiato ad impegnarmi in questa linea di ricerca.



Introduction to radionuclides for medicine

CAGLIARI,  22 June 2012



Introduction to radiotargeted therapy



Introduction to radionuclides for medicine



Introduction to radiotargeted therapy



Introduction to radiotargeted therapy



Introduction to radiotargeted therapy
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ESTERNA sorgente

INTERNA
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Radiopharmaceticals – The Concept Simplified
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99mTc 
111In 
123I 
201Tl 
67Ga 
...

18F
11C
73Se
68Ga
124 I, ...



Range of therapeutic nuclides

Range
Beta- 

Fino a 10 mm 
(500 cellule)

Auger
~10 μm

(meno di una cellula)

Alpha
Fino a 100 μm
(10 cellule) 
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Another view at the chemical elements





Introduction to radiotargeted therapy

t1/2 = 3,97 h;   t1/2 =3,35 d 

T1/2 = 14,74 h;   t1/2 =64,05 d 

6,9 d

4,12 h
17,5 h

5,32 h

61,8 h12,7 h

13,2 h 4,15 d 8,02 d



Therapeutic window

Accurate dosimetry is essential for optimum use of the therapeutic window !!!
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Manifacturing radionuclides

Often Beta- emitter
Therapy nuclides

Often Beta+ emitter
PET nuclides



SPES INFN – Legnaro Padova

DUAL RADIO PHARMACEUTICAL PRODUCTION: 
LARAMED -  ISOLPHARM   
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The case of 47Sc

  

Reactions considered in the Literature
46-Ca(n,gamma)47-Ca  →  47-Sc        (2018)        
47-Ti(n,p)47-Sc                             (1998,2012,2018)
48-Ti(gamma,p)47-Sc                   (1977,2015,2018)
48-Ca(gamma,n)47-Ca → 47-Sc          (2015)
48-Ti(p,2p)47-Sc                                    (1997)
48-Ca(p,2n)47-Sc                                   (2017)
44-Ca(alpha,p)47-Sc                              (2016)

Isotope half-life
43Sc 3.89 h
44gSc 3.97 h
44mSc 58.6 h
45Sc stable
46gSc 83.79 d
46mSc 18.75 s
47Sc 3.35 d
48Sc 43.67 h
49Sc 57.2 m

Isotop
e

Half-
life

β+

Eaverage[KeV](I)
X and γ
[KeV] (I)

β-

Eaverage[KeV](I)

47Sc 3.35 d -
159.38 
(68.3%)

162 (100%)

43Sc 3.9 h 476 (88.1%) 372 (23%) -
44Sc 4.0 h 632 (94.27 %) 1157 (100%) -

PET SPECT Therapy



The case of 47Sc

  



Nuclear reaction calculations ...

  

Reaction time

Emission energy

d
2 

/ d


d
E

Compound
Nucleus Pre-equilibrium

Direct 
components

TIME SCALES AND ASSOCIATED MODELS 

MSC MSD

Low emission energy
Reaction time  10-18 s
Isotropic angular distribution

High emission energy
Reaction time  10-22 s
Anisotropic angular distribution
            - forward peaked
            - oscillatory behavior

 spin and parity of
residual nucleus

Intermediate emission energy
Intermediate reaction time
Anisotropic angular distribution smoothly
           increasing to forward peaked shape 
           with outgoing energy 
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Nuclear reaction theory: compound



Nuclear reaction theory: Compound 



Nuclear reaction theory: Compound



Nuclear reaction theory: compound



Nuclear reaction theory: compound



Nuclear reaction theory: compound



Nuclear reaction theory: compound



Nuclear reaction theory: pre-equilibrium



Nuclear reaction theory: pre-equilibrium
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Nuclear reaction calculations … codes

Talys 1.9, Fluka dev 2018.1, Empire 3.2  

M. Herman, et al, "EMPIRE: Nuclear Reaction Model 
Code System for Data Evaluation", Nucl. Data Sheets, 
108 (2007) 2655-2715. 

T.T. Böhlen, et al."The FLUKA Code: Developments and 
Challenges for High Energy and Medical Applications", 
Nuclear Data Sheets 120, 211-214 (2014) 

A. Koning, et al."TALYS: A nuclear reaction program", 
User Manual  (2015) 

(developed by NRG–CEA)

(maintained by IAEA)

(developed by INFN-CERN)



Nuclear Reaction Calculations

(5)      New Exciton          
       Geometry dependent



The importance of RIPL



Modeling of the relevant cross sections with nuclear reaction code

Talys default
& adjusted

Statistical band & BTE Talys modified

BTE=
Q1+Q3

2

ρ(E)=exp(c √E−p)ρ(E−p)

c normalization
p energy shift

1 – 4 pre-equilibrium models
1 – 6 level density models

24 combinations of models
(or 30 with pre-equilibrium 5)

TALYS

    Phys.Rev.C 104 (2021) 4, 044619



50Ti – statistical band & BTE



49Ti – statistical band & BTE



ρ(E)=exp(c√E−p)ρ(E−p)

PE 5 → Geometry Dependent Hybrid (GDH) model 

LD 4 → Microscopic Hartree-Fock Nuclear Level Densities 

(Skyrme Force, Goriely’s tables)

OPTIMIZATION

Based on Genetic Algorithms
Multiparameter optimization for 
all related measured cross sections
Sc(43,44g,44m,46,47,48); K(42,43);
V(48)

       Microscopic NLD parameter optimization

NEW DATA FROM REMIX!   WORLD FIRST MEASUREMENT OF SC47 
PRODUCTION FROM ENRICHED TI47 TARGETS…...



Genetic Algorithm:  optimization inspired by Darwin’s theory of natural evolution.

Codifica del problema in “cromosomi“



49Ti – Genetic Algoritm for NLD 

Preliminary REMIX data  not yet validated and not public.



Previous experience with 
Vnat targets  Phys Rev C 2021



Path to assess the production route

Cross-section

Production rate
Bateman equation

Activity

Yield
Radionuclidic purity

Isotopic purityEffective dose
Dose Increase

nuclear reaction 
codes supported by nuclear data



Path to assess the production route
(depends on irradiation conditions)

European Pharmacopoeia requires a
radionuclidic purity (RNP) greater than 99%

Dose Increase (DI) caused by the impurities
should be maintained within the 10% limit

 
52gMn case

 
52gMn case



Path to assess the 2 production routes
(52gMn case)

Conclusion:  Nucl Tecn (2022)  and arXiv:2204.00402    
natV(alpha,x)52gMn  is more efficient than natCr(p,x)52gMn



Conclusions

● Radiopharmaceutical production is a very interdisciplinary project 
involving Nuclear Science and Nuclear Data for medical applications.

● Nuclear modeling (cross sections, rates, activities, purities, etc) is an 
important aspect together with nuclear experiments and technology.

● So far, we have assessed and compared production routes including 
analysis of co-produced contaminants.

● 47Sc: natV(p,x), 50Ti(p,x), 49Ti(p,x) [?]. Moderate production feasible.

● 52gMn: natCr(p,x), natV(alpha,x):  better V targets than Cr.

● 117mSn: natCd(alpha,x), natIn(alpha,x):  better In than Cd.

● Next  155Tb : potentially producible with hospital cyclotrons 155Gd(p,n)

● Societal impact: 

this type of research could lead to new lifesaving methods in the future.   



Target Energy Range 47Sc 
(MBq/µA)

46Sc 
(MBq/µA)

50Ti  ∼ 10-20  ∼ 5 1.1E-4

natV  ∼ 20-30   ∼ 1.0 - 1.5 6.0E-4

49Ti  ∼ 30-40   ∼ 20 0.13

Per il momento escluso, a causa della 
produzione del contaminante secondario
48-Sc, e non solo...NO

For 1h irradiation



Metrics



Nuclear reaction theory: phenomenology



The problem to work with enriched targets!

Less tan 0.5 gram (49Ti & 50Ti)     27,3 Keuro    

A. Skliarova, LNL
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