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p(11B,⍺)X reaction

in clinical hadrontherapy 
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Background
D.-K. Yoon et al.  

Application of proton boron fusion reaction to radiation 

therapy: A Monte Carlo simulation study  
Applied Physics Letters 105, 223507 (2014);

p(11B,ee)8Be 
p(11B,⍺)8Be* 
p(11B,2⍺)⍺

Potential advantages: low-energy/high-LET particles show higher RBE; 
If 11B is injected in cancer cells an augmented killing capacity can be 

observed
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The pB and pF nuclear reactions
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Local Emission 
of particles with 

high LET

Incident low 
LET particles 

Potential advantages: low-
energy/high-LET particles 

show higher RBE; 
If 11B is injected in cancer 
cells an augmented killing 
capacity can be observed
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First experimental proof with clinical proton beams
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DU145 prostate cancer cells 
irradiated  along a proton 
clinical Bragg peak 

DMF10 = 1.46 ±0.12

Clonogenic curves
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Chromosomic aberrations 

Cromosomic aberrations
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……but
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Observed radiobiological effectiveness seems not be justified from the 
expected number of produced alphas 

Radiobiological model

Experimental cross section  
For p(11B,a)8Be

At least 103 ⍺ are missed to 
provide a classical 
radiobilogical interpretation  
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Next steps

Be sure, at the best of our knowledges, of the correct 
number of alphas produced also by other reaction channels 

• Evaluation of the Geant4 physics models  

• Comparison with (when available) experimental data 

• Comparison with FLUKA (Collaboration with R Versaci 
(ELI-beamlines) and P Sala (CERN) 

Different approaches at the micro and nano-scale 
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Experimental data

TALYS-1.9 calculation

GEANT4-10-04-patch-01 - INCLXX

GEANT4-10-04-patch-01 - Bertini cascade

GEANT4-10-04-patch-01 - binary cascade

GEANT4-10-04-patch-01 - AllHP - environment variable

GEANT4-10-04-patch-01 - AllHP - NO environment variable
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Total cross section for reactions producing at least one alpha

TALYS calculation

GEANT4-10-04-patch-01 - INCLXX

GEANT4-10-04-patch-01 - Bertini cascade

GEANT4-10-04-patch-01 - binary cascade

GEANT4-10-04-patch-01 - AllHP - environment variable

Total cross section for reactions producing at least one alpha
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Baryonic number is not conserved
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Baryon Number Difference in reactions simulated

DO_NOT_SET_PHP_AS_HP=1 
G4PHP_DO_NOT_ADJUST_FINAL_STATE=1

G4HadronPhysicsQGSP_BIC_AllHP G4HadronPhysicsFTF_BIC

All reaction producing at least one alpha in the 0.5  - 140 MeV range
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TALYS 1.9 output for 30 MeV proton on 11B
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Same for AllHP
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Page 2
Page 1



……. + 7 pages more

Page 4Page 3

proton + B11 --> 2 proton + neutron + alpha + 2 deuteron + Li6 + Be7 + B9 + B10
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Discussion
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TALYS calculations:TALYS-1.9  
Geant4 simulation: geant4-10-04-patch-01 (28-February-2018). 

In the first graph all lines are referred to the axis on the left but Simulation - AllHP - environment 
variable. 
In baryon number graph raeaction producing at least one alpha has been selected. 

Environment variables set up are: 
DO_NOT_SET_PHP_AS_HP=1 
G4PHP_DO_NOT_ADJUST_FINAL_STATE=1 

All Geant4 simulations have the problem that below 1 MeV no alphas are produced, also ParticleHP. 

Without environment variables: 
-a lot of warning: "More than one neutron is required for the balance of baryon number!" 
-crashes beyond 10 MeV with error: "G4IonTable::GetIon() : illegal atomic number/mass Z =0 A = 4 E = 
0" 
-It is similar but not equal to TALYS calculations, why? 

With environment variables: 
-A lot of nonsense reactions: with 2.8e6 particle simulated found out 84049 different reactions, moslty 
not conserving baryon number 
-Example of nonsense reactions: 
  proton + B11 --> 3 proton + 2 neutron + 3 alpha + Be9 + B9 + B10 
  proton + B11 --> 3 proton + 3 neutron + Li8 + Be8 + Be9
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Thank you 



GAP Cirrone, PhD - INFN-LNS (Italy) - pablo.cirrone@lns.infn.it

 16

MC simulation for radiobiological quantities extimation 

 106 order of magnitude as 
difference  

 almost 200 alpha particles in a 
T25 flask (25 cm2)

Protons and alpha particles doses
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First experimental run @LNS-INFN
 17

Cuttone et al. EPJ 126 (2011)

G.A.P. Cirrone et al., NST, 207-212 (2011)

1.96 KeV/um

4.24 KeV/um 20.62 KeV/um

DU145 prostate cancer cells irradiated  
along a proton clinical Bragg peak 
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Clonogenic survival curves show an increase in proton killing 
power
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DMF10 = 1.46 ±0.12



GAP Cirrone, PhD - INFN-LNS (Italy) - pablo.cirrone@lns.infn.it

Dose distribution and LET at the irradiation points
 19

T25 Flask at the isocenter  
position 

1.96 KeV/um

4.24 KeV/um

20.62 KeV/um
incident proton beam  

of 62 MeV 

Doses:  
0.5 - 1 - 2 - 4 [Gy] 

BSH concentration:  
80ppm and 40ppm 

fluence ~1010 p/cm2

G.A.P. Cirrone, et al.,“First experimental proof of Proton Boron Capture 
Therapy (PBCT) to enhance protontherapy effectiveness”, Scientific 

Reports, vol 8: 1141 (2018)

prostate cancer cell line DU145 
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Chromosomal aberrations 

e
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Trying to explain the 
effect from a ‘classic’ 

point of view
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The reaction mechanism

Reaction channels 

~ 1.7 barn

The reaction exit channels have a 
maximum cross section of 157 ub for 
incident proton energy under 1 MeV
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M.H.Sikora,H.R.Weller,A new evaluation of 
the 11B(p,a)aa reaction rates, J. Fusion 
Energy (2016) 35:538

R
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on
an
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s

The reaction mechanism

Ep= 0.150 MeV


Ep= 0.675 MeV


Ep= 2.64 MeV
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Proton energy spectra and analytical counts 
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Experimental Total Cross Section

EXFOR data: Experimental Nuclear Reaction Data Base 
https://www-nds.iaea.org/exfor/exfor.htm

Simulated proton spectra 

104 events  
Modulated Beam 
Voxel size: 100um
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A way to explain the radiobiological result
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A preliminary study

McNamarra et al. PMB, November 2015; 60(21) 

Survival: https://github.com/batuff/Survival

mid-SOBP position

An increment of the order of 40% 
correspond to ~10^5 alpha  

particels emitted 

Total dose average LET value

11B(p,a)2a

https://github.com/batuff/Survival
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Other competing reactions
Target: 11B Maximum Cross 

Section
11B(p,α)8Be 2000 mb at ~ 600 KeV

11B(p,n)11C 500 mb at ~ 5MeV

11B(n,p)11Be 10 mb at ~ 15MeV

11B(n,α)8Li 200 mb at ~ 8 MeV

M.E. Kormaz, “INVESTIGATION OF REACTION CROSS SECTIONS OF 10,11B WITH PROTONS AND NEUTRONS OF 0 – 30 MEV INCOMING ENERGY 
USING NUCLEAR MODELS “BPL, 20, 201035, pp. 293 - 300 (2012)

Target: 10B Maximum Cross 
Section

10B(p,α)7Be 100 mb at ~ 100KeV

10B(p,n)10C 10 mb at ~ 10 MeV

10B(n,p)10Be 100 mb at ~ 2.5 MeV

10B(n,α)7Li 
10000 mb at ~ 200 

KeV
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Conclusion and future perspectives

An evident and reproducible radiobiological effect is observed  

Some aspects still need to be investigated in order to modellaize correctly the effect 

Recently an international collaboration is involved to investigate the effect.  
The INFN is engaged to study different aspects: 

INFN-Naples (Radiobiological aspects)
INFN-Rome3 & LNS & TIFPA (Simulation and modeling)
INFN-Rome1 (Imaging)
INFN-Pavia & Legnaro (Microdosimetry)

External Collaborations
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Thank you  
for your attention
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The idea

Proposed approach 
D.-K. Yoon et al, “Application of proton boron 

fusion reaction to radiation therapy: A Monte 
Carlo simulation study”,  

Applied Physics Letters 105, 223507 (2014);

First in-vitro experiment: 
G.A.P. Cirrone, et al.,“First experimental proof of 

Proton Boron Capture Therapy (PBCT) to 
enhance protontherapy effectiveness”, 

Scientific Reports, vol 8: 1141(2018)


