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Motivations

• Neutron capture therapy.

• Delivered dose to healthy tissue.

• Limiting factor in whatever radiotherapy. 

• Astrophysics.

• 14N neutron absorber (poison). 14N, protons for 19F.

• 35Cl involved in the origin of 36S. 35Cl/37Cl deviation from solar.

• Improving capabilities of n_TOF EAR2: 

• Setup for (n,p) reactions with low energy protons (590 keV).

• Continuation of 33S(n,α)30Si experiment at EAR2.

Javier Praena – Universidad de Granada INTC2017 
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33S(n,𝛂) at EAR2 measured in 2015.  

33S(n,a)30Si

The cross-section was measured below 10 keV for the first time.

New resonances were found.

Marta Sabaté-Gilarte PhD at CERN (May 2017).

Javier Praena – Universidad de Granada INTC2017 



BNCT neutron beams (1994 – 2013.07.05)
Boron Neutron Capture Therapy (BNCT). 
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The effect of neutrons in healthy tissue is much 
lower than in tumor 10B-load.

However the dose in healthy is the limiting factor
in whatever radiotherapy treatment.

This proposal is focused on the improvement of
the nuclear data for healthy tissue dosimetry.

Healthy

Tumor

Javier Praena – Universidad de Granada INTC2017 
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Kerma factor takes into account the concentration and the cross-section. K=N·.

They are necessary for the final simulation of the physical and biological dose
delivered to the tumor and healthy tissue.

The 14N(n,p) is the most important for En < 50 eV.

The 35Cl(n,p) contributes significantly due to the resonances and more than 16O and 12C.

BNCT: reference dosimetry calculations.  

Javier Praena – Universidad de Granada INTC2017 

Healthy
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IAEA new BNCT-TECDOC: from reactors to accelerators. 

The technical document (IAEA-TECDOC-1223, 2001) IAEA established the figure-of-
merit (FOM) for NCT.

FOMs and nuclear data are being reviewed for accurate dosimetry (in tumor and
healthy tissue) having in mind the accelerator-based neutron sources in
construction for BNCT.

The International Commission on Radiation Units and Measurements (ICRU)
recommends ~5% as a deviation from the prescribed dose.

Javier Praena – Universidad de Granada INTC2017 
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35Cl(n,p)35S in astrophysics: 36S origin.

Important discrepancies remain in the
MACS between Druyts et al. and Koehler.

MACS are fundamental input parameters
for stellar models.

Unresolved

1.5

Javier Praena – Universidad de Granada INTC2017 

Unresolved
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35Cl(n,p)35S in astrophysics: its origin and isotopic ratio.

First observational evidence of significant
deviation from solar isotopic ratio of
elements heavier than the CNO.

IRAM Telescope
Sierra Nevada, Granada
30 km from City
2850 m 

Circumstellar envelope of carbon-rich AGB.

All sources of uncertainty must be 
studied and removed to check the s-
process calculations. 

The 35Cl(n,p)35S is relevant for models.

Javier Praena – Universidad de Granada INTC2017 
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14N(n,p)14C in astrophysics: neutron poison s-process. 

CNO cycle:
14N(n,p)13C(p,γ)14N forms reaction cycle.

It is the most important neutron poison in s-process. 

Wallner et al. (2015) measured by activation-AMS the MACS at kT=25 and 100 keV  and 
they obtained values 11% and 100%, respectively, lower than the evaluations.

They pointed out that the origin of the discrepancies is in the influence of the resonance 
at 493 keV at lower energies.

Below 493 keV there is a lack of data as will be shown.

Javier Praena – Universidad de Granada INTC2017 
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14N(n,p)14C in astrophysics: 19F origin and tracer. 

19F is easily destroyed in stellar interiors by proton and alpha particle capture reactions. 
19F(p,α)16O and 19F(α,p)22Ne 

Thus, model has to enable 19F to escape from the stellar interiors after its production. 

This makes 19F a useful tracer of the physical conditions in stellar interiors.

In low and intermediate-mass AGB stars, C.
Abia et al. have been found that additional
sources of F are needed to explain the
observed evolution of this element.

The 14N(n,p) -> 18O(p,α)15N(α,γ)19F could be
one of these sources.

Javier Praena – Universidad de Granada INTC2017 
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Koehler (1991)
Popov (1961)

Evaluations are based on Koehler at thermal and in the energy range below 398-eV resonance (1/v) and 
in the resonances region are based on Druyts. 

ENDF (2006)

Discrepancies in the MACS, already mentioned, could be originated by the thermal value.

Thermal value are discrepants: Druyts et al. (440 mb), of Gledenov et al. (575 mb), Koehler (480 mb) . 

398 eV
MACS

Glenedov (1999)

35Cl(n,p)35S status: evaluations and thermal. 

Javier Praena – Universidad de Granada INTC2017 
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Druyts et al. (1994) and Koehler (1991).

Druyts et al. had higher resolution but they did not provide data between resonances.

Area of many resonances are discrepant.

Koehler

Druyts

35Cl(n,p)35S status: data in the resonances.  

Javier Praena – Universidad de Granada INTC2017 
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Significant discrepancies in the resonance 
strength 𝛚=gn p / between Koehler 
and Druyts were found for the most 
important resonances.

Many resonances had not a satisfactory 
description with SAMMY code.

Resonances of Druyts can be only fitted
using the thermal value of Koehler wich is
15% higher than Druyts.

n_TOF-EAR2 can provide new data in the whole energy range from thermal to MeV 
region and at the same time resolving the resonances  in the keV region. 

35Cl(n,p)35S reaction status: evaluation in the resonances.  

Javier Praena – Universidad de Granada INTC2017 
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14N(n,p)14C reaction status: thermal and 1/v.

Koehler (1993)

ENDF-VII.1
JEFF-3.2

Wagemans (2001)

Koehler reached near thermal value but the extrapolation to thermal does not match the 
most recent measurements of Wagemans (2001), “careful new evaluation” is needed.  

Wagemans (1997)

Javier Praena – Universidad de Granada INTC2017 

More accurate value is very important in terms of kerma for BNCT as previously shown.
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14N(n,p)14C reaction: status at keV-MeV range.

Wallner et al. and Shima et al. are 
Spectrum Average measurements, no 
differential data.

A factor of 2 has been recently  
obtained by Wallner in the 100 keV
region, very important in astrophysics.

n_TOF-EAR2 can provide new data in the whole energy range from thermal to MeV resolving the 
resonances.

Morgan (1979) measured 493-keV resonance with a strength lower than Johnson (1958).

Later, Wallner et al (2015) has found that is needed a further reduction in a factor 3.3 of the strength 
of the 493-keV resonance obtained by Morgan in order to explain the MACS from kT=10-100 keV

Javier Praena – Universidad de Granada INTC2017 
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CERN-INTC-2014-007/INTC-I-156: samples.

Ready 4 KCl samples: 247-250 g/cm2.

Ready 4 C5H5N5 samples: 180-270 g/cm2.

Evaporation in vacuum onto 16 m Al backing.

«Koehler» tecnique (300-Cl35/160-N14 g/cm2).

Druyts was evaporation of AgCl onto Pt-Al backing

We have performed a RBS study of the sample
showing a r2 distribution (no similar studies).

A r2 distribution in the mass thickness could have a 
significant influence in the study of Druyts on the 
proton emission and Koehler. 

Javier Praena – Universidad de Granada INTC2017 
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CERN-INTC-2014-007/INTC-I-156: results.

Neutron 
beam

Different voltages and gains were studied in order to find a good
detection of the low energy protons with a good separation from
the noise.

Javier Praena – Universidad de Granada INTC2017 
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CERN-INTC-2014-007/INTC-I-156: results.

A good reconstruction of the shape of the cross-section as a function of the time-of-flight
can be carried out.

In particular, the low energy resonances of the 35Cl(n,p) reaction are clearly resolved.

Javier Praena – Universidad de Granada INTC2017 
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Beam time and setup: (3+0.5)e18 protons.

Javier Praena – Universidad de Granada INTC2017 
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• 14N(n,p) and 35Cl(n,p) are important to determine the dose in healthy tissue 
in BNCT which is a limiting factor in a radiotherapy treatment. 

• 14N(n,p) and 35Cl(n,p) are important in astrophysics to study the physical 
conditions of stars provide by models.

• EAR2 capabilities have been improved for measuring (n,p) for low energy 
protons following the work of Sabaté-Gilarte PhD thesis at CERN.

• The possibility to measure from thermal to MeV resolving the resonances 
in the keV region will provide more reliable and accurate data.

• Sample characterization by RBS shows a radial (r2) dependency of the mass 
thickness, this has not been studied in previous experiments.

• 3e18 protons running in parallel are enough for achieving the goals in both 
experiments with MMGAS detectors.

SUMMARY.

Javier Praena – Universidad de Granada INTC2017 



21

Thank you

3e18 protons for the 14N and 35Cl running in parallel

0.5e18 protons for detector calibration and setup.

Javier Praena – Universidad de Granada INTC2017 
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Neutron beam at FiR reactor
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After a few TPs, at the quenching of a thermal
instability the H shell is inactive and the convective envelope
penetrates in the upper region of the He intershell, bringing to
the surface newly synthesized 12C and s-processed elements.
This recurrent phenomenon is known as third dredge up (TDU)
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35Cl(n,p)35S reaction: astrophysics. 36S origin.

Koehler sample: Adenine (C5H5N5), 165 g/cm
(Vacuum evaporation of Adenine onto 8.5- m-thick Al backing)
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Dosimetry for neutrons (no 𝛄) in healthy (brain) tissue.
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Ar40(n,a)   98%           Th=2560 keV (n,p) Th= 6 MeV
Ar36(n,p) , 0.3365%,  72.8242 keV
Ar36(n,a), 0.3365%,  2000.72 keV , not seen in the S33(n,a)
Ar38(n,p), 0.0632%,  Th=4244.2 keV
Ar38(n,a), 0.0632%,  Th=228.105 keV

F19 th>1.5 MeV

Druyts CH4 at 1 bar!!! <<<Signal-to-background

CF4 improves time resolution and total deposited energy
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For N14 and neutron beam:

400 eV -> with a normalization at thermal with the MIN and 
MAX values there is >11% in the total dose (including 
gammas) !!!

Similar results for 1 keV and 10 keV neutron beams.

For Cl35 and neutron beam (400 eV):

With a normalization at thermal with the MIN and MAX values there is >6% in the total 
dose (including gammas) !!!

The differences would be higher in case of different resonance parameters

Similar results for 1 keV and 10 keV neutron beams.

Physical dose. More important for biological dose!!!
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35Cl(n,p)35S in astrophysics: its origin and isotopic ratio.

First observational evidence of significant
deviation from solar isotopic ratio of
elements heavier than the CNO.

Independent of the details of the specfic
stellar code adopted (TDU, third dredge up)

IRAM Telescope
Sierra Nevada, Granada
30 km from City
2850 m 

3395 m

Circumstellar envelope of carbon-rich AGB.

All sources of uncertainty must be 
studied and removed to check the s-
process calculations. 

The 35Cl(n,p)35S is significant important.
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BNCT: from reactors to accelerators.  

18F-BPA:  tumour 
absorption (>3.5)

Treatment planning

10BPA, 18!!!

Glioblastoma

10BPA absorption in 
tumour cell (>3.5)
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Neutron irradiation

The first rHNC BNCT in February 2003

After 2 weeks
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Radiotherapy and Oncology no 72(2004) pp. 83-84
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Treatment Hall(Helsinki)
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Li, Be

High power accelerator

NEUTRONS



• Componentes fundamentales de los núcleos.

• Son neutros, interaccionan menos, por ej. con los tejidos.

• Necesario una reacción nuclear que los extraiga de los núcleos.

• ¿Qué cantidad se necesita en el tumor para BNCT? 1010 n/s de baja energía.

Sobre los neutrones: necesidad de alta corriente. 

Haz 
Neutrones

Acelerador Lineal
Electroestático
15 mA de protones ≈1015

protones/s.

Haz 
Protones

Blanco y 
Moderador 

1012

neutrones/s
Media energía,

Llegan al 
tumor

1011

neutrones/s
de baja 

Haz 
Neutrones

Muro



Sumario todos tratamientos JapónResultados de la BNCT (www.nupecc.org)

Glioblastoma Cabeza-cuello
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