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Objective

Nuclear astrophysics 

Validation of  Evaluated Data 

Possibility to perform BNCT

Mastinu P.F. Martin Hernandes G., Praena J. A method to obtain a Maxwell–
Boltzmann neutron spectrum at kT=30 keV for nuclear astrophysics studies // 
Nuclear Instruments and Methods in Physics Research A – 2009 – vol. 601 – p. 
333 - 338.
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Some actinides for Gen-IV:
Pu-239 fission  in 1 keV – 1 MeV
Pu-241 fission in 1 keV – 1 MeV
U-238 capture in 2 – 200 keV
Am-243 capture in fast and thermal 
energy range
Am-241fission in fast energy range

P. Oblozinsky, NNDC

Often large discrepances between data 
bases (ENDF,JENDL,JEFF,BRONDL) for 
many already mesured isotopes. 
No mesurements for some important 
isotopes (mainly radioactive)

Motivation
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Generation of  M-B neutron spectrum 
LENOS: 7Li(p,n)7Be (25-60 keV)



Water cooled
Pressure Velocity

Temperature
Li - 40 μm
Mass flow=160 l/h       
Inlet fluid   temperature=15°C 
Beam Power=1000 W
Flat beam profile

Melting	point	Li	=	182°C

Tmax=114°C

Pin=2.7 bar
ΔP=2.7 bar

μ-channel fluid velocity =15m/s   

LENOS: Lithium target. ANSYS results

Tmax=25°C



MB spectrum generation with the voltage modulation

12C(d,n)13N reaction as a neutron source 
(alternative way )

	Deuteron energy (keV)

Tn = (10 – 60) keV 

Low threshold : 328 keV

Advantage: homogeneous 
material for target
High melting point 
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Methodology of  calculations 

Shape of neutron spectrum
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12C(d,n)13N reaction as a neutron source
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Neutron spectra and the law of voltage modulation in time
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12C(d,n)13N reaction as a neutron source



Generation of  M-B spectra with low-
voltage accelerators

Main characteristics:
� Neutrons are generated in reactions T(d,n)4He and D(d,n)3He
� Average neutron energy E = 14.7 MeV and 2.8 MeV
� Average neutron flux density   1.8·109 and 3·108 n/(s·cm2)

T(d,n)4He D(d,n)3He



Algorithm of MB spectra generation by high-
voltage modulation

Advantage - much higher beam current

Thick target (higher yield)

Generation of  M-B spectra with low-
voltage accelerators



Carbon neutron production target

Atomic  and molecular  component could be obtained by means of   magnet 
separation 

Target dimension: d= 45 mm,  water cooling system.

A place of 
target unit

Heating time, 
hour 

Temperature of 
heating, ºС 

Neutron flux,  
relative units 

Before 

heating 

20 8500 

1 150 1600 

1 200 1200 

1 250 700 

1 300 700 

Background  700 

 



Problematic issue 

No reliable data for the 12C(d,n) reaction CS

The only option is theoretical calculations (TENDL)

Algorithm to make simulation of this neutron spectrum

Using TALYS + the code that can do a transport calculations.
Collaboration with Spain is ongoing …



BCNT possible application 

10B(n,α)7Li   +  MBNS (10 - 60 keV): 
I=10 mA, σ = 1.14 b ð
φ= 1.2*106 n/cm2/s

is relatively simple. The 13C(d ,n)14N nuclear reaction at
Ed!1.5 MeV hence provides an interesting low-energy neu-
tron source because, in addition, its total neutron yield places
it in a competitive status with respect to other reactions.
In this work we present dosimetry measurements at dif-

ferent depths inside a water-filled brain phantom using a
13C(d ,n) (Ed!1.5 MeV! neutron source. The 1.5 MeV deu-
teron beam was produced by the electrostatic tandem accel-
erator at the Massachusetts Institute of Technology "MIT!
Laboratory for Accelerator Beam Applications "LABA! "Fig.
1!. This high-current accelerator for BNCT was designed for
multimiliampere proton or deuteron beams at energies of up
to 4.1 MeV.12 A D2O moderator and lead reflector assembly
was used in this experiment.7 Experimental dosimetry mea-
surements have been performed at 1, 2, 3, 4, 6, 8, and 10 cm
depth on the central axis of the phantom. All results have
also been simulated with the code MCNP "version 4B!. The
source definition for these simulations was based on recent
measurements of energy and angular distributions carried out
by Colonna et al.13

II. 13C„d,n…14N REACTION
The 13C(d ,n)14N is one of the most interesting deuteron-

induced reactions at low incident energy due to the very
good mechanical and thermal properties of carbon as target
material. Moreover, this reaction presents a large cross sec-
tion at Ed!1.5 MeV of about 0.4 barns. A comparison be-
tween 13C(d ,n) and 12C(d ,n) total cross sections is shown in
Fig. 2,14,15 which clearly shows why 13C is preferred over
12C. 13C(d ,n) is an exothermic nuclear reaction with a large
positive Q value (Q!5.326 MeV!. Therefore, the neutron
energy distribution cannot be easily estimated, because the
14N residue can be left in several excited energy levels.13
Nevertheless, a kinematic study of this reaction gives the
neutron emission energy in the laboratory if we assume the
14N residue to be left in a certain excited state. In Fig. 3, the
neutron laboratory energy versus laboratory angle curves are
plotted for different excited levels in 14N. The maximum
neutron energy, 6.77 MeV, corresponds to 0°, when the 14N
recoil is emitted in the ground state. The total neutron yields
for 13C(d ,n) and competitive reactions have been estimated
in the past. Table I summarizes these results. The 13C(d ,n)
reaction occupies the third place in the yield ranking behind
the 7Li(p ,n) and 9Be(d ,n) reactions and is significantly bet-

TABLE I. Summary of the total neutron yield for different reactions for
accelerator-based Boron Neutron Capture Therapy.

Reaction E in "MeV!
Tot. yield

"n/#C! Author
7Li(p ,n)7Be 2.50 9.3"108 Harmon et al.

"Ref. 4!
2.50 9.8"108 Colonna et al.

"Ref. 13!
9Be(d ,n)10B 1.5 3.3"108 ¯
13C„d,n…14N 1.5 1.9Ã108 ¯
12C(d ,n)13N 1.5 6.0"107 ¯
9Be(p ,n)9B 2.5 3.9"107 ¯

FIG. 1. Photograph of the high-current accelerator at MIT’s LABA.

FIG. 2. The total cross section for 13C(d ,n)14N and 12C(d ,n)13N reactions.

FIG. 3. Neutron energy versus angle curves for 13C(d ,n)14N "in the labora-
tory frame!. The different curves correspond to different excited energy
levels of the 14N recoil.

797 Burlon et al.: In-phantom dosimetry 797

Medical Physics, Vol. 28, No. 5, May 2001

13C is low abundance therefore 
12C is a possible  alternative way !



Summary

A possibility to generate a well characterized neutron spectrum 
was studied 

12C is an alternative way to 7Li and could be used for performing 
BCNT

Carbon target was developed 

Advantage : simplicity and accuracy 

Estimated production of  alpha particles can be performed



Thanks for your attention!


