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Brief summary of the physics goal (detailed description and counting rates should be given on separate 
pages) max. 1/2 a page:  
 
We propose measuring double-differential cross sections for neutron-induced light-ion production (p, 
d and alpha particles) from the, from the applications point of view, most relevant isotopes (C, O, Na, 
Si, Ca, Fe, Pb, Bi, U) in an important energy range (15-30 MeV). Initial focus will be on C, O 
(medical applications), Si (together with O important in electronics applications), and Fe (construction 
material in many applications). To achieve this, we need to measure on three targets: Si, SiO2 and Fe. 
The C data come “for free” since the (quasi-monoenergetic) neutron spectrum needs to be measured 
using a CH2 target and a C target for carbon subtraction. Running all three targets in the same 
campaign saves beamtime since the neutron spectra and the background need to be measured only 
once. 
 
Experimental data on neutron-induced light ion-production above 14 MeV are generally very scarce. 
For C, O, Si and Fe there is typically some measurement at 14 MeV and in some cases also at energies 
above 30 MeV. The experimental data in the 30-60 MeV range from Louvain-la-Neuve have, where 
available, a rather high threshold; 6 MeV for protons and deuterons and 12 MeV for alpha particles. 
Thus, large corrections for these data are necessary to account for the evaporation part of the spectra 
and get the production cross section.  
 
Partly due to the lacking experimental data, different nuclear data evaluations show large 
discrepancies. Evaluations also often contain a discontinuity at 20 MeV. This is partly for historic 
reasons. Older evaluations stop at 20 MeV, extrapolating from the then highest available data points at 
14 MeV. Newer evaluations use partly different models giving results that do not match with the 
existing evaluations. Data in this critical region (15-30 MeV) will help to get rid of this problem. 
Typical problem areas of nuclear model codes are the description of pre-equilibrium reactions and the 
emission of composite particles in nuclear reactions. 
 

 
 



Ion(s)  Energy 
(MeV/nucl.) 

Intensity 
(pµA) 

Number of beam 
UT (1UT=8hours) 

per beam 

Requested time structure 
(if different from 

parameters given in the 
attached table)  

∆ t(ns): 
Beam on:  
Beam off: 

p 20, 24, 28, 33 50 9  

     

LINAC 

Primary 

Beam(s) (see 

beam parameter 

table at the end 

of template) 

     

 
 
 
 
 
Beam Line (NFS or S3):   NFS 

Total estimated number of beam UTs  

(1 UT=8hours): 36 
Approximate time for setting up the apparatus: 
 2 days 
 
Approximate time required for off-beam calibration and 
dismounting:  
1 day 
 

When the experiment might be ready  

to run (month, year):  
 Autumn 2012 



Detectors to be used (provide a sketch of the setup):    
 

Medley setup, currently installed at The Svedberg Laboratory (TSL), Uppsala: 

 

 

           
 

 
(a) Layout of the detector arrangement in the scattering chamber (outer diameter 90 cm) 
(b) Sketch of one telescope with ∆E-∆E-E detectors; the ∆E1 will be replaced by a thinner 

detector (25 µm).  
(c) Photograph of existing set-up  

 
 
 

NFS parameters (for the experiments using the NFS beam line): 

Type of neutron 
converter (Li, Be, C) 

Neutron collimator 
(diameter in cm) 

Distance collimator -
target (m) 

Use of irradiation  
Box  CIRIS 2 (Y/N) 

Li 4 1 N 

 



 
 

Schematic layout of the NFS facility 

 
 
More information on the NFS facility can be found at: 
http://www.ganil.fr/research/developments/spiral2/collaborations.html 
For further questions on NFS please contact spokesperson of the collaboration: 
xavier.ledoux@cea.fr



 
Acquisition system (present GANIL or specific one if yes specify):  
The existing DAQ at UU will be upgraded for use at NFS. 
 
Electronics system (type of electronics - provide a reference if possible, estimated number of racks, 
necessary electric power, other requirements) and its location (ex. located close to the 
detector/spectrometer or in a separate room) :             

- Preamps and vacuum pumps close to the detector (1 rack) 
- DAQ system (1 rack) in electronics room 

 
Security, use of hazardous equipment :     
(Radioactive target, liquid nitrogen, explosive gas etc.) 
-- 
 
Remarks :    
-- 
 



LINAC beams available for the Day 1 SPIRAL2 Phase 1 experiments*
)
 

 

Ion(s) 
Energy Range 

(MeV/nucleon) 

Maximum 

Intensity 

(pµµµµA) 

Date of 

availability
***)

 
Remarks 

1H1+ 20-33 2-10 December 2012 
NFS beam line; 

Intensity with fast 
chopper 1/100 

2H1+ 10-20 2-10 December 2012 
NFS beam line; 

Intensity with fast 
chopper 1/100 

4He2+ 10-20 2-10 December 2012 
NFS beam line; 

Intensity with fast 
chopper 1/100 

12C4+ 5-7 ≥10**) February 2013 S3 beam line 

18O6+ 5-7 ≥10**) February 2013 S3 beam line 

22Ne8+ 5-7 ≥10**) February 2013 S3 beam line 

40Ar14+ 4-5 ≥10**) February 2013 S3 beam line 
28-30Si10+ or 

32-36S12+  5-7 ≥10**) November 2013 S3 beam line 

40Ca14+ 5-7 ≥10**) November 2013 S3 beam line 

48Ca16+ 5-7 ≥10**) November 2013 S3 beam line 

58Ni18+ 4-14 ≥1**) November 2013 S3 beam line 

 
Remarks:  
Beam time structure: acceleration (or bunch) frequency 88 MHz, ∆t for each bunch typically 
1 ns (depends on beam energy and target position) 
 
*) The parameters indicated in this table are the first and the best approximations that can be 
done today. They may be different from those available in reality at the beginning of 
operation of SPIRAL2. User’s request of different beams and specifications supported by 
recommendations of the Scientific Advisory Committee for the Day 1 SPIRAL2 Phase 1 
experiments might be taken into account. The SPIRAL2 project will update the list of 
parameters periodically. 
 
**) Based on the order of magnitude of the expected best currents extracted from a high 
performance, fully operational, 28 GHz ECR Ion source. 
 
***) These dates assume that: installation of equipment in the NFS and S3 areas can start in 
July 2011, commissioning of the LINAC can begin in the first quarter of 2012 and 
commissioning of the instrumentation in the S3 and/or NFS halls with the LINAC beam(s) 
would begin in September 2012. 
 



Light-ion production studies with Medley  
 

 

1 - Motivation 

 

Despite longstanding measurement efforts, the demand of high quality nuclear data has in 

recent years even increased. Among the applications with the highest demands one can 

mention cancer therapy and dosimetry, energy production and single-event effects in 

electronics. 

 

Nuclear model codes have become more accurate, increasingly comprehensive and, in some 

cases, even easier to handle for the user. This progress, together with constantly increasing 

computer power opens new ways to produce nuclear data with uncertainties and covariances. 

The latter can be progressed into uncertainties of macroscopic parameters in various 

applications (so-called Total Monte Carlo). Thus, the combination of advanced nuclear model 

codes with available computer power re-establishes the link between basic nuclear physics 

and large scale applications.  

 

Nevertheless, theory has not yet progressed that far to make measurements obsolete. To 

ensure the success of, e.g., the above mentioned idea and guarantee the quality of the results, 

good experimental data in the region of interest are needed for code-development, 

benchmarking and unambiguous uncertainty quantification in the model predictions. Typical 

problem areas of nuclear model codes are the description of pre-equilibrium reactions and the 

emission of composite particles in nuclear reactions. 

 

We propose measuring double-differential cross sections for neutron-induced light-ion 

production (p, d and alpha particles)1 from the, from the applications point of view, most 

relevant isotopes (C, O, Na, Si, Ca, Fe, Pb, Bi, U) in an important energy range (15-30 MeV). 

Initial focus will be on C, O (medical applications), Si (together with O important in 

electronics applications), and Fe (construction material in many applications). To achieve this, 

we need to measure on three targets: Si, SiO2 and Fe. The C data come “for free” since the 

(quasi-monoenergetic) neutron spectrum needs to be measured using a CH2 target and a C 

target for carbon subtraction. Running all three targets in the same campaign saves beamtime 

since the neutron spectra and the background need to be measured only once.  

 

Experimental data on neutron-induced light ion-production above 14 MeV are generally very 

scarce. For C, O, Si and Fe there is typically some measurement at 14 MeV and in some cases 

also at energies above 40 MeV (see Fig. 1 for some examples). In the case of Si there is even 

one measurement, obtained at a white neutron source, covering the gap between 14 and 40 

MeV [1]. The experimental data in the 30-60 MeV range) from Louvain-la-Neuve have, 

                                                 
1 We will of course also obtain data on triton and 3He production. The thresholds for these reactions are, 
however rather high and the cross sections at least an order of magnitude lower than those for deuteron 
production.   



where available, a rather high threshold; 6 MeV for protons and deuterons and 12 MeV for 

alpha particles. Thus, large corrections for these data are necessary to account for the 

evaporation part of the spectra and get the production cross section. An example for a large 

necessary correction is shown in Fig. 1 for 56Fe(n, αx). In this case the data from Slypen et al. 

given in Exfor are the uncorrected data.    

 

Partly due to the lacking experimental data, different evaluations may show large 

discrepancies. An extreme example is shown in Fig. 2 for data 16O(n,dx). Evaluations also 

often contain a discontinuity at 20 MeV. This is partly for historic reasons. Older evaluations 

stop at 20 MeV, extrapolating from the then highest available data points at 14 MeV. Newer 

evaluations use partly different models giving results that do not match with the existing 

evaluations. Data in this critical region (15-30 MeV) will help to get rid of this problem. 

 

From the point of view of the applications the energy region between 15 and 30 MeV is 

important for the following reason; while the neutron flux in this energy range decreases with 

roughly 1/E (e.g. secondary cosmic ray neutrons), the light-ion production channel opens up 

in the 10-20 MeV range. Thus, folding the neutron flux in an application with the cross 

section for light-ion production generally results in a peak in the 15 to 30 MeV range. 

Therefore, the C and O data are important for dosimetry from cosmic-ray neutrons, O (again) 

and Si for single-event effects due to cosmic-ray neutrons, and the Fe data for quantification 

of gas-production in construction material for future reactors (GenIV and fusion reactors). 

The later is an issue in the search for suitable materials, which will be studied more closely in 

projects like IFMIF. 

 

 

 
Figure 1: Evaluated nuclear data and experimental data for neutron-induced light-ion production from 4 

different targets: 
12

C(n,ααααx) [top row, left panel], 
16

O(n,px) [top row, right panel], 
28

Si(n,dx) [bottom row, 

left panel] and  
56

Fe(n, α α α αx) [bottom row, right panel]  



 

 
Figure 2: Evaluated nuclear data 

16
O(n,dx). The blue line is the JENDL/HE-2007 evaluation and the other 

red/dotted green line shows the JEFF-3.1.1 and ENDF/B-VII evaluations.  Note the very different 

behavior of these two evaluations. 

 

Studying light-ion production in silicon in NFS energy region is also important for another 

reason. Accurate prediction of the neutron-induced soft error rate in microelectronics is not 

easy. Knowledge of the energy and angular distributions of secondary particles from neutron-

induced nuclear reactions is a key ingredient. In device simulations, it is found that the single-

event upset (SEU) cross section peaks at about 30 MeV for critical charges of 13fC [2]. 

Above 30 MeV the decrease of the nuclear cross section is not compensated by the increased 

available energy any more. It is also found that the presence of an oxide layer (SiO2) increases 

the SEU cross section further. Newer microelectronic devices have smaller sensitive volumes 

and the critical charge required for triggering an SEU will decrease. This will lead to 

increased importance of helium and even hydrogen production. At a critical charge of 1fC 

already about half the SEUs are due to alpha particles. At 0.5fC this fraction has increased to 

about 70% and hydrogen production already accounts for 5-10% [3]. 
 
 

2 - Experimental set-up 

We plan to use an upgraded version of the Medley set-up, currently installed at the neutron 

beam of The Svedberg Laboratory (TSL), Uppsala, Sweden. It is described in a number of 

publications [4-8]. Schematic layouts of the chamber and a telescope as well as a photograph 

are shown below in Figs. 3 and 4. 

 

The facility has been used for measurements of neutron-induced light ion production, elastic 

np and nd scattering, and even angular distributions in fission in a wide energy range of quasi-

monoenergetic neutron beams. Recently Medley has been used to measure the neutron 

spectrum of the ANITA white neutron beam at TSL from the highest energies around 180 

MeV down to about 1 MeV.   

 

Medley is designed for detection of charged particles over a wide dynamic range. It consists 

of eight three-element telescopes mounted inside a 240 mm high cylindrical evacuated 

chamber with inner diameter of 800 mm. Eight telescopes are placed at 20° intervals, 

covering scattering angles from 20° to 160° simultaneously. The telescopes are usually 



mounted in two sets, one on each side of the beam, covering the forward and backward 

hemispheres, respectively. All the telescopes are mounted onto a turnable plate at the bottom 

of the chamber and, therefore, measurements can in principle be made at any angle. The 

chamber is equipped with a pumping system to reach pressures of about 10-5 mbar. 

 

Each telescope consists of two fully depleted ∆E silicon surface barrier detectors (SSBD) and 

a CsI(Tl) crystal. The thicknesses of the first eight ∆E detectors (∆E1) range between 50 and 

60 µm. For the second SSDB (∆E2) two thicknesses are available. In the thinner setup, 

thicknesses range between 400 and 500 µm. In addition a group of ∆E2 detectors with 

thicknesses around 1000 µm is available. The SSBD are all 23.9 mm in diameter (nominal). 

The last part of each telescope contains a CsI(Tl) detector to fully stop the detected particles. 

The CsI(Tl) crystals have a total length of 50 mm and a diameter of 40 mm. The back-end 

part of the crystals, 20 mm long, has a conical shape, tapering off to 18 mm diameter, to fit 

the size of a read-out diode. The read-out diode is Hamamatsu S3204-08 and measures 18 x 

18 mm2. For the proposed measurements at NFS we will replace the ∆E1 detector with even 

thinner SSBDs. We plan to use thickness of 25 µm. This will lower the threshold for positive 

identification of protons to 1.3 MeV and of alphas to 5 MeV.    

 

To obtain a well-defined acceptance, a plastic scintillator collimator can be placed in front of 

each telescope. A conventional collimator can cause problems like in-scattering or particle 

reactions before reaching the first detector. To avoid such complications, the plastic 

scintillator can be used as an active anti-coincidence collimator to discard the signals from 

particles that did not pass straight into the first detector. The plastic scintillator collimators 

have a 40 × 40 mm2 square shape, with a 19 mm diameter hole at the center and a thickness of 

1 mm (see Figs. 1 and 2). The scintillators are read-out with photomultiplier tubes (PMT) 

from Hamamatsu, small enough to fit into the chamber. These PMT have been modified to be 

operational directly after reaching the operational pressure in the Medley chamber. 

 

 

 

 

        

Figure 3: Left: Schematic layout of the detector arrangement in the Medley chamber. Right: Schematic 

drawing of the layout of one telescope.  

 



 
 

 
 

 

Figure 4: In this photograph a sample arrangement of four telescopes can be seen. In this case the 

telescopes contain the small CsI detectors. The two telescopes on the left side carry the active collimator 

scintillators while in the two telescopes on the right side the front of the first Si detector can be seen.  

 

The solid angle covered by each telescope, placed at distance of 15 cm from the target is 13 

msr. 

  

After passing the custom-made pre-amplifiers, the detector signals are currently read-out 

using standard electronic in NIM crates. The energy signals are amplified using Dual 

Amplifiers by ORTEC (Dual Spec Amp 855). For NFS, a new digital DAQ system will be 

designed. This will minimize the deadtime and allow for careful offline analysis of the pulse 

shapes, etc. 

 

 

3 - Estimation of counting rates and required beamtime 

 

We will measure the energy spectra of p, d and α particles in each of the eight telescopes for 

several different isotopes. For neutron beam energies ranging from 17 to 30 MeV, the 

production cross sections for p and α particles are expected to differ by at most a factor of 3. 

For O α production is strongest while for Si and Fe proton production is dominant. Deuteron 

production cross sections are lower than p or α production by a factor of 3. 

 

Other considerations concern the target diameter and thickness. For geometrical reasons the 

optimal diameter for the Si, SiO2 and Fe (and C and CH2) targets should roughly match the 

SSBD diameter. For the thickness we have to compromise between countrate and the 

necessary target-thickness corrections. We end up with target discs of 2.5 cm diameter with 



thicknesses of about 500 µm for SiO2, 300 µm for Si and 400 µm for Fe. The C and CH2 

targets for the spectrum measurements will have thicknesses of 500 µm. 

 

To estimate the required beamtime we look at the average expected count rate per telescope 

and require a statistical uncertainty per telescope (angle) and MeV bin that is on average 

better than 10% for the weakest channel, i.e. deuterons. The statistical uncertainty for p and α 

in each MeV bin will then be about 5% or less. The expected (average) statistical uncertainty 

for the bins in the energy and angular differential spectra will then be about 2% and 1%, 

respectively. 

  

The estimations are based on a 2 mm Li converter and a Medley target position that is about 6 

m away from the converter. For this case, the peak neutron flux for a 30 MeV proton beam 

has been calculated to be 3106.4 ⋅ n/cm2/s/µA at the Medley target. 

 

For a 50 µA proton beam and using the production cross sections from ENDF/B-VII, JEFF-

3.1.1 and JENDL/HE-2007, we estimate that, for each beam energy, we need about 2 UT each 

for the Si, SiO2 and Fe targets. For the background and neutron spectrum measurements we 

need 1.5 to 2 UT. Since we also aim to measure production cross sections for, e.g., 6Li, 7Li 

from Si at the highest beam energy, an additional 1-2 UT should be spend on the Si 

measurement. Having in mind that we will also need some hours for the target changes, we 

need an average of 9 UT per beam energy.    
  

 

 

References 

[1] F.B. Bateman et al., Phys. Rev. C 60, 064609 (1999). 
[2] F. Wrobel et al., IEEE Trans.Nucl. Sci. 50, 2055 (2003). 
[3] S. Abe et al., International Conf. On Nuclear for Science and Technology, ND2010, April 
26-30, Jeju Island, South Korea (2010).  
[4] S. Dangtip, et al., Nucl. Instr. Meth. Phys. Res. A 452, 484 (2000). 
[5] U. Tippawan, et al., Phys. Rev. C 69, 064609 (2004) and Phys. Rev. C 73, 039902(E) 
(2006). 
[6] V. Blideanu, et al., Phys. Rev. C 70, 014607 (2004). 
[7] U. Tippawan, et al., Phys. Rev. C 73, 034611 (2006). 
[8] U. Tippawan, et al., Phys. Rev. C 79, 064611 (2009). 
  
 
  

 


