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– Single event effects (and ADS)
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The starting point – cancer therapy
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Why fast neutrons for cancer therapy:

• high Linear Energy Transfer

• high Relative Biological Effect

• low Oxygen Enhancement Ratio

• less pronounced cell cycle sensitivity

Requires good knowledge of delivered dose, i.e. 
better than 3.5 % (Mijnheer et al. 1987)

good ddx needed for all nuclei in the tissue



Results for C(n,px) @ 96 MeV
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Φ⋅Φ= kK
Φ :   fluence of uncharged particles at the same point
kΦ :  kerma coefficient; unit:  [J m2 kg-1] or [fGy m2]

Kerma: Kinetic energy of the secondary charged
particles released by the primary neutron per unit mass.

Dose: Absorbed energy per unit mass from the 
secondary charged particles.

• range of the secondary charged particles?
• their angular distribution?
• biological response?

U. Tippawan et al., PRC 79, 064611 (2009) 



ICRU 63:
kφ (C@100 MeV) = 7.07 fGy m2

kφ (O@100 MeV) = 6.44 fGy m2

C/O Kerma ratio: 1.10

Medley:
kφ (C@96 MeV) = 7.85 ± 0.63 fGy m2

kφ (O@96 MeV) = 7.09 ± 0.57 fGy m2

C/O Kerma ratio: 1.11 ± 0.13

S. Pomp, Neudos-11 (2009) and M. Göttsche et al., Neudos-11 (2009)



Enter SEU and ADS (HINDAS)
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See, e.g., http://holbert.faculty.asu.edu/eee560/see.html

F. Wrobel et al., IEEE Transactions Nuclear Science 50,  2055 (2003).

[13 fC ]

1: only Si
2: SiO2 on top
3: SiO2 on both sides



Tippawan et al., 
PRC 73, 034611 (2006)

The old neutron beam @ TSL
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• quasi monoenergetic neutron beam
• 20-180 MeV neutrons
• 106 neutrons/sec @ 100 MeV
• 105 neutrons/sec @ 180 MeV
• beam size: 7 to 25 cm in diameter



Medley = ΔE - ΔE - E ...
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• detect and identify light ions: p, d, t, 3He and α
• but may also detect heavier ions and even fission products

• use the ΔE-ΔE-E technique – wide dynamic range
• 8 Si detectors (Ortec) with thickness 50-60 µm, area 450 mm2 

• 8 Si detectors with thickness 400-550 µm, dito
• 8 Si detectors with thickness ~1000 µm, dito
• 8 small CsI(Tl) with total lenght 5 cm, readout by photodiode
• 8 large CsI(Tl) with diameter 5 cm and total lenght 10 cm, dito

• low threshold for PID:
– 2,5 MeV for protons       

(if we need to identify!)
– 4 MeV for alpha particles

(without He-3 separation)



... + angles  →  ddx
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• use of thin targets (now well established correction
procedure for target thickness)

~100 - 200 mg/cm2 (light ions); ~1 mg/cm2 (fission)
• 8 telescopes, typically in 20 degree intervall 

• e.g. -70, -50, -30, -10, +30, +50, +70 and +90 degrees

⇒ ddx data for X(n,light ions) and
σ, dσ/dΩ for X(n,fisssion) etc.



So what we do is ...
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Main corrections

• Thick target
• CsI correction
• Wrap around

EFNUDAT Workshop, May 25-27, 2010, Paris



Light ions from 
silicon and heavy metals

EFNUDAT Workshop, May 25-27, 2010, Paris

Production cross sections vs. GNASH 
and data from LLN (Benck et al.)

Si(n,px) Si(n,dx)



Angular distributions for O(n,αx)
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GNASH

TALYS‐0.64

fit

Tippawan et al., Phys. Rev. C 73 (2006) 034611



A more fundamental issue
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Summary for 96 MeV campaign
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• medicine (cancer therapy, dosimetry)
– C: Phys. Rev. C 79, 064611 (2009)
– O: Phys. Rev. C 73, 034611 (2006)
– Ca: “data under analysis”

• electronics (SEU effects)
– Si: Phys. Rev. C 69, 064609 (2004)
– O: see above

• energy applications (transmutation)
– Fe, Pb, U: Phys. Rev. C 70, 014607 (2004)

• 3 body forces
– nd scattering : Phys. Rev. C 72, 06002(R) (2005)



Towards 175 MeV

S. Hirayama et al. and R. Bevilacqua et al., ND2010

EFNUDAT Workshop, May 25-27, 2010, Paris



CsI response measurements
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measured with 160 MeV protons at TSL

Analysis by M. Hayashi 
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neutron spectra as

measured with MEDLEY

Pomp et al., ND2004, Santa Fe



ANITA – the white neutron source
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Y. Naitou et al.,SND2009

• Neutron spectrum via H(n,p) @ 20 degree
• Measurement extends to En ≈ 1.5 MeV 



(n,px) from Fe and Bi @ 175 MeV
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R. Bevilacqua et al., ND2010



Fe @ 175 MeV vs. 96 MeV

• still preliminary data at 20 deg from
R. Bevilacqua et al.

• neutron tail included in Talys
calculations

• 96 MeV data are from
V. Blideanu et al., PRC 70, 014607 
(2004)



Dito for 
Bi/Pb @ 175 MeV vs. 96 MeV

Other targets
measured so far:
C, O, Si, U

LPC Caen

Chiang Mai U.

Kyushu Univ.



Medley for fission: 
anisotropy of U(n,f) @ 21 MeV
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• Special option: normalisation procedure!

– Simultaneous detection of fission

and np scattering events 

– count particles from alpha decay

Prokofiev et al., ND2004, Santa Fe



Medley applying for french 
citizenship?

• We plan to move Medley to NFS 
• Several upgrades necessary/useful:

– New digital DAQ
– New Si1 with thickness ≤ 25 µm

• A > 5, fission

– Detector for timing: PPAC?
• En, PID, …

EFNUDAT Workshop, May 25-27, 2010, Paris



Summary + Outlook

• A lot has been done and the energy range for 
available ddx data on light-ion production has 
been tripled

• But more is possible @ NFS
– (n,lcp) at 10-40 MeV

• Cancer Therapy, Dosimetry, SEU, GenIV, Fusion/IFMIF, ...

– Fission: angular dist., standards, ...
– H(n,p) – tagging?
– Coincidence measurements
– Commissioning (spectra)

EFNUDAT Workshop, May 25-27, 2010, Paris
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