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Roberto Senesi- Intro 

-Associate Prof.  in Applied Physics, Univ. Roma Tor Vergata 
 
-President of SoNS, School of Neutron Scattering Francesco Paolo Ricci 
(complains here!) 
 
 
-Associate of Consiglio Nazionale delle Ricerche 
 (neutron instrumentation development)   
 
-Associate of  Centro Fermi  
 (techniques and applications developments) 
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Roberto Senesi- Intro 

Focus on neutron instrumentation using 
epithermal (and above)  neutrons 
 
Applications to condensed matter, cultural 
heritage, electronics, structural materials, 
biophysics 
 
Involvment into design, development, 
construction, implementation of: 
 
-VESUVIO (ISIS) 
-ChipIr (ISIS) 
-IMAT (ISIS) 
-Irradiation Module (ESS) 
-VESPA (ESS) 

Within the CNR-STFC and  
CNR-ESS agreements 



2004-Palau: Small Angle (SANS) and Ultra Small 
Angle (USANS) Scattering 

R. Triolo, F. Aliotta 

2006-Pula: Structure and Dynamics of Magnetic 
Systems 

P. G. Radaelli, D. Gatteschi 

2008-Pula: Near and Intermediate Range  
Order in Liquids and Soft Matter 

M. A. Ricci, M. Zoppi 
 2010- Frascati: Electron-volt neutron spectroscopy 

of materials 
R. Senesi, C. Vasi 

 2012- Taormina: Neutron Investigation of  
Biosystems 

C. Andreani, S. Magazù 
2014- Erice: Introduction to the theory and  

techniques of neutron scattering and applications to 
Cultural Heritage 

I. A. Anderson, G. Salvato, A. Scherillo 

• More than 
300 students 
•Lecture notes  
available on 
website 
•multimedia 

•From 2014: at the  
Ettore Majorana  
Foundation and  
Centre for Scientific  
Culture 
C. Andreani 
R. Caciuffo 
R. McGreevy 

Palau 

Pula 

Frascati 

Taormina Erice 

2015- Erice: ERICE School “NEUTRON SCIENCE AND 
INSTRUMENTATION”: Instruments and devices for 

neutron scattering experiments 
K. H. Andersen, R. Caciuffo 

2016- Erice: ERICE School “NEUTRON SCIENCE AND 
INSTRUMENTATION”: Designing and building a neutron 

instrument 
K. H. Andersen, K. W. Herwig 

2018- Erice: ERICE School “NEUTRON SCIENCE AND 
INSTRUMENTATION”:  Neutrons for Chemistry and 

Materials Science Applications 
P. Henry, T. Ramirez-Cuesta 

2017- Erice: ERICE School “NEUTRON SCIENCE AND 
INSTRUMENTATION”: Neutron Precession Techniques 

P. Falus, K. Habicht 

2016 and 2018-  Two courses on “Water and Water 
Systems” 

R. Car, F. Mallamace, L. Petterson 
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Outline 

-MeV neutrons: facilities, in the atmosphere,  in space, in 
extreme conditions 
 
-Neutron instrumentation for radiation damage effects in 
electronics 
-Neutron instrumentation to test neutron displacement 
damage in materials 
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Neutron spectrum from a water moderator at a  
Spallation source: 88% of neutrons have energies above 0.4 eV! 

Thermal 
neutrons 

Epithermal 
neutrons 

 
 

Fast neutrons 



8 

Neutron spectrum from a water moderator 
Spallation source: 88% of neutrons have energies above 0.4 eV! 

Energy [eV] Wave length [Å] 

0.4 0.45 

1 0.29 

10 0.09 

20 0.06 

50 0.04 

100 0.03 

Which energy and length scales can be probed? 
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Neutrons in the 
atmosphere from  

primary cosmic rays 

About 3 neutrons 
from the sky 
 cross our hand in 
one second 
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Neutrons in space radiation environment (remember- no freely flying neutrons in 
space, they last only 14 minutes..) 

Durante et al, 2011 
 Viking 1 landing site on Mars, S. McKenna-
Lawlor et al. , 2011 
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Neutrons in the fusion reactor environment 
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Neutrons in fission reactor environment 
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Radiation enevironment in extreme conditions- nuclear 
explosion 

Date July 9, 1962 

Test type Exoatmospheric 

Yield 
1.4 megatons (6.0 PJ) 
 
STARSHIP PRIME EXPLOSION 

Honolulu-1400 km away 
Radiation environment 
3 minutes from explosion 
From a surveillance airplane 

https://en.wikipedia.org/wiki/Nuclear_weapons_testing
https://en.wikipedia.org/wiki/TNT_equivalent
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Neutron radiation enevironment in extreme conditions: 
lightning 

10^8 neutrons per stroke 
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Neutron radiation enevironment in extreme conditions: 
lightning 

10^8 neutrons per stroke 
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Interaction of MeV neutrons with materials: penetration 
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MeV neutrons and silicon 

Natural  silicon  atoms  are  composed  of  three  isotopes,  
28Si  (abundance:  92.23%),  29 Si  (abundance:  4.67%)  and  30 Si  

(abundance:  3.10%).  



MmeV neutrons and silicon - Absorption in 30 silicon, 

industrially  relevant for thermal neutron trasmutation 
doping 
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Neutron Trasmutation Doping  is defined as the process by which 
neutron irradiation creates the impurity in an intrinsic or extrinsic 
semiconductor to increase its value for various uses . 

 irradiation  of  Si  with  thermal neutrons 

results only in a single nuclear reaction and 

the short half-life of  31 Si of only  2.62  h  

are  parameters  of  crucial  importance  

with  respect  to  the  use  of  the  NTD  

doping  

technique on an industrial scale.  



Absorption in 30 silicon, industrially  relevant 
for thermal neutron trasmutation doping 
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So what? 

Electron bands in silicon 



Absorption in 30 silicon, industrially  relevant 
for thermal neutron trasmutation doping 
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Electron bands in silicon doped with phosphorous: many more electrons 
ready to enhance conductivity! High power electronics! 



Absorption in 30 silicon, industrially  relevant 
for thermal neutron trasmutation doping 
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The demand for high power semiconductors  increases  rapidly  according  to  
the  rapid  increase  of  alternative  and  much  wider  use  of  ‘green energy’ 
technologies. 



Absorption in 30 silicon, industrially  relevant 
for thermal neutron trasmutation doping 
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Where and how? 
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Interaction of MeV neutrons with materials 

Information 
Technology relevant 
materials 

Production of directly ionizing 
particles 
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Interaction of MeV neutrons with materials 
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Source Drain 

Gate 

Neutron collides with 
silicon atom causing 
ejection of heavy ion 

Trail of ionisation 
and current pulse 

High energy neutron 

A Single Event Effect (SEE) is when a highly energetic particle (neutron), 
present in the environment, strikes sensitive regions of an electronic 
device disrupting its correct operation 

Single Event Effects  
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Interaction of MeV neutrons with materials: Displacement damage 

-Becomes relevant at high fluences (about 1010 n /cm2 ) 

- MeV neutrons produce atomic displacement cascades 
and transmutation  nuclear reactions within the 
materials. 
 
-Transmutation nuclear reactions yield the formation of  
impurities (e.g. H, He atoms).  
- Atomic displacement cascades produce point structure  
defects (vacancies, interstitials). 
- Then, diffusion processes lead to the formation of the  
final microstructure 
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Interaction of MeV neutrons with materials: Displacement damage 

Elastic scattering and charged particle-out reactions for carbon (Mazrou et 
al, Rad Prot Dos- 2010) 
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Interaction of MeV neutrons with materials: Displacement damage 

Elastic collisions mostly responsible for damage in metals and 
semiconductors 
 
They lead to production of vacancies and self-intersticial atoms, 
and rearrangements around lattice sites 
 
Atomic displacement start: Primary Knock on Atom (PKA)= any 
target atom struck by the fast neutron 
 
Many PKAs recoil with energies much far in excess of lattice 
bonding energies, leaving their lattice sites and displace 
additional atoms in secondary recoil events, eventually 
resulting in a cascade 
 
Localised regions of lattice become highly disturbed, containing 
high concentration of defects and excess lattice energy 
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Interaction of MeV neutrons with materials: Displacement damage 

About 0.2 ps from the creation of a PKA the «ballistic» cascade 
ends 
At this time all atoms in the cascade have been set into motion! 
Local thermal spike lasting few ps before heat dissipates 
around, promoting additional rearrangement 
 

Simmons 1965, UK Env. Ag. TR P3-080  2002 

Final 
microstructure 
formed within 
microseconds 
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Interaction of MeV neutrons with materials: Displacement damage 

The final microstructure results from a balance between  
radiation damage and thermal annealing 
• Key radiation damage parameters: 
• Accumulated damage (in dpa) 
• Damage rate (in dpa/s, or dpa/y) 
• Rate of production of impurities (e.g. He/dpa, H/dpa ratios) 
• Temperature 

dpa = number of 
displacements per 
atom 

Moeaslang et al, Nat Phys 2016 
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Evolution of the Properties 
• Chemical composition: 
• Change in the chemical composition 
• Physical properties: 
• Decrease of electrical conductivity (low temperatures) 
• Decrease of thermal conductivity (ceramic materials) 
• Mechanical properties: 
• Hardening (H) 
• Loss of ductility (LD) 
• Loss of fracture toughness 
• Loss of creep strength 
• Dimensions: 
• Swelling, irradiation creep, irradiation growth 
• Environmental effects: 
• Irradiation-assisted stress corrosion cracking 
• Radioactivity: 
• Activation effects 

Ref. Baluc  (CRPP) 
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Interaction of MeV neutrons with materials: Displacement damage 

From Filges et al, 2009 

Recall: a measure of the irradiation load to a 
material is the total dpa number 
(displacements per atom) 

From DOE Handbook, 1993 
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Hystorical note: Wigner’s disease 

As early as 1942, in Fermi’s reports on the operation of the uranium-
graphite reactor, E. P. Wigner pointed out that the intense fluxes of 
high energy neutrons created in the fission events would cause  the 
displacement of carbon atoms from their equilibrium positions in the 
graphite lattice. 
 
 
 For every fission reaction, neutrons with MeV energies would transfer 
part of their energy into the graphite lattice destruction,  
 
 
The swelling and distortion of graphite under the bombardment of 
fast neutrons from nuclear fission was called the “Wigner disease”, 
and led to intense activity on solid state physics and materials 
research  
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Instruments for MeV irradiation 

- Science case, business case, proposal 
- Scope of the instrument 
- Requirements & Solutions 
- Design & Construction 
- SOUP 
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MeV irradiation of electronic chips: ChipIr  

Science, business case 

1979: Effect of a single alpha particle on a 64 kb 
DRAM 

This class of malfunctions is termed 
SINGLE EVENT EFFECTS (SEE) 

Slides and images adapted from C. Frost, and: RS, C. Andreani, G. Gorini, Il Nuovo Saggiatore 2017 



Simulated heavy ion e-h track in Si 

Electron-Hole density (cm-3) 

Fe ions 275 MeV 
Linear Energy Transfer=24 
MeVcm2/mg 
 
LET metrics in Si: 
 

1 MeVcm2/mg 
 
 

6.4.104 e-h pairs/μm 
 
 

10 fC/μm 
 

P. Foulliat, EWRHE 2004 
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Chip Irradiation 

Reliability in advanced ICs is improving down to some  10-100 FIT 

One Failure in time (FIT) equals one failure per billion hours  

•SEE at sea level is dominated by Soft Errors (SE) leading to the  

•Soft Error Rate (SER) figure of merit; 

• if not properly mitigated, SER may reach 105 FIT  

Critical charge of the order of 10 fC/μm 

http://www.businessdictionary.com/definition/equal.html
http://www.businessdictionary.com/definition/failure.html
http://www.investorwords.com/5714/per.html
http://www.businessdictionary.com/definition/billion.html


 

Schaerbeek, Belgium, May 2003 
 

4096 (212) votes added to an 

 electronic voting machine 
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“The investigation team is evaluating the relevance, if any, of SEEs to the ADIRU 
fault that resulted in spikes being produced in ADIRU parameters.”  

Aviation: Suspected Problem 

40 
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Failure in electronics of 
a satellite across the 
South Atlantic Anomaly 



LEGAL: Disclaimer on Electronic components 
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LEGAL: Disclaimer on Electronic components 
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-Within Italy- UK collaboration on instrumentats for  eV-to-MeV 
neutrons,  the Italian team proposed in 2006 a test  
experiment for irradiation of  electronic chips on VESUVIO 
 
-This paved the way to the construction of ChipIr  
  
- The user programme on irradiation continued on VESUVIO  
and  moved to ChipIr 

from eV to MeV 



European ‘Energy Gap’ 

 

 

Device Cross Sections 

Sources: 
Y.Yahagi et al, Proc Int. Rel. Phys. Sym. IEEE, 2004, 669-670; 
 A.Hands et al IEEE Trans Nuc Sci , 56, 2009, 2026-2034; 
C.S.Dyer IEEE Trans Nucl. Sci. 51, 2004, 2817-2824 
 

TSL  
180MeV 

ISIS 



Accelerated SEE Testing using Accelerator Sources- Requirement: 1 hour at test facility 
= 114 years in real environment 
 

Source Flux (>10MeV) 

Anita (Sweden) 9.31106 

LANSCE (USA) 4.58105 

TRIUMPF (Canada) 2.61105 

ISIS –VESUVIO  (UK) 5.82104 

PNPI (Russia) 105(?) 
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Fast Neutron Beam – W1 

TS2 Provides Opportunity to Build ChipIr Instrument 

Design and construction started in 2007- now in operation 

 Strategic European Facility 

 Optimise flux and spectrum 

 Closed European ‘’Energy Gap’ 

 Builds on 25 years of providing ‘user facilities’ 

 STFC-CNR agreements 
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Target 

Fast Neutrons from Target Complex 

Be reflector 

48 



Fast Neutron Beam – W1 

Proton Beam (800MeV) 

Fast Neutron Beam 

Be reflector 

Atmospheric Fast Neutron Beams: 
Pencil & Flood 

Fast Neutron ‘Moderators’ 

Secondary Scatterer 

Target 
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Fast Neutron Moderator 

 Inserts into ‘hole’ in Be reflector 

 

 

 

 

Fast Neutrons from Target Complex 
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Fast Neutron Moderator 

 Inserts into ‘hole’ in Be reflector 

 

 

 

 

Fast Neutrons from Target Complex 

ChipIr 
Moderator 
View Port 

Direction of 
Beam 

Target 
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Target 

Bulk Target Station Shielding  

Front End 
Shielding 

Filter Set 

Collimator 

Blockhouse 

Beamstop 

User Area 

Shutter 

Device Positions  



LANSCE 4.6x105 n/cm2/s 800Mev 

TRIUMF 2.6x106 n/cm2/s 500MeV 

ISIS TS1 5.8x104 n/cm2/s 800MeV 

TSL  ANITA 9.3x105 n/cm2/s 174MeV 

ISIS TS2- ChipIr  >1x106 n/cm2/s 800MeV 

Accelerated SEE Testing using Accelerator Sources 

https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx  

https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx
https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx


ChipIr user programme 

2 minutes irradiation of a CCD for ESA 
balloon exp (E. Grosso, Msci thesis, Tor 
Vergata) 

Il Nuovo Saggiatore, SIF 2017 



Displacement damage 
instrumentation- The Irradiation 

Module at ESS 

R Senesi1,2, F Masi3 , G Gorini3 , G Scionti4, C Vasi2, Y Bessler5, M Kickulies6, 

Y Lee6, R Linander6, D Lyngh6 , V Santoro6  and L Zanini6 

  

  
1 Università degli Studi di Roma “Tor Vergata”, Dipartimento di Fisica, Centro NAST, Roma, Italy 
2 CNR- IPCF, Sezione di Messina, Messina, Italy 
3 Università degli Studi di Milano-Bicocca, Milano, Italy 
4 Università della Calabria, Dipartimento di Fisica, Rende, Italy 
5 Forschungszentrum Jülich GmbH, Jülich, Germany 
6 European Spallation Source ERIC, Lund, Sweden 

  

Within the italian (through CNR)  in-Kind contribution to ESS construction 



Displacement damage instrumentation- 
Irradiation Module at ESS 

- Respond to the need of data following irradiation under unprecedented neutron 
energy, time structure, flux 

- One main existing facility: STIP at SINQ , a module in the spallation target- mixed 
proton-neutron field 

 



Displacement damage 
instrumentation- The Irradiation 

Module at ESS 

- Science case, business case, proposal 
- Scope of the instrument 
- Requirements & Solutions 
- Design & Construction 
- SOUP 



Interface: IRRADIATION MODULE is located inside 
Moderator Reflector plug 
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•Location for the module –
many choices possible, 
final decision is inside 
water moderator close to 
surface. 
•Interface handled via 
close collaboration with FZ 
Juelich  
 

 Neutron flux in the range of interest  

 Impact on moderator’s performance  

 Radiation damage (dpa) 

 Gas (H, He) production 

 Heat load 

 Activation 



Location of Irradiation Module 
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3
0
 m

m
 

Al 6061-T6  

water cross 

spherical surface 2° 

vacuum chamber 

view from reflector 

view from target 

Water disc 

water wings 

Water channels 

“dovetail” guide for irradiation 

modules 

 
made from one full block 

Y. Bessler- FZJ 



IRRADIATION MODULE is located 
inside the thermal Moderator 
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Equipm
ent 

Lifetime 
(MW-h) 

Basis for the lifetime limit 

Target 
Wheel 

125,000 • 10 dpa in 316L SS target 
vessel 

MR Plug 25,000 • 40 dpa or 1023 n/cm2 
thermal (Eth<0.625 eV) 
neutron fluence in Al  

• The helium to dpa ratios are 14.01 (571 MeV), 13.14 (1.3 GeV) and 15.6 (2.0 GeV) [He-appm/dpa]  

• Maximum damage: 7.6 DPA 

– Ideal Module: Maximum 13.5 
DPA for 27000 MWh 

• Helium to Damage ratio: 15.6 He-
appm/dpa 

• Neutron fluxes in the module region 
~1014 n/cm2/s 

 Data from Y. Lee, G.Scionti 



IRRADIATION MODULE is located 
inside the thermal Moderator 
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samples samples+ 
holder 

samples+ 
holder+ spacers 
+cap 

Vessel+dovetail  
connection  
to moderator 



Interface : ESS Materials’ Division 
(Y.Lee) for samples specifications 
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InKind: ESS construction Phase 

Neutrons ( 0.1  MeV 
to 2.0  GeV) 

ESS operation Phase 

Post Irradiation 
Examination 
on irradiated  
and unirradiated 
samples 

Procurement of special samples- EUROFERs 
from Karlsruhe Institute of Technology 
Establish contacts between ESS and potential 
partners for PIE (Karlsruhe, Culham..) 
 

Work done in collaboration 
with Y. Lee 

Samples specification to fit 
ESS programme on spallation materials 



Interface with Remote Handling 
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 In order to carry out Post Irradiation Examination, irradiated samples have to 
be extracted from the module. 

 

Procedures for removing samples require 
collaboration with Remote Handling Group and 
Partners .  



Manufacturing and assembly pictures 

64 Final assembly by CNR-FZJ-ESS on November 7  2017 at FZJ 



Manufacturing and assembly pictures 
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Nonferrous Metal Ferrous Metal 

Al6061-T6  Invar 

Al5754-NET-O  Stainless Steel 316L 

Al6061-T6 with Al4047 filler EUROFER97 

Al6061-T6 and Al5754-O 
hybrid 

 F82H 



Not for a user community, but data 
relevant for spallation materials science 
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•The work unit completion is the integration of the 
module into the thermal moderator. NOTE: scientific 
value (data) will be garnered  (data collected) after 
irradiation and Post Irradiation Examination (>2025+) 
 

 



Suggested literature 

• Displacement damage 
• R.S. Averback and T. Diaz de la Rubia, Displacement Damage in 

Irradiated Metals and Semiconductors, Solid State Physics, Volume 
51 (1998) 

• Detlef Filges and Frank Goldenbaum, Handbook of Spallation 
Research, Wiley (2009) 

• https://www.psi.ch/lnm/sinq-target-irradiation-program-stip  

• ESS webpages 

• SEE effects on electronics 
• https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx 

• R. Jones, A. Chugg, Radiation damage - Neutron time bomb, 
Electronics Systems and Software ( Volume: 4, Issue: 6, Dec. 2006 ) 
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https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.psi.ch/lnm/sinq-target-irradiation-program-stip
https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx
https://www.isis.stfc.ac.uk/Pages/ChipIR.aspx


Thank you (for flying with us)!  
Questions? 

68 


