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Edmond Becquerel, La lumière: ses causes et 

ses effets, Vol. 2 (Paris, France: F. Didot, 1868) 

Glass and radiation: an old story 

• M. Faraday, 1824, modification of the glass color 

when exposed to sun light 

• Pelouze, 1867, glass coloration observed when 

the glass contains Mn or Fe 

• E. Becquerel, 1868, process involving a 

modification of the oxydation state of Mn, Fe 

• P. Curie, 1899, Radium colors or blackens glasses 
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Pierre and Marie Curie in their laboratory, where radium was discovered. 
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Glass and radiation: an old story 

• Doelter, 1910, a review of the coloration of 

glasses by the action of rays from radium 
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A glass (or vitreous solid) is a solid formed by 

rapid melt quenching.  

A glass is an amorphous solid that exhibits a glass 

transition phenomena at Tg. 

Glass properties depend on: 

- Chemical composition 

- Thermal history during elaboration process 

Glassy state 
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SiO4 

BO4 

BO3 

AlO4 

• Short Range Order,      SRO : Yes Polyhedra 

• Medium Range Order,  MRO : Yes Angle, Ring statistic 

• Long Range Order,       LRO : No 

Glassy state 
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Complex oxides glasses : French Nuclear Glass 

Oxide glass with around 30 oxides 

Sodium alumino-borosilicate glass 

Si 
O 

Na B 

Fission product / Actinide 

in an octahedric site Monographie DEN : Le conditionnement des déchets nucléaires 

L. Cormier, J.M. Delaye, D. Ghaleb, G. Calas, PRB 61 (2001) 14495 
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Glass Long Term Behavior 

Glass 

Metallic 

containers 

Near-field materials 

time 

Containers 

corrosion 
Leaching 

 RN release 

Dose rate 

Activity 

Temperature 

Water resaturation  

Irradiation dose 

dpa, He 

Lithostatic 

stress 

Hundreds to 

thousands years 
Thousands to hundreds of 

thousands years 
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Glass Long Term Behavior: What type of radiation? 
Figures for commercial French nuclear glass 

 

 

• Stage 1 : mainly b,g effects, ionization effects 

• Stage 2 : mainly a decays effects, electronic  and 

nuclear collisions 

 

Most of the studies have addressed the effects 

separately ! 
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Outline 

 

 

1- Effects of beta decays 

 

 

2- Effects of a decays 

 

 

3- Effects of a decays on the glass structure 

 

 

4- Roles of Recoil Nuclei and Alpha Particle? 
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Outline 

 

 

1- Effects of beta decays 

 

 

2- Effects of a decays 

 

 

3- Effects of a decays on the glass structure 

 

 

4- Roles of Recoil Nuclei and Alpha Particle? 
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Effects of beta decays 

 

Simulation of beta decays: Dose (@1000 years) ~ 5GGy (~ 103 Gy/hr) 

 

 

 

  

Dose Rate 

Gy/hr 

 

Irradiation time 

(Equivalent  of 

1000 years of 

aging) 

 

Irradiation 

volume 

Remarks 

Intense  60Co  

Gamma 

Source 

3x104 ~20 years bulk Studies in MGy 

dose range 

Electron  

Accelerators 

107 to 108 Several days to 

weeks 

Up to 1 mm 

thick 

Most of the studies 

performed 

Electron 

microscopes 

(SEM & TEM) 

1011 to 1013 

 

Several minutes Irradiation  

Technique 

Be careful … 
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Main effects observed: 

 Transmutations – Charge imbalance; minor chemistry changes  

 Covalent and ionic bond rupture  

 Localized electronic excitations, production of electrons and holes 

 Formation of punctual defects and molecular oxygen 

 Changes in oxidation states (Fe2+/Fe3+, Ln2+/Ln3+/Ln4+…) 

 Changes in boron coordination number and glass polymerization index 

 Enhanced defect and atomic mobility (enhanced alkali migration) 

 Phase separation and/or oxygen bubbles (TEM studies only) 

 Only few macrosocpic measurements were performed 

 Complex glasses are less modified than simple glasses 
 

Do these processes may affect pathways for phase separation or evolution 

of microstructure (bubbles, precipitates, etc.) of nuclear glasses? 

 

  

Effects of beta decays 
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Why complex glasses are less modified than simple glasses? 

 

No significant evolution of R7T7 glass properties after irradiation with electrons   
[Jacquet-Francillon, Radiochimica Acta 25 (1978), Ollier, J.Non-Cryst. Solids 323 (2003)] 

 

But: Evolution of the structure and properties of simple oxide glasses 

 SiO2 [Shelby, J. Appl. Phys. 51 (1980) 2561] 

 Borosilicates [Boizot, NIMB 166 (2000), JNCS 283 (2001), Mohapatra NIMB 269 (2011), Chen, Chin. Phys. B 22 (2013)] 

 

 Origine of the evolution of simple glasses? 

 

 
 

Ionizing radiation 

Exciton creation (e-/ho) 

Ponctual defects, alkali migration  

Accumulation with dose… 

Structural and macroscopic properties evolutions 

Effect of beta decay 
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Why complex glasses are less affected than simple glasses? 
 

 Effect of incorporation of transition élements (Fe, Cr), lanthanides, mixed alkaline 

 

 

 
 

Ionizing radiation 

Exciton (e-/ho) but interaction with the 

transition elements 

Equilibrium:     Consomption: 

Fe3++e-  Fe2+ 

Fe2++ho  Fe3+ 

 

Decrease or vanishing of structural evolution 

Olivier, JNCS 351 (2005) 

The glass complexity (transition elements, lanthanides, mixed alkalines …) 
increases the glass resistance toward ionizing radiation  

Effect of alpha decay 
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Phase separation, bubble formation in nuclear glasses? 

• Only observed under TEM studies 

10 orders of magnitude higher dose rate than 

expected in HLW glass 

 

Glass LTB: Effect of beta decay 

Sun, Microscopy and Analysis 106 (2005) 

Na-Borosilicate Glass 

Jiang, JAP 92 (2002) 

Ca-Borosilicate Glass 

Li-Borosilicate Glass 

Ollier, JAP 99 (2006) 
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Phase separation, bubble formation in nuclear glasses: several contributions? 

 Bond breaking, alkali migration 

 

 Modification of the glass chemical composition 

(Electron Stimulated Desorption) 

 

Favors oxygen bubbles and phase separation 

Glass LTB: Effect of beta decay 

Jiang, JAP 92 (2002) 

Sun, NIMB 218 (2004) 
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Phase separation, bubble formation in nuclear glasses: several contributions? 

 Modification of the glass viscosity 

o Very high dose rate (10 orders 

of magnitude higher than 

expected in HLW glass) 

o Bond breaking 

 

Favors oxygen bubbles and phase 

separation 

Glass LTB: Effect of beta decay 

(T) viscosity of an non-irradiated material,  

αe  efficiency of electron beam bond breaking and annihilation  

Αe Ie dimensionless electron flux density 

Ojovan, Mater. Res. Soc. Symp. Proc. Vol. 1193 (2009) 

MÖbus, JNM  396 (2010) 
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Phase separation, bubble formation in nuclear glasses? 

• Only observed under TEM studies 

10 orders of magnitude higher dose rate than 

expected in HLW glass 

 

• No bubbles or phase separation observed with 

electron accelerator based studies  

 

Relevance for long term aging of nuclear glass? 

 

 

Need to characterize old radioactive glasses 

30 years of storage time: 

~3GGy ~half of the dose @ 1000years 

Glass LTB: Effect of beta decay 

Jiang, JAP 92 (2002) 

Ca-Borosilicate Glass 

Mir et al, JNCS 
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Phase separation, bubble formation in nuclear glasses? 

• No bubbles or phase separation observed 

with electron accelerator based studies  

Irradiation of a Na, B, Si glass at 4,5GGy 

Raman, NMR, TOF-SIMS, AFM 
 

Surface phenomena : 

ESD of Na+ ions in the first µm at the surface 

Modification of the glass composition 

Tendancy of phase separation in the first µm 
 

Bulk : 

No phase separation in the bulk,  

Slight depolymerization of the network 

(decrease of boron coordination and 

increase of NBO around Si and B atoms) 

 

Glass LTB: Effect of beta decay 

Recent work of Mir, 

submitted to JNCS 
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Phase separation, bubble formation in nuclear glasses? 

• Only observed under TEM studies 

10 orders of magnitude higher dose rate than 

expected in HLW glass 

 

• No bubbles or phase separation observed with 

electron accelerator based studies  

 

Relevance for long term aging of nuclear glass? 

 

 

Need to characterize old radioactive glasses 

30 years of storage time: 

~3GGy ~half of the dose @ 1000years 

Glass LTB: Effect of beta decay 

Jiang, JAP 92 (2002) 

Ca-Borosilicate Glass 

Mir et al, JNCS 
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Outline 

 

 

1- Effects of beta decays 

 

 

2- Effects of a decays 

 

 

3- Effects of a decays on the glass structure 

 

 

4- Roles of Recoil Nuclei and Alpha Particle? 
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Focus on the results of the research program started in 2001 at CEA 

USA (NLs) 70’s-90’s <3 x 1018 a/g 

UK (AERE) 70’s-80’s <3 x 1018 a/g 

France (CEA) 70’s- 80’s <3 x 1018 a/g 

EU (ITU) 70’s-90’s <5 x 1018 a/g 

 

JAPAN (JAERI) 90’s <1019 a/g 

Main laboratory studies of alpha decay impact 

Macrosocpic 

behavior in a limited 

level of dose  

but no data on the 

glass structure ! 

Need to improve the understanding of alpha decays effects 

 To predict long term behavior 

 To explore nuclear glass limits 

 To optimize the future glass or glass ceramics composition 

Glass Long Term Behavior: main past studies? 



CEA/DEN/MAR/DTCD/SECM  S. Peuget   Joint ICTP-IAEA Workshop – Trieste     24 

Mainly nuclear collisions 

Ballistic damage 

Displacement cascade 

 

244Cm 240Pu 

97 keV 

5,8 MeV 

Recoil nuclei 
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1- Methodology to simulate alpha decays effects 
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1- Methodology to simulate alpha decays effects 
• Accelerate the time scale 

• Dissociate the effects of self-irradiation (electronic / nuclear) and helium generation 

• Evaluate the effects on the confinement properties 

• Evaluate the effects on the glass structure 
 

Propose some models to explain the glass behavior under alpha self-irradiation 

 

 
 

1. Curium doped glasses 
 

 
 

2. External irradiation with light and heavy ions 
 

 
 

3. In pile irradiation : 10B(n,a)7Li 
 

 

 

4. Molecular dynamic modeling of ballistic effects 

 
 

Atalante DHA, CEA 

OSIRIS, CEA 

IPN Orsay Lyon, Ganil 

DM, CEA 
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1- Methodology: Cm doping 

   

 

- SON68 glasses doped with 0.04, 0.4, 1.2, 3.25wt% of 244CmO2 

- International Standard Glass (ISG) doped with 0.7wt% of 244CmO2 
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• Initial characterizations of the glasses 

(homogeneity, chemical composition) 
 

• Periodical characterizations of the glass 

properties 

~ 10000 to 100000 years of storage 

Mol% SiO2 Na2O B2O3 Al2O3 CaO ZrO2 
Other 

oxides 

ISG/CJ4 60.1 12.6 16.0 3.8 5.7 1.7 

R7T7 52.8 11.3 14.1 3.4 5.0 1.6 11.8 
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1- Methodology: Ion beam irradiation experiment 

Jannus Saclay,Orsay, Ganil 

 

Alpha particles   

 

Heavy ions (RN) 

 

 

Alpha + Heavy ion 

 

 

Heavy ion + Alpha 

 

Simultaneous 

a R 

a
R 

Mono beam 

Double beam 
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 D1 D2 D3 D4 

E (MeV) He(1.47) + Li(0.84) 

Fluence (neutron cm
-2

) 5.9 ×10
18

 1.2 ×10
19

 3.5 ×10
19

 5.2 ×10
19

 

Number of events (ion cm
-3

) 3.5 ×10
19

 7.0 ×10
19

 2.1 ×10
20

 3.1 ×10
20

 

dE/dxnucl (keV nm
-1

) 
dE/dx(He) <0.03 

dE/dx(Li) <0.06 

dE/dxelec (keV nm
-1

) 
dE/dx(He) <0.33 

dE/dx(Li) <0.56 

Enucl (GGy) 0.06 0.13 0.39 0.57 

Eelec (GGy) 5.16 10.45 30.69 45.71 

Dpa 0.27 0.54 1.6 2.38 

 

Glass 

Fuse 

Aluminum 

sample holder 

in contact with 

cooling water 

Thermal modeling and fuses 

observations after irradiation: 

T<70°C 

Neutron 

detectors 

Glass samples : polished disks 

thickness 0.5 mm 

 

OSIRIS reactor,  CEA SACLAY 

  

1- Methodology: In pile irradiation : 10B(n,a)7Li 

Mol% SiO2 Na2O B2O3 Al2O3 CaO ZrO2 
Other 

oxides 

CJ1 67.7 14.2 18.1 

SON68 52.8 11.3 14.1 3.4 5.0 1.6 11.8 
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Mol% SiO2 Na2O B2O3 Al2O3 CaO ZrO2 
Other 

oxides 

CJ1 67.7 14.2 18.1 

CJ7 63.8 13.4 17.0 4.1 1.8 

SON68 52.8 11.3 14.1 3.4 5.0 1.6 11.8 

 

- Simplified borosilicate glasses (CJ1, CJ7) 

 

 

 

 

 

 

 

1- Methodology: Molecular dynamic modeling 

s  

 

 

- Accumulation of displacement cascades caused by 

uranium atoms of energies from 700ev to 70keV 

 

- Characterization of the structural modifications 

induced by displacement cascades (SRO and MRO) 
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Light ions irradiations (He) : mainly electronic interactions 

Heavy ions irradiations (Kr, Au) : mainly nuclear interactions 

Doped glasses and OSIRIS irradiation : electronic and nuclear interactions 

Molecular Dynamics : only nuclear interactions  
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Molecular dynamic simulation

Alpha decay dose 

scale or time scale 

~ 100000 years of storage 

of nuclear glass 

5 to 10 years of storage of 
244Cm glass 

1- Methodology: Materials and irradiation conditions  

 

Simulation of at 

least 100000 years 

of disposal by 

various methods ! 
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Homogeneous microstructure, 

without bubbles, phase 

separation or crystallization 

Stability of the glassy state 

244Cm SON 68 glass : SEM (CEA Marcoule), alpha decay dose 2x1019a/g  

 

1 mm 100 µm 5 µm 

Creuset Pt Creuset Pt 
Creuset Pt 

Verre 

Verre 

Verre 

244Cm SON 68 glass : TEM (ITU Karlsruhe), alpha decay dose  8x1018a/g 

(Around 100000 

years of storage) 

2- Effect on the glass microstructure 

S. Peuget et al. JNM 44 (2014) 
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Slight decrease of the glass density (0.5%) 

No effect of the dose rate 

Stabilization of the evolution at around 4x1018 a/g 

Evolution according to an exponential law (direct impact model) 

Variations correclty simulated by external irradiations wih heavy ions and MD simulation 

Swelling level is lower under α decays irradiation (0,5% compared to 1,2% Au irradiation) 
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2- Effect on the macroscopic properties? Density 
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2- Effect on the macroscopic properties?  

Mechanical properties: example of hardness 

Decrease of hardness on curium doped glasses and ions irradiated glasses 

He induced lower changes 

 

Effect of electronic or 

nuclear interactions? 

 

No agreement versus 

Electronic dose 

~ 60 GGy 
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Mechanical properties: example of hardness 

Decrease of hardness on curium doped glasses and heavy ions irradiated glasses 

He induced lower changes 

 

 

 
Effect of electronic or 

nuclear interactions? 

 

Quite good agreement 

between doped glasses 

and heavy ions irradiated 

glasses 

 

Effect induced by nuclear 

interactions, rôle of RN ! 

 

 

2- Effect on the macroscopic properties?  
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Outline 

 

 

1- Effects of beta decays 

 

 

2- Effects of a decays 

 

 

3- Effects of a decays on the glass structure 

 

 

4- Roles of Recoil Nuclei and Alpha Particle? 
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Increase of BO3 (+7%) 
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244Cm ISG glass 
 

4x1018a/g 

CJ1 irradiated in OSIRIS reactor 
 

RMN at ITU 
 
11B MQMAS 

Conclusion : 
 

Partial conversion  
BO4 into BO3 

Complex and 
simplified glasses 

 

ISG irradiated with Au et Xe 
 

C. Mendoza et al. NIMB 325 (2014) 54-65   

Xanes B K edge: R7T7 irradiated with Au 
T. Charpentier et al. Scientific Reports 6:25499 (2016) 

S. Peuget et al, NIMB 327 (2014) 22-28 

G. Bureau, thesis, (2008) 

3- Effect on glass structure : SRO around B 

Increase of BO3 (+16%) 

BO3 increase is 
lower under α 

decays irradiation 
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Raman spectroscopy on Cm doped ISG (Atalante, DHA) 

• Increase of Q3 contribution in ISG glass : more NBO 

• Slight shift of the vibration band around 500cm-1  

Decrease of the mean angle between silica tetrahedra 

• New D2 band on ISG Cm doped glass: 3 members silica rings 

• Stabilization of the silicon local environment after around 4 x 1018 a/g 
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C. Mendoza et al. Proc. Chem. 7 (2012)  581  S. Peuget et al. JNM 444 (2014)  

Effect on glass structure : SRO around Si  and MRO 

J.-M. Delaye et al, J. Non-Cryst. Solids 

357 (2011) 2763 
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3- Effects on the glass structure? Summary 

Modification of the Short Range Order 

 Increase of trigonal boron, increase of NBO 

  

   
 

 

Modification of the Medium Range Order 

 Ring statistic modification, increase of glass disorder and Si/B mixing 

 

 Effects similar to those induced by thermal quenching of a molten glass 

  BO4  BO3 + NBO 

  Decrease of the glass density 

 

 

Wu and Stebbins JNCS 356 (2010) 

11B NMR on quenched and annealed glass 

BO4 

BO3 

T 
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Increase of the glass fictive temperature with alpha decay dose 

  

E Maugeri et al, J. Am. Ceram. Soc. 95 (2012) 2869 

3- Effects on the glass structure? Fictive temperature  

DSC on 244Cm doped SON68 glass (ITU, actinet-i3 project) 

Formation a new structure similar to a fast quenched glass 
New metastable phase induced by irradiation 
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3- Effects on the glass structure? Ballistic damage 

Golden = Si 

Green = B 

Blue = Na 

Red = O 

Very high quenching 

rate of the disordered 

state induced by the 

displacement cascade 

Supervitrification 

JM Delaye, PRB  61 (2000) 14481 

What happen  in the displacement cascade induced by a recoil nuclei? 
 

 

 

 

 
 

1. Balistic phase 

2. Thermal phase 
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Outline 

 

 

1- Effects of beta decays 

 

 

2- Effects of a decays 

 

 

3- Effects of a decays on the glass structure 

 

 

4- Roles of Recoil Nuclei and Alpha Particle? 
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Alpha particles 2 

MeV He, Se   
 

Heavy ions     

14MeV Au, Sn 

 

 

Alpha + Au 

 

 

 

Au+ Alpha 

 

 

Simultaneous 

a
R 

a
R 

Single beam irradiation 

Response of the  

Pristine Glass 

Response of the  

Pre-damaged glass 

Mutual Interaction and  

slow buildup with time 

Studied glass: a-SiO2, CJ1, ISG, SON68 

Ion Se 
(keV/n

m) 

Sn 
(keV/n

m) 

Flux(cm2/s) 

2 MeV Alpha 0.4 10-4 2x1013 

14 MeV Au 2.5 2 1x1010 

4- Roles of Recoil Nuclei (RN) and Alpha Particle (AP)? 
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Recovery

A.H. Mir et al, Eur. Phys. Lett. 112 (2015) 36002  

Role of both nuclear and electronic stopping powers 

- Heavy ions: main damage (supervitrification) 

- Alpha particle: recovery effect due to electronic energy loss 
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Explain the lower property variation 

observed on 244Cm doped ISG glass 

compared to heavy ions irradiated ISG glass 

4- Roles of Recoil Nuclei (RN) and Alpha Particle (AP)? 
A.H. Mir et al, Scientific Reports 6:30191 (2016) 
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Se: Electronic energy loss 

(heating of electrons) 

Transfer of energy from 

electrons to atoms         

(e-phonon coupling) 

Lattice heating 

(Melting at high energy input) 

Thermal spike 

Cooling of lattice  

(1012 to 1013 K/s) 

High Se: Defect freezing, phase transformation… 

 

Low Se: Defect annealing for temperatures below 

melting temperature in a glass ? 

Thermal spike model 

(Applied on many materials). 

Kobetich et al, Phys. Rev. 170, 391 ;  Gervais et al, NIMB-88, 355 ; Meftah et al., Phys. Rev B-49,12457 ; 

Toulemonde et al, Acta. Phys. Pol. A-109, 311.  

Mechanism of α particle induced recovery?  Thermal spike? 

Thermal history around 

the ion track 

4- Roles of Recoil Nuclei (RN) and Alpha Particle (AP)? 
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Edwards et al 1982; PRB-26 Devine 1990; NIMB-46 

O diffusion activated near 450 K. 

 

diffusion coefficient~10 A2ps-1 

Alpha induced thermal spike could 

activate oxygen diffusion leading to  

recombination with the pre-existing 

defects and partial damage recovery.  

Mechanism of alpha induced recovery? Ionization induced annealing? 

Temperature of 450 to 600 K in the 

center of the track 

4- Roles of Recoil Nuclei (RN) and Alpha Particle (AP)? 

A.H. Mir et al, Scientific Reports 6:30191 (2016) 
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Ionization induced annealing is possible and involves O atoms 

He irradiation 

O2   2 O 

Ionization by He irradiation  

Reaction of O° with defects    Structural relaxation

   D.L. Griscom, Nucl. Instrum. Methods Phys. Res. B1 (1984) 481–488 

Activated by the thermal spike 

4- Roles of Recoil Nuclei (RN) and Alpha Particle (AP)? 
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- Slight modification of density and mechanical properties  

- Glass is still homogeneous (SEM and TEM scale) 

- No effect on initial alteration rate 
 

- Modification of glass Short Range Order (boron coordination, NBO …) 

- Modification of Medium Range Order (ring statistic, angle distribution) 

- No effect of accelerating the time scale 

 

 

Conclusion on alpha decays effects 

Modifications observed in the first 4x1018a/g 

according to a direct impact model … (1st approx) 

Saturation when all the glass has been damaged by 

recoil nuclei events and alpha particles 

 

Recoil nuclei : supervitrification of the glass (1&2) 

Alpha particles : partial repair of the damage (3&4) 

 

Double ion beam irradiation is necessary to 

accurately simulate α decays 
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Heavy ion supervitrification 

TfRN 

α particle 

recovery effect 
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Final α decays 

damage state 

Pristine state 

RN Balistic damage 

α particle thermal 

spike 

TfαD 
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Prospects : 

Coupling alpha and beta decays and thermal history   

Is helium generation a problem? 
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DHA - Atalante 

 

Special Thanks to 

Thank you for your 

attention !!! 
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