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promising future energy sources 
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o Controlled thermonuclear fusion is one of the most 
promising future energy sources 

o  ITER is the world's largest 
experimental tokamak nuclear 
fusion reactor being built at the 
south of France 

 

o required electron temperature:    
10 – 20 keV (~108 °C) 

 

o only 1 keV can be achieved with 
Ohmic heating 

one needs additional heating methods! 
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one needs additional heating methods! 
 
 

Neutrals of 1 MeV are needed to heat the ITER 
plasma core and ignite the fusion reactions 
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Why to use NI ? 
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D+  → 0% 
D-  →   56%  
of neutralisation efficiency 

7 



 
Why to use NI ? 

 

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0

E ne rg y  o f D
+  

o r D
-
 (k e V )

F
r

a
c

ti
o

n
 (

%
)

D
-

D
+

Ion neutralization 

neutrals of 1 MeV are needed 
to heat the ITER plasma core 
and ignite the fusion reactions 
 
At such an energy: 
D+  → 0% 
D-  →   56%  
of neutralisation efficiency 
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•  Neutral beam injectors for fusion 

• we need negative-ions ? 

 

 

•  Negative-ion sources for fusion 

• How can we produce negative-ions ? 

• Interaction with surfaces 

• ITER 

 

• DEMO: New concepts in negative-ion sources? 
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• Negative ions can be formed in plasmas: 

 
 * In the plasma bulk (volume production) 

Production of negative-ions 
in H2 plasmas 
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* At the surfaces in interaction with the plasma
 (surface production).   



Surface production 

– Negative ions can also be created on surfaces: 

• Hx
+ + surface  H –  

• H + surface  H –  

• … 

 

– This process is called « Surface ionization » 

 

– What is the origin of surface ionization ? 

 How a particle can capture an electron from the surface ? 
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NBI for ITER 

 

NBI - neutral beam injection 
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• WHAT ARE THE MAIN PHYSICAL PARAMETERS THAT WE HAVE TO 

       TAKE INTO ACCOUNT IN THE CHARGE EXCHANGE AT SURFACES? 

ELEMENTS OF SURFACE PHYSICS 
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Remind 
Structures of solids 

5.6. HYDROGEN BONDS 55

5.6 H ydrogen bonds

The hydrogen atom is ext remely special due to its very small size. As a result , the bonds formed

with hydrogen atoms are qualitat ively different from other bonds. When the hydrogen atom forms

a covalent or ionic bond with a larger atom, being small, the hydrogen nucleus (a proton) simply

sits on the surface of its partner. This then makes the molecule (hydrogen and its partner) into a

dipole. These dipoles can then att ract charges, or other dipoles, as usual.

What is special about hydrogen is that when it forms a bond, and its electron is at t racted

away from the proton onto (or part ially onto) its partner, the unbonded side of the the proton left

behind is a naked posit ive charge – unscreened by any electrons in core orbitals. As a result , this

posit ive charge is part icularly effect ive in being at t racted to other clouds of elect rons.

A very good example of the hydrogen bond is water, H2O. Each oxygen atom is bound to

two hydrogens (however because of the atomic orbital st ructure, these atoms are not collinear).

The hydrogens, with their posit ivecharge remain at t racted to oxygens of other water molecules. In

ice, these at t ract ions are strong enough to form a weak, but stable bond between water molecules,

thus forming a crystal. Somet imes one can think of the the hydrogen atom as forming “ half” a

bond with two oxygen atoms, thus holding the two oxygen atoms together.

Hydrogen bonding is ext remely important in biological molecules where, for example, hy-

drogen bonds hold together st rands of DNA.

5.7 Summary of Bonding (Pict oral)

See also the table 5.1 for a summary of bonding types.

Figure 5.8: Cartoons of Bonding Types
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Work function, electroaffinty 
 

Work function: Energy between the Fermi 
level and the vacuum. 
For the semiconductors or insulators it‘s 
better to take into account the energy 
between the lower part of the conduction 
band and the vacuum, ie the electro 
affinity. 
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Work function 
metal 

Work function /electro affinity 
semiconductor/insulator 
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Selected Values of Electron Workfunctions* 

Units: eV electron Volts;  

*Reference: CRC handbook on Chemistry and Physics version 2008, p. 12-114.  

Element   (eV) Element   (eV) Element   (eV) 

Ag 4.26 Cu 4.65 Si 4.85 

Ag (100) 4.64 Cu(100) 4.59 Ru 4.71 

Ag (110) 4.52 Cu(110) 4.48 Ta 4.25 

Ag (111) 4.74 Cu(111) 4.98 Ta (100) 4.15 

Ba 2.52 Ir (110) 5.42 Ta (110) 4.80 

C 5.0 Ir(111) 5.76 Ta (111) 4.00 

Ce 2.9 K 2.30 Ti 4.53 

Cr 4.5 LaB6 2.66 W 4.55 

Cs 2.14 Mo 4.60 Zr 4.05 

F 

eV) 
  F 

eV)   
F 

eV) 

  Work function for different materials 
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Example: Carbon 

a) Graphite, b) diamond, c) fullerene, d) nanotube, e) graphene 
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Tungsten W 

• Atomic number: 74  

• Atomic mass: 183 

• Melting temperature : 3422°C 

 

                       BCC structure 
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EF 

H.J.F Jansen, A.J Freeman, Phys.Rev. B vol.30 
n°2 July 1984 
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• Incident particle 

• H (D) ions 

 

•      Solid 

INCIDENT PARTICLE 
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Atom (ion) 
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Atom (or ion ) in interaction with a 
metallic surface 
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Negative ion emission by metallic 
surface 

4. Negative ion formation on surface || 86 

conductor and insulator surface due to image charge we have discussed in the section 3.4, but 

here we continue discuss the electron levels being shifted and broadened by the image charge. 

At a certain distance from the surface, when the shifted energy level of the particle is the same 

as the energy of the Fermi level, resonant processes of electron capture or loss became 

possible [1]. This  so  called,  ‘surface  effect’  production  of  negative  ion  has  been  intensively  

studied [8, 64-67], the physical process of electron attachment to D
-
 is resonant charge 

exchange from the conduction band of surface to the affinity level of scattered particle.  

 

4.1.1 Electron level perturbation by image charge 

The presence of a surface will modify both the ionization energy and the electron affinity of a 

projectile. For simplify, let us consider a hydrogen atom in front of a perfect conductor, as 

illustrated in Figure 4.1. The image potential (3.48) is then given by [68] 

 

2

2

1 1 1 1

2 | 2 | | 2 ' | | 2 | | 2 ' |

1 1 2

4

im

e
V

R R r r R r R r

e

Z z Z z

 (4.1) 

If we remove the electron from the hydrogen to infinity, we have to put some effort against 

the image charge force /imV zfrom both the image charge of electron itself and the positive 

ion.  

 

Figure 4.1 Schematic illustration of a hydrogen atom in front of a perfect conductor interaction with its image 

charges [68]. 

Comparing the attraction by the electron of its own image with the repulsion by the negatively 

charged image of the ion, the repulsion is overcompensated to the attraction. Thus, the 
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H. Winter: Phys. Reports 367 (2002/387, 582) 
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– Electron affinity : energy required to detach the extra 
electron from a negative ion 

• H-/D- are stable negative-ions but: 

– The electron affinity is quite low: 0.75 eV 
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Ions surface experimental 
apparatus  
Xiang-Yang PhD ISMO 2013 
Ph. Roncin H. Khemliche, 
Ismo Lab U-Psud/ CNRS 
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Negative H- formation for different materials 
(Xiang-Yang PhD) 
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Negative H- formation different C- materials 
(Xiang-Yang PhD) 

31 



References 

• H. Winter: Phys. Reports 367 (2002/387,582) 

• J.A. Scheer et al. Nuclear Instruments and 
methods in Physics research: B 230 (2005) 
330-339. 

• Yang Xiang : PhD 2013, Interactions d’atomes 
et d’ion H+ dans la création d’ions négatifs. 

 

 

32 



33 

VB 

CB 

E 

EF 

Valence Band 

Conduction Band 

Fermi level 

Occupied states 

Empty states 

Evac Vacuum level 
Work  
function  
= 
Minimum 
energy 
required  to 
extract an 
electron from 
the metal 
~ 
4-5 eV for 
most metals 

Ef 
 

f 
 

Electron binding energy 
diagram in a metal 

Surface production mechanisms 
Metallic surface 



 
Gilles Cartry et al 2017 New J. Phys.  
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Surface production mechanisms 
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•What is the surface parameter playing the 
strongest role on the negative-ion yield at metal 

surface ? 
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To increase surface ionization, what is the material 
parameter we have to play with ? 
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Conclusion on surface 
production mechanisms at 

metal surfaces 

– Electron capture on a metal is efficient  
 

– Electron loss is usually high  
 
 

– Low work function metals can strongly increased the 
surface ionization yield: capture is easier, loss is lower 
! 
 

• What are the low work-function metals ? 
–  Alkaline and alkaline earth elements 

Surface ionization 
yield is therefore 
usually low on 
metals 
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Conclusion on surface 
production mechanisms 

– Electron capture on a metal is efficient  
 

– Electron loss is usually high  
 
 

– Low work function metals can strongly increased the 
surface ionization yield: capture is easier, loss is lower ! 
 

• What are the low work-function metals ? 
–  Alkaline and alkaline earth elements 

• Cesium (Cs) has the lowest work-function: 2.14 eV 
• Barium (Ba) is 2.5-2.7 eV… 

Surface ionization 
yield is therefore 
usually low on a 
metal 
 



Negative-Ion Sources for fusion 

ITER Negative-Ion source (Max Planck Institute) 



Next steps 
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• Batman: first prototype 
• MANITU: dedicated to cw operation 



WPHCD: H&CD systems 

Description 

 H&CD System Engineering 
The activities planned for 2014 include: the preparation of an initial CAD 

configuration model; the definition of design and analysis strategies; the analysis of 

system requirements and preparation of a draft System Requirement Document (SRD) 

and of a draft Load Specification (LS) (neutrons, heat loads etc.) including off-normal 

load conditions which may affect the system itself, or ports and launchers (arcing, 

VDEs, disruptions etc.). 

 NB  R&D 
The key activities within the work package are: (i) selecting of Cs alternatives and 

develop source technologies; (ii) investigation of candidate energy recovery solutions 

and write test specifications; and analysing power supply concepts taking into account 

energy recovery. 

 EC R&D 
The activities planned for 2014 are: the design and start of fabrication of a pre-

prototype step-tuneable high frequency gyrotron including the analysis of the 

integrated gyrotron parts; and the analysis and development of candidate high power 

broadband window solutions. 

Eurofusion workprogram 
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– Cesium consumption is too high for a fusion power plant (10µg/s) 
– Cesium diffusion inside the accelerator may cause breakdowns, parasitic beams… 
– Long term operation stability (stable ion beam over very long period) is hard with 

cesium  
 

• => imply a regular and restrictive maintenance in a nuclear environment 
 

• Alternative solutions to cesium would be highly valuable ! 

Why eliminating cesium ? 



What are the way of research ? 
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 A better control of cesium to strongly reduce its use 

 

 Other low work function materials ? 

 

 New ion source design to improve negative-ion yield efficiency without 
cesium 

 

 New materials enhancing surface production 
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 New ion source design to improve negative-ion yield efficiency without 
cesium 

 

 New materials enhancing surface production 



Negative-ion enhancer materials 
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Negative-ion enhancer materials 
metallic 
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Experimental set-up 
 

 

Pyrex tube 

       Coils 

Antenna 

Sample material: 

Formation of negative-ions 

Mass  

spectrometer  

Hiden EQP300 

Pump 

 H2 and D2 plasma  

 P = 30-900 W 

 No magnetic field 

 Pr = 0.2 – 2 Pa 
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Negative-ions (i-) are self-extracted: 

Advantages: simple extraction, sample materials can be changed  

easily 

Drawback: Bad control of surface state. It is strongly dependant on 

plasma conditions and ion bombardment (Ex situ surface analysis) 
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Plasma Graphite Mass spectrometer 

Positive ions 

Negative ion distribution function 
(IDF)  



SRIM results 
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NI yield on carbon materials 

K. Achkasov - CIP 2015 
05/06/2015 
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• Surface temperature 

• Bias time 

• Bias voltage 

• Plasma exposure time 



Negative ion yield at RT vs. Vs 
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• MCBDD is the best NI producer at RT and low bias. 
• MCBDD is also easily polarized to the desired bias. 
• After high bias exposure, the MCBDD surface produces 7 times less NI at Vs = -10V 
  the surface state change at high Vs is unfavorable for the NI production 

D. Kogut – H-index ANR meeting 
21/04/2015 



NI yield on carbon materials 

K. Achkasov - CIP 2015 
05/06/2015 

81 

Highly-oriented 
pyrolitic graphite: 

HOPG 

Microcrystalline 
boron-doped 

diamond: MCBDD 

Microcrystalline 
non-doped 

diamond: MCD 

virgin material 

~nm 

+ + + + + + 

Ei  

Vs = – 130 V 



MCBDD: time evolution Vs = -130 V 

K. Achkasov - CIP 2015 
05/06/2015 
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MCBDD: time evolution Vs = -130 V 

K. Achkasov - CIP 2015 
05/06/2015 
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MCBDD: time evolution Vs = -130 V 

K. Achkasov - CIP 2015 
05/06/2015 
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MCBDD: time evolution Vs = -130 V 
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Cs-free Negative Ion sources would be highly valuable for future fusion reactors

How to produce negative ions (NI)?

Surface production of D- is used: D/D+ + surface D-

Cesium (Cs) deposition is used to lower the work function and to 

enhance NI production. 

Drawbacks: high Cs consumption (~3 μg/s), pollution of the 

accelerator stage, nuclear safety…
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𝐄𝐭𝐡𝐫𝐞 𝐬𝐡𝐨𝐥 𝐝determination and first results in vacuum

We study H- surface production on alternative materials (graphite, diamond, electrides…) in 

cesium-free plasmas.

First results WF monitoring vs Argon plasma duration

Work function measurements of materials in plasma environment 

using photoelectron yield spectroscopy.

High current H−/D− negative-ion source is the essential part of Neutral Beam 

Injection system in fusion reactors.

Requirements for ITER: 

40 A D− (~ 25 mA/cm2) 

at energy of 1 MeV

Negative 
ions source:

low-Te
H2/D2 plasma

Accelerator
Neutralizer

H-/D-
H/D (1 MeV)

Experimental method

The key parameter affecting the NI production 

yield is the minimum energy required to 

extract one electron, 𝑬𝐭𝐡𝐫𝐞 𝐬 𝐡𝐨𝐥𝐝 .

Since the sample surface state directly influences 

𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅, we decided to probe 𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐 𝒍𝒅 changes to 

account for surface modification.

Conclusion/Perspective

A sample is negatively biased in the plasma

Negative-ions (NI) are created upon Positive-Ions 

(PI) impacts on the sample. 

Multiple parameters such as sample temperature 

and plasma exposure time modify the surface state 

and the NI production.

The setup for photo electron yield spectroscopy (PYS)

The theory

The setup

An energy-tunable photon beam is focused on 

the sample placed in vacuum, with the plasma 

off.

Increasing the photon energy allows to release 

electrons from deeper inside the band 

structure.

When the so-called threshold energy is 

reached, a sharp increase in the current 

drawn from the sample is measured.

The Fowler method The practical method

o For metals, two different methods have been used to determine the WF from PYS 

measurements : the Fowler and the practical method (see below, the example for HOPG).

• The function ln( ⁄𝐼 𝑇² ) is fitted to the 

Fowler function (with 𝐼 = 

⁄𝐼 𝜑 ).

• In this case (for graphite), the regression 

using the Fowler function fits the dataset for 

WF=4,6 eV.

• The measured photocurrent is first smoothed, 

and both the 0 current baseline and the 

photocurrent increase slope are drawn. The 

intersection between the two lines gives the 

E (WF for a metal).

• With this method, we obtain WF=4,69 eV.

Comparable results have been obtained with other metallic samples. The differences are within

the measurements uncertainties (+/- 0,1 eV).

A nanoporous electride sample was exposed to an Argon plasma (ECR discharge, 30 W 0.08 

Pa with 60 eV ion bombardment). 

The threshold energy is shifted to lower energy as the exposure time increases.

After 45 minutes of plasma, the measured WF has decreased from − 4.1 0.1 eV to 3,6 

0.1 eV, proving that the plasma changes surface state the sample.

The diagnostic follows surface state changes due to plasma exposure !!

We have successfully been able to detect WF modification due to plasma exposure.

The main source of uncertainties is the output light spectral broadening. Because of this, the 

PYS setup resolution is limited to +/- 0,1 eV, which is acceptable for this application.

Current knowledge

What’s next

Implement this diagnostic on the main NI study reactor and adapt the sample holder to low 

current measurements.

Other samples (nitrogen/boron doped diamond, graphite) will be investigated.

Expose the samples to hydrogen/deuterium plasmas (only Argon presented here).

A better-resolution Pico-amperemeter will be used to enhance the signal-to-noise ratio. 

Improve E determination using more appropriate techniques.

The lamp characteristics

The photon power is not constant over 

wavelength.

The photon power is calibrated for each 

wavelength, using a micro wattmeter. The photon 

flux ranges from 1.6 ∗ 10 to 8.7 ∗ 10 photons/s.

Thanks to the calibration, we know 𝝋𝒑𝒉𝒐𝒕 𝒐 𝒏(𝝀)

needed to correct 𝐈𝐩𝐡𝐨𝐭 variation vs 𝝀.

The wavelength resolution at the lamp output is 6 nm when operating the monochromator with fully 

opened slits. It limits the energy resolution to +/- 0.1 eV.

The electrons are extracted from the sample using either a positively polarized external cylinder or by 

biasing it negatively using a -30V battery.

MCD has a negative electronic affinity. MCD 

effective should be lower than 5,5 eV, the 

energy gap between the VB and the CB.

The intersection between the two baselines

shows that the effective WF is lower than 5,5 

eV, as expected.

Relevant informations on insulator surfaces 

can also be determined with this method

For Micro Cristalline Diamond (MCD)

Since the Fowler method is not applicable to insulators, we used the practical method to 

estimate 𝑬𝒕𝒉𝒓𝒆 𝒔 𝒉 𝒐𝒍 𝒅for other materials than metals.



Conclusion(?) 

• Research on negative ion sources without Cs. 

• Laboratory experimental apparatus 

• Plasma-surface interactions 

• Other materials 

• Developement of an in-situ diagnostic for 
Work Function measurement. 
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Negative-ions (NI) are created upon Positive-Ions 
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Multiple parameters such as sample temperature 

and plasma exposure time modify the surface state 

and the NI production.

The setup for photo electron yield spectroscopy (PYS)

The theory

The setup

An energy-tunable photon beam is focused on 

the sample placed in vacuum, with the plasma 

off.

Increasing the photon energy allows to release 

electrons from deeper inside the band 

structure.

When the so-called threshold energy is 

reached, a sharp increase in the current 

drawn from the sample is measured.

The Fowler method The practical method

o For metals, two different methods have been used to determine the WF from PYS 

measurements : the Fowler and the practical method (see below, the example for HOPG).

• The function ln( ⁄𝐼 𝑇² ) is fitted to the 

Fowler function (with 𝐼 = 

⁄𝐼 𝜑 ).

• In this case (for graphite), the regression 

using the Fowler function fits the dataset for 

WF=4,6 eV.

• The measured photocurrent is first smoothed, 

and both the 0 current baseline and the 

photocurrent increase slope are drawn. The 

intersection between the two lines gives the 

E (WF for a metal).

• With this method, we obtain WF=4,69 eV.

Comparable results have been obtained with other metallic samples. The differences are within

the measurements uncertainties (+/- 0,1 eV).

A nanoporous electride sample was exposed to an Argon plasma (ECR discharge, 30 W 0.08 

Pa with 60 eV ion bombardment). 

The threshold energy is shifted to lower energy as the exposure time increases.

After 45 minutes of plasma, the measured WF has decreased from − 4.1 0.1 eV to 3,6 

0.1 eV, proving that the plasma changes surface state the sample.

The diagnostic follows surface state changes due to plasma exposure !!

We have successfully been able to detect WF modification due to plasma exposure.

The main source of uncertainties is the output light spectral broadening. Because of this, the 

PYS setup resolution is limited to +/- 0,1 eV, which is acceptable for this application.

Current knowledge

What’s next

Implement this diagnostic on the main NI study reactor and adapt the sample holder to low 

current measurements.

Other samples (nitrogen/boron doped diamond, graphite) will be investigated.

Expose the samples to hydrogen/deuterium plasmas (only Argon presented here).

A better-resolution Pico-amperemeter will be used to enhance the signal-to-noise ratio. 

Improve E determination using more appropriate techniques.

The lamp characteristics

The photon power is not constant over 

wavelength.

The photon power is calibrated for each 

wavelength, using a micro wattmeter. The photon 

flux ranges from 1.6 ∗ 10 to 8.7 ∗ 10 photons/s.

Thanks to the calibration, we know 𝝋𝒑𝒉𝒐𝒕 𝒐 𝒏(𝝀)

needed to correct 𝐈𝐩𝐡𝐨𝐭 variation vs 𝝀.

The wavelength resolution at the lamp output is 6 nm when operating the monochromator with fully 

opened slits. It limits the energy resolution to +/- 0.1 eV.

The electrons are extracted from the sample using either a positively polarized external cylinder or by 

biasing it negatively using a -30V battery.

MCD has a negative electronic affinity. MCD 

effective should be lower than 5,5 eV, the 

energy gap between the VB and the CB.

The intersection between the two baselines

shows that the effective WF is lower than 5,5 

eV, as expected.

Relevant informations on insulator surfaces 

can also be determined with this method

For Micro Cristalline Diamond (MCD)

Since the Fowler method is not applicable to insulators, we used the practical method to 

estimate 𝑬𝒕𝒉𝒓𝒆 𝒔 𝒉 𝒐𝒍 𝒅for other materials than metals.
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First results WF monitoring vs Argon plasma duration

Work function measurements of materials in plasma environment 

using photoelectron yield spectroscopy.

High current H−/D− negative-ion source is the essential part of Neutral Beam 

Injection system in fusion reactors.

Requirements for ITER: 

40 A D− (~ 25 mA/cm2) 

at energy of 1 MeV

Negative 
ions source:
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Experimental method

The key parameter affecting the NI production 

yield is the minimum energy required to 

extract one electron, 𝑬𝐭𝐡𝐫𝐞 𝐬 𝐡𝐨𝐥𝐝 .

Since the sample surface state directly influences 

𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅, we decided to probe 𝑬𝒕𝒉𝒓𝒆𝒔𝒉𝒐 𝒍𝒅 changes to 

account for surface modification.

Conclusion/Perspective

A sample is negatively biased in the plasma

Negative-ions (NI) are created upon Positive-Ions 

(PI) impacts on the sample. 

Multiple parameters such as sample temperature 

and plasma exposure time modify the surface state 

and the NI production.

The setup for photo electron yield spectroscopy (PYS)

The theory

The setup

An energy-tunable photon beam is focused on 

the sample placed in vacuum, with the plasma 

off.

Increasing the photon energy allows to release 

electrons from deeper inside the band 

structure.

When the so-called threshold energy is 

reached, a sharp increase in the current 

drawn from the sample is measured.

The Fowler method The practical method

o For metals, two different methods have been used to determine the WF from PYS 

measurements : the Fowler and the practical method (see below, the example for HOPG).

• The function ln( ⁄𝐼 𝑇² ) is fitted to the 

Fowler function (with 𝐼 = 

⁄𝐼 𝜑 ).

• In this case (for graphite), the regression 

using the Fowler function fits the dataset for 

WF=4,6 eV.

• The measured photocurrent is first smoothed, 

and both the 0 current baseline and the 

photocurrent increase slope are drawn. The 

intersection between the two lines gives the 

E (WF for a metal).

• With this method, we obtain WF=4,69 eV.

Comparable results have been obtained with other metallic samples. The differences are within

the measurements uncertainties (+/- 0,1 eV).

A nanoporous electride sample was exposed to an Argon plasma (ECR discharge, 30 W 0.08 

Pa with 60 eV ion bombardment). 

The threshold energy is shifted to lower energy as the exposure time increases.

After 45 minutes of plasma, the measured WF has decreased from − 4.1 0.1 eV to 3,6 

0.1 eV, proving that the plasma changes surface state the sample.

The diagnostic follows surface state changes due to plasma exposure !!

We have successfully been able to detect WF modification due to plasma exposure.

The main source of uncertainties is the output light spectral broadening. Because of this, the 

PYS setup resolution is limited to +/- 0,1 eV, which is acceptable for this application.

Current knowledge

What’s next

Implement this diagnostic on the main NI study reactor and adapt the sample holder to low 

current measurements.

Other samples (nitrogen/boron doped diamond, graphite) will be investigated.

Expose the samples to hydrogen/deuterium plasmas (only Argon presented here).

A better-resolution Pico-amperemeter will be used to enhance the signal-to-noise ratio. 

Improve E determination using more appropriate techniques.

The lamp characteristics

The photon power is not constant over 

wavelength.

The photon power is calibrated for each 

wavelength, using a micro wattmeter. The photon 

flux ranges from 1.6 ∗ 10 to 8.7 ∗ 10 photons/s.

Thanks to the calibration, we know 𝝋𝒑𝒉𝒐𝒕 𝒐 𝒏(𝝀)

needed to correct 𝐈𝐩𝐡𝐨𝐭 variation vs 𝝀.

The wavelength resolution at the lamp output is 6 nm when operating the monochromator with fully 

opened slits. It limits the energy resolution to +/- 0.1 eV.

The electrons are extracted from the sample using either a positively polarized external cylinder or by 

biasing it negatively using a -30V battery.

MCD has a negative electronic affinity. MCD 

effective should be lower than 5,5 eV, the 

energy gap between the VB and the CB.

The intersection between the two baselines

shows that the effective WF is lower than 5,5 

eV, as expected.

Relevant informations on insulator surfaces 

can also be determined with this method

For Micro Cristalline Diamond (MCD)

Since the Fowler method is not applicable to insulators, we used the practical method to 

estimate 𝑬𝒕𝒉𝒓𝒆 𝒔 𝒉 𝒐𝒍 𝒅for other materials than metals.
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⁄𝐼 𝜑 ).

• In this case (for graphite), the regression 

using the Fowler function fits the dataset for 

WF=4,6 eV.

• The measured photocurrent is first smoothed, 
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A nanoporous electride sample was exposed to an Argon plasma (ECR discharge, 30 W 0.08 
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Expose the samples to hydrogen/deuterium plasmas (only Argon presented here).

A better-resolution Pico-amperemeter will be used to enhance the signal-to-noise ratio. 

Improve E determination using more appropriate techniques.

The lamp characteristics

The photon power is not constant over 

wavelength.

The photon power is calibrated for each 

wavelength, using a micro wattmeter. The photon 

flux ranges from 1.6 ∗ 10 to 8.7 ∗ 10 photons/s.

Thanks to the calibration, we know 𝝋𝒑𝒉𝒐𝒕 𝒐 𝒏(𝝀)

needed to correct 𝐈𝐩𝐡𝐨𝐭 variation vs 𝝀.

The wavelength resolution at the lamp output is 6 nm when operating the monochromator with fully 

opened slits. It limits the energy resolution to +/- 0.1 eV.

The electrons are extracted from the sample using either a positively polarized external cylinder or by 

biasing it negatively using a -30V battery.

MCD has a negative electronic affinity. MCD 

effective should be lower than 5,5 eV, the 

energy gap between the VB and the CB.

The intersection between the two baselines

shows that the effective WF is lower than 5,5 

eV, as expected.

Relevant informations on insulator surfaces 

can also be determined with this method

For Micro Cristalline Diamond (MCD)

Since the Fowler method is not applicable to insulators, we used the practical method to 

estimate 𝑬𝒕𝒉𝒓𝒆 𝒔 𝒉 𝒐𝒍 𝒅for other materials than metals.
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Structuration process of AMU launched in 2016 and 

nearing completion now 
 
 Creation of 13 (+5) Institutes, with the aim of 

 
                  - building a research identity for the University 
 

                  - strengthening the link between teaching and research : graduate schools 
 

                  - having a knock on effect on the whole AMU teaching offer 
 
 Backbone of AMU proposal for a call for project currently open to strengthen the links 

between teaching and research over the next ~10 years  

In AMU institutes in a nutshell 



General overview of AMU institutes 

Archeology 

Mathematics/Computer Sciences 

Cancer/Immunology 

Creativity/Innovations 

Medical Imaging 

Rare diseases 

Mechanics & Engineering 

Environmental transition 

Microbiology/Bioenergy 

Neurosciences 

Physics of the Universe 

Fusion/NI 

Societies in mutation 

(AI) 

(Medical Radioisotopes) 

Safety, Energy Mix 
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 ~150 reshearchers at AMU + ~150 at CEA 

 

 Grouping several structures 

 9 Labs 

 2 institutes at CEA Cadarache (IRESNE et 

IRFM) 

 2 common AMU/CEA labs LIMMEX et 

MISTRAL 

 3 Doctoral Schools 

 

 Focused on nuclear energy applications 

 

 Both on Research and Teaching 

 

 Several partners 

 EDF 

 IRSN 
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Main Research Topics 

- Plasma wall interactions and edge plasma physics             
- Plasma confinement                     
 
- Instrumentation, sensors, microsensors, electronics  
- Characterization & modelling of materials and structures 

 
- Thermal diagnostics and measure of thermophysical properties 
- Social sciences (Sociology, law, …) 

Most of this research is conducted in close partnership with CEA 

[E. Serre, M2P2] 
[Y. Camenen,PIIM] 

[C. Reynard-Carette, IM2NP] 
[N. Favretto-Cristini,LMA] 

[J.-L. Gardarein, IUSTI] 
[C. Mattina, LAMES] 



Plasma wall interactions and edge 
plasma physics 

Advanced MUlti-beams 
experiment for Plasma Surface 

Interaction studies 

BeOxDy Type 1 

BeOxDy Type 2 

BeO 

R. Bisson et al. C. Pardanaud et al. Y. Ferro et al. 



Plasma wall interactions and edge 
plasma physics 

 Edge numerical modeling  
              Soledge/Tokam3X 

 Thermal  Diagnostics for WEST  Interpretative modelling for WEST 

Thermocouples 

Fiber Bragg Grating 

M2P2/IRFM (E. Serre, P. Tamain) 

IUSTI (J.-L Gardarein, J. Gaspard) 

PIIM/IRFM (A. Gallo, G. Ciraolo ) 



Plasma confinement 

 Fundamentals of gyrokinetics theory (Vitttot, Chandre – CPT, I2M) 
 

 Integrated modelling & model reduction through neural networks (Camenen, Bourdelle, PIIM/IRFM) 
 

 Fast particles physics (Zarzoso PIIM/IRFM) 
 

 Interactions MHD/Turbulence (Agullo PIIM/IRFM) 
 
 

D. Zarzoso et al. O. Agullo et al. 



Graduate School perimeter 

 Master of Physics & Master of  Instrumentation,  measurements and metrology 
 

 PhD Program 
 

 Short courses, seminars 
 

 Summer Schools (ITER School, EFMMIN, …) 

Internationalization is key indicator, starting from the master 
 
 Building on the European master of Science in Nuclear Fusion and Engineering Physics  coordinated by AMU  
     since 2018 et ERASMUS MUNDUS since 2019 (P. Beyer) 

 
 Creating a new international lecture track on the instrumentation of large nuclear installations (M. Carette) 

 
 Integrating social sciences (interculturality, problem-based learning), with contributions from MIT 



Thank You for Your attention 

Спасибо большое. 

http://context.reverso.net/traduction/russe-francais/%D0%B1%D0%BE%D0%BB%D1%8C%D1%88%D0%BE%D0%B5+%D1%81%D0%BF%D0%B0%D1%81%D0%B8%D0%B1%D0%BE
http://context.reverso.net/traduction/russe-francais/%D0%B1%D0%BE%D0%BB%D1%8C%D1%88%D0%BE%D0%B5+%D1%81%D0%BF%D0%B0%D1%81%D0%B8%D0%B1%D0%BE
http://context.reverso.net/traduction/russe-francais/%D0%B1%D0%BE%D0%BB%D1%8C%D1%88%D0%BE%D0%B5+%D1%81%D0%BF%D0%B0%D1%81%D0%B8%D0%B1%D0%BE


 

 R&D for Instrumentation and Measurements under harsh 

conditions 

 Application field: Fission and more recently fusion 

 Three research topics:  

o Nuclear instrumentation/detection  

 Photon and neutron measurements (SiC and Diamond 

detectors, Fission and ionization chambers, SPNDs, SPGDs, 

dosimeters, TLD, OSLD) 

o Thermal measurements  

 Nuclear absorbed dose rate (nuclear heating rate) 

measurements (differential calorimeters, single-cell 

calorimeter, gamma thermometer) 

 Thermal properties (DSC, LFA, Conductimeter) 

o New materials for detection 

 From materials to electronics 

 

SiC detectors Calorimeters 

Neutron 

flux  

Absorbed 

dose rate 

(Nuclear 

Heating) 

Research axis in Instrumentation, 
Sensor, Microsensor and Electronics 

1
0
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AMU-CEA Patent 

B2944-HD15654 
 

 

AMU-CEA Patent 

FR1553136A   

Within the framework of the LIMMEX joint laboratory (Lab. of Instrumentation, Measurement under EXtreme 

conditions) 



 Challenges 

 

o Online measurements under irradiation conditions (Jules Horowitz 

Reactor) 

 - for the quantification of experimental conditions inside channel 

before the integration of irradiation device 

 - for the measurement of key parameters during in-pile study on 

the accelerated ageing of materials and on nuclear fuels (understanding 

the behavior)  

 - for the monitoring of the structure  

o Miniaturization of sensors and detectors, innovative sensors 

o Improvement of metrological characteristics of sensors  

                     (sensitivity, linearity, range, calibration) 

o Inter-comparison/ coupling of sensors and associated methods 

o Nuclear Instrumentation for new conditions and/or new reactors 

(Fusion)  

 

 

Research reactors

JHR  

≤ 20kGy/s

or W/g

OSIRIS

≤ 13kGy/s

or W/g

MARIA

≤ 5kGy/s

or W/g

MITR

≤ 2kGy/s

or W/g

TRIGA-JSI

≤ 5.10-2kGy/s

or W/g

BR2

≤ 14kGy/s

or W/g

ZPR

≤ 10-6kGy/s 

or W/g

CalorimetersDosimeters

TLD

OSLD 2025 

100MWth 

5.5 1014 

n/(cm²s) for 

E>1MeV 

16 

DPA/year 

20W/g 

Out-of-pile 

studies  

Irradiation 

campaigns 

Phenomena 

Theoretical, 

numerical 

studies  

Experimental 

works 

Research axis in Instrumentation, 
Sensor, Microsensor and Electronics 

1
1
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 Within the framework of a joint laboratory MISTRAL (Modeling, Inspection and characterization of materials and 

STRuctures for Advanced Low carbon energies) 

 

1
1
1 

Research axis in Materials and Structures 
(Mechanics, Acoustics, Modeling, Experiments) 

 Two main topics 

 Prediction and analysis of material and structure behavior 

o Development of theoretical models and numerical tools to study and describe  

− effect of microstructural parameters at macroscopic scale (homogenization theories) 

− local behavior (e.g. interactions between fuel pellets and cladding) and/or the global 

behavior (e.g. interactions between fluid flow and fuel assembly) based on 

micro/meso/macro and multi-physics coupling 

o Computational fluid dynamics modeling (with diphasic aspects for instance) 

       (Fusion: ongoing PhD on mechanical modeling of supraconductors wires) 

 Structure Health Monitoring (at different scales, from the reactor to the containment barriers) using non 

destructive acoustical methods 

o Detection and characterization of defaults (e.g. cracks, cladding rupture, welding…) in structures  

o Modeling and quantification of the pathologies developed in damaged areas 

o Development of experimental procedures for real-time monitoring of integrity of structures    
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Graduate School perimeter 

 Master of Physics & Master of  Instrumentation,  measurements and metrology 
 

 PhD Program 
 

 Short courses, seminars 
 

 Summer Schools (ITER School, EFMMIN, …) 

Internationalization is key indicator, starting from the master 
 
 Building on the European master of Science in Nuclear Fusion and Engineering Physics  coordinated by AMU  
     since 2018 et ERASMUS MUNDUS since 2019 (P. Beyer) 

 
 Creating a new international lecture track on the instrumentation of large nuclear installations (M. Carette) 

 
 Integrating social sciences (interculturality, problem-based learning), with contributions from MIT 



PhD Program 

 20 phD positions co-funded over 5 years 
 

o Focused on the intersection of priorities of the institute and the partners 
o Select topics first, students next, possibly on year N+1 
o Possibility for PhD students to apply for mobility (proposal writing, …) 

 

 Other PhD students working in Fusion/Fission associated to the events (20 PhD students per year), 
     as well as master students 



Conclusions 

 Fusion & Nuclear instrumentation formally identified as a key topic for AMU over the next 5-10 
years 

 
 The institute is the entry point for fusion/fission related business at AMU 

 
 Most of the research is in close collaboration with CEA 

 
 Action focused on the PhD & Master program in view to strengthen the link between training & 

research 
 

 Promotes the transfers from techniques developed for fission to fusion 
 

 Additional points : ANIMMA Conference, … 
 

 
 



Back-up slides 



 Created in 2009 

 Involving AMU, CEA, SCK-CEN, JSI, IEEE NPSS 

 6 editions (2009-France, 2011-Belgium, 2013-France, 2015-Portugal, 2017-Belgium, 

2019-Slovenia) + 1 edition (2021-Czech Republic) 

 Composed of  

 

 

ANIMMA CONFERENCE 

o Decommissioning, dismantling and 

remote handling 

o Safeguards, homeland security 

o Severe accident monitoring 

o Environmental and medical sciences 

o Education, training and outreach 

 350-450 participants per edition  

 Several sessions/topics  

o Fundamental physics 

o Fusion diagnostics and technology 

o Nuclear power reactors monitoring and control 

o Research reactors 

o Nuclear fuel cycle 

 

 Keynotes, Plenaries, Invited, Orals, Posters 

 Workshops (since 2013) (Fission and Fusion topics) 

 Short-courses with practices 

 Industrial exhibition 

 Visit 

(Advancements in Nuclear Instrumentation Measurement Methods and their Applications) 

 Proceedings published and articles in IEEE journals (IEEE TNS, IEEE TPS) 

2019 

1
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 Created in 2010 

 Involving AMU, CEA, CNESTEN, Mohammed V University, AMSSNUR 

 5 editions + 1 edition (2020) 

 

 

EFMMIN SCHOOL 

 Conferences, Courses, workshops, posters, 

visits 

 A specific topic per edition 

o Research reactors (2010-Morroco) 

o Nuclear fuel cycle (2011-France)  

o Medicine and environment (2014-Morroco)  

o Dismantling and radioactive waste characterization (2016-France) 

o Nuclear and radiological safety and security (2018-Morroco)  

o Innovative detectors and sensors (2020-France)  

(Ecole Franco-Marocaine de la Mesure et de l’Instrumentation Nucléaires ) 

 50 participants (PhD, Post-Doc, M2, Young 

researchers …) + 10 speakers  

1
1
8 



 Created in 2004 inside the Filière Instrumentation 
(Department of Physics, Faculty of Sciences, AMU) 

 Up to 150 students per year 

 Quality certification (ISO 9001) 

 Committee involving socio-economic partners 

 EDF agreement (internship grants, seminars, visits) 

 International mobility program (MOBIL-APP, Academy of 

Excellence, A*MIDEX)  

 involving CEA, EDF, CFA, MIT, SCK-CEN, CNESTEN, 

NCBJ, JSI 

 Alumni network  

 Various programs (apprenticeship, initial training program, 

continuing education, prior experimental learning) 

 A high professional integration rate  

 At present 4 courses 

 

 

Master’s degree in INSTRUMENTATION, 
MEASUREMENT, METROLOGY 

Creation of a course 

dedicated to 

instrumentation, 

measurement for 

nuclear research 

reactor and  huge 

equipment 

 in particular “Test Facilities Instrumentation course” owning an 

agreement with CEA/INSTN (specialization in nuclear instrumentation 

and detection) 

 

 
 Action: creation of a new international course dedicated to instrumentation for nuclear research reactors and huge 

equipment 1
1
9 



Figure 7 from Alternative solutions to caesium in negative-ion sources: a study of negative-ion surface production on diamond in 
H2/D2 plasmas 
Gilles Cartry et al 2017 New J. Phys. 19 025010 doi:10.1088/1367-2630/aa5f1f 
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T < 1 N  
Isp> 2000 s 

T ~ 108-1 N 

Isp~ 200-400 s 

Chemical Electrical 

   

m
dv

dt
= -

dm

dt
vg

   

T =
dm

dt
vg

   

Isp =
vg

g0

Trust 

Specific Impulse 

From Ane Aanesland, LPP, Polytechnic School, Paris 

(force) 

(time) 
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Space propulsion 

From Dennis Gerst PhD thesis, ICARE Laboratory, Orléans 
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Space propulsion 



Space propulsion 

From Ane Aanesland, LPP, CNRS 
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Space satellites 

From Ane Aanesland, LPP, CNRS 



Space satellites 

From Ane Aanesland, LPP, CNRS 

 Neutral energy ranges from 10eV to 
several keV 

 They cannot be detected directly because 
of the photon background and their low 
energy 

 They have to be ionized and accelerated 
to be detected 

Heliosphere 

Magnetosphere 
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From Ane Aanesland, LPP, CNRS 
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How can we ionize low energy neutrals ? 



Space satellites 

From Ane Aanesland, LPP, CNRS 

Heliosphere 

Magnetosphere 

 The most efficient way has been recognized to be neutral to negative-ion surface 
conversion ! 
Electron ionization efficiency: 10-3-10-6 %, Carbon foil method not operating in this range of energy 

How can we ionize low energy neutrals ? 

Converter surface 

H, O H-, O- 
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From Ane Aanesland, LPP, CNRS 
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What kind of converter material should we use ? 

Converter surface 

H, O H-, O- 
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From Ane Aanesland, LPP, CNRS 

Heliosphere 

Magnetosphere 

What kind of converter material should we use ? 



Space satellites 

From Ane Aanesland, LPP, CNRS 

Heliosphere 

Magnetosphere 

What kind of converter material should we use ? 

2000-2006 
W converter 
<< 1% 
efficiency for 
H 

2008- 
DLC converter 
~ 5% 
efficiency for 
H 
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=> Anisotropic etching 

Why plasma etching ? 

 Ions weaken bonds only at the bottom of the trench 

 No etching of sidewalls 
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