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CLIC – Compact Linear Collider in https://clic.cern/

Surface damage in CLIC accelerating 
structures after the breakdown

CLIC:
• collision energies 0.5-5 TeV
• Proposed length 50 km requires E ~ 100 MV/m 

causing vacuum breakdowns

• prequired < 3 ⋅ 10−7
#

𝑝𝑢𝑙𝑠𝑒⋅𝑚
→ BD 

mechanisms must be understood

Applications:
• CLIC collider in CERN
• vacuum switches
• novel nanofabrication applications
• x-ray sources
• medical linear accelerators  
• RF components for microwave devices
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How we decode the nature …
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Breakdown initiation mechanisms

Key problem 1: 
understanding the 
mechanism leading 
to the appearnce of 
the field emitter

Fatique damage Subsurface defects

Emission current measurements
Field enhancement factor β

Key problem 2: 
understanding 
actual formation of 
field enhancement 
factor ~100

Field emitters with height to radius ratio ~100 (100 nm tall with 1 nm diameter) needed????

A. Descoeudres, et al., 
Phys. Rev. ST Accel. Beams. 12 (2009)

L. Laurent et al., 
Phys. Rev. ST Accel. Beams. 14 (2011)

A. Pohjonen, F. Djurabekova, et al. 
J. Appl. Phys. (2013)
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Unlocking BD onset

KIMOCS
Gold model systems,

Surface behaviour

In situ SEM:
• Heating & 

diffusion
• Local El. field

MD, DFT, FEMOCS, 
GETELEC

Surface stability, 
estimation of possible 

phenomena

FEM modeling,
Upscaling in X and t

Expectations of 
experimental conditions
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The emission currents & thermal 
effects of electron emission 

Electron Emission by General Thermal 
Field model

• Thermionic emission: high temperature, low 
field

• Field emission: low temperature, high field
• Combined effects: general thermal field 

equation

• Joule heating 𝑃𝐽 = 𝐽2/𝜎 (volumetric heat deposition)

• Nottingham heat (surface heat deposition)

𝑃𝑁 𝐹, 𝑇 = න 𝐸 𝑘 − 𝐸𝐹 𝑓𝐹𝐷 𝑘; 𝑇 𝐷 𝑘 𝑑3𝑘

= 𝐽𝑠 𝐸 − 𝐸𝐹 /𝑒

Electron emission and heating by 
GETELEC Code:

https://github.com/AndKyr/GETELEC
A. Kyritsakis, F. Djurabekova, Comput. Mater. Sci 128 15 (2017)

Two heat deposition components
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Sharp emitter effects

➢ General barrier formula:

Φ 𝑥; 𝐹, 𝑅, 𝛾 = 𝐹
𝑅 𝛾 − 1 𝑥 + 𝑥2

𝛾𝑥 + 𝑅(𝛾 − 1)

𝐹 =
𝑑Φ

𝑑𝑥
𝑥=0

𝑅 = −
2𝐹

𝑑2Φ
𝑑𝑥2 𝑥=0

𝛾 =
𝐹

𝑑Φ
𝑑𝑥 𝑥=∞
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GETELEC

➢ More details: A. Kyritsakis et. al., Comput. Meter. Sci. 128, 15–21 (2017)

GETELEC
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Code implementation

GETELEC

Local Field

Radius

Input

Temperature

Band structure

Current density

Nottingham heat

Output

e- Energy spectra
No analytical 

solutions for our 
integrals!

Nested self-consistent
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Later retrieve by interpolation

Material + Potential Barrier

V. Zadin, University of Tartu



WWW.GETELEC.ORG
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Concurrent ED-MD: FEMOCS
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1. Mesh generation “on the fly” when MD 

system changes

2. Solve for E, T, J et al.

3. Feedback to MD electrostatic forces + heating

Fine elements:
• Deal.II library

Molecular Dynamics:
• PARCAS MD
• LAMMPS 

https://github.com/veskem/femocs


Specifics of FEMOCS algorithm

Atoms (MD)

FEM mesh

Electric Field

Field emission,
Particles (e), 

Positions, 
Injections

PIC

Current 
distribution

Temperature 
distribution

Velocity 
perturbration

Sur. charge 
distribution

Force 
perturbation

V. Zadin, University of Tartu M. Veske et. al, Phys. Rev. E 101, 053307 (2020)



Heating and El. field calculations

[1] A. Kyritsakis, F. Djurabekova, Comput. Mater. Sci 128 15

V. Zadin, University of Tartu                                                                                                

Heating: Joule and Nottingham The Electric field Calculation: Space Charge Screening effects



Static surface under el. field

• Field Emission Microscopy experiment

• Collaboration with Dr. Hirofumi Yanagisawa(Max-
Planck Institute of Quantum Optics)

• Surface faceting and protrusion formation

• Possible mechanism for emitter formation

H. Yanagisawa, V. Zadin et al. https://arxiv.org/abs/1605.05393
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Current understanding

Fujita et al., Phys.  Rev. 75, 2007 V. Zadin, University of Tartu



Field assisted surface diffusion: 
the experiment
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Conclusions

• FEMOCS – concentrates our best current understanding of BD onset
• Still has significant limitations – emitter must be pre-created

• GETELEC – best currently available tool for field emission calculation & 
analysis
• Nottingham heat
• Metals & semiconductors
• Web interface to make it usable by wider audience

• Whole multiscale range of simulations most probably needed to 
understand true reasons of BD initiation

• Tight integration with in-situ microscopy experiments critical!
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