
Diffusion and its particular aspect, electromigration, are thermally activated 
processes : 

 

 where the activation energy Ea is in J.mol-1 and Qa in eV/atom 

Self diffusion : 
 Bulk Ea (J.mol-1) ~ 146.5 Tm 

 Surface Ea (J.mol-1) ~ 55.4 Tm 

 where Tm is the melting temperature of the metal in K  

 typical pre-factor D0 have values around 10-2-10-3cm2.s-1 

  Effect of el. Field => further decrease of Ea 

 

 

Metallic surface exposed to high electric field in RF cavities around 10-30 GHz exhibit surface undulation and partial melting that might be favored to a specific electromigration mechanism where the 

contribution of the electric field is dominant. The mathematical treatment of this situation has been conducted in the late 90’s inside the liquid metal emission sources community [1]. It shows that when 

increasing the frequency collective movement so-called “surface capillary wave” induce a periodic modification of the surface, due to the high mobility of electromigrating atoms. It seems that the surface can 

be considered as melted at temperature much below their bulk melting temperature [2]. 

Once the surface is melted, it tends to form Taylor cones on the surface where the local field is enhanced due to the shape factor of the cones. It triggers heavy field assisted emission of either ions or 

electrons depending on the polarization of the field. At higher field, the cones become instable and tend to emit droplets of material (as in electrosprays). 

One can legitimately wonder if the observed features arise from the same physical phenomena as the feature observed around Laser ablated craters, and could also be precursors of the laser ablation 

mechanism. On the other hand, lasers provide a simple way to study metallic surfaces exposed to high frequency electromagnetic waves. 

We propose to observe copper samples prepared the same way as copper cavities from the CLIC project at CERN. We will expose them to laser irradiation at energy slightly below the ablation threshold, 

and try to observe if and in what condition morphologic transformation of the surface occurs. 

 

Metallic surfaces under high field: 

Is there common feature between laser exposed surface and RF exposed surfaces ? 
C. Antoinea), A. Semerokb),  

a) CEA, Irfu, SACM, F-91191 Gif-sur-Yvette, France , b) CEA, DEN/DPC  F-91191 Gif-sur-Yvette, France  

    Summary:   

Conclusions:  
  Electromigration is liable to appear around 100 MV/m at room temperature (even at lower field if the surface heats up) 

  Electromigration combined with collective effects (Capillary Wave Instability) leads to the formation of arrays of nanometric field emitters = 

possible source of dark current, and possible trigger for large area breakdown in RF cavities.  

  RF seems to make situation worse compared to DC, is it also the case at higher frequency ?  

 The effect of the high frequency field should be studied below the abrasion rate in order to see if/how the surface morphology is affected 

1) Liquid metal in El.field : analogy w. 

ferrofluids in Magn. Field : 

=> has Ti surface melted ?! 

• What is the actual surf. 

temperature ? 

• What is the actual local field ? 

http://www.collegehumor.com/video:1788860  

RF : Ti Surfaces 

Large uniformly melted surface + 

Holes : along Grain Boudaries : 

 Diffusion is involved ! 
 

• Analogy w. electro sublimation : 

is it “electromelting” ? 

• Electrodiffusion ? 

(≡ electromigration) 

grain boundary 

melted surface 

crack (fatigue) 

Or ? 

Vacancies  

diffusing to surface 

(GB = easy path) 

? 
? 

RF: Mo surfaces 

T (C) 

Jsurf (A/m2) 

Lorentz forces 

(MPa) 

Ti example 

Similar current densities : 

 J ~ 1011A/m2,     T ~ 700 ° C for Ti 

 J ~ 5.1011A/m2,  T ~ 20 ° C for Mo 

 J ~ 1012A/m2,     T ~ 20 ° C for Cu 
 

RF + thermal : not sufficient to 

explain observations… 
 

But current densities…. Yes ? 
 

(See electromigration §) 

30 GHz structures, 

90 MV/m on 1rst cell 

70 ns pulses 

Losses included 

RF modelling 

Atomic diffusion => electromigration 

Cu 

Ti 

Si 

 RF lasers 

Cu 

Surfaces exposed to EM RF CLIC cavities @ 30 GHz 
30HDSTK.Cu #2 

Travelling wave : melting occurs at the maximum of the reduced Poynting vector Sc 

Sc = Re {S} +Im {S}/6    (S = Poynting vector) 

 Active power flow, 

(coupling with e- emission) Reactive power flow  
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Technique Field range 
Current density 

range 
Temperature 

range 
Comments 

CLIC (RF 
acceleration) 

RF 100MV/m 1011-1012 A/m2 
RT to some 
100°C 

Heating negligible except in 
the case of Ti 

FIM/APT 
DC 

1-10 GV/m 
100 MV/m 

  

  
~ 10-4 A/m2 

  

20-100K 
RT  

  
Electro-evaporation ~30 GV/m 

STM 
DC 

Typical :1 GV/m 
Starts @ 100 MV/m 

  

  
~ 104 A/m2 

  
4.5 to RT 

Migration of the less attached 
atoms (surface, interstitials) 

Vaccum 

microelectronics, 
LMES/LMIS 

DC : 1 GV/m 
RF : 100 MV/m 

1011-1012 A/m2 
Starts at RT, 

heats up to 
several 100°C 

Surface melting observed @ 
0.5-0.75 Tm 

Electromigration 

in electronic 
circuits 

DC 

<< 100 MV/m  
10-50 V/m ! 

  

1010-1011 A/m2 
Starts @ 108 A/m2  

  
2-300°C 

In RF once a void is created, it 
can only increase  

Metallic powder 
sintering 

<< 100 MV/m  
10 V to MV ! 

not measurable 
Current is used 

to get surface 
melting 

RF faster than DC : diffusion 
increases  

Electromigration occurrences 

Ea 

E’a 

Atoms in the crystalline lattice Vacancy 

(crystalline defect) 

Field  

Current       gradients => preferential diffusion direction 

Thermal 

Effect of the electric field (E) 
Electron wind = effect of the current density = effect of the Magnetic field (B) 

Liquid metal field emitter/ions sources 2 

“… explosive emission can be excited on Liq. metal in RF 

field @ field 10 fold less than in pulsed field…” !!!! 

G.N. Fursey, "Field emission processes from a liquid-metal surface". Applied Surface Science, 2003. 215(1-4): p. 113-134. 

Liquid metal field emitter/ions sources 1 

Needle recovered w. a thin Bi-Sn-Pb (low 

Tm ) in a prismatic resonator (4.7 Ghz) 

Initially : low melting temperature alloys 

Even high melting temp metals: nanoprotuberance form on W @ ~1700 K (Tm =2896 K)… 

High n : TMI (Thermocapillary modulation instability) develop. 

In the explosive emission regime, the surface is “liquid”. 

An array of nano-tips is formed (Taylor cones)  
 

Copper 

 

 

Graphite 
(Tm~ 4000 K) 

Before 

 

 

 

After 

Field emission in AC field 

Without plasma !!! 

Stainless 

Steel 

Metallic surface submitted to both electric and magnetic field 

Electric field also penetrates non-perfect metals  

Effect of electric field @ 30 GHz 

Huge current density => high probability of 

collisions e--atoms =>high probability of 

atomic migration 

Copper: 

d ~ 380 nm, s ~  58 x 106 S/m,  ~ 0.25 nm 

At 373 K mean free path for electrons ~30 

nm (120 atoms) 

Time between 2 collisions ~10-14 s 

  d
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Distance inside the conductor (m) 

2000 Atoms 1000 Atoms 
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H 
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[J.D. Jackson, 1962, 

“Classical 

electrodynamics”] 

z/d 

  RF cavities @ some 10 GHz Femtosecond Laser @ Saclay 

frequency l ~1cm, n ~ 1010Hz l ~800 nm, n ~ 1014Hz 

Pulse legnth 200 ns   Some fs to some µs 

Repetition frequency 20 ms On demand 

Field geometry E surface, B // surface NB : 

progressive wave : reduced Poynting 

vector  surface  

E, B  beam axis : with out of plane 

incidence => E surface component 

Sample ~  3 cm 

  laser spot ~10 µm 

1 shot every 50-100 µm (automatic displacement) 

=> Allows testing numerous conditions : deposited 
energy, energy density , number of pulses, various 
polarizations, beam angle… 

Can be done under Argon, vacuum needs specific 
chamber 

Surface characterization with microscopy and 
profilometry… 

 

Comparison RF/Laser 
Effect of electric field @ THz 

Ablation threshold for copper ~20 mJ/cm2 

Local power deposition ~5  10 12 W/cm2 

Linear polarization => E [V/cm]=27x(I [W/cm2])0.5 ~ 60 MV/cm (6GV/m) 

Laser : penetration depth is lower (~ 3,5 nm ~ 15 atomic layers) but fields 

are higher, 

Other phenomena/differences probably need to be considered :  

thermal effects 

plasmons 

tunneling  

…. ? 

(HELP WANTED…) 
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