
 

One of the ways to solve the problem of high-vacuum high-gradient breakdowns is 

to reduce the field emission current density. A model of field emission current which 

constructs considering the morphology of the cathode surface on the field emission 

current in the case of multilayer metal-metal-vacuum systems is theoretically investi-

gated at this work. 

 

The problem of studying the material sur-

face morphology of accelerating structures, 

from which the high-vacuum high-gradient 

breakdown occurs, is important in under-

standing the mechanism of the phenomenon 

itself and forming recommendations to re-

duce the probability of new breakdowns. 

We have prepared and studied on a scan-

ning electron microscope samples of copper 

electrodes, which were used in experiments 

on the study of high-vacuum breakdown at 

the Institute of Applied Physics of the Na-

tional Academy of Sciences of Ukraine and 

at CERN. Figures 1-3 shows the surface of 

the same cathode after different stages of 

preparation: 1 - mechanical polishing, 2 - etching in acid mixture, 3 - glow discharge 

cleaning. Figure 4 shows the surface of the sample prepared according to the standard 

CERN preparation procedure. From the analysis of the images it can be concluded that 

on the surface of all samples there are local irregularities of micron and even submi-

cron sizes. It is assumed that these areas are the main source of dark current. There-

fore, taking into account submicron irregularities is a necessary part of the modeling of 

field electron emission current as the initial stage of breakdown.  

 

Several scenarios lead to the two-barrier potential model. 

1. Surface modification, for example, under the action of irradiation leads to the ap-

pearance of Angstrom-sized pores in the near-surface layer. Their influence on the

field emission current is taken into account by introducing a double layer metal. 2.The

double-barrier potential also models the subsurface pores of a few nanometers in size

and nanoclusters on the surface.

On the figure 6 the area I is the internal area of the metal, areas II and III are the are-

as of metal modification, area IV is the potential barrier at the metal-vacuum interface. 

The influence on the current density of field emission of vacancies and pores of ang-

strom sizes formed by irradiation of the metal surface is taken into account by intro-

ducing the effective thickness of the dipole layer d, which is the sum of the volumes of 

all formed defects and voids of the modified surface. In the case of a thin dipole layer 

d << d0 its consideration leads to a simple expression: 

 
The proposed model also makes it possible to describe two different objects such as 

nanoclusters and nanoscale voids. If there is a nanoscale void in the surface metal lay-

er, the model represents h as the distance from the metal-vacuum interface to the loca-

tion of the nanoscale void in the surface metal layer and d as the nanoscale void diam-

eter. If the nanocluster is located on the metal surface, then the barrier parameters can 

be explained as h is the nanocluster size, d is the dipole layer thickness of the metal-to-

metal contact. The condition for the maximum of the tunnel transmission coeffi-

cient   is obtained in the form:  

The comparison of field emission cur-

rent density values from the surface with 

nanocavities in the near-surface layer of 

the metal jmod and current from the ideal-

ized metal surface jF-N shown on the Fig 7  

The maxima of the current density j are 

more than 5 times greater than jF −N. Also 

it can be concluded that with increasing h 

the current density oscillations are de-

creasing. The greatest value of the current 

density dependence on h is the first maxi-

mum at the point h≈ λB / 4, which is similar to a technique of an anti-reflective coating. 

Figure 8 illustrates the graph of the differential current dependence on the electron 

energy for the double barrier model. It is ob-

served the resonance region of the aforemen-

tioned quantity near the coordinate of maximum 

W = 5.1 eV. The second peak is the background 

non-resonance differential current. The full width 

at half maximum (FWHM) of differential current 

dj/dW in the resonance region:  

The FWHM values of resonance region 

was found by the numerical method. 

And its are consistent with the analyt-

ical result (2). FWHM of the resonance 

region does not depend on the electric 

field strength but depends on the 

height of the potential barrier C and 

the size h. At parameters C = 12 eV, µ 

= 7.5 eV, h = 1.5 · 10−10 m, F = eE=7.5 · 

109 eV/m, then FWHM ≈ 0.1 eV.  

 

We have calculated average breakdown field for different materials using a theoreti-

cal model which takes into account the presence of submicron and micron irregulari-

ties on the cathode surface as combination of hemispheres of low radii and spherical 

caps of big radii. The breakdown voltage of copper obtained in experiments1 to deter-

mine the resistance of materials to high-gradient breakdowns was taken as a basic one. 

We calculated the field emission current from the model copper surface at a given 

electric field strength JCu. For other materials, the  BD current (3) was expressed in 

units of JCu, which is depends on the melting point T  and electrical resistivity ρ. 

Fig. 10 shows a comparison of the ex-

perimentally obtained breakdown electric 

field strengths (grayscale bars) and those 

from the model cathode (blue bars). It 

can be seen from the Fig. 10 that the 

agreement is quite good for Al, W, Ta, Nb 

and Cr. The reason for the discrepancy 

may be the fact that in the model all elec-

trodes had the same surface morphology, 

and in real studies it could be radically 

different from each other.  
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Average breakdown field after conditioning of the main materials tested1. (1Descoeudres et al, 2009) 

 Conclusions 

1.It is assumed that local irregularities of micron and submicron sizes are the main 
source of dark current. 

2.It was shown that the field emission current from the metal surface near the nano-

objects has an oscillatory resonance feature. The resonance condition determines the 

size of the nanocluster on the metal surface or the depth of the nanoscale void from the 

metal surface whose diameter is a multiple of  λB / 4. 

3. The proposed theoretical model of the cathode surface, taking into account mi-

cron and submicron irregularities, gives a satisfactory agreement of the breakdown 

field  from model cathode with those obtained experimentally. 
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