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INTRODUCTION C1w-7'1·to:L~-
Surface flashover on solid insulators is an important breakdown mechanism 

in vacuum. It is believed that an electron avalanche, ·which occurs prior to 

flashover, plays a role in the breakdown mechanism. The avalapche involves 

electron multiplication on the insulator surface via· secondary emission. 

Boersch, et al. have stud:i:ed insulator surface charging by secondary emission, 1 

but a detailed analysis of the avalanche process is lacking. 

We have calculated the trajectories of electrons emitted from an insulator 

under elect rica l stress in vacu~ as a ·first step toward time-dependent numer-

"' 
ical simulation of a secondary electron emission avalanche. Results indicate 

that most of the electrons strike the insulator at sha llovr angles of incidence 

with respect to the plane of the insulator. surface, and that the angle o:f inci-

dence depends on the incident energy when the space charge sheath of electrons 

above the in~1.1l n. t.or f;Urface is taken into consideration. 

TnAJECTORY CI\LCUIATION 

Fi~·e 1 depicts the trajectory of an electron which reencounters the 

surface of an insulator from which it was emitted. The angles e and e. are 
e 1 

the angles of emission and incidence, respectively, and are measured with 

respect to the insula tor surface, the x-y plane. 'The angle a. is the angle be-

tween the projection of the initial velocity in the x-y plane and the y axis. 
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·~be electric field E lies in the y-z plane, at an angle ¢with respect to the 

-y axis. The field E includes all sources of field (polarization charge, real 

charge, electrode potential), except the z component of the electric.field 

arising from space charge due to the swarm of electrons in flight above the 

insulator surface (the space charge sheath). 

Expressions may be obtained for the incident energy~ A. and the angle of incidence 
. l. 

as f\.mctions of the emission energy, Ae' and the angula·r variables defined by 

Fig. 1. Calculations are simplified if the electric field E.of Fig. 1 is assumed 

to be cons.tant over the length of a trajectory. This is a reasonable assumption 

in most cases. The space .charge sheath, however, contribute~ a z-component of 

electric field which is a function of z. This field component affects the time 

of flight of electrons,.as will.be explained later. 

ln. order to obtain the incident energy and the angle ~f incidence; the three 

components of the incident velocity must be ·determined. The x and z components 

are equal to the velocity components at emission, except the z component is re-

versed in sign. The y component is given by 

v . = v· + eEY t/m~ , Yl. yc 
(1) 

where E is the.y component of the electric field, e and mare the electronic 
y 

charge and mass, and t is the time of flight. The time of flight is 

t - -2m v ze 
(2) 

where E is the z component of the electric field excluding the z component due z 

to the space cho.rge. sheath, o.nd ~ is a factor that accounts for the perturl>al.lon 

of the electron trajectory due to the presence of a space charge sheath. 
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The factor ~ is a fUnction of the emission velocity component v and the ze 

relative density of space charge compared to surface charge. Values of ~ have 

been determined by a self-consistent calculation of the time of flight of electrons . 
above the insulator surface. A brief description of the numerical simulation em-

ployed may be found in Ref. 2. ·The space charge is considered to be saturated if 

the z component of the electric field in the vacuum is zero above the ~tarm of 

.electrons. Under this circumstance, electrons emitted with a large v penetrate ze 

nearly to the top of the space charge, where they remain for a relatively long 

time. The factor ~ is large for these electrons. (Such electrons gain large 

amounts of energy from the electric field and strike the insulator surface at 

low angles of incidence.) 

The following expressions for incident energy and angle may be obtained with 

the aid of Eqns. (1) and (2) and the definition of variables in Fig. 1. 

A. =A (1 + F) 
l. e ' 

(3) 

tanS. = sine ( cos2e + F) -l/2. 
l. · e e ., (4) 

where the quauLlty F is given by 

F ~·4 ~cot¢ sine (cosa cos9 + ~cot¢ sinS ) c e e 
(5) 

It is interesti:ng to nutl! tho.t the m3;gni tude nf t.he electric field E does not 

appear in these equat1ons. 

RESULTS AND DISCUSSION 

The information contained in Eqns. (3) thro~gb.(5) mo.y be visualized by 

·plotting A1 versus Oi for a lurgA number of electrons. Fbr"this purpose, 1000 

"electrons" were selected o.t random from a cosine angular distributiot? (flux 
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p~oportional to sin9e according to the definition of angles here and independent 

of a), and a simplified emission energy spectrum (short-tail spectrum in Ref. 2) 
. 

that approximates typical energy distributions over the energy range from 0 to 

16 ev. 

The effects of the electric field angle ¢ and various deg~ees of saturation 

of the space charge sheath may be seen in Figs. 2·and 3. It is immediately ap-

parent· that 9. is equal, on the average, to ¢/2 for the case of no space charge. 
~ . 

As the amount of space charge is increased, some of the electrons are accelerated 

to increasingly high energies and an inverse relation$hip be~?een Ai and 9i de­

velops. Tbe.highest energy·electrons strike the insulator surface with even 

smaller angles of.incidence than for the case of no space charge." The dependence 
.o 

of incident energy A. on field angle ¢ is also· apparent. The average inCident 
~ 

energy decreases vTi th increasing electric field angle, regardless of the degree 

of space charge saturation. 

The secondary electron emission yield of many materials is knmm to depend 

strongly on the angle of incidence of the .primary electrons, .and can be much 
: . 3 

larger at shallow angles of incidence than at normal incidence. During a 

secondary emission avalanche, the electric field angle reaches a maximum when 

the insulator surface becomes sufficiently ·charged to prevent further. electron 

multiplication. 1 Observed values of this maximum field angle include 16° for 

alumina ceramic4 and 35° to ~0° for Plexiglas. 5 If the maximum angle for most 

materials falls within this range, the average,angle of incidence during the 

avalanche process, which is approximately one half the field angle, is 20° or 

less. Yield curves for normally incident primaries may therefore seriously 

underestimate the actual yields during an electron avalanche. 
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CONCLUSIONS 

Three significant conclusions may be drawn from this work: (1) During the · 

avalanche process secondary electrons are returned to the insulator surface with 

angles of incidence equal, on the average, to approximately one half the electric 

field angle, where both angles are measured with respect to the plane ·of the j_n-

sulator surface. (2) The appropriate secondary emission yields are those which 

apply to primary electrons at shallow angles of incidence. Such yields can be 

significantly higher than the normal-incidence yields. (3) When perturbations 

of the electron trajectories due to the space charge sheath of electrons above 

the insulator surface are accounted for, a relationship between incident energy 

and incident angle is found. The angle of incidence decreases with increasing 

incident energy. 
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Figure Captions 

Fig. 1. An electron trajectory above an insulator surface (the x-y plane) 

illustrating the emission and incident velocity and the electric . 
stress E. 

Fig. 2. Plots of incident energy versus incident angle from 1000 randomly 

selected electrons when the field angle ¢ = 10° for a) no s~ce 

Charge, b) 3o% saturated space charge, and c) 9o% saturated space 

charge. 

Fig. 3. Plots of incident energy versus incident angle from.lOOO randomly 

selected electrons when the field angle ¢ = 30° for a) no space 

charge, b) 3o% saturated space charge, and c) 9o% satUrated space 

charge. 
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