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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 avalanche.involves
electron multiplication on the iﬁsulatqr surface_via secondary emission.
Boersch, et al. have studied insulator surface ch#rging by secondary emission,l
but a detailed analysis of the avalanche process is lackiﬁg. |

We have calculated the trajectories of eléctrons emitted from an insulator
under electrical stress in vacuun as a first step toward time~dependent numer-
ical simulafion of a secondary electron Emiésion avalanche. Results indicate
that most of the electrons sfrike the insulator at shallow angles 6f incidence
with respect to the plane of the insulator surface, and that the angle of inci-
dence depends on the incident energy when the space charge sheath of electrons
above the insuwlator surface is taken into cons{deration.

TRAJECTORY CALQUEATION

Figure 1 depicts the trajectory of an electron which reencounters the
surface of an insulator from which it was emitted. The angles Be and ei are
the angles of emission and jncidence, respectively, and are measured with

respect to the jnsulator surface, the x-y plane. ‘The angle a is the angle be-

tween the projection of the jnitial velocity in the x-y plane and the y axis.
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"The electric field E lies in the y-z plane, at an angle ¢ with réspect to the

-y axis. The field E includes all sources of field (polarization charge, real
charge, electrode potential), except fhe_z cémponent of the.eiectfic.field
arising from space charge due to the swarm of eiectrons ﬁﬁ flight abqve the
insulator surface (the space charge sheath). |

Expressions may be obtained for the incident energy; Ai and the angle of incideﬁce
as functions of the emission energy, Ae’ and the gngular variables defined by
Fig. 1. Calculations are simplified if the eleé‘gfic field E of Fig. 1 is assumed
to be constant over the length of a trajectory. .This is a reasonable assumption
in'most cases. The space.chargg sheath, however, éontributes a z-component of
electric field which is a function of z. This field compdﬁent affects the timé
of flight of eiectrons,.as will be explained later.

In. order to obfaiﬁ the incident energy and the angle of 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 2z compbnent is re-
versed in sign. The y component is given by

Vys = vyc“+ eEy t/m” , ’ (1)
where Ey is thé'y compogent of the electric field, e gnd m are the elec#ronic

charge and mass, and t is the time of flight. The time of flight is
t=-fmv, B/cE, . o (2)
where Ez is the z component of the electric field excluding the z component due

to the space chﬁrge,sheath, and B is a factor that accounts for the perturbalion

of the clectron trajectory due to the presence of a space charge sheath.
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The factor B is a function of the emission veiocity component Ve and the
relative density of space charge compared to surface charge. Values of B 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-
bloyed 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 swarm of
eiectrons. Under this circumstance, electrons emitted with a large Ve penetrate
nearly to the top of the space charge, where they remain for a relati?ely long
time. The factor B 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 Egns. (1) and (2) and the definition of variables in Fig. 1.

A=A (LeE (3)

2 -1/2 : '
tand, = sing (cos 6, + F) / L | (%)
where the quunlity T is given by
F =’k g coty sing, (cosq cosf, + B cotg sinb ) . : (5)

It is interesting to note that the magnitude of the electric field E does not
appear in these equatiomns. |
RESULTS AND DISCUSSION ‘

The information contained in Eqns. (3) through (5) may be visualized by

“plotting A, versus Oi for a large number of electrons. For this purpose, 1000

i
" "electrons" were selected at random from a cosine angular distribution3 (flux
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* proportional to sinGe according to the definition of apglesAheré and independent
of a), end & simplified emission energy spéctrum (short-tail spectrum in Ref. 2)
that approximates typical energy distributions over the gnerg& raﬁge-from 0 to
16 ev. '

The effects of the electric field angle ¢ and various.deggees of saturation
'of the space charge sheath may.bé seen in Figsf 2'and‘3§ It is immediately ap-
parent that ei is equal, on the average, to ¢/2 for thé‘pase of no space charge.
As thé ambunt of sbace-charge is increased, soﬁe 6f the electnons.are accelerated
4o increasingly high energies_and an inverse'relaticnship between Ai'and ei de-
velops. The highest energy-eléctrons strike the‘insulator surface with even
smaller angles of incidence thén for the case of no spacehéharge; The dependence
of incident eﬁergy Ai on fieldAéﬁgle ¢ is also'épparent; The»average incident |
energy decreases with increasing electric field angle, regardless of the degree
of space charge saturation. "

The secondary electron emission yield 5f many materials is knéwn to depend
strongly on the angle of incidence of the primary electrons, and can be much
larger at shallow angles of incidence than:ét normal incidence.3 During a
secondary emission avalanche, the electric field angle reaches a maximum when
the insulator fprface becomes sufficientlyAbharged to prévent further. electron

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

5

alumina ceramich and 35° to L0° for Plexiglas. If the maximum angle for most
materjals 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 elect;ohs are returned to tge insulator surface with
angles of lncidence equal, on tﬁe average, to approximately one.half the electric
fielq angle, where both angles are measured with respect to the plane 'of the in-
sulator surface. (2) The appropriate secondary emission yields are those which
apply to primary electrons at shallow aengles of incidence. Such yields can be -
significantly higher than the normal-incidence yields. (3) When perturbations
of the electron trajectories due té the space charge sheath of electrons above
the insulator surfaée are accounted for, a relationship between incident energy
end 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 velécity and the electric
stress E.

.Fig. 2. Plots of incident energy vérsus incident angle'from 1000 randomly
selected electrons when the field angle ¢ = 10° for a) no space
charge, b) 30% saturated space charge, and c) 90% saturated space
chérge. |

Fig. 3. Plots of incident energy versus incident angle from 1000 randomly
selected electrons when the field angle ¢ = 30° for a) no space
chargé, b) 30% safurated space charge, and c) 90% saturated space

charge.
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- ELECTRON TRAJECTORY
| \ /INVACUUM '

INSULATOR SURFACE IS IN THE X-Y PLANE
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