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Vacuum Breakdown on Metal Surfaces 
Fred R. Schwirzke, Member, ZEEE 

Abstruct- Breakdown and plasma formation on surfaces are 
fundamental processes in many areas of pulsed power technol- 
ogy. The initial plasma formation on the surface of a cathode 
of a vacuum diode, vacuum arc, and many other discharges 
is highly nonuniform. Micron-sized cathode spots form within 
nanoseconds. The concept of explosive electron emission from 
a cathode spot is well established in the literature. However, 
the details of the breakdown process were not well understood. 
Unipolar arcing represents a discharge form which easily leads 
to explosive plasma formation. Power dissipation for an arc 
is considerably higher than for field-emitted or space-charge- 
limited current flow. Using a laser-produced plasma, it has been 
demonstrated that unipolar arcs ignite and burn on a nanosecond 
time scale without any external electric field being applied. 
Similar unipolar arc craters have now been observed on the 
cathode surface of a pulsed vacuum diode with an externally 
applied field of 0.5 MV/cm. The experimental results show that 
cathodes spots are formed by unipolar arcing. The localized 
buildup of plasma above an electron-emitting spot naturally leads 
to a pressure gradient and electric field distribution which drives 
the unipolar arc. The high current density of an unipolar arc 
provides explosive plasma formation. 

I. INTRODUCTION 
ANY discharges form small cathode spots which pro- M vide such a high current density that the cathode 

material “explodes” into a dense plasma cloud within a very 
short time. Despite the fundamental importance of cathode 
spots for the breakdown process and the formation of a 
discharge, the complicated processes, the structure of the 
cathode spot, and the source of the high current density were 
not yet well defined, as the following citations from the 
literature show: “Processes in a cathode spot are extremely 
complicated and in many respects are still not understood” 
[2]; “Explosion of a microtip is accompanied by transition of 
the cathode matter into a dense plasma. The mechanism of this 
phase transition is not completely understood up to now” [3]; 
“At present, the mechanism of transport in the near-cathode 
region of a vacuum discharge is far from being revealed. 
There is a large discrepancy (up to three orders of magnitude) 
in experimental data on current density . . . . However (as 
far as we are aware), there is no paper that proposed a 
physical model that, at least qualitatively, describes with due 
regard for the dominant role of the explosion mechanism, 
and that explains the numerous experimental data from a 
single viewpoint” [4]; and “Cathode spots are complicated 
objects of both solid state physics and plasma physics. But 
on the plasma side, the experimental knowledge is rather 
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scarce. More data is needed on the plasma dynamics . . . ” 
[5].  Estimates of the current density j for a cathode spot 
vary by orders of magnitude between lo5 A/cm2 [l] and 
lo9 A/cm2 [2]. This is of critical importance, because the 
most significant parameters j and the electric field E deter- 
mine field emission of electrons, joule heating, and plasma 
formation. Experimentally, j is measured by the electron flow 
between cathode and anode. In the prebreakdown phase, j 
is limited by the field-emission current density  FE from 
an electron-emitting spot on the cathode surface such as a 
microprojection, adsorbed contaminant, metal grain boundary, 
etc. In short, a “whisker” may represent any electron-emitting 
spot where the field emission current is enhanced. During 
breakdown the exploding whisker forms the dense plasma, 
immediately above the electron-emitting spot [3]. The plasma 
surface then acts as a virtual cathode. The diode current 
density is now limited by the Child-Langmuir law for space- 
charge-limited currents j c ~ .  The Child-Langmuir current to 
the anode represents an upper limit, because  FE << j c ~ .  For 
a diode voltage of 1 MV and a gap of d = 1 cm, assuming a 
uniform E,  j c ~  = 2.3 x lo3 A/cm2, which is smaller than the 
j % 108-109 A/cm2 required to explode a whisker by joule 
heating within a few nanoseconds. The field-emitted electron 
current will become space-charge-limited at a value which is 
insufficient for the explosive-like transition of the whisker into 
a dense plasma. The question then is how can the relatively 
small field-emission current lead to the “explosive” formation 
of a cathode spot within nanoseconds? 

This paper describes the unipolar arc model and provides 
experimental proof that unipolar arcing [6] represents a dis- 
charge form which easily leads to explosive plasma formation. 
Due to its high current density, power dissipation for an arc 
is considerably higher than the one caused by field-emitted or 
space-charge-limited current flow. 

The electron flow of the unipolar arc is from a “cathode” 
spot on the surface into the dense plasma cloud above the 
spot, and from the outer edges of the cloud back to the same 
surface in a ringlike “anode” area surrounding the cathode 
spot. Since both “electrodes” are located on the same metal 
surface, the arc is called “unipolar.” The term unipolar arc 
was first introduced by Robson and Thoneman [7].  While their 
model describes essentially the electron return flow through the 
sheath, our model [6] elaborates upon the pressure gradient and 
the electric field distributions which are set up in the plasma 
and which derive the arc. 

11. ONSET OF VACUUM BREAKDOWN 

The breakdown process in a vacuum diode is initiated by 
field emission of electrons from a cathode whisker or other 
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average particle density of neutrals after 3 ns is no = 
( 2  x 1015/cm2)/vt = 2 x 10'' c ~ n - ~ ,  with vt = l op4  cm. 
This neutral density produced by just one monolayer is almost 
atmospheric density. The electron mean-free-path length for 
ionizing neutrals X = l/(noao) depends on the ionization 
cross section CO, which in turn is a function of the electron 
energy. For many gases the ionization cross section has a 
broad maximum value of about 00 x cm2 for electrons, 
with an energy between SO to 150 eV. In an electric field of 
10' V/cm, a field-emitted electron has gained 100 eV at the 
distance of lo-' cm (Fig. 1). Thus X z 5 x l op4  cm and about 
20% of the emitted electrons have a chance for an ionizing 
collision within d zz cm. The probability for ionizing 
collisions increases with no; i.e., if several monolayers have 
been initially desorbed. For a diode, the onset of breakdown is 
typically delayed by 1 to 10 ns, which corresponds to the time 
of flight of the neutrals to the zone of maximum ionization; 
i.e., where the electrons have about 50 to 1.50 eV. 

cm are accelerated back towards 
the electron-emitting spot. For an 0; ions, the time of flight to 
the whisker surface would be 8 x s, while the electrons 
would need a time of flight of 3.7 x lo-'' s to reach the anode 
1 cm away. The positive ions produced at d = lo-' cm spend 
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\-J more time in front of the cathode. The buildup of positive 

E and  FE (Fig. 2(a) and (b)). This will further increase the 
ionization rate and buildup of positive space charge. The ions 
arrive at the cathode surface with about and recombine, 
The increasing ion bombardment and release of recombination 
energy lead to surface heating and further release of adsorbed 
gases [9] (discharge cleaning). The increasing positive space 
charge in front of the electron-emitting spot displaces the 
maximum ionization zone (where the electrons have about 
100 eV) more closely to the cathode surface and into a 

space charge near the tip of the electron-emitting spot enhances Fig. 2. (a) emission. (b )  Enhanced emission. (c) Sequence Of 

events leading to the formation of a cathode spot by unipolar arcing. 
The dense plasma shields the cathode spot from the externally applied 
field E.  JFE = electron field mission current density; j,L = electron 
Child-Langmuir space-charge-limited current density; .3 = electric-field- 
enhancement factor; and E,s = sheath electric field. 

region of higher neutral density. As the ionization rate further 
increases, a kind of double layer forms between the ions 
moving from the ionization zone to the cathode and the 
electrons moving to the anode. The electric field of the double 
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Fig. 3. Unipolar arc model. 

layer reduces the external applied Eext between the ionization 
zone and anode until the electron flow becomes space-charge- 
limited at j c ~ .  A plasma has formed that now screens E,,, 
from reaching the cathode. However, the plasma in “contact” 
with the cathode still forms a positive space-charge sheath of 
width given by Ad = (coVp/nee2)1’2, where V, is the plasma 
potential. The sheath electric field E, = V,/& controls now 
the electron emission. E, approaches zero near the plasma 
boundary and assumes its maximal value at the surface. E, 
ignites unipolar arcs. As the plasma density increases, so 
does the surface heating of the electron-emitting spot by ion 
bombardment. For the one-dimensional geometry considered 
up to now, the electron current to the anode is limited by j c ~ .  
However, since the negative space charge associated with j , ~  
shields the plasma cloud from Eextr the plasma electrons can 
flow sideways and even back to the cathode surface (Fig. 2(c)), 
as explained by the unipolar arc model. 

Essentially, the same situation exists for a laser-produced 
plasma in contact with a metal surface. Without any external 
voltage being applied, the condition of quasi-neutrality for the 
laser-produced plasma in “contact” with the surface leads to 
the formation of a positive space-charge sheath with a width 
given by the Debye length AD and E, = Vf/A,. The plasma 
assumes the positive floating potential Vf with respect to the 
surface given by: 

111. EXPLOSIVE FORMATION OF CATHODE 
SPOTS BY UNIPOLAR ARCING 

Electron emission from a spot on the surface and desorption 
and ionization of adsorbates lead to the formation of a small 
dense plasma cloud about the electroq-emitting spot. Since 
Eext is screened from reaching the plasma, its dynamics 
is now determined by plasma pressure gradients, associated 
internal electric fields, and the sheath electric field. A sheath 
forms as the radially expanding plasma sweeps over the metal 
surface. The sheath potential distribution will be such that the 
quasi-neutrality of the plasma cloud is assured. The increasing 
plasma pressure P, above the spot leads to a pressure gradient 
and an electric field Er in radial direction, tangential to the 
surface (Fig. 3). Without any radial current flowing, this field 
would be the ambipolar electric field, 

Associated with this field, the plasma potential decreases in 
radial direction. Consequently, the plasma sheath potential is 
also reduced in a ring-like area A around the cathode spot. 
At some radial distance rf from the cathode spot, the sheath 
potential will be equal to the floating potential (equation (l)), 
providing equal ion and electron flow rates to the surface at 
this location; i.e., the net current through the sheath is zero: 

The average electric field in the sheath is approximately: 

E, = !I = (~~,kT,)~’~(1/4~o)~’~ 1n(Mi/27rme). (2) 
A D  

The sheath electric field increases with the local buildup of 
the plasma pressure as E, 3; Pi/’. 

where V is the average speed of the electrons. The first 
term corresponds to the ion-saturation current which remains 
essentially constant, independent of the sheath potential for 
V, > 0 (Fig. 4). The second term gives the electron flow 
through the sheath. At distances T 3 r f ,  the plasma potential 
and thus the sheath potential V, Vf and the electron flow for 
a Maxwellian velocity distribution will change exponentially. 
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Fig. 4. Current density from the plasma to the wall as a function of the 
sheath potential 1 :-. 

The net wall current density is then j ,  > 0 for V, > V f ,  
and j ,  < 0 for V ,  < V f ,  while j ,  = 0 for V ,  = Vf. 

In this equation, the ion saturation current has been expressed 
by (4). j ,  > 0 implies that more ions than electrons leave the 
plasm! and the current is in the direction of the sheath electric 
field E,, from the positive plasma potential to the wall at zero 
potential. j ,  < 0 means that more+electrons than ions reach the 
wall. In the conventional sense, j ,  is in the opposite direction 
to 2,. At the front of the radially expanding plasma, V, will 
approach zero; i.e., the radial potential drop AV from ~f to 
the outer edge of the plasma will be AV(r)  E V f .  From the 
radial pressure gradient (equation (3)), the amount of sheath 
reduction is found by integrating the radial electric field distri- 
bution, resulting in AV(T)  = [kT,/e] ln[n,(rf)/n,o]. n , ( r f )  
is the plasma electron density at ~ f ,  where V, = V f .  n,o(r) 
is the plasma electron density at the outer edge. Equating AV 
with the sheaths floating potential (equation (l)), 

we find that independent of the electron temperature, the sheath 
potential can approach zero when: 

In this case, the electron return current to the surface is deter- 
mined by the electron saturation current, is = -(1/4)lelnCA 
(Fig. 4). 

Actually, the increased flow of electrons to the surface 
at T > ~f due to V, < Vf implies a reduction of the 
negative space charge. This results in a reduced radial elec- 
tric field E,(T) = -AV/Ar < Eamb.  Consequently, the 
outward-directed electron pressure gradient force becomes 
larger than the electric field force, which holds the electrons 
back I-QPeI > I-en,E, . A net force @net acting on the 
electron fluid is pointing outward in the radial direction: 

- I  
@net = -VPe - leInefir. (6) 

This is the driving force of the unipolar arc. The current density 
j of the arc follows from the equation of motion for the 
electron fluid, 

-1e[nrEr - QP, + (e(n,T//a = 0. 

The j ,  x Be term has been omitted, because this term has 
no component in the radial direction. The j ,  x Be component 
can lead to pinching of the arc axis. However, the collision 
frequency near the center of the metal vapor arc will be quite 
large. Estimates show that w r  < 1 for magnetic fields B < 
1 T. w is the electron-cyclotron frequency, and r ,  the time 
between collisions. For these reasons the influence of the arc 
magnetic field has been neglected in the present model of the 
unipolar arc. 

/a is the electrical conductivity. The inertial term is assumed 
3 be insignificant over the time scale of the arc. Solving for 
J and assuming a constant ICT,, independent of T ,  we find: 

Again, j = 0 if the expression in the parentheses is zero; i.e., 

It is essentially the mass difference between electrons and 
ions which causes a difference between the two terms on the 
right-hand side of (7). Due to the condition of quasi-neutrality, 
the plasma density profile is determined by the dynamics of 
the slow ions, dn,/dr = dn, /dr ,  while dV/dr is essentially 
determined by the more mobile electrons. From Poisson’s law, 
it  follows that small changes of the electron density lead to a 
change of the curvature of the potential curve, 

-dV/dT = Eamb.  

; ($) = 
(ne - n;).  

For a strictly one-dimensional density profile the curvature 
of the associated potential profile is proportional to (ne - n;). 
It is concave downwards if n, > n, (Fig. 5).  At the location 
~ f ,  where n, = ne, (d2V/dr2) = 0. The curvature is concave 
upwards for r > r f ;  i.e., ne > n,. In the two-dimensional 
geometry of the unipolar arc, the loss of electrons to the wall 
due to the reduced sheath potential V, < Vf in the region 
r > ~f leads to a slight decrease of n, by An,. Consequently, 
the curvature will be reduced in this region: 

Still, In, - An,I > n,. The more pronounced curve in Fig. 5 
schematically shows this change of the potential profile. As 
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Fig. 5.  Plot of plasma sheath potential as a function of the radial plasma 
dimension. The light curve is without electron losses to the surface; heavy 
curve is with electron losses. The electron-emitting cathode spot is at r = 0. 
r f  gives the location of the floating potential I > .  

more electrons flow from the plasma to the surface, AV(T)  is 
decreased and the second term on the right-hand side of (7) 
I d ~ / d r l  < I(kTe/en,)(dn,/dr)l. Since ( d n / d r )  < 0, a j’ < 0 
results; i.e., j’ has the same sign as the current through the 
sheath j, < 0 in the region r > rf. AV(r)  and the sheath 
potential VS(r )  will adjust in the region T > ~f to values which 
provide a continuous increasing current flow as more neutrals 
become ionized, thus increasing the driving VP, term. The 
increasing temperature of the surface of the electron-emitting 
spot caused by ion bombardment and joule heating leads then 
to thermionic electron emission and a large arc current begins 
to circulate. This is the mechanism by which a cathode spot 
forms. 

IV. EXPERIMENTS 
Using a laser-produced plasma, it has been demonstrated 

that unipolar arcs ignite and burn on a nanosecond time scale 
without any external voltage being present [lo]. 

Laser-induced breakdown on surfaces was studied with a 
Q-switched neodymium laser of 25-ns FWHM. The laser 
pulse was directed onto targets placed in a vacuum chamber, 
providing pressures of the order of lop6 torr. Incident laser 
energy was varied by inserting neutral density filters of varying 
transmittance in the beam path. For low-energy shots the 
laser amplifier was not fired. Laser energies on target between 
0.0075 and 10 joules were obtained by these techniques. The 
beam was focused to various spot sizes on the target to provide 
further variation in power density. Low-power defocused laser 
pulses were used to study the onset of surface breakdown. A 
polaroid camera was positioned above the target to note plasma 
formation by recording the attendant light. Fig. 6 shows the 
damage on a stainless-steel surface once breakdown occurs, 
which is characterized by light emission from the plasma. The 
craters result from unipolar arcs burning between the plasma 
and surface. The hole at the center is the electron-emitting 
“cathode” of the arc; the surrounding ring with the crater rim 
is the electron-receiving “anode” area. 

The craters are of various sizes. Longer burning arcs have 
larger outer rim diameters of up to 50 p m .  Short burning arcs 
initiated towards the end of the laser pulse show a cathode 
hole of 0.5 to 1 pm diameter, with the formation of the outer 
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Fig. 6. Onset of laser-induced breakdown and unipolar arcing on stainless 
steel by a low-power unfocused laser pulse of 5.4 MW/cm*. 

crater rim just barely beginning. The depth of the cathode hole 
of 3-6 pni is larger than its diameter of about 1 /mi. This 
indicates that the dense plasma or more specifically, the energy 
deposition by ion bombardment and joule heating drills the 
cathode hole. The material is ejected jet-like from this “hollow 
cathode” [11]. Small cathode holes have a diameter of about 2 
0.7 j m ,  which is smaller than the wavelength of the Nd laser, 
X = 1.06 ,mi. Using the 10.6-pm radiation of a CO1 laser, the 
same effect was observed-unipolar arc craters with cathode 
holes of -1 pni << 10.6 pin, the laser wavelengths. This 
confirms that unipolar arcing is a plasma-surface interaction 
process and not a self-focusing effect. 

A review of the target surface of Fig. 6 reveals that the dam- 
age is not evenly distributed. Besides the severe deformation 
caused by arcing, there is no other direct laser damage (like 
uniform surface melting) observable. All damage is in the form 
of arc craters. Cratering was observed even for defocused and 
low-power laser pulses. The power density threshold for the 
onset of breakdown and the onset of unipolar arcing is the 
same. The onset of arc damage is coincident with the onset of 
plasma formation. Never was there a plasma evident without 
attendant unipolar arcs. This leads to the conclusion that the 
initial breakdown process is represented by unipolar arcing. 

In order to determine whether the vacuum diode break- 
down mechanism is cathode spot formation via unipolar arc- 
ing, a Model 112A Pulserad generator was used with diode 
voltages between 0.84-1.1 MV, gap spacing of 2-2.5 cm, 
E = 2.9-5.8 x lo5 V/cm, diode currents 14-21 U, and a 
pulse length of 20 ns FWHM [12], [13]. The cathode was a 
stainless-steel cylindrical rod with a diameter of 3.18 cm. The 
cathode was repolished metallographically using a fine slurry 
of 0.05-pm A1203 after each shot. Characteristic unipolar 
arcing craters were observed on all exposed cathodes. How- 
ever, as expected, the higher voltage shots displayed a greater 
density of craters and a higher degree of cathode surface 
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Fig. 7. Photograph o l  diode cathodc surface after onc discharge of 0.7 M V  
at a 1.91-cm gap spacing. E = ’I 7 x 10’ V/cm. and ;I diode currenl ot 
13 kA. 

melting than did the lower voltage shots. Fig. 7 shows the 
cathode surface after one low voltage shot. The dark area is the 
undamaged polished metal. The light areas are the sections of 
surface that underwent arcing. Overlapping unipolar arc craters 
are visible in the heavily damaged area (Fig. 8). Individual 
craters visible in Fig. 9 appear in the fringes of the light areas 
at the limit of the plasma formation. Grain boundaries are 
visible on the undamaged area. Again, as this figure shows. 
the primary damage visible (in the lightly damaged area of 
the cathode) is single unipolar arc craters on an otherwise 
undamaged surface. The first response to a high-voltage pulse 
is the formation of unipolar arcs on the cathode of the diode. 
This should be compared with Fig. 6, which is a close-up of 
laser-induced unipolar arcs on the surface of a stainless-steel 
target taken after one shot from a Neodymium laser of 25-ns 
FWHM with an average irradiance of 5.4 MW/cm’. These 
figures and Figs. 10 and 1 1  show that the structure and size 
of the crater rim and cathode hole are essentially identical. 
As is the case for the laser-induced arcing. the craters on the 
cathode of the diode vary over a wide range. 

V. CONCLUSIONS 

Unipolar arcing can supply the necessary current density 
for explosive plasma formation and electron emission from a 
cathode surface spot in a nanosecond time frame. Unipolar 
arcing does occur on the surface of the cathode of a vacuum 
diode with the externally applied electric field. and i t  is 
remarkably similar to the interaction between a laser-produced 
plasma and a metal target surface with no external field. The 
following conclusions are also made: 

Unipolar arcing is the primary breakdown process leading 
to the formation of cathode spots. 
Surface breakdown is initiated by the ionization of de- 
sorbed contaminants by field-emitted electrons. Since this 

Fig. 8. Unipolar arc crater5 near the edge of the heavily damaged area of 
the cathode of Fig. 7. Single small craters can be w e n  in the upper right-hand 
corner (Fig. 9). 

Fig. 9, Cr,iter formation on the cathode of diode 

requires energy deposition only within a few contaminant 
monolayers at a time instead of an entire whisker volume, 
and since the neutral contaminants are only loosely bound 
to the surface by relatively weak Van der Waal forces, 
the onset of surface breakdown by this mechanism re- 
quires much less current and energy than vaporization 
and ionization of the entire cathode whisker. Since ion 
bombardment delivers more power to the whiskers than 
joule heating alone, the “explosive” transition of cathode 
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the space-charge-limited current. Hence the unipolar arc 
current density can be many order of magnitude greater 
than the Child- Langmuir space-charged-limited diode 
current density. 
The large variation in published values for cathode spot 
current densities can be explained by the fact that the 
unipolar arc current is not included in measurements of 
the overall diode current density. 
The closure of the diode gap results from the expansion of 
the plasma ions under the influence of the plasma pressure 
gradient. This can occur, since the external electric field 
is effectively screened from the dense plasma when the 
current to the anode becomes space-charge-limited. The 
ions thus see no retarding external field. 
Unipolar arcing represents a basic form of a small-scale 
discharge which contributes to phenomena-like laser- 
induced breakdown and formation of cathode spots in a 
unique way. 

Fig. 10. Unipolar arc crater on the cathode surface. 
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Fig I 1  Laser-produced arc crater Rim-to-rim diameter is 5 5 //ill, and the 
cathode spot size 15 0 7 /’In 

material into plasma can occur at unipolar arc current 
densities. ,I << IOy A/cm’. 
The localized buildup of plasma above an electron- 
emitting spot naturally leads to pressure and electric field 
distributions which cause unipolar arcing. 

is screened from the cathode Since the 
surface, the whisker current is no longer determined by phenomena 
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