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Effect of Coaxial Electrode Geometry on the
Electric Field Enhancement Factor for a
High Voltage Vacuum Gap
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Abstract— We present an experimental analysis of the change
in the electric field enhancement factor with varying gap size
and penetration depth (P.D) of cathode into anode for a coaxial
vacuum gap, diagnosed using Fowler–Nordheim analysis and
optical imaging via scanning electron microscope (SEM) and time
integrated Digital single lens reflex camera (DSLR). Data were
collected on the Coaxial Gap Breakdown Machine (240 A, 25 kV,
150 ns, ∼0.1 Hz). Experiments using five different gap sizes at
nine different P.Ds are compared over runs comprising 50 shots
for each case. The results show a strong link between enhancement factor and gap size, with P.D and surface topology. For large
gap sizes, 150, 330, and 700 µm, the average enhancement factor
value increases with increasing P.D. For smaller gap sizes, 50 and
100 µm, the average enhancement factor decreases with P.D. SEM
imaging before and after plasma formation for each gap size
allows for quantifying surface finish, microprotrusion growth,
average blast diameter, and an estimation of the surface area
breakdowns occupy. Time integrated DSLR imaging analysis of
the gap at each shot allows for a determination of the distribution
of breakdowns about the circumference of the gap for each case
tested. The Fowler–Nordheim analysis allows for a quantitative
analysis of the surface roughness of all gap sizes tested. Results
show that for large gap sizes, the gap geometry and increasing
area of breakdown is the main cause for increasing average
enhancement factor. For small gap sizes, the dominant driving
factor for small average enhancement factors—that subsequently
decrease with P.D—is significant changes in surface topology due
to an increased number of breakdowns.
Index Terms— Electron emission, plasma devices, vacuum arcs,
vacuum breakdown.

I. I NTRODUCTION

V

ACUUM gap breakdown at high voltages, typically in
the range of tens of kilovolts to megavolts, occurs in
many systems, particularly where high current conduction is
required. Several standard geometries, such as sphere-sphere,
plane-plane, and point-plane, have been extensively investigated under both pulsed and dc conditions and, in general,
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Fig. 1. Diagram of electrode geometry of the CGB machine. Electrodes are
46 mm in length and vary in radius to form the gap as labeled in red. Blue
is the P.D which varies from 1.5 to 8.5 mm. The electrodes are monitored by
current ( A) and voltage (V1 and V2 ) probes and mounted on electrical 3-D
translational mounts. Time gated optical imaging is along the imaging line of
sight as denoted by the eye.

are well understood and documented [1]–[4]. To date, little
detailed analysis of explosive emission in coaxial geometry has
been performed, although this geometry is a common feature
of high energy devices, including vacuum transmission lines
and switch systems. The present work is motivated by the
need to better understand the mechanisms by which breakdown
initiation occurs in a coaxial gap over a few nanoseconds to
a few microseconds at tens of kilovolt at gap sizes of up
to 1 mm. Of specific interest is how changes in gap size
and penetration depth (P.D) of cathode into anode effect the
initiation of breakdowns about the azimuth as represented by
the enhancement factor (β). Here, P.D is the distance over
which the solid cylindrical cathode is inserted into the hollow
cylindrical anode (Fig. 1). Our previous work [5] has shown
a link between increasing enhancement factor and current
density distribution about the azimuth, as well as showing that
asymmetry in breakdown initiation about the azimuth leads
to persistent asymmetry in current density distribution. The
cause of this increased enhancement factor, and thus redistribution has yet to be studied. This is particularly interesting
when considering one mounting system for Sandia’s MagLIF
[6] (∼20–26 MA) design maintains a coaxial vacuum gap
(∼25 μm) in the power feed as the machine voltage is
applied. Here, we will use the electric field enhancement factor
obtained from the Fowler–Nordheim [7] I –V curve and optical
imaging data to determine the behavior of breakdowns in a
coaxial gap.
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The recovered electrical data on every shot allows for the
characterization of the breakdown process through the use of
the Fowler–Nordheim equation [7] [see (1)]


1
3
−4(2m) 2 φ 2 f (y)
e3 E 2
exp
.
(1)
J=
8πhφt 2 (y)
3h̄eE
J is the emission current density, E is the applied electric
field, and φ is the emitter work function. The functions t 2 (y)
and f (y) are as follows:
1

−4

y = 3.79x10

Fig. 2. Typical current (red) and voltage (black) profiles of the CGB machine.

II. E XPERIMENTAL D ESIGN AND A NALYSIS M ETHODS
An experimental system was previously developed to study
breakdown mechanisms and influences of coaxial geometry
vacuum gaps [5]. This tabletop experiment, the coaxial gap
breakdown (CGB) machine, consists of two aluminum alloy
(5056) electrodes; a hollow cylinder of fixed inner diameter
(∼18.5 mm) with an inserted solid cylinder. Both are attached
to electrical 3-D translational mounts to ensure the electrodes
are parallel to one another, and to control their relative positions (Fig. 1). This coupled with electrical continuity testing
after alignment and breakdown position distribution calculations ensures that electrodes are centered with a defined gap.
Electrodes can be readily machined to create any azimuthal
gap required in the coaxial geometry, 25 μm to several millimeters. In this study of over 2000 shots, we examine five
azimuthal gap sizes (50, 100, 150, 300, and 700 μm) and P.Ds
of the central conductor into the hollow (outer) electrode from
1.5 to 8.5 mm. Prior to changing P.D, the cathode is changed,
and the anode is cleaned. It is important to note that while
the electrodes used for this work are cleaned with alcohol
following machining, they are not polished or treated further.
The typical surface roughness of the anode and cathodes
[Fig. 8(a)] is 5–10 μm as determined by scanning electron
microscope (SEM) imaging.
Experiments were performed under vacuum (<10−5 torr)
and at room temperature. A high-voltage pulse (25 kV) is
delivered via a charge circuit to the coaxial gap driving 240 A
(125 ns to peak) through the gap, a typical current and voltage
trace can be seen in Fig. 2. The device is repetition rated at
0.1 Hz, which allows for statistical analysis to be performed,
with the examination of each gap size of P.D comprising
50 shots. The time between shots ensures that the electrodes
are considered to be cold before the next shot. The vacuum
gap was monitored electrically by Pearson coil (model 6585,
1.5-ns rise time), and by a pair of high-voltage probes (PintekHVP-39 pro, 1.6-ns rise time, V1 and V2 ) located at the high
voltage and ground sides of the electrodes (Fig. 1). Optically,
the gap is monitored via time integrated digital single lens
reflex camera (DSLR) that takes an image of the coaxial gap
(20-μm spatial resolution) along the imaging line of sight for
each shot.

E2
φ

f (y) = 0.95 − y 2
t 2 (y) ≈ 1.1.
Equation (1) can be transformed [8], [9] in order to be used
experimentally via a simple substitution of
J = I /A
E = βV /d

(2)
(3)

where A is an area factor, d is the size of the vacuum gap, and
β is the electric field enhancement factor, which is the increase
of an electric field on the surface of a conductor due to the
geometry of the emitters on the surface [10]. These parameters
can be evaluated directly by plotting ln(I /V 2 )versus1/V ,
where V and I are the experimentally measured voltage and
current, respectively. The resulting graph yields a straight line,
with a slope (S) [8], [9] of
3

I − −V slope ≡ S = −2.83x107 φ 2

d
β

(4)

that varies for each respective shot, geometry, and material.
If we then say the work function (φ) is constant for our
electrode material, we can solve for the enhancement factor
with respect to slope
d
.
(5)
S
We can then directly examine how the enhancement factor
(β) changes on average with increasing P.D (Figs. 5 and 6)
and gap size (d). The evaluation of the enhancement factor
[see (5)] will allow us to better understand how the characteristics of the surface roughness of the electrode effect the
breakdowns about the azimuth change from shot to shot.
With the recovered time integrated optical imaging, we can
determine the location of breakdowns that occur in each shot
and at each P.D. We do this by converting the image of
the coaxial gap [Fig. 3(a)] to gray scale and performing a
circular lineout [Fig. 3(b)]. The high intensity peaks of the
line out correspond to a breakdown and its location about the
azimuth [Fig. 3(c)].
Overlapping this information for 50 shots at a given P.D
shows the azimuthal distribution of breakdown over the circumference of the gap. A spread in azimuthal distribution
correlates to electrodes that are centered, and a gap that is
defined. Alternatively, if the distribution is clustered in a single
spot or quadrant in the degree range, the electrodes are not
centered, and the gap is not well defined. This is of particular
3

β = −2.83x107 φ 2
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Fig. 3. 150-μm gap, P.D-8.5 mm. (a) Unaltered coaxial time integrated
image of a single shot. (b) Gray-scaled version of (a) with a yellow circular
lineout across the gap. (c) Intensity peaks and location of the breakdowns
about the azimuth.

interest for the smaller gap sizes where ensuring a centered,
defined gap can be difficult.
Fig. 4(a) and (b) shows the azimuthal distribution for
50 shots at 100 μm at a P.D of 8.5 mm, and 50 μm at a P.D of
3.34 mm. The data are spread across all quadrants of the gap
with small regions having no breakdowns, indicating that the
electrodes here are centered and well defined. Fig. 4(c) shows
an azimuthal distribution for a 150-μm gap at a P.D of 8.5 mm
(50 shots). The data are centered between 195◦ and 204◦ with
no spread into the other quadrants of the gap, indicating that
the cathode is offset in the anode. This qualitative method is
used every shot series to ensure the data collected is from
electrodes that are centered with a defined gap.
Through the use of an SEM, we are able to image the
cathode on the micrometer scale. This imaging allows for a
characterization of the surface pre-/post-breakdown initiation
and facilitates a discussion of the likely mechanisms responsible for the observed behavior.

Fig. 4. Breakdown intensity peak locations in degrees for (a) 100-μm gap,
P.D-8.5 mm, 50 shots, (b) 50-μm gap, P.D-3.34 mm, 50 shots, and (c) 150-μm
gap, P.D-8.5 mm (electrode offset from centered position by 70 μm ∼ 180◦
position). Red highlighted data are background light and are present in every
shot. Black data are peak intensity values that each represents an individual
breakdown location about the azimuth.

III. R ESULTS AND D ISCUSSION
The Fowler–Nordheim analysis is applied to 2000 shots over
five geometries at nine P.Ds. A single shot series for a given
geometry and P.D consists of 50 shots whose enhancement
factor [see (5)] is then averaged and plotted against P.D.
Fig. 5 shows the enhancement factor for 150-, 300-, and
700-μm gap sizes plotted over increasing P.Ds. At P.D 1.5 mm,
we see an enhancement value for 150 μm is 20 and decreases
to a value of 10 at a P.D of 2.53 mm. After this point, the
enhancement factor increases with increasing P.D and area to
a maximum value of 45 at 8.5 mm P.D. The initial decrease

and subsequent increase seen here at small P.Ds is believed to
be due to the dominance of cathode edge in the gap, where at
depths beyond 2.5 mm, the geometry and area of the inserted
cathode likely play the dominant role. Similar behavior is seen
in the 330 and 700-μm gap size electrodes.
Fig. 6 shows the average enhancement factor versus the P.D
for the smallest gap sizes tested, 50 and 100 μm. When looking at the 100 μm gap, at 1.5 mm P.D we see an enhancement
factor of 56. This decreases when increasing the P.D to 2.0 mm
to a value of 54. When increasing the penetration further than
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Fig. 5. Average enhancement factor versus P.D for 150-, 300-, and 700-μm
gaps. Increasing value with P.D.

Fig. 6. Average enhancement factor versus P.D for 50- and 100-μm gaps.
Decreasing value with P.D.
Fig. 8. 700-μm gap (a) before plasma formation (30-μm scale—vertical
machining lines) and (b) after plasma formation (1 mm scale—horizontal
machining lines) as a result of 50 shots at a P.D-8.5 mm. (c) is a magnification
of (b) to 50-μm scale (horizontal machining lines).

Fig. 7.

Microprotrusion transition to liquid jet and crater diagram.

2.5 mm, we see a slight increase in enhancement factor to 60
at 3.34 mm before decreasing to a value of 40 at 8.5 mm. This
appears to be a similar to the initial trend seen in the 150, 330,
and 700 μm gaps, and is again likely due to the edge effect
of the cathode at such a small P.D. However, this decreasing
trend continues for all remaining P.Ds past 3.34 mm in the
100 μm gap, and after a P.D of 2.79 mm in the 50-μm gap.
The limited number of data points for the 50-μm gap is due
to difficulty in ensuring a centered gap at large P.Ds. Future
work will quantify the repeatability of the observed behavior
for similar gap spacing and P.Ds.
To attempt to understand the behavior demonstrated above,
we can consider the electrode surfaces before and after breakdown events. Mesyats [11] describes a process by which

breakdowns are enhanced in a vacuum gap by the presence
of microprotrusions (emitters). Fig. 7 shows a simple diagram
of a microprotrusion, with the dotted line representing the
protrusion height (r ) before current is passed through the
cathode and the solid line afterward. Once current is passed
into the cathode, current density increases the temperature of
the microprotrusion, such that it eventually melts and ionizes.
A portion of the microprotrusion remaining in the melt stage
[12], [13] is then explosively propelled into the gap and across
the cathode surface, creating additional microprotrusions and
leaving behind a crater in the cathode surface. A crater may
have a height which varies either above or below the original cathode surface level [14], effectively becoming another
microprotrusion. The process occurs at all breakdown positions on the cathode, evidence of which can be imaged via
SEM [15].
Fig. 8 shows surface imaging for a 700-μm gap cathode.
Fig. 8(a) shows an “off the lathe” cathode at a 30-μm scale,
with surface imperfections of order 5–10 μm. Fig. 8(b) shows
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Fig. 9. 700-μm gap side on and rotated ×1500 magnification of a breakdown,
with (a) smoothed crater zone, (b) molten splash created microprotrusions, and
(c) undisturbed electrode surface.
TABLE I
G AP S IZE C OMPARED W ITH P ERCENTAGE OF THE G AP T HAT M ICROPRO TRUSIONS ON THE C ATHODE AND A NODE O CCUPY. W ITH A M INIMUM
P ROTRUSION S IZE OF 20 μm (10 μm ON E ITHER S IDE ) AND 40 μm
(20 μm ON E ITHER S IDE )

a postplasma formation at the 1-mm scale. Large craters and
clusters of craters resulting from plasma formation can be seen
against a background of the original electrode finish. Fig. 8(c)
shows a 50-μm scale image of an individual breakdown crater
on the surface of the cathode. A blast crater is seen in
the image, with nanometer roughness molten material in the
center of the crater surrounded by molten build up that forms
microprotrusions [11] on the order of 10–20 μm. Fig. 9 shows
a side-on SEM image of a breakdown crater for a 700-μm

Fig. 10. SEM imaging centered on blast regions for (a) 700 μm, (b) 330 μm,
(c) 150 μm, (d) 100 μm, and (e) 50-μm gaps. These are the results of 50 shots
for each gap at (a)–(d) P.D-8.5 mm and (e) 3.34 mm.

gap cathode. Shown is a [Fig. 9(a)] smooth molten crater
that dips below the [Fig. 9(b)] blast created microprotrusions
and the [Fig. 9(c)] undisturbed surface. From this image, it
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Fig. 11. Average percent area occupied by breakdowns for all gap sizes
tested. With black squares showing data collected at P.D-8.5 mm and the red
square showing data collected at P.D-3.34 mm.

Fig. 13. 50-μm gap centered on large cluster of breakdowns at scales of
(a) 100 μm and (b) 5 μm.

Fig. 12.
100-μm gap centered on a large breakdown at scales of
(a) 500 μm and (b) 30 μm.

is clear that new microprotrusions can be formed by blast
craters and molten blast buildup caused by plasma breakdown.
It is important to note that the craters shown in the SEM
images may be the result of a single or large cluster [9] of
microprotrusions exploding.
Using SEM imaging and the Mesyats breakdown description, we can investigate potshots information of the surface
of our tested electrodes to see how surface features change
with changes in gap size. From Fig. 9, we have measured that
the microprotrusions are of order 10–20 μm on both anode
and cathode, in height only. From this, we can estimate the
percentage of the gap that is occupied by individual microprotrusions of this size, while not accounting for anything thing

else about the microprotrusion geometry. Table I shows that
for larger gap sizes, the microprotrusion is a small percentage
of the gap. At smaller gap sizes, the percentage of the gap
that is filled by the microprotrusions is significantly larger.
SEM surface imaging in Fig. 10 shows a small area of the
electrode surface with breakdowns throughout for all gap size
cathodes tested. From this, we can measure the average diameter, and thus area of each breakdown deformation, as well as
optically count the number of breakdowns visible within the
image area. Coupling this information, we can estimate on
average what percentage of the total penetrated surface area
the breakdown deformations cover (Fig. 11).
Fig. 11 shows the average percent area occupied by breakdowns for all gap sizes tested. It is important to note here
that for simplicity, we are assuming that we have no overlap
in our breakdown craters so the values presented are higher
than would be the case for overlapping craters. The percent
of area occupied by the breakdowns for the large gap sizes
(700, 330, 150 μm) is between 40% and 50%. The percentage
of the area occupied by the breakdowns generally decreases
with decreasing blast diameter and increasing gap size
[Fig. 10(a)–(c)]. The microprotrusions that do form take up a
3%–27% of the gap (Table I), with the remaining 60%–50% of
the surface area being “off the lathe” protrusions of 5–10 μm.
For the small gap sizes tested (100, 50 μm), the percentage
of the area that breakdowns occupy increases significantly to
70% and 97%, respectively. This large increase is due to the
increased number of breakdowns observed in SEM images
[Fig. 10(d) and (e)]. The microprotrusions that form occupy
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Fig. 14. Electrode surface area and enhancement factor for (a) 700 μm, (b) 330 μm, (c) 150 μm, (d) 100 μm, and (e) 50-μm gaps versus P.D. With the
solid lines representing the surface area of the penetrated electrode, and the solid square being the enhancement factor value.

20%–80% of the gap (Table I), with the remaining surface
3%–30% of the surface being “off the lathe” protrusions of
5–10 μm. Furthermore, the surface topology of the breakdowns on the 100- (Fig. 12) and 50-μm (Fig. 13) cathodes is
characterized by large overlapping smooth breakdown areas.
Comparing the observed behavior at the surface, via SEM
imaging, for the gap sizes tested, we can infer which factors
are dominant in changing the enhancement factor and driving
breakdown. For large gap sizes, we see from surface imaging
that the cathode surface is not dominated by the creation or
destruction of microprotrusions, and the protrusions that do
form from breakdowns take up only a small portion of the
gap. This indicates that the increasing enhancement factor
value with increasing P.D is dominated by the increase in
surface area of the electrode with increasing P.D that adds
new protrusions to the gap. Physically, this means that for
the large gap sizes tested, increasing enhancement factor is
likely dominated by changes in geometry via changes in P.D
rather than breakdown induced changes at the surface. For the
small gap sizes tested, SEM imaging shows that the surface is
dominated by the creation and destruction of microprotrusions

via breakdowns, which results in a gap that is significantly
altered, and a surface that is smoothing. This behavior is
represented by the decreasing enhancement factor with P.D.
Physically, we see that for a gap that is dominated by variations
in microprotrusions, the introduction of new protrusions with
increasing P.D does little to increase the enhancement factor.
Rather, the enhancement factor is dominated by significant
alterations of the surface caused by many breakdowns.
The relationship between surface area and enhancement
factor can be explored further by plotting the electrode surface
area and enhancement factor versus the P.D for all gap sizes
tested (Fig. 14). The change in the surface area values is
minimal as the gap size decreases, since the gap size is small
compared with the other dimensions, while the enhancement
factor trends vary significantly. The surface area plots for each
gap size are normalized to the enhancement factor at P.D of
2.5 mm (i.e., outside the region identified as “area effect”
previously), and the slope represents the trend expected if the
enhancement factor is dominated by the change in surface area.
For the 700-μm gap [Fig. 14(a)], the enhancement factor
increases with P.D and follows closely to the increasing sur-

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on September 07,2022 at 17:26:18 UTC from IEEE Xplore. Restrictions apply.

2214

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 50, NO. 7, JULY 2022

face area with P.D. As the gap size decreases, the measured
enhancement factor continues to deviate further from the trend
of the surface area [Fig. 14(b)–(e)]. This indicates that the
surface area is a dominant driving factor for the enhancement
factor value of the larger gaps, but plays an increasingly less
significant role for smaller gaps. This is directly in line with
the discussion and observations noted earlier.
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IV. C ONCLUSION
In this work, we have shown that the enhancement factor
for a coaxial vacuum gap changes with varying gap sizes and
P.Ds. This change is likely dominated by the electrode geometry, area of the penetrating electrode, and the creation and
destruction of microprotrusions that are large compared with
the cathode surface finish. Again, these are not the exclusive
driving forces in changing the average enhancement factor
value. Asymmetric distribution of breakdown in individual
shots, a slightly varying work function, and conditioning of the
electrode during the 50 shots all play a role in the enhancement factor value. Furthermore, due to the rep-rated nature
of these experiments, the results may apply to single shot
experiments.
For experiments on vacuum gaps of 150, 330, and 700 μm,
we see an initial edge effect in the average enhancement factor
with increasing P.D, followed by an increase at depths greater
than 2.53 mm. This increasing in average enhancement factor
is caused by an increase in microprotrusions that are likely
due to the geometry of the electrode and the increase in area
for breakdowns to occur. Where microprotrusions created by
the explosive nature of breakdown formation in the vacuum
gap remain small compared with the gap size and take up
40%–50% of the total surface area.
For 50- and 100-μm gap sizes, we see first that the average
enhancement factor for these two gap sizes is smaller than
the larger gap sizes tested for higher P.Ds. Second, we see
the same edge effect behavior at a P.D smaller than 2.5 mm,
after which there is a brief increase followed by a decrease
in average enhancement factor with P.D. This behavior is
likely due to the increased number of breakdowns creating
and destroying microprotrusions and occupying a majority of
the total surface area of the electrode. These are significant
topological changes to the surface that occupy a majority of
the gap. In the region of these changes, the increased number of overlapping breakdowns cause the surface to smooth,
which leads to a decrease in microprotrusion height and
enhancement factor. These trends are substantiated by imaging
diagnostics.
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