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An examination has been made of gas desorption from unbaked electrodes of copper, niobium,
aluminum, and titanium subjected to high voltage in vacuum. It has been shown that the gas is
composed of water vapor, carbon monoxide, and carbon dioxide, the usual components of vacuum
outgassing, plus an increased yield of hydrogen and light hydrocarbons. The gas desorption was
driven by anode conditioning as the voltage was increased between the electrodes. The gas is often
desorbed as microdischarges—pulses of a few to hundreds of microseconds—and less frequently in
a more continuous manner without the obvious pulsed structure characteristic of microdischarge
activity. The quantity of gas released was equivalent to many monolayers and consisted mostly of
neutral molecules with an ionic component of a few percent. A very significant observation was that
the gas desorption was more dependent on the total voltage between the electrodes than on the
electric field. It was not triggered by field-emitted electrons but often led to field emission,
especially at larger gaps. The study of gas desorption led to some important new observations about
the initiation of high-voltage breakdown and the underlying processes of vacuum outgassing. The
physical processes that lead to voltage-induced desorption are complex, but there is strong evidence
that the microdischarges are the result of an avalanche discharge in a small volume of high-density
vapor desorbed from the anode. The source of the vapor may be water or alcohol stored as a fluid
in the many small imperfections of a polished metal surface. Microdischarges can then trigger
field-emitted electrons which, in turn, heats a small area of the anode. As the temperature of this
region of the anode reaches about 500 °C, some fraction of the desorption products are ionized
positively and accelerated to the cathode, producing secondary electrons with a yield greater than
unity per incident ion. The positive ions appear to originate from the bulk of the metal rather than
from surface ionization and the yield increases exponentially with temperature, rapidly producing a
runaway condition, i.e., electrical breakdown. These observations support a new perspective on
vacuum-high-voltage insulation and produce new insight into vacuum outgassing of metals.
© 1998 American Vacuum Society.@S0734-2101~98!03102-9#
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I. INTRODUCTION

Electrical conductivity and eventual breakdown occu
between two metal electrodes in a vacuum as voltage is
creased between them. At least three processes1 occur that
contribute to the conduction: field emission of electro
transfer of microparticles between electrodes; and micro
charges. In parallel with each of these processes there
increase in the pressure in the supporting vacuum. In m
cases, it is difficult to differentiate cause and effect betwe
the increased pressure and the conduction processes. M
discharge activity and the associated pressure increase
ten the limiting factor in high-voltage devices such as acc
erator tubes and electrostatic analyzers.2 Microdischarges are
self-limiting discharges that occur between uncondition
electrodes as the voltage is increased. They can be obse
on an insulated anode or cathode as electrical pulses of m
microamperes amplitude and hundreds of microseco
width, i.e., about 33109 electrons or ions per microdis
charge. The energy dissipated in a microdischarge is m
less than the total energy stored by the capacitance of
electrodes. They have often been ascribed to contamin
electrodes3 or to a regenerative buildup of positive and neg

a!Electronic mail: diamondw@aecl.ca
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tive ions. Chatterton4 ~in 1970! provided a good description
of the phenomena and gave possible explanations that
not been substantially challenged in the intervening ye
His basic argument was that an ionization process is t
gered randomly in the gap producing an electron–ion p
followed by a release of secondary negative ions at the c
ode and secondary positive ions at the anode. If ‘‘A’’ nega-
tive ions are produced per positive ion impacting the cath
and ‘‘B’’ positive ions per negative ion impacting the anod
then if A3B is greater than unity, the current will grow
regeneratively. However, there must be a continual sourc
new ions at both surfaces. Experiments5 have been per-
formed to measure the secondary ion coefficients to dem
strate this as a possible mechanism for contaminated surf
but not clean surfaces under ultrahigh vacuum conditio
There are still many questions about the important phen
enon of microdischarges: for example, the physical proces
that occur at one or both electrode surfaces have not b
identified; the initiation process is unknown; gas release
curs with a microdischarge but a cause-and-effect relat
ship has not been established and there have been n
tempts to find correlations between microdischarges
vacuum outgassing.

Both this and a companion article6 report results from an
72016 „2…/720/16/$10.00 ©1998 American Vacuum Society
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721 William T. Diamond: New perspectives in vacuum high voltage insulation 721
extensive research program on vacuum high-voltage insu
tion. The first article provides strong evidence of physica
processes occuring at both electrodes that lead to field em
sion, a key precursor to electrical breakdown. This articl
focuses on gas desorption. Evidence is presented sugges
that microdischarges are caused by microbursts of gas
sufficient density to support a local avalanche discharge. T
key experiments that support this thesis are described a
several new observations are reported. It should be noted t
the experiments involve polycrystalline metal surfaces wit
the inherent imperfections, oxide layers, and other inclu
sions. It is recognized that the physical properties of suc
surfaces are very complex. The experimental work has be
described in sufficient detail that it can be easily duplicate
The author has presented his interpretation of this da
aware that there may be further explanations.

II. EXPERIMENTAL DETAILS

Most of the experiments reported in this article were don
on the test stand shown schematically in Fig. 1. The 10 m
scale shown is indicative of the scale of the vacuum cham
ber, insulators, and electrodes. The ion gauge and pump
connection are shown schematically. The test stand was
same used for experiments reported in the companio
article.6 Throughout the research program, many differen
configurations were used for specific experiments. The a
thor has chosen to show significant modifications to the bas
test stand with specific experimental results to highlight th
changes.

Details of the high-voltage insulators and the high-purit
water system used to provide cooling plus a series sur
resistance are provided elsewhere.7,8 Two variable high-
voltage power supplies were used, one with a maximum ra
ing of 2100 kV, and the other with a maximum rating of
6150 kV. The cable insulation and the ceramic insulato
limited the maximum useable voltage to about 110 kV. I

FIG. 1. The experimental setup used for most of the experiments reported
this article. Two high-voltage supplies were used with the polarities show
The test stand was connected to a turbomolecular pump through a kno
conductance to measure gas desorption.
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order to study gas desorption, the test stand was config
with two ion gauges, which together with the known condu
tance between the test volume and the 200l /s turbomolecu-
lar pump, allowed mass flow to be calibrated. A residual g
analyzer was used for some measurements. It was mou
near the pump for most experiments. Other configurati
were used including one high-voltage supply and a groun
second electrode.

Typical base pressures in the test stand were 2 –
31027 Torr depending on pumpdown times. For most e
periments, unbaked electrodes, 12 mm thick325 mm diam-
eter and radiused as shown, were used. Oxygen-free cop
niobium, titanium, and aluminum electrodes were tested. T
usual surface preparation was either electropolishing or
cropolishing of both electrodes. Micropolishing means s
cessive polishing of machined electrodes with w
aluminum-oxide papers to 600 grit, polishing with 1/2mm
aluminum oxide suspended in water on a low-lint wipe, a
finishing with either a submicron silicon oxide polish in
basic (pH59) solution or commercially available Brasso
(pH510) polish. The interior of the test stand was also fi
ished in a similar manner. With these surface preparatio
very high electric fields could be reached before any mea
able field emission occurred6 and tests of gas desorption ph
nomena could be made independent of competing eff
from field emission.

X-ray activity was measured during many experime
with several radiation-survey instruments, scintillation det
tors and a high-quality silicon detector. The scintillation d
tectors provided sensitive temporal response to x-rays w
the geiger counter provided high x-ray sensitivity to cw fie
emission. It could measure an increase in x-rays above b
ground that corresponded to measured electron current
about 50 pA at 50 kV and less than 20 pA at 100 kV.

III. EXPERIMENTAL RESULTS

A. Microdischarges and gas desorption

1. Properties of a microdischarge

Microdischarges typically occur when dc voltage is i
creased between two unconditioned electrodes. There is
tially no measurable electrical activity, then at some volta
electrical conduction begins between the two electrodes.
typical experiment reported in this article, the voltage w
increased between two well-polished electrodes at gaps f
1 to 10 mm. At about 40–60 kV, the pressure in the t
stand increased strongly and microdischarges were obse
In periods of seconds to minutes the microdischarge acti
and conduction between the electrodes decreased and
time constants of minutes to tens of minutes, there was
measurable electrical activity in the gap between the e
trodes. When the voltage was increased from this con
tioned level, microdischarge activity immediately increas
again in both frequency and amplitude, with a correspond
increase of pressure in the test stand. At small~1–2 mm!
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722 William T. Diamond: New perspectives in vacuum high voltage insulation 722
gaps, a transition to field emission eventually occurred.
larger gaps, 100 kV could be maintained for several d
with no observable electrical activity.

Figure 2 shows some properties of a typical microd
charge occurring between two copper electrodes at a ga
2.5 mm and 60 kV. This figure shows the anode curr
~lower curve! and the x-ray activity~upper curve! as a func-
tion of time. In these experiments a negative high-volta
supply was used and the anode was mounted on an insu
electrode holder that was grounded through a 1kV resistor.
For this geometry, the amplitude of the current pulses va
from a few to 50mA, increasing when the voltage was in
creased and decreasing as conditioning occurred while m
taining a pulse width variation of about a factor of 2. Ove
wider range of experimental conditions, the peak current d
ing a microdischarge varied from a few to 500mA and the
pulse width from about 50 to 500ms.

The x rays were measured with a small cesium iod
detector viewing the electrodes through a glass window
distance of 10 cm. The x-ray response demonstrated con
erable pileup during the microdischarge and did not fa
fully mirror the time response of the anode current. If t
detector was pulled back from the window, the x-ray sig
reflected the time response more accurately but there wa
sufficient sensitivity to measure x rays that might have b
present during the period between microdischarges. Mic
discharges can be present with or without simultaneous fi
emission. Many measurements were made in which th
was no measurable x-ray activity present either before
after the microdischarge. This has been interpreted9 as an
indicator that field-emitted electrons are not a precurso
the microdischarge. It was not possible to distinguish fr
this data whether the x rays produced during the micro
charge were from field emission, electrons produced in

FIG. 2. Some properties of a typical microdischarge. The upper trace sh
x-ray production during the microdischarge while the lower trace shows
current collected on an insulated anode connected to ground with a 1 kV
resistor.
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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gap in an avalanche discharge, or from electrons produced
the cathode purely as secondary emission from positive-io
bombardment. Figure 2 shows some of the properties of m
crodischarges but does not help elucidate the mechanisms
production.

Figure 3 demonstrates another aspect of microdischar
activity. The upper half of the figure shows the change o
pressure in the test stand observed after an increase of 10
during the time from 4 to 8 s~from 60 to 70 kV over a 3 mm
gap with 1.9 cm diameter copper electrodes!; the lower half
shows the current measured on an insulated anode ground
through 1 kV. The pressure rise corresponded to a dramat
increase in the number of microdischarges similar to thos
shown in Fig. 2 but with some variation in amplitude with
time. The peak increase in pressure corresponded to mic
discharge rates of about 1–2 kHz, dropping to less than 1
Hz by 30 s and to less than 1 Hz after a few minutes. Th
rate was determined by measuring, with an oscilloscope, t
number of individual microdischarges in a 0.1 s interval a
various times after the voltage was increased, and has co
siderable variation in different measurements. Once the m
crodischarge activity stopped there was no measurable x-r
activity above background.

2. Quantity of gas released

The data of Fig. 3 can be used to measure the quantity
gas released following the voltage increase. The integral
the pressure–time curve~about 3.631026 Torr s! multiplied
by the pumping speed of the chamber through the calculat
conductance (70l /s) gives the total gas released (Torrl ).
For Fig. 3, that number is about 2.531024 Torr l , a large
quantity of gas. Most of the gas was desorbed during a
proximately 5 s and if it were desorbed only from the cente
portion of the electrodes of about 3 cm2 area each, then the

s
e
FIG. 3. The pressure rise~upper trace! and current produced as the voltage
was increased from 60 to 70 kV between two copper electrodes with a 3 mm
gap.
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723 William T. Diamond: New perspectives in vacuum high voltage insulation 723
desorption rate would be about 1.6 or 0
31025 Torr l /s cm2, depending on whether the gas was d
sorbed from one or both electrodes. This corresponds
31015 molecules, equivalent to several monolayers~about
1015 molecules/cm2 per monolayer! if the gas originated
from the electrode surfaces. However, the gas could als
produced from any part of the test stand or insulator.

The lower curve shows the current from the high-volta
power supply during the gas desorption. This nominal
current is made up of the sum of all the individual microd
charges. At the peak current, the microdischarge rate
about 2 kHz; the pulse duration 200ms and the pulse curren
about 20–30mA. This produces the nominal 8–10mA cw
current for 5 s asshown in Fig. 3. Approximately 10 000
microdischarges produce about 1016 molecules, implying
that each individual microdischarge contains around 112

molecules. The integral of the current over time is abou
31014 ions or electrons, a few percent of the number
neutral molecules.

B. Gas desorption experiments

1. Experiments to identify the source of the
desorption

The data in Fig. 3 give an estimate of the total gas d
orbed after an increase in voltage. However, the gas m
have been desorbed from many different locations. The
perimental setup shown in Fig. 1 was used to measure
amount of gas desorbed only from the electrodes. Microp
ished titanium electrodes, 25 mm diameter, were mounted
both insulators and positioned at a gap of 4 mm. The t
power supplies were both used with negative polarities
the voltage of both was slowly increased to2100 kV with
the relative voltage between the electrodes at less than
kV. Gas could be desorbed from various sources during
conditioning process, including the test stand and the ins
tors. After about 20 min there was no indication of furth
desorption, as observed by quiescent vacuum and the lac
x-ray production. The voltage on one of the power supp
was then decreased in increments of 5 kV while the ot
was left at high voltage. This technique~referred to as a
‘‘double negative’’ experiment elsewhere in this article! en-
sured that the only increasing electric field was that betw
the two unconditioned electrode surfaces. Once gas ev
tion was observed, the voltage was maintained at a fi
value for about a minute after each 5 kV change while
pressure of both ion gauges was recorded with a strip c
recorder. Figure 4 shows the results of this measurem
The x axis shows the time as measured by the recorder
the y axis shows the pressure in the test stand. The volt
difference between the electrodes is shown above the d
The test stand pressure increased dramatically after ea
kV increment and decreased in about 15 s to near the sta
pressure. Other experiments demonstrated that if this s
rapid increase in voltage was applied at a smaller gap suc
2 mm, it was likely to lead to a spark and the transition
JVST A - Vacuum, Surfaces, and Films
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field emission. For this particular data, there was no mea
able x-ray yield after about 10 min with 95 kV between t
electrodes.

The insert on the upper right part of Fig. 4 shows the a
that corresponds to 1 mTorrl of gas desorbed from the
electrodes. If the area corresponding to the pressure incre
is integrated, an estimate of the gas desorbed versus the
age difference can be made. This is shown in Fig. 5. Thy
axis shows the differential gas desorption, i.e., the gas d
orbed per 5 kV increment, with the data points plotted for t

FIG. 4. Test stand pressure vs time as the voltage was increased bet
titanium electrodes at a 4 mmgap. The upper line of data shows the volta
difference between the electrodes as one power supply was turned d
The rectangular insert shows the graphical area equivalent to 1 mTorrl of
desorbed gas.

FIG. 5. The differential gas desorption from the data of Fig. 4. Each d
point corresponds to the area of a peak in the pressure–time graph fo
kV increment. The points are plotted for the average voltage of the in
ment and the line merely joins the points.
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724 William T. Diamond: New perspectives in vacuum high voltage insulation 724
average voltage of a given increment. Figure 6 shows
results of similar experiments with polished copper el
trodes of three different areas at a gap of 1.5 mm. They axis
is, in this case, the integral of the gas released as a func
of the voltage. The listed areas are quite approximate
cause the same radiused edge~;6 mm radius! was used for
all three electrodes and the radiused region is subject to
ferent fields than is the flat region. Within these approxim
tions, the gas released per unit area from each experime
Fig. 6 was approximately the same, 2.3 mTorrl /cm2, or 8
31016 molecules/cm2 at 80 kV or half of this value if the gas
were desorbed from both electrodes. Similar results w
found for all metals tested: aluminum, copper, titanium, a
niobium.

Several experiments were performed to crosscheck th
results. Since electrons and ions were also produced, t
was concern that these charged particles could lead
changes in the ion gauge readings. To test this, a pum
restriction was placed between the turbomolecular pump
the roughing pump. The pressure rise at the entrance to
restriction was measured with a thermocouple gauge wh
pressure rise from gas desorption was observed with the
gauges. The system was calibrated by bleeding air into
test stand and recording the pressures measured by the
ion gauges and the thermocouple gauge as the test s
pressure was increased by two orders of magnitude. Wi
about 25%, this independent measurement using a c
pletely different physical principle to measure the press
increase confirmed the results shown in Figs. 5 and 6.
thermocouple gauge indicated a lower throughput than
ion gauges. However, it has a longer time constant than
ion gauges, and may not have reached equilibrium during
few seconds of peak microdischarge activity. It should a
be noted that the gas desorption results have not been
rected for the gas composition, which had a higher conc

FIG. 6. The integrated gas desorbed from three sets of copper electrod
different areas vs voltage for a gap of 1.5 mm.
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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tration of light hydrocarbons, carbon dioxide, and carb
monoxide than would be typical at this pressure.

A second confirmation that the indicated pressure
creases were real and not induced by the charged part
was the discrimination of a residual gas analyzer~RGA! to
individual peaks. The data is considered in detail in S
III E. However, it is noted that if the changes in ion gau
readings were produced by the electrons and ions from
desorbed gas, the RGA should not exhibit the sharp discr
nation.

2. The precursor of gas desorption

The experiments described in Secs. III A and III B 1 de
onstrated the production of large quantities of gas from
electrodes during the high-voltage conditioning process.
periments were then designed to try to understand what
tiated the desorption. Figure 7 shows one experimental s
used. Micropolished copper electrodes were mounted
both high-voltage electrodes with the polarities shown.
third electrode was mounted on a movable, insulated tube
the side of the test stand that was grounded through 1V.
This electrode was made from oxygen-free copper with
same micropolished surface preparation used for the two
line electrodes. The side-mounted electrode was move
position 1 while the two inline electrodes were condition
to high voltage. Each electrode and insulator was con
tioned to 100 kV and operated there for 20 min with t
other electrode at zero volts at a gap of 3 mm. No fie
emission was detected during this process. The positive e

of

FIG. 7. Experimental setup to test desorption from an unconditioned e
trode opposite a conditioned electrode.
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725 William T. Diamond: New perspectives in vacuum high voltage insulation 725
trode was then moved back to a predetermined position s
that a gap of 2.7 mm~measured after the conclusion of th
experiment to avoid electrode contact before data was ta!
would exist between it and the side-mounted electrode o
it was moved into position 2. The positive high-voltage ele
trode was reconditioned to 100 kV in this location before
side-mounted electrode was moved into position 2. Th
procedures were designed to ensure that gas desorbed d
the next phase of the experiment would come only from
side-mounted electrode. This electrode was then moved
position 2 with a gap of 3.5 mm between the we
conditioned cathode electrode and an unconditioned an
surface, and a gap of 2.7 mm between a well-conditio
anode electrode and an unconditioned cathode surface. H
voltage was applied with one power supply while the oth
was left at zero volts. Power supply current and test st
pressure were monitored during this process.

Figure 8 shows the results of the changes in pressur
the voltage was increased in two different experiments. T
data were recorded on a strip chart recorder and thex axis is
a measure of time. The numbers above thex axis indicate the
voltage used at a given time. They axis shows the pressur
in the test stand. The dashed line shows the results fo
unconditioned cathode and a conditioned anode. Clea
there is no change in pressure throughout the entire pro
until the voltage reaches 95 kV at which point some deso
tion occurs. A field of 35 MV/m was reached in under 200
with no indication of gas desorption or any other conditio
ing activity.

The solid line shows the data when the cathode was
viously conditioned and the anode was unconditioned. T
data is similar to that shown in Fig. 4. Large quantities of g
were desorbed at each increment starting from about 55

FIG. 8. Results from increasing the voltage between an unconditioned a
and a conditioned cathode~solid line! and an unconditioned cathode and
conditioned anode~dashed line!. The actual voltage is shown below th
data.
JVST A - Vacuum, Surfaces, and Films
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over a 3.5 mm gap. The voltage was decreased slightl
175 s and the conditioning activity stopped until the volta
was turned up to the previous level of conditioning. Th
demonstrates that the conditioning activity is driven by t
anode. The gas could be desorbed from either electrode
cause there is also ionic bombardment of the cathode. Fig
8 demonstrates that high-voltage conditioning of we
polished electrodes occurs mainly at the anode surfac
surprising result.

This experiment also demonstrates that the product of
secondary emission coefficients ‘‘A’ ’ 3 ‘ ‘ B’ ’ being greater
than unity is not the complete explanation of microdischa
activity because conditioning one electrode should alter
of the coefficients. The conditioned cathode had no mea
able field emission at 100 kV over 3 mm, with a detecti
sensitivity of about 20 pA. Since field-emitted current i
creases rapidly with field, any possible undetected field em
sion would be below the picoampere level at the first sta
of gas desorption. It is therefore unlikely that field emissi
is the precursor to gas desorption. Experiments describe
Sec. III D using larger gaps also produced this same ob
vation.

A second experiment demonstrated that thermal des
tion of an anode also conditions it. An unconditioned, m
cropolished copper anode was heated with electron bomb
ment to about 700 °C, cooled, and moved into position at
mm from a cathode mounted on the high-voltage insula
The cathode had previously been conditioned to 100 kV o
3 mm with a different anode mounted from the side po
When the thermally desorbed anode was tested, there
essentially no desorption as the voltage was increased to
kV. The chamber was then vented with dry nitrogen,
pumped, and high voltage was applied again with little d
sorption seen during the test. The chamber was vented a
the anode wiped with ethanol, and the chamber repump
Some desorption was observed as the high voltage was
creased again, although less than during the first experim

C. Dynamics of a gas discharge

In Sec. III A it was speculated that a microdischarge w
a burst of gas with sufficient density to maintain an av
lanche discharge for a short time. Section III B showed m
surements of the quantities of gas desorbed. In this sec
several experiments are described that were designe
study the dynamics of an avalanche discharge in the s
geometry. Figure 9 shows the simple experimental se
used. Gas~usually air or nitrogen! flowed through a 0.5 mm
diameter hole in the center of one copper electrode. T
other electrode was mounted on a standard high-voltage
sulator and could be used as either an anode or cathode
flow was monitored by measuring the pressure in both
test stand and above the turbomolecular pump with a kno
conductance between them. A specific voltage was set
the gas flow was increased until current was conducted.

When the electrode with a hole was a cathode, it w
observed that the onset of electrical activity was very u
stable, somewhat like a spark in which tens of milliam

de



o
to
b

s

e
he
e

a

re
e-
m

be
lle

he
is

side

tiv-
gh-
ure
us-

lass
ia-
-
ses.

he
ons
y of
ws

ing
se,
are

his
he
the

is-
s
han
ity
and

se of
o be
se
s as

we
rio
h

de

per

-

data
ster

726 William T. Diamond: New perspectives in vacuum high voltage insulation 726
were conducted. The onset rapidly quenched in about 10ms,
and repeated as soon as the voltage had recharged thr
the;25 MV series resistance provided by the water resis

When the electrode with a hole was an anode, a sta
discharge occurred. Figure 10 shows some typical result
current versus test stand pressure for a 2 mm gap andvolt-
ages of 10, 20, and 30 kV. The current increased expon
tially with gas throughput for a fixed gap and voltage. T
current also increased exponentially with voltage for a fix
gap and gas throughput.

Trial 3 provides a typical example for comparison with
microdischarge. At 30 kV and a pressure of 3.531024

Torr, there is a current of 60mA. The throughput
is 2.531022 Torr l /s5831017 molecules/s, or 831011

molecules/ms. In 50ms, equivalent to a microdischarge, the
would be 431013 molecules in a visible discharge of som
what greater than the 1/2 mm diameter hole. This is of si
lar order of magnitude to the estimated 131012 molecules in
a microdischarge~see Sec. III A!. It is not known what the
diameter of the microdischarge might be but it is likely to
much smaller than 1/2 mm. The gas density in a sma

FIG. 9. Experimental setup used to measure an electrical discharge bet
two electrodes with the same geometry as in the high-voltage tests. Va
gases were flowed through a 1/2 mm hole in the grounded electrode w
the other electrode could be either a cathode or anode.

FIG. 10. The results of tests with air flowing through the hole in an ano
Data is shown for three different voltages and a gap of 2 mm.
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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volume could readily reach that required for an avalanc
discharge. It is noted that there is no electrical activity if th
experiment was conducted by bleeding the gas from a
port until pressures of greater than 1023 Torr were reached.

Another interesting test of whether microdischarge ac
ity is produced by an avalanche discharge in a local hi
pressure gas burst is by observing x-ray production. Fig
11 shows the results of measurements of radiation made
ing a health-physics ionization chamber placed at the g
window, viewing the electrodes. This figure shows the rad
tion produced permA of current conducted between two cop
per electrodes versus voltage, for several different proces
Trial 1 shows the x-ray yield for field emission versus t
voltage between the electrodes. Field-emitted electr
would be produced at the cathode and gain the full energ
the power supply before impacting the anode. Trial 2 sho
the radiation produced when nitrogen gas was flow
through a hole in the anode, as shown in Fig. 9. In this ca
electrons are produced throughout the volume but most
not accelerated through the full potential of the gap. T
results in a much lower yield of lower energy x rays. T
x-ray yield varied, depending on the length of the gap;
data for trial 2 was for the same gap~3 mm! as used in trial
1. Trial 3 shows the radiation produced during microd
charge activity at a 3 mmgap. The x-ray yield for this case i
clearly much closer to that produced for a gas discharge t
for a field-emitted electron beam. There was no opportun
to use electron suppression for any of these experiments
current measurements may have significant errors becau
secondary processes; however, these effects are likely t
similar for all three experiments. With this proviso, the
data show consistency with the picture of microdischarge

en
us
ile

.

FIG. 11. A comparison of the x-radiation produced between two cop
electrodes at a gap of 3 mm during field emission~trial 1!, nitrogen gas
flowing through a 1/2 mm hole in the anode~trial 2! and during gas desorp
tion as high voltage is increased~trial 3!. The data for trial 3 was taken
immediately after increasing the voltage to the value indicated by the
point. The time constant of the radiation detector was significantly fa
than the 5–10 s that the radiation yield remained nearly constant.
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727 William T. Diamond: New perspectives in vacuum high voltage insulation 727
avalanche discharges in gas desorbed from the anode in
crete bursts.

D. Total voltage effect

1. Gas desorption-voltage dependence

Many experiments were conducted that demonstrated
desorption. One very interesting observation was that
desorption seemed to have a much stronger dependenc
the total voltage than on the electric field. The data of Figs
and 6 provide an indication of this. The amount of gas d
orbed was similar for the same electrode area and volt
even though the gap was 4 and 1.5 mm for Figs. 5 and
respectively. Figure 12 shows the results of an experim
that demonstrated that gas desorption was largely depen
on the total voltage. Two 36 mm diameter micropolish
copper electrodes were used in a double-negative~see Sec.
III B 2 ! experiment. In this experiment, the two electrod
were conditioned together to 100 kV at a gap of 2 mm. T
voltage of one electrode was reduced in 5 kV increme
until gas desorption was measured, starting at 55 kV dif
ence. Trial 1 shows the integral of the gas desorbed as
voltage difference was increased to 70 kV. The voltage w
then equalized at 100 kV, the gap was increased to 10 m
and the process repeated. Trial 2 shows that gas desor
began again at about 70 kV and increased strongly until
trial was stopped at 85 kV. Each trial shows only the integ
of gas desorbed for that test. The process was repeated
the gap set to 15 mm. Trial 3 shows that gas desorp
began again about 85 kV and continued until the maxim
voltage difference of 100 kV was reached. This experim
provided another strong indication that field-emitted el
trons are not part of the process because the microsc

FIG. 12. Demonstration that high-voltage-induced gas desorption dep
more on the voltage than the field. Trial 1 shows the integral of the
desorbed in a double-negative experiment with copper electrodes at 2
Trial 2 shows the integral of gas released with increasing voltage at a 10
gap and trial 3 at a 15 mm gap.
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field at the cathode was reduced by a large factor, and th
was no measurable field emission at any time during
experiment.

2. Transition to field emission

Our previous work has shown6 that the transition to field
emission can occur via several processes. In one proc
microparticles can be pulled from the anode to the catho
providing both a potentially rougher site on the cathode w
higher field enhancement and an area of reduced work fu
tion. Alternately, small areas of the cathode can be remov
producing the same effect. Once field emission is pres
thermal instabilities in the anode contribute to event
breakdown. The transition to field emission at larger ga
and lower fields is a key aspect of this process becaus
there were no field-emitted electrons, anode-initiated bre
down would not be possible except through the transfer
microparticles. It has been observed during many exp
ments that the transition to field emission can occur dur
microdischarge activity and the attendant pressure rise. T
may be the dominant limiting effect in reaching high fields
large gaps.

Figure 13 shows an experiment to measure high-volt
standoff for electrodes with much larger area than used
the other experiments reported in this article. The electro
were made from AA2024 aluminum with the cross secti
shown, a length of 25 cm and a gap of 1 cm. The test st
was a standard 15 cm diameter vacuum cross that had
moderately polished; it was not possible to reach the hi
quality polish of the test stand on a surface that had not b
machined. The electrodes could be used at positive and n

ds
s
m.
m
FIG. 13. Experimental setup used to demonstrate the transition to field e
sion during gas desorption. Aluminum electrodes, 25 cm long by 3 cm h
were tested at voltages up to1/2100 kV over a 1 cmgap.
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728 William T. Diamond: New perspectives in vacuum high voltage insulation 728
tive 100 kV as shown. The positive electrode was initia
conditioned to 100 kV with the negative electrode at 0
Gas was desorbed from this electrode during the condit
ing process and then stable operation was achieved. Fi
14 shows results from this experiment. The dashed
shows the power supply current measured with the strip c
recorder while the positive electrode was tested at 100 kV
3 h with the negative supply at 0 V. There was no electri
activity observed. The positive supply was then set to 10
and the negative supply was increased. The solid line sh
the current measured during this process over 3 min ra
than 3 h asshown by the dashed line. At260 kV, there was
a large increase in pressure~not shown! and current was
measured between the two electrodes as usually occurs
ing gas desorption. The two sharp increments are indica
of small sparks. When the pressure restabilized, there w
still field-emitted electrons flowing between the electrod
at a field of only 70 kV/cm. This occurred despite the fa
that the electrodes had operated at 100 kV/cm for 3 h with no
field emission, as shown by the dashed line in Fig. 14. T
gas must have been desorbed from the vacuum cham
rather than from the nearby anode which had already b
conditioned. The vacuum chamber was an anode when
negative electrode was conditioned but a cathode when
positive electrode was conditioned. The transition to fi
emission occurred during the gas desorption but field em
sion may have been produced from the transfer of a mic
particle from the chamber surface to the cathode.

The cathode was then repolished, the vacuum cham
wiped with alcohol and the experiment repeated. Once
cathode was successfully conditioned to 100 kV, the t
electrodes were then conditioned to 180 kV over a 1 cmgap.
The electrodes were operated at 180 kV/cm for two d

FIG. 14. High-voltage conditioning of each electrode. The dashed line sh
operation of the anode at 100 kV with respect to the chamber and
opposing electrode~at 1 cm! for 3 h after initial conditioning. The solid line
shows the conditioning process for the cathode. The two sparks at ab
min represent a transition to field emission.
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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with no field emission or other indicator of electrical activi
throughout this period. At that time a small spark occurr
and field emission was present.

This experiment demonstrated a practical aspect for h
voltage devices, namely, to use the minimum anode area
is practical and use the chamber as a cathode. Howeve
the cathode area must then be polished or else sharp pr
tions on its surface can serve as a source of field emissi

E. Gas desorption processes

The physical processes that lead to high-voltage-indu
gas desorption are not well understood. An important qu
tion arises—is the amount of gas desorbed as the vol
increases representative of the quantity and compositio
the gas that is present in a polished metal surface.2 In gen-
eral, gas can be desorbed from metal surfaces in a h
vacuum by several processes,10 including vacuum outgas
sing, thermal-induced desorption, and photon or electr
impact desorption. Vacuum outgassing is a process that
curs as soon as any material is placed in a vacuum an
dominated by desorption of water vapor that has been
sorbed into the surface. An experiment has been perform11

that measured, with secondary ion mass spectrometry,
penetration of18O from H2

18O ~to differentiate it from other
oxygen! into a metal surface. A concentration of a few tent
of a percent of water molecules still persisted at depths
yond 100 atomic layers. There is also a large concentra
of carbon on most metal surfaces.12

The vacuum outgassing~desorption! rate is given by

Q~ t !5Q~ t0!31/tn,

whereQ(t0) is the outgassing rate at some defined start
time such as 1 h, andn varies from 0.7 to 2 but is typically
near unity. The outgassing rate of many metal surfaces
vary from 1027 to 10212 Torr l /s cm2 or less, depending on
surface preparations, type of metal, and time after pum
down. This is at least several decades less than the obse
rate ~about 1025! reported in Sec. III A 2 for gas desorbe
under the influence of increasing high voltage.

When metal is heated in a vacuum, the outgassing
increases substantially because of thermal-induced des
tion and the spectral composition of the products change
the temperature is increased.13 The total quantity of gas de
sorbed is often much greater than a single monola
(;1015/cm2) for outgassing either at room temperature
elevated temperatures. It is noted that an average outgas
rate of 531028 Torr l /cm2/s for 1 h represents a loss of
31015 molecules/cm2, equivalent to about six monolayer
This is typical of outgassing rates of many metals measu
soon after pumpdown. One explanation14 of the large quan-
tities of desorbed material is that the apparent area of
metal is much greater than the geometric area becaus
surface irregularities. The material is adsorbed at monola
depths over this larger area.

Experiments were performed in the test stand to meas
thermal desorption from the micropolished 25 mm diame
electrodes used in the high-voltage experiments. Niobiu
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729 William T. Diamond: New perspectives in vacuum high voltage insulation 729
copper, aluminum, stainless steel, and titanium electro
were tested. An electrode was heated on a thin stainless
tube with a cartridge heater, mounted in air, that heated
end of the tube and the electrode sample. The tube was
heated to 600 °C without an electrode in place, while
pressure was recorded with both ion gauges~see Fig. 1!, and
a RGA was used to measure gas composition. The test s
was vented with helium, a micropolished electrode was t
mounted, and the process was repeated. Table I show
integral of the gas desorbed from each 25 mm diameter e
trode as a function of temperature.

There was about 20% more gas released during the re
to room temperature while the typical background from
heating an electrode without venting the test stand was a
5%. If the test stand was vented, the electrode removed t
for 30 s, reinstalled and heated through the same ther
cycle, the gas release was 10%–15% of that shown in T
I. The area of the electrodes was approximately 15 c2.
Therefore, the total gas released was 1 – 2 mTorrl /cm2

equivalent to about 531016 molecules/cm2, similar to that
reported in Sec. III A 2 for gas released from high-volta
desorption.

An experiment was then done in which two large~3.8 cm
diameter! copper electrodes were repolished and the an
mounted on the stainless-steel tube used for the therma
sorption experiments. Gas was desorbed by increasing
voltage up to 90 kV over a 3 mmgap. The quantity of gas
desorbed was similar to that measured with the same e
trodes in the experiment reported in Fig. 6, abo
17 mTorr l . The high voltage was turned off and the ele
trode was heated to about 500 °C. The total quantity of
desorbed during this half of the experiment was ab
13 mTorr l . The area of the electrode is about 35 cm2. It
appears that the increasing high voltage had efficiently
moved a substantial fraction of the adsorbed material on
front side of the electrode.

The composition of the desorbed gas was measured w
RGA as the voltage was increased between two copper e
trodes, for comparison with the composition from therm
desorption. The RGA could monitor up to eight individu
peaks as a function of time. Figure 15 shows the result
heating a micropolished copper electrode during the t
reported in Table I. Thex axis is temperature and they axis
shows the partial pressure of mass 2, 18, 28, 32, and

TABLE I. The quantity~mTorr l ! of gas desorbed from the micropolishe
electrodes listed as the temperature was increased. The data shows th
grated gas released for the temperature listed.

Temperature
°C Cu SS Al Nb Ti

100 0 1 2.8 0.5 1.5
150 0.6 2 5 1 4
200 1.6 3 8 2 7
250 3 4 11 3.5 12
300 5 5 14 5 14
350 8 6 16 8 20
400 10 9 20 12 25
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Three other peaks~mass 12, 55, 64!, contributing less than a
few percent of the total pressure, were also monitored. F
ures 16 and 17 show the results of increasing the volt
between 36 mm diameter micropolished copper electrod
Thex axis shows time and they axis shows the partial pres
sure of masses 18, 28, and 44~Fig. 16! and masses 2, 15, an
32 ~Fig. 17!. The voltage was increased from about 60 to
kV during the time from 0.3 to 1.2 min while attempting t
maintain a reasonably steady pressure increase during
period. The fluctuations represent unavoidable press
changes during the sampling. The tests were performed s
after pumpdown of the test stand, and water vapor was

FIG. 15. The partial pressure of masses 2, 18, 28, 32, and 44 as a functi
temperature as a micropolished copper electrode was heated from
temperature to 550 °C.

FIG. 16. The partial pressure of masses 18, 28, and 44 as the voltage
increased between 36 mm diameter, unconditioned, micropolished co
electrodes at a gap of 5 mm.
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730 William T. Diamond: New perspectives in vacuum high voltage insulation 730
dominant peak before the gas desorption occurred. The
solute change in this peak was significant but the fractio
change was only about 1.4, similar to the fractional cha
in oxygen, while the fractional change in hydrogen, lig
hydrocarbons, carbon monoxide, and carbon dioxide
much larger ~5–7 times increase over starting pressur!.
These data show that high-voltage induced desorption
similar to thermal-induced desorption but with increas
contributions of carbon derivatives.

The RGA was also used to monitor the conditioning p
cess of the electrostatic deflector8 of the Chalk River super-
conducting cyclotron. The deflector uses a 35 cm32.5 cm
negative high-voltage electrode at a gap of 5 mm from
septum and 1–2 cm from other grounded surfaces. It
conditioned, in 5 kV increments, from about 40 to 80 k
after it was repolished and rebuilt. Each increase in volt
beyond 40 kV produced large quantities of desorbed gas
about 1 min with a spectrum similar to that shown in Figs.
and 17. The quantity and composition of the desorbed
did not change substantially whether the conditioning ti
was a few hours per increment or~as in two trials! after
conditioning at a fixed voltage overnight and increasing
voltage after about 20 h.

F. The source of the desorption products

The mechanism of storage and release of large quant
of gas is an underlying problem of vacuum outgassing
the release of these products under the influence of incr
ing high voltage may provide some insight into the proce
The estimate of about 1012 molecules per microdischarg
gives some clue to a possible source of the desorption.
microdischarge is, in fact, an avalanche discharge, it m
originate from a small pocket of gas or liquid, likely trappe
at a grain boundary or other imperfection in the metal.
each microdischarge of about 1012 molecules were from a

FIG. 17. The partial pressure of masses 2, 15, and 32 for the same cond
as in Fig. 16.
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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spherical volume of gas trapped at one atmosphere, the
ameter of the sphere would be about 40mm. Features this
large are never observed on a well-polished metal surface
however, each microdischarge originated from water or al
hol, trapped as liquid at atmospheric pressure, the diam
of a spherical volume equivalent to 1012 molecules is about 4
mm. This suggests that liquid may remain adsorbed on
near a metal surface, likely with an oxide layer or metal fi
over it. Careful optical microscopic examination of the m
cropolished metal surfaces used in these experiments
vealed typically 50– 200 pits/mm2, with diameters of about
1–10 mm. While this may appear to be a large quantity,
represents about 0.1% of the total area of the metal surfa
which were polished to near mirror finish.

A series of experiments were performed to study the
sorption and desorption of water and ethanol using 304 st
less steel and oxygen-free copper. In the first experime
the 1.9 cm diameter stainless-steel tube used for the exp
ments reported in Table I was heated, in vacuum, to ab
530 °C without an electrode installed, cooled by flowing
on the atmospheric side and the test stand was vente
helium. The stainless-steel tube was quickly removed, s
jected to a variety of treatments, repumped in less than 2
and reheated after 30 min of pumping with a base pressur
about 231027 Torr. Figure 18 shows results of this me
surement. Thex axis shows the time after the heater w
turned on. Typical temperatures are shown near the top
the figure. The heat was turned off after 9 min and air co
ing was used to return the temperature to about 25 °C by
min. They axis shows the pressure increase over the ba
ground. Trial 1 shows the results of exposing the 14 cm lo
tube to air for 2 min, trial 2 the results of immersing the tu
5 cm into distilled water, and trial 3 the results of immersi
the tube 5 cm into ethanol. The tube was blown dry by
pressurized nitrogen flow. The pumping speed of the

ns
FIG. 18. The gas desorbed from a heated stainless-steel tube as it was h
through a thermal cycle to 540 °C and cooled to near room temperature.
different trials are explained in the text.
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731 William T. Diamond: New perspectives in vacuum high voltage insulation 731
stand for these measurements was measured as 60l /s. The
integral of pressure~Torr!3time~12 min360 s!3pumping
speed~60 l /s! was 0.54, 0.86, and 0.84 mTorrl for an area
of about 45 cm2 that was immersed in liquid in trials 2 and 3
This corresponds to 5 – 731014 molecules/cm2, less than a
monolayer. Trial 4 shows the results of polishing about 5
of the tube with #600 aluminum oxide paper wetted w
water, immersing the 5 cm region into an ultrasonic b
with detergent and rinsing in water and ethanol, i.e., a typ
polishing procedure. The integral for this trial
10.4 mTorrl or about 931015 molecules/cm2. Trial 5 shows
the results of the same polishing procedure, followed
pumping for 48 h before the thermal cycle. The amount
material desorbed is a substantial fraction of that in tria
indicating that the material is strongly bound. It is also no
that the surface finish of the stainless-steel tube was sim
for all five trials and the apparent surface area should be
same.

The same tests were completed with a newly machi
oxygen-free copper rod. The copper rod was about 15
long, 2.5 cm diameter at the heated end and stepped dow
1.5 cm diameter from the center of the rod to the end t
was brazed to a stainless-steel vacuum flange. The final
chining and polishing were done after the brazing. Beca
of the high thermal conductivity of copper, the temperatu
varied from 450 °C at one end to about 50 °C at the wa
cooled flange. There were about 731016 molecules/cm2 de-
sorbed from the total surface during the initial thermal cy
to about 450 °C at the heated end. The copper deso
about 331015 molecules/cm2 after being dipped 5 cm into
water or alcohol and about ten times more when polis
with wetted #600 aluminum oxide abrasive during sub
quent thermal cycles to 450 °C.

These experiments demonstrate that the machined or
ished metal can store much more than monolayers of m
rial, depending on the surface treatment. Another serie
experiments were designed to show that this large quantit
material may be stored in discrete regions rather than
formly over the entire surface of the metal. In these exp
ments, a micropolished copper electrode was used as a
ode at250 kV with a gap of 6 mm, in the same geomet
shown in Fig. 9. The anode was mounted on the thin-wa
stainless steel tube used for thermal desorption experime
Micropolished anodes of copper, stainless steel, niobi
and titanium were heated to about 550 °C while a sensi
detector was used to monitor x-ray activity between the e
trodes. It was speculated that pockets of material adsorbe
high density would desorb in bursts and produce an a
lanche discharge and x-rays. The x-ray detector was a Ge
counter that viewed the electrodes through the glass wind
at a distance of about 14 cm from the anode. For these
periments, the detector efficiency was measured with a c
brated241Am source, temporarily placed between the ele
trodes. This source produces 59 keV gamma rays, some
higher than x rays produced by the 50 kV electrons used
these experiments. The source of 13105 photons per second
JVST A - Vacuum, Surfaces, and Films
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produced a yield of 100 counts/minute~cpm! above a back-
ground of about 100 cpm.

Figure 19 shows results from this experiment with a nio-
bium anode. The data for the other electrodes were qualita
tively similar. Thex axis shows the temperature of the elec-
trode. The solid line shows the x-ray yield as a
micropolished anode was heated the first time after pump-
down. There was significant x-ray yield above a background
of 80–100 cpm in the temperature range above abou
150 °C, returning to a reduced yield between 300 and 440 °C
and then increasing exponentially above 450 °C. The right-
handy axis shows the pressure in the test stand during the
first thermal cycle. The dashed line~second cycle, left-hand
y axis! shows the x-ray yield when the same electrode was
reheated, without venting the test stand. There was no x-ray
production~above background! and only a small~less than
15% compared to the first cycle! pressure rise for tempera-
tures below 450 °C.

This figure demonstrates two different physical processes
that were sorted out by additional experiments. The in-
creased x-ray production below 450 °C is consistent with the
picture of gas desorbing as high-density bursts from the an
ode as the temperature is increased. In order to produce x
rays, electrons must be produced and accelerated throug
some or all of the voltage across the gap. Electrons can be
produced in this geometry from several sources: field emis-
sion from the cathode; an avalanche discharge in the volume
between the electrodes producing electrons and ions; or from
the release of positive ions from the heated anode that bom
bard the cathode, producing secondary electrons. It was un

FIG. 19. The x-ray yield at 50 kV and the test stand pressure as a niobium
anode is heated to 550 °C. The solid line shows the x-ray yield~referenced
to the left-handy axis! during the first thermal cycle. The coarse dashed line
and data show the pressure,~referenced to the right-handy axis!. The fine
dashed line and data show the x-ray yield during a second thermal cycle
taken one day later, in which the electrode was reheated without venting the
test stand. The pressure rise below 500 °C during the second cycle~not
shown! was about 15% of the pressure increase during the first thermal
cycle.
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732 William T. Diamond: New perspectives in vacuum high voltage insulation 732
likely that the x-rays were produced by field emission b
cause the field was low. There was also no indication
increased x-ray activity during the second thermal cycle~be-
low 450 °C! which would subject the cathode to the sam
thermal load. Therefore, the x-ray yield below 450 °C cou
have been produced by an avalanche discharge in the
released in bursts from the heated anode. Experiments
then performed in which the cathode was connected to a
V battery in series with a picoammeter and a repolished n
bium anode was heated through the same thermal cycle
Fig. 19. Figure 20 shows the results from this. There w
approximately 22 pA of background current, likely co
ducted along the dichromium trioxide on the insulato8

There was no current increase until 450 °C and then the
rent increased with the same slope shown by the expo
tially increasing x-ray yield in Fig. 19. There was no me
surable current change corresponding to the x-ray p
below 450 °C although the current sensitivity of the me
surement was sufficient that the x-ray yield near 250 °C~see
Fig. 19! would have produced an easily observable chang
it were from current flowing across the gap producing s
ondary electrons at the cathode during the high-voltage m
surement. There is not sufficient field at 90 V to produce
multiplication and hence an avalanche discharge would
be possible.

The increased x-ray production at temperatures ab
450 °C is likely due to a different phycsical process than
responsible for the increased yield at lower temperatu
The data of Fig. 20 clearly shows that there is current acr
the gap at the higher temperatures. To test if this was p
tive ion current, experiments were then conducted in whic
thin ~0.1 mm! grid with about 60% transmission and 0.5 m
grid spacing was placed about 2 mm in front of the co
anode surface. This distance was reduced to near-conta

FIG. 20. The current measured with a 90 V battery in series with a p
ampmeter connected to the cathode as a repolished niobium anode
heated through the same thermal cycle as in Fig. 19. The pressure rise~not
shown! was similar to that shown in Fig. 19.
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the stainless-steel tube expanded while it was heated
600 °C. Figure 21 shows the current measured with a p
ampmeter in series with a 90 V battery connected to
cathode versus the bias on the grid. The stainless-steel
trode was maintained about 550 °C while the grid bias w
changed as shown. The observations shown in Fig. 20
consistent with positive ions leaving the heated surface.
current is unlikely to be electrons from the cathode beca
there are no significant changes occurring at that surfa
This does not, however, rule out such possibilities as mic
particles being ejected from the heated anode that cross
gap and release electrons from the cathode. The biased
would not stop microparticles but may intercept the return
electrons. The observation of current from a heated an
surface is a recent finding in this program but this pheno
ena has been reported previously,15,16 although there was no
solid explanation of the physical processes that produced
current. There have been experiments in this program to
termine if the observed current was correlated with a parti
lar outgassing product and there was a strong correla
with molecular hydrogen desorption. The current was
affected by large~factor of 100 increase! changes in the tes
stand pressure. It was present for all metal electrodes te
as well as for stainless-steel and tungsten filaments. It
present when the electrodes were reheated several times
ing experiments similar to that reported in Fig. 20. Howev
when a thin ~0.25 mm! diameter tungsten filament wa
heated the current persisted for only a few minutes at a gi
temperature. The current was not present when the thin tu
sten filament was reheated for second and subsequent ti

IV. DISCUSSION

The experiments reported in this article provide stro
evidence that gas is desorbed from the surface of a pa

-
as
FIG. 21. The current measured with a picoampmeter in series with a 9
battery connected to the cathode. A stainless-steel electrode was he
about 550 °C while the bias voltage was varied, as shown, on a fine
about 1 mm in front of the heated electrode.
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unconditioned metal electrodes subjected to increasing
voltage. The quantity released is large—equal to ma
monolayers—and the rate of release is often greater
1025 Torr l /s cm2–i.e., several orders of magnitude grea
than vacuum outgassing at room temperature. Both the c
position and quantity desorbed are similar to that produ
through thermal-induced desorption of the same met
Some key observations about microdischarges are:

~1! Each microdischarge is correlated with a burst of d
orbed gas and some current across the high voltage

~2! Once microdischarges are triggered, they cover
whole area of the electrodes.

~3! Over periods of tens of seconds to many minutes a
fixed voltage, microdischarge activity ceases.

~4! Microdischarge activity is retriggered with a small~few
percent! increase in high voltage.

~5! The anode is the main precursor of activity.
~6! For gaps of millimeters to a few centimeters, microd

charge activity is more dependent on the total volta
than the electric field.

There is also evidence of a close correlation between
crodischarge activity and vacuum outgassing. High-volta
induced desorption, i.e., microdischarge activity, efficien
removes gas from a metal surface while thermal desorp
of an anode greatly reduces microdischarge activity.

These observations lead to questions about the phy
processes that occur, the most important issues being
inception of the process and its dependence on high volt
the source of the gas and the link between vacuum h
voltage insulation, and outgassing. These are considered
low.

A. Inception of voltage-induced desorption and the
dependence on voltage

The physical processes that lead to voltage-induced
sorption of gas have been extensively investigated witho
successful resolution. The key questions that remain un
swered are how does an increasing voltage trigger the
cess and why is the process dependent on the total vo
rather than the electric field. The anode is the main precu
of the activity and if one examines physical processes
occur at the anode, there are few that could produce
observations. The most likely is that electrons with an int
sity below the level of detection sensitivity of these expe
ments are the precursor. Electrons have a range of a fewmm
at 30 kV for the metal electrodes used in these experime
increasing by nearly a factor of 10 at 100 kV. This range
of the same magnitude as the diameter of the regions
trapped liquid water that have been postulated as the so
of the large quantity of material stored near the surface o
machined or polished metal. If one assumes that the mi
discharges are from bursts of liquid trapped near the surf
it is instructive to calculate the energy required to produce
explosive burst and the quantity of electrons required to p
duce this energy. From the thermal-induced desorp
shown in Fig. 15, the peak of the water desorption is at ab
250 °C. At this temperature, the local pressure of liquid w
JVST A - Vacuum, Surfaces, and Films
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ter would be about 50 atmospheres. If all of the energy of
kV electrons were deposited in a 4mm diameter sphere o
water, it would require about 106 electrons~less than 1 pC!
to increase the temperature by 250 °C. The total quantity
charge transferred per microdischarge eventually reac
about 1010 electrons or ions~see Sec. III A 2!, much larger
than required to initiate the process by this method. Typi
ions such as oxygen or nitrogen have a range of less than
mm in metals such as copper, but they will produce seco
ary electrons with a yield greater than unity per incide
ion17 when they impact the cathode. Once ionization is i
tiated, this secondary production can be part of a regen
tive buildup. The large difference between the ranges of i
and electrons may be the reason that the desorption pro
is initiated in unconditioned anodes~see Figs. 7 and 8! and
not unconditioned cathodes. It is noted that the rise time o
microdischarge is greater than 50ms ~see Fig. 2! and there
may be a much longer time of regenerative buildup prec
ing this in which there is not sufficient detection sensitiv
to measure the activity. This is enough time for many tran
of ions and electrons. What are possible sources of electro
Although field-emitted electrons have not been observed
fore microdischarge activity, they may be present at a le
below detection sensitivity of these experiments. Measu
ments have been reported18 that used microchannel plates
observe field-emitted electrons at currents between 10218

and 10214 A, well below the sensitivities of these exper
ments. However, field emission tends to be limited to a f
localized sites on a cathode. The intensity of field-emit
electron current increases exponentially with increasing fie
These are different than the observed dependence of m
discharges with changing field and voltage. It may be that
initial electrons are from random ionization in the gap as w
proposed4 earlier. Some process would then be needed
enhance the small initial number of electrons. The build
process of microdischarges has many characteristics of
electrical buildup in a Geiger counter.19 In that instrument,
the initial ionization produces electrons that are accelera
to the central anode wire. The strong field at the anode p
duces multiplication in the counter gas at a pressures
about 0.1 atmosphere. The gas multiplication then spre
rapidly along the anode wire. There are many asperities
both electrode surfaces that produce substantial field p
ing. It may be in these regions that an initial ionizatio
breaks up trapped hydrocarbons to produce the initial v
ume of gas to start the regenerative process. The RGA s
tra show enhanced quantities of hydrogen and light hyd
carbons compared to thermally induced desorption of
same metal electrodes prepared in the same manner.
hydrocarbons may originate from residual pump oils that
adsorbed on the electrode surfaces. While there is some
sistency between these ideas and the observations, it is
ognized that this is quite speculative.

B. Source of the gas

The experiments described in Sec. III F give strong e
dence of the large quantity of material that can be stored
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734 William T. Diamond: New perspectives in vacuum high voltage insulation 734
polished metal surface. Figure 18 shows that polishin
metal surface that had been previously degassed at high
perature increases the quantity of material readsorbed
more than an order of magnitude compared to just immers
the metal in water, alcohol, or air. There are at least t
possibilities for the large differences in the quantity of g
adsorbed in these two situations. The polishing proced
may force water deep into pores with an oxide film ov
regions of high density or the abrasive may remove an ox
layer that permits much stronger adsorption. There is a
evidence~Figs. 19 and 20! that the material may be stored
high density such as a liquid. This may be a significant
pect of vacuum outgassing.

The polishing process may well increase the amoun
material driven into a metal surface even compared to in
machining. No experiments were done that made a di
comparison of desorption from a newly machined surfa
compared to a well-polished surface. However, experime
have demonstrated a large increase in the high-voltage i
lation capability of well-polished surfaces compared to m
chined metal surfaces. This is an important practical asp
of this research.

C. Connection between gas desorption and high-
voltage insulation

This article has demonstrated that one of the main co
ponents of high-voltage conditioning is the desorption of g
as the voltage is increased. It is also possible that explo
bursts at the anode propel microparticles to the cathode
serve as a source of field emission. A companion article6 has
shown that very high fields can be reached without any m
surable field emission. This has been achieved by car
polishing of the electrodes and the vacuum chamber that
are used in. Conditioning processes that recognize the im
tance of gas desorption have been implemented. Thes
cluded conditioning the anode and cathode with sepa
power supplies~one at a time! to the maximum supply volt-
age, often using conditioning periods of several hours
few kV increment at the higher voltages. One of the el
trodes is mounted on a moveable insulator and high-volt
feedthrough. The conditioning to the maximum total volta
is done at a wider gap, and then the gap is closed and
conditioning repeated. Conditioning at a wider gap deso
the gas with less likelihood of a spark that may lead to fi
emission. These procedures have resulted in many dem
strations of high fields with no measurable field emissi
The highest fields without field emission have been obtai
by heating both electrodes to about 700 °C in a sepa
vacuum oven, cooling, wiping the cathode surface with e
anol during the transfer to the test stand and quickly tra
ferring the anode without wiping it.

It is the belief of the author that weakly bound particl
on the walls of the vacuum chamber are often transferre
the cathode, resulting in field emission. Once field emiss
is present electrical breakdown is usually determined
thermal stability of the anode. The field-emitted electr
beam is focused to a small spot on the anode producin
J. Vac. Sci. Technol. A, Vol. 16, No. 2, Mar/Apr 1998
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high power density. Once temperatures exceeding ab
500 °C are reached at a local region of the anode, an ex
nentially increasing source of current is produced as dem
strated in Figs. 19 and 20. This is positive feedback that
rapidly lead to breakdown. Depending upon the physical p
cesses that lead to the positive ion production, it may be
part of the high-voltage conditioning process, once fie
emission is present, is to deplete the source of positive io
permitting higher temperatures to be reached at the an
There is evidence of this in the operation of the electrost
deflector of the Chalk River superconducting cyclotro
Field-emitted electrons are focused by the strong magn
field ~up to 5 T! and some evaporation of the stainless st
anode surfaces occurs without destructive breakdowns. H
ever, if field emission can be avoided or at least kept qu
low, it is possible to operate a practical high-voltage dev
for long periods. The cyclotron deflector has been opera
for more than 2000 h during the past year, often at fields
up to 15 MV/m~75 kV over a gap of 5 mm!, usually with no
measurable field emission. The superconducting cyclot
presents a particularly harsh environment8 for operation of a
high-voltage device because of the strong magnetic fi
high residual rf fields and a dirty environment. All of th
lessons learned from the experimental program—such
careful preparation of all surfaces, careful conditioning p
cedures and the use of water cooling of the high-volta
electrode—have been applied to this successful demon
tion of high-voltage technology.

V. CONCLUSIONS

The experiments reported in this article demonstrated
large quantities of gas were desorbed from unconditio
metal electrodes as the voltage was increased between t
This is one of the most important aspects of high-volta
conditioning, especially for large~greater than a few mm!
gaps. These experiments also showed the close link betw
high-voltage-induced gas desorption and vacuum outgass
The gas was often released in bursts of 50–500ms pulse
length with sufficient density~about 1012 molecules per
pulse! to sustain an avalanche discharge during the bu
The gas was released under the influence of increasing
age, with much less dependence on field.

Physical processes that lead to the storage and relea
gas are suggested. The dependence on voltage rather
field is difficult to reconcile. However, once the desorpti
process is initiated, higher voltages will lead to more en
getic ions and electrons with greater depth of penetration
this time, investigations have already shown: the gas com
sition was similar to thermal-induced outgassing with high
concentrations of carbon-based products; the total quantit
gas released was comparable to that released from he
the electrode to about 500 °C in vacuum; there was evide
from several different experimental approaches, that the
originated from regions of high density stored on or near
surface of the metal; and that positive ions were produ
from a metal surface heated above 500 °C. These ions lik
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735 William T. Diamond: New perspectives in vacuum high voltage insulation 735
serve as part of a feedback process that produces elec
breakdown at high voltage.

The author has attempted to present his interpretatio
this complex behavior but is well aware that there may
others. It is noted that the data presented in this an
companion6 article represent a small but illustrative samp
of the total data. There were many repeats of the key exp
mental results and other experiments were conducted to
sist in reaching the present understanding of the data.
experiments have been described in sufficient detail that
can repeated by others and it is hoped that the results
sented will stimulate further work along these lines.

The observations reported in this article lead to a differ
view of adsorption of material into a metal surface, and
the vacuum outgassing process itself. This may provide n
insight into the processes that affect the use of metals
vacuum system for other uses. Finally, the material prese
here and in the companion article6 presents a very differen
picture of the complex process of vacuum high-voltage in
lation from that previously held.
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