New perspectives in vacuum high voltage insulation. Il. Gas desorption
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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 Socief$s0734-210(098)03102-9

I. INTRODUCTION tive ions. Chattertch(in 1970 provided a good description
of the phenomena and gave possible explanations that have
Electrical conductivity and eventual breakdown occurspot peen substantially challenged in the intervening years.
between two metal electrodes in a vacuum as voltage is inyjs pasic argument was that an ionization process is trig-
creased between them. At least three procéssesur that gered randomly in the gap producing an electron—ion pair,

contr:cbutef to the co_nlducgon: field Iemlszlon. of fle‘?tro';s;followed by a release of secondary negative ions at the cath-
transfer of microparticles between electrodes; and microdiss o 214 secondary positive ions at the anode Af ‘hega-

F:harges. _In parallel with gach of these processes there is ?ﬁ/e ions are produced per positive ion impacting the cathode
increase in the pressure in the supporting vacuum. In most_, ..., L L .

o ee ) . and “B” positive ions per negative ion impacting the anode,
cases, it is difficult to differentiate cause and effect betweer,ghen it AXB is greater than unitv. the current will drow
the increased pressure and the conduction processes. Micro- 9 Y, 9

discharge activity and the associated pressure increase is cﬁa_generatlvely. However, there must be a continual source of

ten the limiting factor in high-voltage devices such as accel"€W lons at both surfaces. Experiméntsave been per-

erator tubes and electrostatic analyZeMicrodischarges are [ormed to measure the secondary ion coefficients to demon-
self-limiting discharges that occur between unconditionecPtrate this as a possible mechanism for contaminated surfaces
electrodes as the voltage is increased. They can be observBHt Not clean surfaces under ultrahigh vacuum conditions.
on an insulated anode or cathode as electrical pulses of mary'ere are still many questions about the important phenom-
microamperes amplitude and hundreds of microsecond@non of microdischarges: for example, the physical processes
width, i.e., about %X 10° electrons or ions per microdis- that occur at one or both electrode surfaces have not been
charge. The energy dissipated in a microdischarge is mucldentified; the initiation process is unknown; gas release oc-
less than the total energy stored by the capacitance of theurs with a microdischarge but a cause-and-effect relation-
electrodes. They have often been ascribed to contaminatesdip has not been established and there have been no at-
electrode$or to a regenerative buildup of positive and nega-tempts to find correlations between microdischarges and
vacuum outgassing.
3Electronic mail: diamondw@aecl.ca Both this and a companion arti€leeport results from an
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order to study gas desorption, the test stand was configured
with two ion gauges, which together with the known conduc-
tance between the test volume and the 208 turbomolecu-
WOH VOLTAGE lar pump, allowed mass flow to be calibrated. A residual gas
TEST, STAND / INSULATOR analyzer was used for some measurements. It was mounted
near the pump for most experiments. Other configurations
were used including one high-voltage supply and a grounded
second electrode.
Typical base pressures in the test stand were 2-10
X 10~ Torr depending on pumpdown times. For most ex-
periments, unbaked electrodes, 12 mm tki@6 mm diam-
eter and radiused as shown, were used. Oxygen-free copper,

ION GAUGE #I

HIGH VOLTAGE
INSULATOR

ELECTRODES

Bl KNOHN niobium, titanium, and aluminum electrodes were tested. The
CONDUCTANCE ION GAUGE *2 usual surface preparation was either electropolishing or mi-
TURBOMOLECULAR PUMP cropolishing of both electrodes. Micropolishing means suc-

200 LITRES PER SECOND . . . . .
cessive polishing of machined electrodes with wet

Fic. 1. The experimental setup used for most of the experiments reported iglUMinum-oxide papers to 600 grit, polishing with L/
this article. Two high-voltage supplies were used with the polarities shownaluminum oxide suspended in water on a low-lint wipe, and
The test stand was connected to a turbomolecular pump through a kno""fl‘nishing with either a submicron silicon oxide poIish in a
conductance to measure gas desorption. . _ - . .
basic pH=9) solution or commercially available Brasso®
(pH=10) polish. The interior of the test stand was also fin-

extensive research program on vacuum high-voltage insuldshed ina S|m|I_ar manner. With these surface preparations,
tion. The first article provides strong evidence of physicalve"y high electric fields could be reached before any measur-
processes occuring at both electrodes that lead to field emigPle field emission occurréand tests of gas desorption phe-
sion, a key precursor to electrical breakdown. This articld’omena could be made independent of competing effects
focuses on gas desorption. Evidence is presented suggestifigm field emission. . .

that microdischarges are caused by microbursts of gas of X-Tay activity was measured during many experiments
sufficient density to support a local avalanche discharge. Th@ith several radiation-survey instruments, scintillation detec-
key experiments that support this thesis are described arf@'s and a hlgh-quallty.smcon detector. The scintillation de'-
several new observations are reported. It should be noted thigctors provided sensitive temporal response to x-rays while
the experiments involve polycrystalline metal surfaces withth€ geiger counter provided high x-ray sensitivity to cw field
the inherent imperfections, oxide layers, and other inclyemission. It could measure an increase in x-rays above back-
sions. It is recognized that the physical properties of suctground that corresponded to measured electron currents of

surfaces are very complex. The experimental work has beefPout 50 pA at 50 kV and less than 20 pA at 100 kV.
described in sufficient detail that it can be easily duplicated.

The author has presented his interpretation of this data
aware that there may be further explanations. lll. EXPERIMENTAL RESULTS

II. EXPERIMENTAL DETAILS A. Microdischarges and gas desorption

Most of the experiments reported in this article were done . . .
on the test stand shown schematically in Fig. 1. The 10 mml' Properties of a microdischarge
scale shown is indicative of the scale of the vacuum cham- Microdischarges typically occur when dc voltage is in-
ber, insulators, and electrodes. The ion gauge and pumpimgeased between two unconditioned electrodes. There is ini-
connection are shown schematically. The test stand was thelly no measurable electrical activity, then at some voltage
same used for experiments reported in the companioelectrical conduction begins between the two electrodes. In a
article® Throughout the research program, many differenttypical experiment reported in this article, the voltage was
configurations were used for specific experiments. The auincreased between two well-polished electrodes at gaps from
thor has chosen to show significant modifications to the basi&é to 10 mm. At about 40-60 kV, the pressure in the test
test stand with specific experimental results to highlight thestand increased strongly and microdischarges were observed.
changes. In periods of seconds to minutes the microdischarge activity

Details of the high-voltage insulators and the high-purityand conduction between the electrodes decreased and with
water system used to provide cooling plus a series surgéme constants of minutes to tens of minutes, there was no
resistance are provided elsewhé&feTwo variable high- measurable electrical activity in the gap between the elec-
voltage power supplies were used, one with a maximum rattrodes. When the voltage was increased from this condi-
ing of —100 kV, and the other with a maximum rating of tioned level, microdischarge activity immediately increased
+150 kV. The cable insulation and the ceramic insulatoragain in both frequency and amplitude, with a corresponding
limited the maximum useable voltage to about 110 kV. Inincrease of pressure in the test stand. At smiaH2 mm
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FiG. 2. Some properties of a typical microdischarge. The upper trace showkiG. 3. The pressure risipper tracgand current produced as the voltage
x-ray production during the microdischarge while the lower trace shows thavas increased from 60 to 70 kV between two copper electrodésatmm
current collected on an insulated anode connected to grourdanit K2 gap.

resistor.

gap in an avalanche discharge, or from electrons produced at
gaps, a transition to field emission eventually occurred. Athe cathode purely as secondary emission from positive-ion
larger gaps, 100 kV could be maintained for several day$ombardment. Figure 2 shows some of the properties of mi-
with no observable electrical activity. crodischarges but does not help elucidate the mechanisms of

Figure 2 shows some properties of a typical microdis-production.
charge occurring between two copper electrodes at a gap of Figure 3 demonstrates another aspect of microdischarge
2.5 mm and 60 kV. This figure shows the anode currenictivity. The upper half of the figure shows the change of
(lower curve and the x-ray activitfupper curvg¢as a func-  pressure in the test stand observed after an increase of 10 kV
tion of time. In these experiments a negative high—voltageuuring the time from 4 to 8 §rom 60 to 70 kV ove a 3 mm
supply was used and the anode was mounted on an insulatgép with 1.9 cm diameter copper electrogéke lower half
electrode holder that was grounded throughlkd)lresistor.  shows the current measured on an insulated anode grounded
For this geometry, the amplitude of the current pulses varieghrough 1 K). The pressure rise corresponded to a dramatic
from a few to 50uA, increasing when the voltage was in- jncrease in the number of microdischarges similar to those
creased and decreasing as conditioning occurred while maihown in Fig. 2 but with some variation in amplitude with
taining a pulse width variation of about a factor of 2. Over atime. The peak increase in pressure Corresponded to micro-
wider range of experimental conditions, the peak current dUVdischarge rates of about 1-2 kHz, dropping to less than 100
ing a microdischarge varied from a few to 5@ and the  Hz by 30 s and to less than 1 Hz after a few minutes. The
pulse width from about 50 to 500s. rate was determined by measuring, with an oscilloscope, the
The x rays were measured with a small cesium iodidehumber of individual microdischarges in a 0.1 s interval at

detector viewing the electrodes through a glass window at garious times after the voltage was increased, and has con-
distance of 10 cm. The x-ray response demonstrated consididerable variation in different measurements. Once the mi-

erable pileup during the microdischarge and did not faith-crodischarge activity stopped there was no measurable x-ray
fully mirror the time response of the anode current. If theactivity above background.

detector was pulled back from the window, the x-ray signal

reflected the time response more accurately but there was not .

sufficient sensitivity to measure x rays that might have beerf- Quantity of gas released

present during the period between microdischarges. Micro- The data of Fig. 3 can be used to measure the quantity of
discharges can be present with or without simultaneous fieldas released following the voltage increase. The integral of
emission. Many measurements were made in which therthe pressure—time curtabout 3.6< 10 8 Torr 9 multiplied
was no measurable x-ray activity present either before oby the pumping speed of the chamber through the calculated
after the microdischarge. This has been interpfesian  conductance (7@/s) gives the total gas released (Taf).
indicator that field-emitted electrons are not a precursor tdor Fig. 3, that number is about X80 * Torr/, a large

the microdischarge. It was not possible to distinguish fromquantity of gas. Most of the gas was desorbed during ap-
this data whether the x rays produced during the microdisproximatel 5 s and if it were desorbed only from the center
charge were from field emission, electrons produced in th@ortion of the electrodes of about 3 mrea each, then the
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desorption rate would be about 16 or 0.8 12
X 10°° Torr /s cnf, depending on whether the gas was de-
sorbed from one or both electrodes. This corresponds to 9
X 10' molecules, equivalent to several monolayéabout

10'® molecules/crh per monolayer if the gas originated
from the electrode surfaces. However, the gas could also be
produced from any part of the test stand or insulator.

The lower curve shows the current from the high-voltage
power supply during the gas desorption. This nominal cw
current is made up of the sum of all the individual microdis-
charges. At the peak current, the microdischarge rate was
about 2 kHz; the pulse duration 2Q& and the pulse current
about 20—30uA. This produces the nominal 8—10A cw
current fo 5 s asshown in Fig. 3. Approximately 10 000
microdischarges produce about*40molecules, implying L
that each individual microdischarge contains around? 10 © 100 200
molecules. The integral of the current over time is about 4 Time (secondsg)

X 10" ions or electrons, a few percent of the number of
neutral molecules.

Voltege Botusen Elsctrodes (kV)
5 70 75 20 85 %0 95

Area =
1 mTorr-I

[ ]

Pressure (x 10E—6 Torr)

II||l||||l||l||ll||||||||

[\S]

Fic. 4. Test stand pressure vs time as the voltage was increased between
titanium electrodestaa 4 mmgap. The upper line of data shows the voltage
difference between the electrodes as one power supply was turned down.

B. Gas desorption experiments The rectangular insert shows the graphical area equivalent to 1 mTofr
desorbed gas.

1. Experiments to identify the source of the

desorption field emission. For this particular data, there was no measur-
The data in Fig. 3 give an estimate of the total gas desgg;rﬁié yield after about 10 min with 95 kV between the
orbed after an increase in voltage. However, the gas may The insert on the upper right part of Fig. 4 shows the area

have been desorbed from many different locations. The ext_hat corresponds to 1 mTarf of gas desorbed from the

perimental setup shown in Fig. 1 was used to measure th . .
. €lectrodes. If the area corresponding to the pressure increases

amount of gas desorbed only from the electrodes. Micropol:_ i
. o . is integrated, an estimate of the gas desorbed versus the volt-
ished titanium electrodes, 25 mm diameter, were mounted on ) T S
. " age difference can be made. This is shown in Fig. 5. fhe

both insulators and positioned at a gap of 4 mm. The two

power supplies were both used with negative polarities ands shows the.d|fferent|al gas desorptlon_, le., the gas des-
the voltage of both was slowly increased +aL00 kV with orbed per 5 kV increment, with the data points plotted for the

the relative voltage between the electrodes at less than 10
kV. Gas could be desorbed from various sources during this
conditioning process, including the test stand and the insula-
tors. After about 20 min there was no indication of further
desorption, as observed by quiescent vacuum and the lack o
x-ray production. The voltage on one of the power supplies
was then decreased in increments of 5 kV while the other
was left at high voltage. This techniqueeferred to as a
“double negative” experiment elsewhere in this artjcén-
sured that the only increasing electric field was that between
the two unconditioned electrode surfaces. Once gas evolu-

o
o

n
o
I

Gas Desorbed per 5 kV Increment (mTorr—I)
T

tion was observed, the voltage was maintained at a fixed 1 0L
value for about a minute after each 5 kV change while the -
pressure of both ion gauges was recorded with a strip chart T
recorder. Figure 4 shows the results of this measurement. I
The x axis shows the time as measured by the recorder and L
they axis shows the pressure in the test stand. The voltage 0.QF L1 '9'0' L

difference between the electrodes is shown above the data \/oltgoge (kV)
The test stand pressure increased dramatically after each :
kV increment and decreased in about 15 s to near the startin

pressure Other experiments demonstrated that if this Sarﬂ:gé;' 5. The differential gas desorption from the data of Fig. 4. Each data
’ oint corresponds to the area of a peak in the pressure—time graph for a 5

rapid inf:rease ?n voltage was applied at a smaller gap _SUCh £§' increment. The points are plotted for the average voltage of the incre-
2 mm, it was likely to lead to a spark and the transition toment and the line merely joins the points.

JVST A - Vacuum, Surfaces, and Films
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Fic. 6. The integrated gas desorbed from three sets of copper electrodes c
different areas vs voltage for a gap of 1.5 mm.

average voltage of a given increment. Figure 6 shows the

results of similar experiments with polished copper elec-

trodes of three different areas at a gap of 1.5 mm.yl&is  Fic. 7. Experimental setup to test desorption from an unconditioned elec-
is, in this case, the integral of the gas released as a functidfpde opposite a conditioned electrode.

of the voltage. The listed areas are quite approximate be-

cause the same radiused edgaE- mm radlgi was u;ed for .ttration of light hydrocarbons, carbon dioxide, and carbon
all three electrodes and the radiused region is subject to dif- . . .
monoxide than would be typical at this pressure.

ferent fields than is the flat region. Within these approxima- A second confirmation that the indicated pressure in-

tions, the gas released per unit area from each experiment E:r}eases were real and not induced by the charged particles
Fig. 6 was approximately the same, 2.3 mTgrcn?, or 8 y ged p

X 10'® molecules/crhat 80 kV or half of this value if the gas was the discrimination of a residual gas analydGA) to

- individual peaks. The data is considered in detail in Sec.
were desorbed from both electrodes. Similar results wer S . -
) . o | E. However, it is noted that if the changes in ion gauge
found for all metals tested: aluminum, copper, titanium, an . :
niobium readings were produced by the electrons and ions from the

. desorbed gas, the RGA should not exhibit the sharp discrimi-
Several experiments were performed to crosscheck thesge .
. . nation.
results. Since electrons and ions were also produced, there
was concern that these charged particles could lead to )
changes in the ion gauge readings. To test this, a pumping The precursor of gas desorption
restriction was placed between the turbomolecular pump and The experiments described in Secs. Il A and Il B 1 dem-
the roughing pump. The pressure rise at the entrance to thinstrated the production of large quantities of gas from the
restriction was measured with a thermocouple gauge when @ectrodes during the high-voltage conditioning process. Ex-
pressure rise from gas desorption was observed with the ioperiments were then designed to try to understand what ini-
gauges. The system was calibrated by bleeding air into thgated the desorption. Figure 7 shows one experimental setup
test stand and recording the pressures measured by the tweed. Micropolished copper electrodes were mounted on
ion gauges and the thermocouple gauge as the test stabdth high-voltage electrodes with the polarities shown. A
pressure was increased by two orders of magnitude. Withithird electrode was mounted on a movable, insulated tube on
about 25%, this independent measurement using a conthe side of the test stand that was grounded througli2l k
pletely different physical principle to measure the pressurélhis electrode was made from oxygen-free copper with the
increase confirmed the results shown in Figs. 5 and 6. Theame micropolished surface preparation used for the two in-
thermocouple gauge indicated a lower throughput than théne electrodes. The side-mounted electrode was moved to
ion gauges. However, it has a longer time constant than thposition 1 while the two inline electrodes were conditioned
ion gauges, and may not have reached equilibrium during th® high voltage. Each electrode and insulator was condi-
few seconds of peak microdischarge activity. It should alsdioned to 100 kV and operated there for 20 min with the
be noted that the gas desorption results have not been casther electrode at zero volts at a gap of 3 mm. No field
rected for the gas composition, which had a higher concenemission was detected during this process. The positive elec-
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over a 3.5 mm gap. The voltage was decreased slightly at
Unconditioned Anode, 3.5 mm 175 s and the conditioning activity stopped until the voltage
-~ Unconditioned Cathode, 2.7 rom was turned up to the previous level of conditioning. This
demonstrates that the conditioning activity is driven by the
L anode. The gas could be desorbed from either electrode be-
cause there is also ionic bombardment of the cathode. Figure
8 demonstrates that high-voltage conditioning of well-
polished electrodes occurs mainly at the anode surface, a
surprising result.
This experiment also demonstrates that the product of the
secondary emission coefficientsA™ X‘* B'' being greater
W than unity is not the complete explanation of microdischarge
S5 60 65 72 75 80 85 90 95 90 98 activity because conditioning one electrode should alter one
- Voltage (kv) of the coefficients. The conditioned cathode had no measur-
able field emission at 100 kV over 3 mm, with a detection
ol b sensitivity of about 20 pA. Since field-emitted current in-
0 100 200 . L . . .
. creases rapidly with field, any possible undetected field emis-
Time (seconds) sion would be below the picoampere level at the first stages
of gas desorption. It is therefore unlikely that field emission
Fic. 8. Results from increasing the voltage between an unconditioned anodis the precursor to gas desorption. Experiments described in
and a conditioned cathodsolid line) and an unconditioned cathode and a Sec, |1 D using larger gaps also produced this same obser-
conditioned anodddashed ling The actual voltage is shown below the |
data. vation.
A second experiment demonstrated that thermal desorp-
tion of an anode also conditions it. An unconditioned, mi-
cropolished copper anode was heated with electron bombard-
trode was then moved back to a predetermined position sualment to about 700 °C, cooled, and moved into position at 2.5
that a gap of 2.7 mnimeasured after the conclusion of the mm from a cathode mounted on the high-voltage insulator.
experiment to avoid electrode contact before data was jakerrhe cathode had previously been conditioned to 100 kV over
would exist between it and the side-mounted electrode onc8 mm with a different anode mounted from the side port.
it was moved into position 2. The positive high-voltage elec-when the thermally desorbed anode was tested, there was
trode was reconditioned to 100 kV in this location before theessentially no desorption as the voltage was increased to 100
side-mounted electrode was moved into position 2. TheskV. The chamber was then vented with dry nitrogen, re-
procedures were designed to ensure that gas desorbed duriggmped, and high voltage was applied again with little de-
the next phase of the experiment would come only from the&orption seen during the test. The chamber was vented again,
side-mounted electrode. This electrode was then moved intthe anode wiped with ethanol, and the chamber repumped.
position 2 with a gap of 3.5 mm between the well- Some desorption was observed as the high voltage was in-
conditioned cathode electrode and an unconditioned anodsreased again, although less than during the first experiment.
surface, and a gap of 2.7 mm between a well-conditioned
anode electrode and an unconditioned cathode surface. Higg— D ics of disch
voltage was applied with one power supply while the other™ yhamics ot a gas discharge
was left at zero volts. Power supply current and test stand In Sec. Ill A it was speculated that a microdischarge was
pressure were monitored during this process. a burst of gas with sufficient density to maintain an ava-
Figure 8 shows the results of the changes in pressure danche discharge for a short time. Section 11l B showed mea-
the voltage was increased in two different experiments. Thaurements of the quantities of gas desorbed. In this section,
data were recorded on a strip chart recorder ancktheis is  several experiments are described that were designed to
a measure of time. The numbers abovextsis indicate the study the dynamics of an avalanche discharge in the same
voltage used at a given time. Tlyeaxis shows the pressure geometry. Figure 9 shows the simple experimental setup
in the test stand. The dashed line shows the results for amsed. Gagusually air or nitrogenflowed through a 0.5 mm
unconditioned cathode and a conditioned anode. Clearlydiameter hole in the center of one copper electrode. The
there is no change in pressure throughout the entire processher electrode was mounted on a standard high-voltage in-
until the voltage reaches 95 kV at which point some desorpsulator and could be used as either an anode or cathode. Gas
tion occurs. A field of 35 MV/m was reached in under 200 sflow was monitored by measuring the pressure in both the
with no indication of gas desorption or any other condition-test stand and above the turbomolecular pump with a known
ing activity. conductance between them. A specific voltage was set and
The solid line shows the data when the cathode was prehe gas flow was increased until current was conducted.
viously conditioned and the anode was unconditioned. This When the electrode with a hole was a cathode, it was
data is similar to that shown in Fig. 4. Large quantities of ga®observed that the onset of electrical activity was very un-
were desorbed at each increment starting from about 55 k'¢table, somewhat like a spark in which tens of milliamps

10.0

Pressure (x 10E—6 Torr)
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Fic. 9. Experimental setup used to measure an electrical discharge betwet & C
two electrodes with the same geometry as in the high-voltage tests. Variou S =
gases were flowed through a 1/2 mm hole in the grounded electrode whil 1.0
the other electrode could be either a cathode or anode. ? E
= C
\ L
. . ><
were conducted. The onset rapidly quenched in abouyisl,0 0,110 : i INIJO
and repeated as soon as the voltage had recharged throu Voltage <L<\/)
the ~25 M series resistance provided by the water resistor 9

When the electrode with a hole was an anode, a stable

discharge occurred. Figure 10 shows some typical results ¢fc: 11. A comparison of the x-radiation produced between two copper
d pressured® mm aap andolt- elec_trodes at a gap of 3 mm _durlng field _emlss(mral 1)-, nitrogen gas

current versus test stand p . gap flowing through a 1/2 mm hole in the anofeal 2) and during gas desorp-

ages of 10, 20, and 30 kV. The current increased exponefion as high voltage is increasdttial 3). The data for trial 3 was taken

tially with gas throughput for a fixed gap and voltage. Theimmediately after increasing the voltage to the value indicated by the data

current also increased exponentially with voltage for a fixedPoint. The time constant of the radiation detector was significantly faster

than the 5—10 s that the radiation yield remained nearly constant.
gap and gas throughput.

Trial 3 provides a typical example for comparison with a
microdischarge. At 30 kV and a pressure of 8B *  volume could readily reach that required for an avalanche
Torr, there is a current of 60uA. The throughput discharge. It is noted that there is no electrical activity if this
is  2.5x<10 2 Torr I/s=8x10'" molecules/s, or &10"  experiment was conducted by bleeding the gas from a side
moleculests. In 50us, equivalent to a microdischarge, there port until pressures of greater than £0Torr were reached.
would be 4x 10*® molecules in a visible discharge of some-  Another interesting test of whether microdischarge activ-
what greater than the 1/2 mm diameter hole. This is of simiity is produced by an avalanche discharge in a local high-
lar order of magnitude to the estimates 10'2 molecules in pressure gas burst is by observing x-ray production. Figure
a microdischargésee Sec. Ill A. It is not known what the 11 shows the results of measurements of radiation made us-
diameter of the microdischarge might be but it is likely to being a health-physics ionization chamber placed at the glass
much smaller than 1/2mm. The gas density in a smallewindow, viewing the electrodes. This figure shows the radia-
tion produced pepA of current conducted between two cop-
per electrodes versus voltage, for several different processes.
1000 Trial 1 shows the x-ray yield for field emission versus the
voltage between the electrodes. Field-emitted electrons
would be produced at the cathode and gain the full energy of
the power supply before impacting the anode. Trial 2 shows
* the radiation produced when nitrogen gas was flowing
. through a hole in the anode, as shown in Fig. 9. In this case,
electrons are produced throughout the volume but most are
not accelerated through the full potential of the gap. This
results in a much lower yield of lower energy x rays. The
x-ray yield varied, depending on the length of the gap; the
data for trial 2 was for the same g&p mm) as used in trial
1. Trial 3 shows the radiation produced during microdis-
charge activity aia 3 mmgap. The x-ray yield for this case is
clearly much closer to that produced for a gas discharge than
N A P N for a field-emitted electron beam. There was no opportunity
2.0 4.0 6.0 8.0 to use electron suppression for any of these experiments and
Pressure (x 10E-4 Torr) current measurements may have significant errors because of
secondary processes; however, these effects are likely to be
Fic. 10. The results of tests with air flowing through the hole in an anode SiMilar for all three experiments. With this proviso, these
Data is shown for three different voltages and a gap of 2 mm. data show consistency with the picture of microdischarges as

100+

Current (microamps)
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Fic. 12. Demonstration that high-voltage-induced gas desorption depends
more on the voltage than the field. Trial 1 shows the integral of the gas

desorbed in a double-negative experiment with copper electrodes at 2 mm.
Trial 2 shows the integral of gas released with increasing voltage at a 10 m
gap and trial 3 at a 15 mm gap.

Be. 13. Experimental setup used to demonstrate the transition to field emis-
sion during gas desorption. Aluminum electrodes, 25 cm long by 3 cm high,
were tested at voltages up to/ —100 kV over a 1 cngap.

avalanche discharges in gas desorbed from the anode in dis-

crete bursts. field at the cathode was reduced by a large factor, and there
was no measurable field emission at any time during the
D. Total voltage effect experiment.

1. Gas desorption-voltage dependence

Many experiments were conducted that demonstrated ga& 1/ansition to field emission

desorption. One very interesting observation was that gas Our previous work has shoWihat the transition to field
desorption seemed to have a much stronger dependence emission can occur via several processes. In one process,
the total voltage than on the electric field. The data of Figs. Smicroparticles can be pulled from the anode to the cathode,
and 6 provide an indication of this. The amount of gas desproviding both a potentially rougher site on the cathode with
orbed was similar for the same electrode area and voltagéigher field enhancement and an area of reduced work func-
even though the gap was 4 and 1.5 mm for Figs. 5 and @&jon. Alternately, small areas of the cathode can be removed,
respectively. Figure 12 shows the results of an experimenproducing the same effect. Once field emission is present,
that demonstrated that gas desorption was largely dependethiermal instabilities in the anode contribute to eventual
on the total voltage. Two 36 mm diameter micropolishedbreakdown. The transition to field emission at larger gaps
copper electrodes were used in a double-negdtee Sec. and lower fields is a key aspect of this process because if
Il B 2) experiment. In this experiment, the two electrodesthere were no field-emitted electrons, anode-initiated break-
were conditioned together to 100 kV at a gap of 2 mm. Thedown would not be possible except through the transfer of
voltage of one electrode was reduced in 5 kV incrementsnicroparticles. It has been observed during many experi-
until gas desorption was measured, starting at 55 kV differments that the transition to field emission can occur during
ence. Trial 1 shows the integral of the gas desorbed as thaicrodischarge activity and the attendant pressure rise. This
voltage difference was increased to 70 kV. The voltage wasnay be the dominant limiting effect in reaching high fields at
then equalized at 100 kV, the gap was increased to 10 mntarge gaps.

and the process repeated. Trial 2 shows that gas desorption Figure 13 shows an experiment to measure high-voltage
began again at about 70 kV and increased strongly until thetandoff for electrodes with much larger area than used for
trial was stopped at 85 kV. Each trial shows only the integrathe other experiments reported in this article. The electrodes
of gas desorbed for that test. The process was repeated amgre made from AA2024 aluminum with the cross section
the gap set to 15 mm. Trial 3 shows that gas desorptioshown, a length of 25 cm and a gap of 1 cm. The test stand
began again about 85 kV and continued until the maximunwas a standard 15 cm diameter vacuum cross that had been
voltage difference of 100 kV was reached. This experimenmoderately polished; it was not possible to reach the high-
provided another strong indication that field-emitted elec-quality polish of the test stand on a surface that had not been
trons are not part of the process because the microscopimachined. The electrodes could be used at positive and nega-
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40 with no field emission or other indicator of electrical activity
Condition —ve supply throughout this period. At that time a small spark occurred
-+ 100 KV for 3 hr and field emission was present.

This experiment demonstrated a practical aspect for high-
voltage devices, namely, to use the minimum anode area that
is practical and use the chamber as a cathode. However, all
the cathode area must then be polished or else sharp projec-
tions on its surface can serve as a source of field emission.

<0 offset by 30 microamps

20

E. Gas desorption processes

The physical processes that lead to high-voltage-induced
gas desorption are not well understood. An important ques-
tion arises—is the amount of gas desorbed as the voltage

N | increases representative of the quantity and composition of
e the gas that is present in a polished metal surfacegen-
eral, gas can be desorbed from metal surfaces in a high
vacuum by several process8sincluding vacuum outgas-

Fe. 14, Highavolt ditioning of each electrode. The dashed line sh sing, thermal-induced desorption, and photon or electron-
o;;ératibn I?)f ;10e ?neogznalttligggks Sv?t(;] reeggg(c:)t (tab thg cﬁarﬁbelrnir?dotvr\:zmpaa desorption. Vacuum.oquassmg IS. a process that 0?_
opposing electrodéat 1 cnj for 3 h after initial conditioning. The solid line ~ CUrS @S s00N as any material is placed in a vacuum and is
shows the conditioning process for the cathode. The two sparks at aboutdominated by desorption of water vapor that has been ad-
min represent a transition to field emission. sorbed into the surface. An experiment has been perfdrimed
that measured, with secondary ion mass spectrometry, the
penetration of®O from H,'®0 (to differentiate it from other
tive 100 kV as shown. The positive electrode was initially oxygen into a metal surface. A concentration of a few tenths
conditioned to 100 kV with the negative electrode at O V.of a percent of water molecules still persisted at depths be-
Gas was desorbed from this electrode during the conditionyond 100 atomic layers. There is also a large concentration
ing process and then stable operation was achieved. Figuts carbon on most metal surfac¥s.
14 shows results from this experiment. The dashed line The vacuum outgassinglesorption rate is given by
shows the power supply current measured with the strip chart Q(t) = Q(tg) X 14"
recorder while the positive electrode was tested at 100 kV for 0 '
3 h with the negative supply at 0 V. There was no electricalhere Q(ty) is the outgassing rate at some defined starting
activity observed. The positive supply was then set to 10 kMime such as 1 h, and varies from 0.7 to 2 but is typically
and the negative supply was increased. The solid line showsear unity. The outgassing rate of many metal surfaces can
the current measured during this process over 3 min ratherary from 10 7 to 10" 2 Torr //s cn? or less, depending on
than 3 h ashown by the dashed line. At60 kV, there was surface preparations, type of metal, and time after pump-
a large increase in pressufeot shown and current was down. This is at least several decades less than the observed
measured between the two electrodes as usually occurs dugte (about 10°) reported in Sec. lll A 2 for gas desorbed
ing gas desorption. The two sharp increments are indicativander the influence of increasing high voltage.
of small sparks. When the pressure restabilized, there were When metal is heated in a vacuum, the outgassing rate
still field-emitted electrons flowing between the electrodesjncreases substantially because of thermal-induced desorp-
at a field of only 70 kV/cm. This occurred despite the facttion and the spectral composition of the products changes as
that the electrodes had operated at 100 kV/cnBfb with no  the temperature is increasEtThe total quantity of gas de-
field emission, as shown by the dashed line in Fig. 14. Thesorbed is often much greater than a single monolayer
gas must have been desorbed from the vacuum chambér 10'%cn?) for outgassing either at room temperature or
rather than from the nearby anode which had already beeslevated temperatures. It is noted that an average outgassing
conditioned. The vacuum chamber was an anode when thate of 5< 10 8 Torr //cné/s for 1 h represents a loss of 6
negative electrode was conditioned but a cathode when the 10'° molecules/cry equivalent to about six monolayers.
positive electrode was conditioned. The transition to fieldThis is typical of outgassing rates of many metals measured
emission occurred during the gas desorption but field emissoon after pumpdown. One explanafibof the large quan-
sion may have been produced from the transfer of a microtities of desorbed material is that the apparent area of the
particle from the chamber surface to the cathode. metal is much greater than the geometric area because of

The cathode was then repolished, the vacuum chambesurface irregularities. The material is adsorbed at monolayer
wiped with alcohol and the experiment repeated. Once thdepths over this larger area.
cathode was successfully conditioned to 100 kV, the two Experiments were performed in the test stand to measure
electrodes were then conditioned to 180 kV io&el cmgap.  thermal desorption from the micropolished 25 mm diameter
The electrodes were operated at 180 kV/cm for two day®lectrodes used in the high-voltage experiments. Niobium,

Current (microamps)
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TaBLE |. The quantity(mTorr /') of gas desorbed from the micropolished
electrodes listed as the temperature was increased. The data shows the inte-
grated gas released for the temperature listed.

—+— Mass 2

—#«— Mass 18

Temperature 40
°C Cu SS Al Nb Ti
100 0 1 2.8 0.5 15
150 0.6 2 5 1 4
200 1.6 3 8 2 7
250 3 4 11 35 12
300 5 5 14 5 14 20
350 8 6 16 8 20
400 10 9 20 12 25

I||||IIII|I|II||||||II|I

Partial Pressure (x 10E-8 Torr)

copper, aluminum, stainless steel, and titanium electrodes
were tested. An electrode was heated on a thin stainless stee 0
tube with a cartridge heater, mounted in air, that heated the

end of the tube and the electrode sample. The tube was first

heated to 600 °C without an electrode in place, while the

pressure was recorded with both ion gauge=® Fig. ], and  Fie. 15. The partial pressure of masses 2, 18, 28, 32, and 44 as a function of
a RGA was used to measure gas composition. The test staffinperature as a micropolished copper electrode was heated from room
was vented with helium, a micropolished electrode was theffmPerature to 550 °C.

mounted, and the process was repeated. Table | shows the

integral of the gas desorbed from each 25 mm diameter elecrhree other peakénass 12, 55, 64 contributing less than a
trode as a function of temperature. few percent of the total pressure, were also monitored. Fig-
There was about 20% more gas released during the retuiftes 16 and 17 show the results of increasing the voltage
to room temperature while the typical background from re-petween 36 mm diameter micropolished copper electrodes.
heating an electrode without venting the test stand was abotjthe x axis shows time and the axis shows the partial pres-
5%. If the test stand was vented, the electrode removed to aifjre of masses 18, 28, and @g. 16 and masses 2, 15, and
for 30 s, reinstalled and heated through the same therm@z(pig. 17. The voltage was increased from about 60 to 75
cycle, the gas release was 10%-15% of that shown in TablRy during the time from 0.3 to 1.2 min while attempting to
l. The area of the electrodes was approximately 18 cm maintain a reasonably steady pressure increase during that
Therefore, the total gas released was 1-2m¥dom’  period. The fluctuations represent unavoidable pressure
equivalent to about §10'° molecules/crfy similar to that  changes during the sampling. The tests were performed soon

reported in Sec. Ill A2 for gas released from high-voltageafter pumpdown of the test stand, and water vapor was the
desorption.

An experiment was then done in which two lar@8 cm
diametey copper electrodes were repolished and the anode
mounted on the stainless-steel tube used for the thermal de
sorption experiments. Gas was desorbed by increasing higl
voltage up to 90 kV ovea 3 mmgap. The quantity of gas
desorbed was similar to that measured with the same elec
trodes in the experiment reported in Fig. 6, about
17 mTorr/. The high voltage was turned off and the elec-
trode was heated to about 500 °C. The total quantity of gas
desorbed during this half of the experiment was about
13 mTorr/. The area of the electrode is about 352crt
appears that the increasing high voltage had efficiently re-
moved a substantial fraction of the adsorbed material on the
front side of the electrode.

The composition of the desorbed gas was measured with ¢
RGA as the voltage was increased between two copper elec = Yo nioioiorood
trodes, for comparison with the composition from thermal 0 05 10 15 2.0
desorption. The RGA could monitor up to eight individual Time (minutes)
peaks as a function of time. Figure 15 shows the results of

heatlng a mlcrOpO“Shed copper electrode durlng the teStéle. 16. The partial pressure of masses 18, 28, and 44 as the voltage was

reported in Tab!e |. Ther axis is temperature and thyeaxis  jncreased between 36 mm diameter, unconditioned, micropolished copper
shows the partial pressure of mass 2, 18, 28, 32, and 44lectrodes at a gap of 5 mm.

.

e

(@]

200 400
Temperature (degrees C)

Mass 18

————— Mass 28
- Mass 44
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r|1:IG. 18. The gas desorbed from a heated stainless-steel tube as it was heated
tﬁrough a thermal cycle to 540 °C and cooled to near room temperature. The
different trials are explained in the text.

Fic. 17. The partial pressure of masses 2, 15, and 32 for the same conditio
as in Fig. 16.

dominant peak before the gas desorption occurred. The ab-
solute change in this peak was significant but the fractiona$pherical volume of gas trapped at one atmosphere, the di-
change was only about 1.4, similar to the fractional chang@meter of the sphere would be about At Features this
in oxygen, while the fractional change in hydrogen, lightlarge are never observed on a well-polished metal surface. If,
hydrocarbons, carbon monoxide, and carbon dioxide waBowever, each microdischarge originated from water or alco-
much larger(5—7 times increase over starting presgure hol, trapped as liquid at atmospheric pressure, the diameter
These data show that high-voltage induced desorption igf @ spherical volume equivalent to*f@nolecules is about 4
similar to thermal-induced desorption but with increasedum. This suggests that liquid may remain adsorbed on or
contributions of carbon derivatives. near a metal surface, likely with an oxide layer or metal film
The RGA was also used to monitor the conditioning pro-over it. Careful optical microscopic examination of the mi-
cess of the electrostatic defleétaf the Chalk River super- cropolished metal surfaces used in these experiments re-
conducting cyclotron. The deflector uses a 35«6 cm  Vvealed typically 50—200 pits/mhwith diameters of about
negative high-voltage electrode at a gap of 5 mm from thel—10 um. While this may appear to be a large quantity, it
septum and 1-2 cm from other grounded surfaces. It wakepresents about 0.1% of the total area of the metal surfaces
conditioned, in 5 kV increments, from about 40 to 80 kV which were polished to near mirror finish.
after it was repolished and rebuilt. Each increase in voltage A series of experiments were performed to study the ad-
beyond 40 kV produced |arge duantities of desorbed gas f(fsorption and desorption of water and ethanol using 304 stain-
about 1 min with a spectrum similar to that shown in Figs. 16less steel and oxygen-free copper. In the first experiments,
and 17. The quantity and composition of the desorbed gae 1.9 cm diameter stainless-steel tube used for the experi-
did not change substantially whether the conditioning timements reported in Table | was heated, in vacuum, to about
was a few hours per increment ¢as in two trial after 530 °C without an electrode installed, cooled by flowing air
conditioning at a fixed voltage overnight and increasing theon the atmospheric side and the test stand was vented to
voltage after about 20 h. helium. The stainless-steel tube was quickly removed, sub-
jected to a variety of treatments, repumped in less than 2 min
and reheated after 30 min of pumping with a base pressure of
about 2< 107 Torr. Figure 18 shows results of this mea-
The mechanism of storage and release of large quantitiesuirement. Thex axis shows the time after the heater was
of gas is an underlying problem of vacuum outgassing andurned on. Typical temperatures are shown near the top of
the release of these products under the influence of increathe figure. The heat was turned off after 9 min and air cool-
ing high voltage may provide some insight into the processing was used to return the temperature to about 25 °C by 14
The estimate of about 1 molecules per microdischarge min. They axis shows the pressure increase over the back-
gives some clue to a possible source of the desorption. If ground. Trial 1 shows the results of exposing the 14 cm long
microdischarge is, in fact, an avalanche discharge, it musube to air for 2 min, trial 2 the results of immersing the tube
originate from a small pocket of gas or liquid, likely trapped 5 cm into distilled water, and trial 3 the results of immersing
at a grain boundary or other imperfection in the metal. Ifthe tube 5 cm into ethanol. The tube was blown dry by a
each microdischarge of about ®molecules were from a pressurized nitrogen flow. The pumping speed of the test

F. The source of the desorption products
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stand for these measurements was measured bs.6The 10
integral of pressurdTorr)Xtime(12 minxX60 9Xpumping T Koray Yield=Tst Cyele .
speed(60 1/s) was 0.54, 0.86, and 0.84 mTdrifor an area o e
of about 45 crithat was immersed in liquid in trials 2 and 3. 1eeeo
This corresponds to 5710 molecules/crfy less than a
monolayer. Trial 4 shows the results of polishing about 5 crr
of the tube with #600 aluminum oxide paper wetted with
water, immersing the 5 cm region into an ultrasonic bath
with detergent and rinsing in water and ethanol, i.e., a typica
polishing procedure. The integral for this trial is
10.4 mTorrl or about 9< 10* molecules/crh Trial 5 shows
the results of the same polishing procedure, followed by
pumping for 48 h before the thermal cycle. The amount of
material desorbed is a substantial fraction of that in trial 4,
indicating that the material is strongly bound. It is also notec 2 A A S S R
that the surface finish of the stainless-steel tube was simile ? T =00 e o0
for all five trials and the apparent surface area should be th emperature (degrees C)

same.
; ; 1G. 19. The x-ray yield at 50 kV and the test stand pressure as a niobium
The same tests were completed with a newly maChmegnode is heated to 550 °C. The solid line shows the x-ray yreli@renced

oxygen-free copper rod. The copper rod was about 15 CMd the left-handy axis) during the first thermal cycle. The coarse dashed line

long, 2.5 cm diameter at the heated end and stepped down #ad data show the pressutesferenced to the right-hand axis). The fine

1.5 cm diameter from the center of the rod to the end thagashed line and data show the x-ray yield during a second thermal cycle
b dt tainl teel fl The final taken one day later, in which the electrode was reheated without venting the

W&?S_ razea to a S _am ess-steel vacuum ange._ € nal Mt stand. The pressure rise below 500 °C during the second @yaie

chining and polishing were done after the brazing. Becausgnown was about 15% of the pressure increase during the first thermal

of the high thermal conductivity of copper, the temperaturecycle.

varied from 450 °C at one end to about 50 °C at the water-

cooled flange. There were abouk 10 molecules/crh de-

sorbed from the total surface during the initial thermal cycleproduced a yield of 100 counts/minutepm) above a back-

to about 450 °C at the heated end. The copper desorbedround of about 100 cpm.

about 3x 10'® molecules/crh after being dipped 5 cm into Figure 19 shows results from this experiment with a nio-

water or alcohol and about ten times more when polishe@ium anode. The data for the other electrodes were qualita-

with wetted #600 aluminum oxide abrasive during subselively similar. Thex axis shows the temperature of the elec-
quent thermal cycles to 450 °C. trode. The solid line shows the x-ray yield as a

These experiments demonstrate that the machined or pdificropolished anode was heated the first time after pump-
ished metal can store much more than monolayers of mat&loWn. There was significant x-ray yield above a background

rial, depending on the surface treatment. Another series oqf 80-100 cpm in the temperature range above about

experiments were designed to show that this large quantity o]f50 °C, returning to a reduced yield between 300 and 440 °C

material may be stored in discrete regions rather than unl"Elnd then increasing exponent|a||_y ahove 450 °C. Th? right
) -handy axis shows the pressure in the test stand during the

formly over the entire surface of the metal. In these experi-, .
. . first thermal cycle. The dashed lirisecond cycle, left-hand

ments, a micropolished copper electrode was used as a cath-

_ : . y axig) shows the x-ray yield when the same electrode was
ode at—50 kv with a gap of 6 mm, in the same geomeiry reheated, without venting the test stand. There was no x-ray

shqwn in Fig. 9. The anode was mounted on'the thm—yvalle roduction(above backgroundand only a smallless than
stainless steel tube used for thermal desorption experimentsgo, compared to the first cygl@ressure rise for tempera-
Micropolished anodes of copper, stainless steel, niobiumﬂ”es below 450 °C.

and titanium were heated to about 550 °C while a sensitive s figure demonstrates two different physical processes
detector was used to monitor x-ray activity between the elecqar were sorted out by additional experiments. The in-

trodes. It was speculated that pockets of material adsorbed gfeased x-ray production below 450 °C is consistent with the

high density would desorb in bursts and produce an avapicture of gas desorbing as high-density bursts from the an-
lanche discharge and x-rays. The x-ray detector was a Geigede as the temperature is increased. In order to produce x-
counter that viewed the electrodes through the glass windoways, electrons must be produced and accelerated through
at a distance of about 14 cm from the anode. For these exome or all of the voltage across the gap. Electrons can be
periments, the detector efficiency was measured with a caliproduced in this geometry from several sources: field emis-

brated?*!Am source, temporarily placed between the elec-sion from the cathode; an avalanche discharge in the volume
trodes. This source produces 59 keV gamma rays, somewhbétween the electrodes producing electrons and ions; or from
higher than x rays produced by the 50 kV electrons used fothe release of positive ions from the heated anode that bom-
these experiments. The source of 10° photons per second bard the cathode, producing secondary electrons. It was un-

1000

100

X—ray Yield (cpm)
Pressure (x 10E=7 Torr)
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FiG. 20. The current measured with a 90 V battery in series with a pico-Fig. 21. The current measured with a picoampmeter in series with a 90 V
ampmeter connected to the cathode as a repolished niobium anode Wggttery connected to the cathode. A stainless-steel electrode was held at
heated through the same thermal cycle as in Fig. 19. The pressufadgtse ap0ut 550 °C while the bias voltage was varied, as shown, on a fine grid

shown was similar to that shown in Fig. 19. about 1 mm in front of the heated electrode.

likely that the x-rays were produced by field emission be-the stainlgss—steel tube expanded while it was .heateq to
cause the field was low. There was also no indication of90 “C- Figure 21 shoyvrs] the curret?t measured W'”:ja plcho-
increased x-ray activity during the second thermal cybk ampmeter In series \,N't a 90 V, attery co.nnecte to the
low 450 °Q which would subject the cathode to the Samecathode versus the bias on the grid. The stainless-steel elec-
thermal load. Therefore, the x-ray yield below 450 °C could(f°dé was maintained about 550 °C while the grid bias was
have been produced by an avalanche discharge in the g4d!anged as shown. The observations shown in Fig. 20 are
released in bursts from the heated anode. Experiments wef@nSistent with positive ions leaving the heated surface. The
then performed in which the cathode was connected to a 9 rrent is unlikely to be electrons from the cathode because
V battery in series with a picoammeter and a repolished niot ere are no significant changes OCCUF“”Q g.t.that sur}‘ace.
bium anode was heated through the same thermal cycle as -HNS does npt, hqwever, rule out such possibilities as micro-
Fig. 19. Figure 20 shows the results from this. There Waé)artlcles being ejected from the heated anode that cross the
approximately 22 pA of background current, likely con- gap and release .electror)s from the ca}thode. The biased'grid
ducted along the dichromium trioxide on the insuldtor. would not stop microparticles but may intercept the returning
There was no current increase until 450 °C and then the CUIf;lectrons. The observation of current from a heated anode
rent increased with the same slope shown by the exponerft//face is a recent finding in this program but this phenom-
tially increasing x-ray yield in Fig. 19. There was no mea-€na has been reported previousty; although there was no
surable current change corresponding to the x-ray peaﬁOI'd explanation of the physmal_proces;es Fhat produced the
below 450 °C although the current sensitivity of the mea-current. There have been experiments in this program to de-
surement was sufficient that the x-ray yield near 254$& termine if the observed current was correlated with a particu-
Fig. 19 would have produced an easily observable change il,e\'rhoutg?ssw;g ;r)]rodduct anéj therg was k? strong correlation
it were from current flowing across the gap producing sec-v"f']:[ mdo ECUI ar fy roger; 1 esgrptlon. Th € currgnthwas not
ondary electrons at the cathode during the high-voltage meditected by argdfactor of 100 increagechanges in the test
surement. There is not sufficient field at 90 V to produce ga§tand pressure. It_Was present for all metal glectrodes tested
multiplication and hence an avalanche discharge would nd@S Well as for stainless-steel and tungsten filaments. It was
be possible. present when the electrodes were reheated several times dur-
The increased x-ray production at temperatures abovihd expenments similar to Fhat reported in F|g._20. However,
450 °C is likely due to a different phycsical process than isV1en @ thin(0.25 mm diameter tungsten filament was
responsible for the increased vyield at lower temperatureg?eated the current persisted for only a few minutes at agiven
The data of Fig. 20 clearly shows that there is current acrostgmpgrature. The current was not present when the thin tgng-
the gap at the higher temperatures. To test if this was posﬁten filament was reheated for second and subsequent times.
tive ion current, experiments were then conducted in which a
thin (0.1 mm) grid with about 60% transmission and 0.5 mm IV. DISCUSSION
grid spacing was placed about 2 mm in front of the cold The experiments reported in this article provide strong
anode surface. This distance was reduced to near-contact egidence that gas is desorbed from the surface of a pair of
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unconditioned metal electrodes subjected to increasing higter would be about 50 atmospheres. If all of the energy of 50
voltage. The quantity released is large—equal to mankV electrons were deposited in agm diameter sphere of
monolayers—and the rate of release is often greater thawater, it would require about £Gelectrons(less than 1 pC
10°° Torr /Is cnf—i.e., several orders of magnitude greaterto increase the temperature by 250 °C. The total quantity of
than vacuum outgassing at room temperature. Both the concharge transferred per microdischarge eventually reaches
position and quantity desorbed are similar to that producedbout 18° electrons or iongsee Sec. Ill A 2, much larger
through thermal-induced desorption of the same metalghan required to initiate the process by this method. Typical
Some key observations about microdischarges are: ions such as oxygen or nitrogen have a range of less than 0.1
pm in metals such as copper, but they will produce second-

(1) Each microdischarge is correlated with a burst of des—ary electrons with a yield greater than unity per incident

orbed gas and some current across the high voltage gap;i7, e, they impact the cathode. Once ionization is ini-
(2) Once microdischarges are triggered, they cover th?iated, this secondary production can be part of a regenera-
whole area of the electrodes. . tive buildup. The large difference between the ranges of ions
®) Qver periods Of. tens_ of seconds_ t_o many minutes at &,y glectrons may be the reason that the desorption process
f|x_ed vpltage, m|crqd_|scharge_act|wty ceases. is initiated in unconditioned anodésee Figs. 7 and)8nd
) M|crod|s_charge aptlwfcy is retriggered with a sméfitw not unconditioned cathodes. It is noted that the rise time of a
percent Increase in h!gh voltage. . microdischarge is greater than %3 (see Fig. 2 and there
(5) The anode is t.hfa main precursor of apt|V|ty. . . may be a much longer time of regenerative buildup preced-
(6) For gaps O.f .m|II.|meters to a few centimeters, mlcrOdIS'ing this in which there is not sufficient detection sensitivity
charge act|V|ty' IS more dependent on the total voltage[O measure the activity. This is enough time for many transits
than the electric field. of ions and electrons. What are possible sources of electrons?
There is also evidence of a close correlation between miAlthough field-emitted electrons have not been observed be-
crodischarge activity and vacuum outgassing. High-voltagefore microdischarge activity, they may be present at a level
induced desorption, i.e., microdischarge activity, efficientlybelow detection sensitivity of these experiments. Measure-
removes gas from a metal surface while thermal desorptioments have been reportédhat used microchannel plates to
of an anode greatly reduces microdischarge activity. observe field-emitted electrons at currents between'®l0
These observations lead to questions about the physicand 10 A, well below the sensitivities of these experi-
processes that occur, the most important issues being: thgents. However, field emission tends to be limited to a few
inception of the process and its dependence on high voltagégcalized sites on a cathode. The intensity of field-emitted
the source of the gas and the link between vacuum highelectron current increases exponentially with increasing field.
voltage insulation, and outgassing. These are considered b&éhese are different than the observed dependence of micro-
low. discharges with changing field and voltage. It may be that the
initial electrons are from random ionization in the gap as was
proposedi earlier. Some process would then be needed to
enhance the small initial number of electrons. The buildup
The physical processes that lead to voltage-induced derocess of microdischarges has many characteristics of the
sorption of gas have been extensively investigated without @lectrical buildup in a Geiger count&tIn that instrument,
successful resolution. The key questions that remain unanhe initial ionization produces electrons that are accelerated
swered are how does an increasing voltage trigger the prae the central anode wire. The strong field at the anode pro-
cess and why is the process dependent on the total voltagiices multiplication in the counter gas at a pressures of
rather than the electric field. The anode is the main precursaibout 0.1 atmosphere. The gas multiplication then spreads
of the activity and if one examines physical processes thatapidly along the anode wire. There are many asperities on
occur at the anode, there are few that could produce thboth electrode surfaces that produce substantial field peak-
observations. The most likely is that electrons with an intening. It may be in these regions that an initial ionization
sity below the level of detection sensitivity of these experi-breaks up trapped hydrocarbons to produce the initial vol-
ments are the precursor. Electrons have a range of asfew ume of gas to start the regenerative process. The RGA spec-
at 30 kV for the metal electrodes used in these experimentg;a show enhanced quantities of hydrogen and light hydro-
increasing by nearly a factor of 10 at 100 kV. This range iscarbons compared to thermally induced desorption of the
of the same magnitude as the diameter of the regions afame metal electrodes prepared in the same manner. The
trapped liquid water that have been postulated as the sour¢gdrocarbons may originate from residual pump oils that are
of the large quantity of material stored near the surface of adsorbed on the electrode surfaces. While there is some con-
machined or polished metal. If one assumes that the micrasistency between these ideas and the observations, it is rec-
discharges are from bursts of liquid trapped near the surfacggnized that this is quite speculative.
it is instructive to calculate the energy required to produce an
explosive burst and the quantity of electrons required to pro-
duce this energy. From the thermal-induced desorptior'13' Source of the gas
shown in Fig. 15, the peak of the water desorption is at about The experiments described in Sec. Ill F give strong evi-
250 °C. At this temperature, the local pressure of liquid wa-dence of the large quantity of material that can be stored in a

A. Inception of voltage-induced desorption and the
dependence on voltage
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polished metal surface. Figure 18 shows that polishing digh power density. Once temperatures exceeding about
metal surface that had been previously degassed at high terf00 °C are reached at a local region of the anode, an expo-
perature increases the quantity of material readsorbed hyentially increasing source of current is produced as demon-
more than an order of magnitude compared to just immersingtrated in Figs. 19 and 20. This is positive feedback that can
the metal in water, alcohol, or air. There are at least twaapidly lead to breakdown. Depending upon the physical pro-
possibilities for the large differences in the quantity of gascesses that lead to the positive ion production, it may be that
adsorbed in these two situations. The polishing procedurpart of the high-voltage conditioning process, once field
may force water deep into pores with an oxide film overemission is present, is to deplete the source of positive ions,
regions of high density or the abrasive may remove an oxid@ermitting higher temperatures to be reached at the anode.
layer that permits much stronger adsorption. There is alsdhere is evidence of this in the operation of the electrostatic
evidence(Figs. 19 and 2Dthat the material may be stored at deflector of the Chalk River superconducting cyclotron.
high density such as a liquid. This may be a significant asField-emitted electrons are focused by the strong magnetic
pect of vacuum outgassing. field (up to 5 T) and some evaporation of the stainless steel
The polishing process may well increase the amount ofinode surfaces occurs without destructive breakdowns. How-
material driven into a metal surface even compared to initiakver, if field emission can be avoided or at least kept quite
machining. No experiments were done that made a diredbw, it is possible to operate a practical high-voltage device
comparison of desorption from a newly machined surfacdor long periods. The cyclotron deflector has been operated
compared to a well-polished surface. However, experimentfor more than 2000 h during the past year, often at fields of
have demonstrated a large increase in the high-voltage insup to 15 MV/m(75 kV over a gap of 5 mi usually with no
lation capability of well-polished surfaces compared to ma-measurable field emission. The superconducting cyclotron
chined metal surfaces. This is an important practical aspegiresents a particularly harsh environnfdior operation of a
of this research. high-voltage device because of the strong magnetic field,
high residual rf fields and a dirty environment. All of the
lessons learned from the experimental program—such as
careful preparation of all surfaces, careful conditioning pro-
cedures and the use of water cooling of the high-voltage
This article has demonstrated that one of the main comelectrode—have been applied to this successful demonstra-
ponents of high-voltage conditioning is the desorption of gasion of high-voltage technology.
as the voltage is increased. It is also possible that explosive
bursts at the anode propel microparticles to the cathode that
serve as a source of fl_eld emission. A companion afticdes V. CONCLUSIONS
shown that very high fields can be reached without any mea-
surable field emission. This has been achieved by careful The experiments reported in this article demonstrated that
polishing of the electrodes and the vacuum chamber that thegrge quantities of gas were desorbed from unconditioned
are used in. Conditioning processes that recognize the imporaetal electrodes as the voltage was increased between them.
tance of gas desorption have been implemented. These iffhis is one of the most important aspects of high-voltage
cluded conditioning the anode and cathode with separateonditioning, especially for largégreater than a few mm
power suppliegone at a timgto the maximum supply volt- gaps. These experiments also showed the close link between
age, often using conditioning periods of several hours pehigh-voltage-induced gas desorption and vacuum outgassing.
few kV increment at the higher voltages. One of the elec-The gas was often released in bursts of 50—n30pulse
trodes is mounted on a moveable insulator and high-voltagkength with sufficient density(about 162 molecules per
feedthrough. The conditioning to the maximum total voltagepulse to sustain an avalanche discharge during the burst.
is done at a wider gap, and then the gap is closed and thEhe gas was released under the influence of increasing volt-
conditioning repeated. Conditioning at a wider gap desorbsage, with much less dependence on field.
the gas with less likelihood of a spark that may lead to field Physical processes that lead to the storage and release of
emission. These procedures have resulted in many demogas are suggested. The dependence on voltage rather than
strations of high fields with no measurable field emissionfield is difficult to reconcile. However, once the desorption
The highest fields without field emission have been obtainegrocess is initiated, higher voltages will lead to more ener-
by heating both electrodes to about 700 °C in a separatgetic ions and electrons with greater depth of penetration. At
vacuum oven, cooling, wiping the cathode surface with eththis time, investigations have already shown: the gas compo-
anol during the transfer to the test stand and quickly transsition was similar to thermal-induced outgassing with higher
ferring the anode without wiping it. concentrations of carbon-based products; the total quantity of
It is the belief of the author that weakly bound particlesgas released was comparable to that released from heating
on the walls of the vacuum chamber are often transferred tthe electrode to about 500 °C in vacuum; there was evidence,
the cathode, resulting in field emission. Once field emissiorirom several different experimental approaches, that the gas
is present electrical breakdown is usually determined byoriginated from regions of high density stored on or near the
thermal stability of the anode. The field-emitted electronsurface of the metal; and that positive ions were produced
beam is focused to a small spot on the anode producing from a metal surface heated above 500 °C. These ions likely

C. Connection between gas desorption and high-
voltage insulation
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