
Lawrence Berkeley National Laboratory
Recent Work

Title
ELECTRON LOADING AND HIGH VOLTAGE SPARKING OF METALS IN VACUUM

Permalink
https://escholarship.org/uc/item/4bf6h5d6

Author
Heard, Harry G.

Publication Date
1953-06-29

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4bf6h5d6
https://escholarship.org
http://www.cdlib.org/


,/ ·. 

UNIVERSITY OF 

CALIFORNIA 

£rmsr O£aurrMtee 

adiation 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Dioision, Ext. 5545 

BERKELEY. CALIFORNIA 

/' 

UCRL - 2252 
. 

Cy.~ 

G. 
r 

N 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain cmTect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



l ,, 

-~· 

UCRL-2252 
Unclassified - Physics Distribution 

UNIVERSITY OF CALIFORNIA 

Radiation Laboratory 

ContractNo. W-7405-eng-48 

ELECTRON LOADING AND HIGH VOLTAGE SPARKING OF 

METALS IN VACUUM 

Harry G. Heard 

June 29 1 1953 

Berkeley, California 



r -

. . 

·-

- 2 - UCRL-2252 
Unclassified - Physics Distribu~ion 

ELECTRON LOADING AND HIGH VOLTAGE SPARKING OF 
METALS IN VACUUM 

Harry G. Heard 

Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

June 29, 1953 

ABSTRACT 

Statistical methods were employed to measure relative values 

of electron loading and spark-over voltage for a large number of 

uno11tgassed electrode materials. Test voltages up to llO KV were 
-7 

employed in vacuum of the order of 10 mm Hg. 

All metals showed a square-root dependence between spark-over 

vo1t.aE?"P and spacing. Electron loading as well as spark-over voltage 

are shown to be dependent on electrode gap shunt capacity. Electron 

loadins was an exponential function of the applied field. The 

constants for these empirical relations are given for fixed experimental 

conditions. Metals are classified separately as to electron loading 

and voltage holding capacity. 
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ELECTRON LOADING AND HIGH VOLTAGE SPAR~ING OF 
.METALS IN VACUUN 

Harry G. Heard 

Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

June 29, 1953 

INTRODUCTION 

Electrons may be obtaineu from metals under widely varying experi-

mental condjtions. When based on the Fermi-Sommerfeld picture of a 

metal, the electron current density can be expressed approximately asl 

J ~l;(W)P(W,J/ )D(W,E)dW 
WQ-

or J ;' ( N( E. )P(( ,V)D( ( ,E) J E: (1) 

1 
where W is the energy corresponding to the velocity component of the 

electron normal to the metal before it absorbs a photon; E a W- Wa + ~Y 

is the excess energy of the electron over the maximum height of the 

potential barrier Wa of the emitting surface after receiving a quantum 

hv; P(V, f ) is the probability that an electron with energy W will 

absorb a quantum h Y and become a photo-elect;on; D( ( ,E) is the probability 

that an electron with an energy ( will escape from the metal under the 

influence of an external electric field E. If one neglects photo-electric 

currents, which are generally orders of magnitude smaller than the currents 

of interest, (1) stmplifies to 

J "'1 :(VI) D (W ,E) dW (2) 

wher€ D(W,E) is the transmission probability that any of the N electrons 

from the Fermi energy distribution· N(W) with an energy W normal to the 

surface will escape from the metal under the influence oft he applied 

electric field E. An approximate evaluation of (2) has been given for 
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• :1e ·:>H::·s fer 5 ntermedi ate fields and temperatures • 

.::c:c ·:.he c:~8e of interest here the fi~!Ll deoew:len~'- of .:.urr snt ,-~en~<-·.---

- :.~sc; ... _ lo-6 ~2 exp ( -6. 8J8 x 107 

e'l-.p 

;.":-ie...-"-'" ¢ i.s the -,;rork functinr. for a sj YJ ;le crystal 

f ..... 

arnp;c;r1L 

}- '" - ·r Of ·h-10 oll1'nt1·~ J'n-'"·""ralsU and r. -'c .... he •"'X"e1·1·a·' 1 \· .,,-,-,:~---~ """ UY• \· •. t--'" l., .t lt~:t:., LJ .J..v I..;,._.....,. \J ! ..L--·., G.J-f''-""·- _.... 

': 1 rL::i i~ volts/·:.Jn~ Haefer6 and more recently Dyke 

·_.::c11··rr· T:ners of the co·1timJO':'Sly evacuated type t>FcomA a nece::;si.t:y, 

t·f ::·K:I syster•s to the lo-5 or at best lo-6 mm Hg pres='ure :range. 1n :._,_:_, ~ _, 

1:. -~ ." usually irnpractJ.cal and sorr.etirr.es im;-;os::>ible -r.o outs as lar;ss •::...c: :: ·:r ,i::-:' 

-~ • rll!;D ':-E::mperatures a.:: :in small x-ray tubes> etc. 

:C.:'..c:ctron lu~din g between unoutgassed metals in the pre.ssu:c e ran~r:· ~ : 

~r;-4 ·=-.:- :o-R r.Hr1 ;:g departs radically from the value::> predicted by the -:l.'.'c•:::: ·• _ 

gJ vc:n above a 8 ln fact' electron lo3di ng is orders of ma.gm t.uc.::; :!..arg-::.::: :-.r.-; 

~~ 1 ~-l.~;al fie~d.·~; are nJn(:h. lolNer than predicted l\Y (3) ~ Ir1 addi ti c·'i :..~ · :·,~ 

c.:--:=mgBs in electron ~-'.lcJ.ding result from contait:ination of thf: ,~le·.~t:::-·_·-,::.--' 

,. -, + .... ~·· C' 9 
1.1l~ i.lL'Tk·o' 



• 

UCRL-2252 

-5 -

Because vacuum spark breakdown and electron loading represent 

basic limitations in the design of rel-iable vacuum insulated high voltage 

apparatus, care should be exercised in the selection of suitable electrode 

material. '.).'he results given below establish a basis for the selection 

of unoutgassed electride material in terms of relative electron loading 

and ability to hold high voltage in an organic-free mercury pumped system. 

DESCRIPTION OF APPARATUS 

Vacuum System 

The all-metal vacuum system used for these experiments was contin-

uously evacuated by a two-stage mercury dHfusion pump. Interposed 

between the test cavity and the metal diffusion pump was a "multiple 

bounce" liquid nitrogen trap having a surface area of approximately two 

square feet. The high vacuum section of the system was built without a 

shut-off valve to eliminate the contamination of this section by organic 

vaporg from the gasket material of a valve plate. A co2 trap isolated 

the .mercury pump from the mechanical forevac pump. The general arrange­

ment of the units is shown in Figure 1. 

Cleaning of Vacuum System 

All metal surfaces of the vacu~ system were cleaned by sand 

_blasting and prior·to assembly were given a final wash in flowing 

C.P. acetone and C.P. ethyl alcohol. Insulators were scrubbed 

with scouring powder and rinsed with distilled water and acetone. 

Parts were assembled with clean cloth gloves and grease-free tools. 

All gaskets in.the high vacuum section of the unit were made from 

50 - 50 lead solder. Insulators were coupled to the system with 

lead foil (3 mil.) covered gum rubber gaskets. 
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Typical base pressures in this system -vrere of th:::· order of 

lo-7 mm Hgo The lowest recorded pressure on a liquid xn-':.:·~c.g.,:.,r_ 

trapped gauge was 8 x 10=8 mm Hgo .. 
Electrodes 

For the purpose of ~;omparing met-als j both gap electrc>des 1r1ere 

standardized to 1 inch rad:i us hemispherically~capped c;v::..inder s. 

The electrode gap could be varied l/2 inch while under vacuu.i<1 loa::;, 

through ct sylphon bellows at the metering (grounded) end of t:ne 

cavity. Because of errors introduced by therrr.al exransj on s- the 

electrode gap v.ras continuously rnoni tored v.ri th a cathetometer 0 

High Voltag~~:!pply 

A 110 kv 10 rna supply having a ripple content of the orde:r cf 

Oo3 percent \,Tas used to charge the gap condenser, A volto.ge ho.ving 

a time co:1star~t of approximately l/2 seconds Fas applied tc tt,s 

electrodes through a charging resistor 1.-Jhich fed a o0l25 ).{fd capac1.'t·.:>r-

in parallel with the gap. (See Figo 2). 

EXPERIMENTAL TECHNIQUE 

Because electrode surfaces change radically vJl"i".,h each sr.·a.ik.v 

a different relation exists between electron loadJ.ng and vcl·ca.ge 

after each breakdov.m. rs F'" '") , ee lg. :,. • In addition the curren·::.-

voltage characteristics of the gap are quite dependent ::n U:s sp;:-,.~k-

]ng h:.istory of the electrodes, the general trend tei'lg for decreased 

electron dra.in at a given voltage" 

It has been found that for a given e1Pctrod8 rna "ten al and ·.':i 

given parallel gap capacity:> the drain voltage curves fan vi thin 

re::~sonably v.rcll defined limits, Photographic rr.oni toru<g ·,·as u:.;ed 

in conjunction with the instrurr,entation s wwn in Flg, 2 t.o a::Cl.J.J'.'J::.ate 



. " • 

.. 

UCRL=2252 

- 7 -

sufficient statistical data on the current voltage characteristic 

of the electrode material in the§ap. Multiple exposure photographs 

of this relation~ as traced in linear coordinates on the face of 

an oscilloscope, were taken for several orders of magnitude of 

currento From an examination of a photograph of a hundred or more 

traces data were accumulated from which the upper and lower bounds 

of the junction could be obtained. The photographs for each metal 

were analyzed in terms of 

I ~ BE2 exp (=b/E) amps (4) 

Values of B and b are reported for the extremes of the data 

so that definite bounds can now be placed on the relative electron 

loading of the materials listed below. It is, of ccurse, impossible 

to give the specific electron loading of sparked electrode material 

under these test conditions because the microstructure of the surface 3 

which is responsible for the current-voltage relation 9 cannot be 

determinedo* 

Effects due to variatiofl in energy per spark, which are discussed 

belowj were minimized in these tests by using the same parallel gap 

capacitor for all comparison tests. Unless prevented by power 

supply limitation~ data were accumulated for a 0.2 mm electrode gapo 

Spark Condi ~?:._<2_ning 

Both breakdown voltage and voltage~current data are sensitive 

to the sparking history of the electrodes. Before reproducible data 

could be obtained it was necessary to spark the electrodes many 

thousand times. In general, electrode surfaces improve quite rapidly 

* Even when the electrode surface is atomically smooth, single crystalline 
and of geometry known from electron photowicrographsJ the best approximation 
of the surface field that can be made is still of the order of± 15 percento 
See Dyke and Trolan, loc. cito 
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with the first few hundred sparks. For every metal tested except 

316 stainless steel an equilibri urn was reachccd within a fe1t1 thousand 

sparks, see Fig. 4. 

Breakdown Voltage Measurement 

As may be noted fran: Fig. 5, it is impossible to define a 

unique breakdo•n voltage for any electrode material. One can, however, 

measure the frequency of breakdov-m as a function of voltage for a 

sufficient number of sparks and thereby determine a most probable 

breakdo~n voltage. If the voltage applied to electrodes continues 

to rise with time until a spark occurs, a skew distributjon v.rill be 

found, see Fig. 6, in the number of sparks which occur at each 

voltage. The breakdo1m voltage quoted below represents the voltage 

corresponding to the peak in such a curve. 

Since a conditioning phenomena is associated with the number 

of sparks which occur, it is necessary to sample the breakdown voltage 

at several sparking intervals to determine whether or not an 

equilibrium has been reached. The relative values of breakdown 

voltages reported below represent the most probable breakdown 

voltage after this equilibrium has been reached. 

RESULTS 

Comparison of Metals by Electron Loading 

Since the electrode spacing used was of the order of one percent 

of the radius of curvature of the electrodes, the gross surface 

gradient calculatjon was based on an infinite parallel-plane model. 

Specific electron emission of the materials could not be 

measured in these experiments because of patch effect. Thc.t is, a 

major fra.ctj on of the electrons came from a few spots vi thin an area 

of approximately one square centimeter in the high graC.ient region. If the 

.:lata of 'l'able I were to be used to estin1ate the electron emission from 
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elP-ctrodes of arbitrary shape a suitable sumiLation process is 

indicated 
· ~ b/Ei 
I = B ~ Ai Ei e- (.5) 

o 
were the total surface of interest divided into Vl parts each 

having a surface gradient Ei" The values of Band bare then assumed 

to apply for one square centimeter. 

Even though the specific emission has not been determinedj the 

use of identical electrodes and constant gap yields a good relative 

ccmparison of metals. 

In the interpretation of the constant of Table I.3 which l:ists 

metals in the order of increasing electron loadir1g, it should be 

understood that the term lower botmd refers to the lowest current 

to be expected for a given gradient and vice versa. 

Br ~:~}~~own_~~~~~€?. e Sc_~~~r:_g Re _1_<: ti ?_!!_ 

Although first published by CranberglO it .,ras discovered 

independently and almost simultaneously by R. L. Fortescue, 

C:ranberg and Heard that 3. very simple relation exists between ~be 

most p:robable sparking voltage and the E lEct.rode spacing o Since 

-:.hat time much da-:;,a for the d.c.. case has been found to be in good 

agreement with the relation 

VE =·c (6) 

wher9 V is the -':,otal applied voltage E is the gross surface gradient 

&~d C is a ntmber which depends on the el~ctrode materjal and its 

surface treatmento For the parallel-plane case this relation red11ces 

to (See Figo 7) 

v "" kd 1/2 (7) 

Cc·mpari.son of Metals by Breakdown Voltage ----- -~-·-·------- ~- --~ ~-~--- ----~-~ --· -
Electrode materials are classified in this report in terms 01 
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the coeffident k in (7) TablE., Ji: :u ~;ts the metals in the L)rdcr of 

decreasing values of this coefficient. .i.c.:st :iata are extrapolated 

to give this number for a l mm gap. 

In comparing metals with respect to electron emission and 

breakdo~ voltage it will be noted that in general those metals 

J('". "2c'2 . . i\ .. -c. 7 ·-

which have a high breakdo1m voltage also have lovl electron emission. 

Specifically, however, the best materials for holding voltage do 

not yield the lowest electron emission. 

DISCUSSION OF EXPEHIMENTAL RESULTS 

Effects of Gap Shunt Capacity 

Current-Vo~tage Relation 

A study Has made of the effect of gap shunt capacity on the c11rrent­

voltage relation. The gap sh1mt capacity vJas varied from ?4 x lo-12 to 

5 x lo-7 farads. A very pro~1,1nced and reproducible effect on the current­

voltage characteristic was observed. (uee Fig. 8). As will be noted from 

this photograph, the first spark at J.o-v1 capacity produces an immediate 

change in the electrode surface i'1 a manner such as to increase the 

current drain at a given voltage. If the gap capacity is increased again, 

+,he current-voltage relation shm-vs a definite "clean-up11 to lower current 

at each voltage. 

Quantitative date... for t-hese tests is shown in Fig. 9. These curves 

show that the primary variation is in the slope of the log10 (I/V2) versus 

1/V curve. This slope increases with decreasi'lg field and increasing 

work function. One can argue that all sparks v-Iould produce about the same 

effect as far as the surface work flmctio'l is concerned. It therf'>fore 

appears that the more energetic sparks cause an increased radius 

of curvature at the cathode and thus decrease the local fields 
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to produce the observed results. 

Ele~!·E.()~.~ .~.11:!:.~8:-<::.e _ Appea~~r:.c.e 

The surface appearance of electrodes was studied in an 

experiment where the gap shunt capacity was either 12.5 x lo-9 

or 5 x 10-7 farads. A copper anode v-ras placed opposite a 

manganese steel cathode so that good color contrast wculd be 

obtained for metal transferred to the cathode. The electrodes 

were observed after several sparks at 12.5 x lo-9 farads. A 

spray film of copper dust was found on the cathode. Some of 

this film had begun to peel up from the surface of the manganese 

steel cathode. The copper anode was covered with small pits 

of the order of 50 microns diameter. No evidence T:'as found of 

any transfer of steel from the cathode. 

A new pair of electrodes of identical construction was 

observed after several sparks 1d th a parallel gap capacity of 

5 x 10=7 farads. The surface of the manganese steel cathode 

UCRL-22)2 

showed evidence of surface melting. Ridges and wrinkles smoothered 

by surface tension were focmd on the surface. The direction 

of the smear metal ridges generally pointed away from the 

electrode center line. A very small amount of copper (d = 50 microns) 

was focmd on the steel cathode approximately l inch away from the 

electrode gap. This metal struck the surface as molten drops. 

The direction of the smear of the droplet indicated that the 

metal was moving away from the center line of the gap. 

The observed difference in surface roughness Has sufficient 

to cause the variation in electron drain with energy. 
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1rersus parallel gap capacity. 

Table III 

Host Probable Breakdown Voltage Versus 
Parallel Gap Capacity 

' 
Inv ar Electrodes 

l..;::-eal:down V c>ltage kv 

lO 

60 

F::trallel Gap Capacity 
Nic:ro farads 

1? .5 x lo-3 

5 x lo-1 

.3catter in Current-Voltafze Characteristics and Breakdo-v:n Volta1ee 
····- ·-·-·- -·----·. -------- ----<----~· . -------- -- -----------------= 

Figure 10 illustr& tes u,, anomalous loy voltage-high -:::urren-~.· 

·Lr;;.~e v.;bjch resLJlts t·Jhen an inccilldcscent .spot appears on ~.he anode 

r:isr to a spark.* In compiling the d::ta for Table I suer ancma::_ou:: 

tro':!E'S have been neglected. 

:,)orr'e statist] cs ''ere accumulated en t)1e locat:i 0'1 of t. b:- luminous 

spark discharge l•.dth respect to the r:ii,Jin,,m, gap d.S correlat-ed with 

the observed gap current and spark~over voltage. Ttcse ciata indicate 

that sparks ,-hi:::h :::orrespond to high current dr&j 1s eenera1.J.:y ·:;..:.cur 

a-t. o-:her tl-ifl.!'l the minimum gapo It appears slightl~i rr.cre [·:.:"obable 

that a spark will occur at the minimu.m gap j_f :it occ :Jrs a:::.. :~. vol-l:age 

at :~r above the :rr·ost. probable value. The scatter in irol-~·8.: · ... ::;un .''!1 ";. 

c::1 the ene::- gy per sparlc As illustrc~ted in. Figs. 5 and { 1)!.e ~>:rr:?B.k~ 

::;--.. Insp~-C-tJ or--:-zr··oneanole revealed a mel ted area in the f D.',. ()7 ,-. ~- t.h; s !F>t. ;:. pc ._? 
Thus it a::menrs that these areas are radiatj '1g d11e to 1:~::., n:ieE'"' ··,ce a3 1f.Jf'.~1 
as fluort'Sence, 
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do~~ voltage and corresponding energy per spark will increase until 

a peak value is reached. The corresponding voltage-current data 

exhibit a similar "clean-up" phenomena. A spark at high voltage 

is usually followed by a distribution of low energy sparks and 

correspondingly high current drains at a given voltage. 

Hardness Effect 

A careful inspection of the class of rnetals with respect to 

breakdown voltage and electron loading reveals that the harder 

materials generally hold more voltage and exhibit lower current 

drains. To check this point for steel a set of electrodes was hardened 

to Rockwell C 60-6.5. These hardened electrodes held more voltage 

and had lower drain than found with ordinary hot-rolled steel. 

This is i.."l agreement ~rith the observatio"l of Tonks11 who found a 

marked increase in breakdown voltage when his mercury electrode 

was solidified by freezing. 

Variation of Gap Current with Duty Cycle 

The current-voltage characteristic for a 0.2 rom gap was studied 

when the sparking rate was changed from 3.5/min to 70/min. Fig. 11 

shows that the gap current is higher before breakdown with increased 

duty factor·. Within the accuracy of measurements with this technique 

there does not appear to be any change in the constants of equation (4) 

with duty cycle. The voltage and therefore the associated gap current 

occasionally appears· to reach higher values with the increased 

duty ~.;ycle. 

Comparison of Ex~erimental Current-Voltage Data with Theory 

Even though the experimental values of B in (4) exhibit 

considerable variation from metal to metal, values of B converge to 

a value which is several orders of magnitude smaller than is predicted 

by the Fowler-Nordheim field emission equation. 12 That is, experimental 
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values for B are of the order of lo-13 to lo-17 instead of 10-6 as 

predicted by the triangular potential barrier theory, 

If the conventi mal values of the work functio'ls for a pure 

metal lattice are used, the calculated emitUng areas are lo-6 of 

the actual sparked area of the electrodes. The resultant current 

densities at these calculated emitting areas are of the order of 

105 to 107 amp/cm2 , that is, order of the limiting current density 

to be expected for pure electron flow limited by space charge. For 

example, w~th 1oS volts applied to a 0.02 em gep the maximum expected 

current density is of thP order of 105 amp/cm2 • 

Further Observations of Patch Emission 

Field emissjon microscope13-l5 observ~tions were made of large 

cathodes (tip radius =t lo-3 em) at pressures of thl" order of 10-5 

rnm Hg. The observed pat terns on the fluorescent screeri are in agree-

ment , .. -; th calcul.:-,ti ons 1-rhi ch point to small patches as the predominant 

emi tthg areas on an electrode surface. Fig. 12 sho-v,rs a typical 

photograph of one of seYeral images which appear simultaneously on 

the fluorescent screen. Note jn particular the bright crescent 

shaped areas. 

It is n:Jt necessary to have extremely high gap gradients in 

order to observe these field emissior. patterns. Pc;.tches have bee:1 
r:' 

observed at gradients of the order of leY volts/em and are comrr!only 

seen as bright patches on the anode electrode in the d.c. gap. 

Effect of Surface Gradient at Constant Gap 

Cathode gradient was varied in a fixed 15 em gap by varying 

the radius of curvature of the electrodes. When the center electrode 
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of the spherically syn>Jnetric system had a radius of 0.5 CY(!' sparks 

could not be induced at 100 kv for either voltage polarity. No 

sparks occurred at 100 kv when the central electrode had a radius 

of curvature of 10-4 em a>:1d 1-ras the anode. Rapid sparki"1g resulted 

when the high gradient electrode became the cathode. This continued 

until sparking increased the radius of curvature of the cathode to 

approximately 1/64 inch. Luminous vapor was observed to project 

6 - 8 em out from the cathode during spark erosion. 

These results demonstrate that cathode surfaced gradient and 

total voltage rather than electrode spacing are important in deter-

mini no- hreakdovm voltage for a given gap. That is, the observed 

square-root dependence between voltage and sparking is only correct 

for parallel plane geometry. 

Breakdown Voltage Distribution 

l·v'hen the breakdovm voltage of a given material is measured 

with a slowly rjsjng applied voltage, a ske~ distribution exists 

between the sparking probability and voltage. (See Fig. 6). 

Statistically, the exis·tence of a skew rather than a Gaussi.an 

distribution can be interpreted 1s relatjng sparking pheonomena to 

one or at mos-l; a very few dominant events. V\lhile this very general 

:;ieee of information does not defi'le the spark mechanism it does 

sho•,.' that the phenomena is npt extren.ely complicated and in fact 

may be capable of explanation by a single process. A simple process 

such as recently described by Cranberg16 ~~y very well be the correct 

interpretation of vacuum sparking. 

An experiment was performed to determine whici1 electrode 
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predominates in determhling the breakdo-.,..;n voltage in a vacu'..ml gap. 

The electrodes were georr,etrically identj cal. An Inconel .:mode 

• j. (the high voltage electrode) was placed opposite a carbon (C-15) 

cathode and vice versa. These combinations are compared 1o1i th an 

all carbon and an all Inconel gap i:~ the Table IV. 

Permutations of Carbon and Incm,el as Electrodes 

Most Probable Breakdown 
Cathode Anode Voltage for 1 mn1 gap 

Inconel Carbon 48 kv 
Carbon Carbon 52 kv 
Carbon Inconel 62 kv 
Inconel Inconel 134 kv 

These resc:.lts show that for a symmetrical gap the anode ~3.terial 

plays a predominant role in determining the breakdown voltage. 

Continued sparking caused the most probable sparking voltage to 

be lowered from 48 to 44 kv for the Inconel cathode-carbon anode 

combination. Inspection of electrodes on removal revealed loose 

cat>bon flakes which had begun to peel from the Inconel cathode. 

Similarly, the breakdown voltage for the carbon C8thode-Inconel 

anode corrbination eventually dropped to 30 kv at whjch time Inconel 

spray metal 1.ras obviously beginning to peel from the cathode. 

If the gap contains dissimilar metals, the breakdo>-m voltage 

v.-ill b ~ lower than that of the best electrode materj al. \rihere 

extreme differences exist in the physical properties of the cathode-

&~ode metals the breakdo~m voltage of the gap may be lower than 

that of the poorest electrode material used. 

CONCLUSIONS 

lo Sparking is cathode gradient dep~ndent. lJes:ign of high voltage 

cathodes electrodes should incorporc..te the maximum practical radius 

of curvature. 
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by proper choice of electrode JT',.ater i..J.ls a ma:x:imurn gain of approxi.~ 

. ' mateJ.y se\·en in 11oltage holdi·1g may be obtained • . . -

3, Breakdov.'Tl volt<ige for parallel-plane d-e gaps scales approximately 

as the squ3.r"" -root of the electrode spacing. 

4. ThE" stored energy 'ft;hj ch C<.J1 be discharged i:-1to a vaclJ.llllJ spark h.!ls 

a pronounc<od 0ffect on the C'lect1"ode drain and breakdo,.J;J voJtage. 

Sparks at lo>v stored energy produce fi~cely divided spray rnetal 

wh~ch causes a large increase in electron loading. 

5. High vacuum sparking depends upon a sta.t:ist:i cal event. Nuch data 

is required before a good estimate of the most probable breakdown 

voltage can be obtained. 

6. }'lost of the electron load:Lng con;es frm microscopic patches on 

the electrodes. 

r o ~tatistical data can be accuinulated vrhich will predict the bounds 

of the electron loading for a given electrode mater:ial even though 

the metal is not outgassed and is operated at pressures in the 

lhese data are sensitive to t~e energy 

discharged in the vacuum spark. 

R. The best materials testr:-d for holdin;; high voltages are the st<O:els 

and nickel-steel alloys. 

9. Hardening an electrode material increascs its ability to held 

voltage and reduces the electron loading. 

lOo Electron loadi 1g of uno,Jtgae>sed materjals varies exponentially with 

electric field. 

llo Cathode and anode electroues should be fabricated frorr-: the same matd·~~"--. 

12 o utatistical data show that there is one or at most only a very fe;,r 

ever.ts which are dominant in the in]ti<:i.ion of ',,he d-e vacuum spark. 
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TABLE I 

FIELD EMISSION CONSTANTS FOR SPARK CONDITIONED OTJTGASSED . ·- METALS IN A MERCTJRY PUNPED HIGH VACUUM CAVITY 

I = BE2 e-b/E I = amps, E = volts/em 

Upper Bound Lov.rer Bound Data 
Electrode 

10-5 X b 1017 
X B 

After 
YJaterial lo-5x b 1017 x B N-Sparks ----
Case Hardened Steel 444 141 58.2 8.7 24,000 
316 Stainless Steel 436 31,600 51.7 4.37 60,000 
General Plating 

Alloy No. 720 340 lC ,200 46.1 10.7 15,000 
Hastalloy B 303 224 34.6 31.6 13,000 
32% Ni Steel 278 6,450 161 148 10,000 
Invar 272 135 91.5 67.6 26,000 
Inconel 179 2 ,OhO 32.6 64.6 12,000 
Tantalum 176 1,990 10.6 5.88 15,000 
C-15 Anodic Carbon 171 251,000 63.8 132 2,500 
Chromium Plated Copper 

( .001 in) 169 358 50.4 282 12,500 
Spectrographic Carbon 158 79,500 21.0 70.8 10,000 
Hot Rolled ~teel 145 19,100 69.8 309 85,000 
Nanganese Steel 134 50 105 20.9 27,000 
E.T.P. Copper 131 814,000 12.0 3,540 10,800 
Nickel 122 4,580 11.1 365 13,000 
Vacuum Fused Copper 93.8 24,000 24,000 
Cupalloy 76.3 50,·200 28.2 7,080 ll,OOC 
2..;S Al}llllinum 38.2 2,.510 3.12 49.0 9,000 
Silver 29.4 63,100 3.07 4,170 25,000 
Tungsten 40.4 13,500 9,100 
Ho1ybdenum 28.1 1,380 43,000 
7.5~ST-6 AlU111inum 7. 83 4,680 5. 93 3,460 20,000 
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TABLE II 

BREAKDO'VJN COEFFICIEN'l'S FOR SPARK CONDITIONED 
UNOUTGASSED METALS IN A MERCURY PUJv:PED HIJH 

VACUUM CAVITY 

ELECTRODE MATERIAL 

Invar 
316 Stainless Steel 
Manganese Steel 
General Plating - Alloy No. 720 
Case Harden Steel (Rc=60-65) 
Chrome Plated Copper (.001 in) 

500° C Bake 
Inconel 
32% Ni Steel 
Hastalloy B 
Nickel 
Chrome Plated Copper 

(.001 in) No Bake 
Hot-Rolled Steel 
E.T.P. Copper 
Cupalloy 
Tantalum 
Aluminum (2S) 
Lead ' 
Vacuum Fused Copper 
75 ST-6 Aluminum 
C-15 Anodic Carbon 
Spectrographic Carbon 
Silver 

1. 
v = kd2 

BREAKDOWN 
COEFFICIENT l 

(KILOVOLTS/(mm)2) 

197 
179 
172 
161 
159 

143 
134 
134 
126 

89.5 

89.4 
89 
74 
71 
71 
57 
54 
54 
45 
36 
36 
27 

UCRL-2252 

DATA 
AFTER 
N-SPARKS 

25,000 . 
56,000 
27,000 
19,000 
12,500 

5,000 
12,000 
20,000 
25,000 
13 ,ooo 

40,000 
62,400 
22,500 
11,000 
20,000 
8,700 

J2 ,500 
24,000 
20,000 
10,000 
14,000 
14~000 
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