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ABSTRACT 

Sparking characteristics for fourteen metals have been obtained in an oil 
pumped high vacuum cavity at 10 mm Hg Voltages up to 1.3 megavoits were 
generated across the test gap at the resonant freqency of 14 m.c. The geom-
etry was that of a hemispherically-capped cylinder between two parallel planes. 
A magnetic field of 8000 gauss was applied approximately normal to the planes. 
The energy storage in the cavity was approximately 10 joules. Sparking rates 
were measured as a function of gap voltage.. Metals are compared as regards 
voltage holding ability by listing the gap voltage corresponding to the same 
sparking rate for each metal. Incalloy and 310 stainless steel held the most 
voltage. The coppers, duraluminum and silver held the least. Qualitative esti-
mates of spark damage are made. The effects of varying several parameters 
are discussed. 
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THE BEHAVIOR OF ELECTRODE MATERIALS SUBJECTED TO 

ENERGETIC HIGH VACUUMR, F. SPARKING IN THE MEGAVOLT RANGE 

Warren.W. Chupp 9  Harry G. Heard and Eugene J. Lauer 

Radiation Laboratory, Department of Physics 

University of California, Berkeley 9. California 

January 14 9  1954 

INTRODUC TON 

The purposeof this report is to present the results of vacuum spark-

iñg tests conducted in the XC cavity. Metals have been compared with 

respect to ability to hold. voltage and withstand spark damage. 1 

DESCRIPTION OF APPARATUS 

General 

The cylinder -opposite -plane geometry and  the configuration of the 

rf cavity are shown in Figs. 1 and 2. Pulsed 14 megacycle powr excites 

the cavity in the mode which produces a voltage maximum at the end of the 

• 	quarter-wave loaded line. A magnetic field of approximately 8000 gauss is 

• 	applied across the gap and normal to the surface of the side electrodes 

(see Fig. 15). 

Two electrode geometries were used. The geometry called tand.ard 

• 	is that shown  in Figs. 1 and 2 9  and a photograph of a set of side plates and 

a nose piece for this geometry is shown in Fig, 4, In order to test samples 

Preliminary results on thefirst 46 tests are reported in UCRL-1962 and 

UCRL-2053. 

S 
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of the refractory metals a set of electrode holders was constructed so that 

amp1es could be prepared with oul' singly curved surfaces. A photograph 

of this geometry which is called refractory metal holder 9  is shown in Fig S 

Vacuum Syatem 

Two 32$nch oil diffuion pumpa were used to maintain the kinetic 

vacuum system at operating pressures of better than 10 mm Hg untrapped 

and 5 x 	mm Hg trapped respectively0 The pumps were isolated from 

the m am manifold by Freon baffles xnamtamed at 400C A liqd introgea 

thirnblek, having a surface area of approximately 44/2 square feet 9  was 10 

cated just outside the rf cavity 

Cavity Excitation 

The test cavity was excited from a grounde4rciUor.. byeans 

of quarter-wave transmission lines Under typical operating condtions 9  600 

to 800 KW of peak power were required to give a gap voltage of one megavolt 

Maximum lineal skin current densities in the electrodes at one megavolt were 

estimated to be 50 to 80 amperes per inch 

OPERATING TECHNIQUE 

Duty Cycle 

Measurements described below were conducted for pulsed operation 

at 25 percent duty cycle A 176 millisecond pulse of rf was applied to the cav 

ity with a recurrence rate of 90 per minute 

'ElectrodeCleañing 
Before installation 9  electrodes were given a 30 50 micro inch fmih 9  

washed in a mild detergent 9  rinsed in concentrated HC1 followed by tap 'aer 

and drd with ilowing CP acetone Exceptions to this procedure are discussed 

below.  

Spark Detection and Monitoring Facilities 

Vacuum sparks were detected with the stiibene crystal pbotonultip1ier 

combination shown in Fig 6 The rf shielded photomultiplier was located out 

side the vacuum tank approximately ten feet fr 9  and in line with the stem 

z A vacuum spark is here defined as the occurence of an abrupt drop in cavity 
voltage accompanied by the emission of visible light at an electrode surface 
and the euiission of an xray photon burst of short duration which has a 
peak aniplihide that greatly exceeds the background xray level due to e 
Tiectron loading 
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electrode. The spark pulses were amplified, discriminated and fed to a 

standard-.scale.r Mechanical registerswere used to record the total number 

of sparks. The sparking rates were determ.ixed by measuring the time re-

quired for 16 or 64 sparks to accrue. 

The actual time that the rf was applied to the electrodes was measured 

by counting the cycles of a stabilizedl; 1710 KC oscillator which was gated by 

the cavity voltage envelope. Because the gate circuit operates from a threshold 

level, all measurements of sparkingrate are low by not more than 03 percent. 

For full 176 millisecond pulses the indicated time that the peak voltage is ap-

plied is not greater than 5 percent high. 

Voltage Conditioning 

• 	 Electrodes were voltage conditioned, that is, baked-in" without the 

magnetic. field by raising the voltage from approximately 400 KV in steps of 

25-100 Ky. AU electrodes were voltage conditioned to 750 Ky and frequently 

to 1000 Ky before turning on the magnetic field. Conditioning was continued 

• 	with the magnetic field starting from 500 Ky. 

The process of conditioning carries through the whole test in that 

at each voltage, the sparking rate is monitored until it is either approximately 

zero or constant. Each voltage step is made as small as possible so as to 

minimize the change in sparking rate due to a voltage change. 

COMPARISON OF METALS 

The metalC were compared in two ways. (1) The relative spark damage 

was estimated by visual means taking .into account total number of sparks and 

the 'oltage at which most occurred. (2) Sparking rate data were reduced and 

plotted as a function of gap voltage for each metal. Reproducible curves char-

acteristic of the electrode material, were obtained. Metals were classed by 

comparing voltages from these curves for a. common sparking rate. 

The two methods of comparison are in general agreement as to rela-

tive merit as electrode materials. 

Damage 

The size, depth and density of the spark craters was observed and 

compared to a reference metal (either copper or Incónel). The sparking was 

in general confined to the high field region, the damage being concentrated on 

the side plate directly opposite the end of the center electrode. Exceptions 
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to. thiA.'onIywhen a flaw such as a crack,or, protrusion was present. 

on one of the electrode surfaces. Such instaices as these have been dropped. 

• from co,nsideration in compiling the data. 
1  Nearly all the damage was incurred.by  the closer side plate. 

Estimates of spark damage divided the metals tested into two cate-.- 

, gries (see Table I). The first category is referred to Inconel as a standard. 

/ It will be noted that more refractory metals fall into this class, 

/ 	 The secon& category is standardized by comparison with copper and 

all metals in this group are at least as poor as copper in resisting damage. 

Insofar as it has been possible the metals are listed in decreasing order of 

merit. 

Several of the metals tested contained ferromagnetic elements, Table 

II lists cases where sparking resulted in spray metal which became ferromag.-

netic. 

This point was checked because in some practical applications (e. g. 

in cyclotrons) the magnetic dust may be collected in the high field region and 

may serve to aggrevate sparking.. It tu±ns out as will be seen, in Table II that 

the use of these particular metals may be avoided in practice. 

An illustrative comparison of spark damage to copper and ]tnconel is 

shown in Figs. 7, 8, and 9. 

Comparison of Metals in Terms of Sparking Rates  

A more quantitative estimate of the differences between metals tested 

• 	in the same geometry is based on the interpretation of a plot of the averag'ed 

lowest sparking rate versus, gap voltage. At each voltage the sparking rate:. 
• 	decays from a high initial value to some mean value (see Fig. 10). This mean 

• 	value is what is meant by the averaged lowest sparking rate. 	 . 

Each metal' exhibits its own characteristic sparking rate versus voltage- -

curv.e (see Fig. 11), Thecurves are in general very similar when represented 

on a semilog plot, the distinctive difference being a displacement along the 

linear voltage axis. Within the statistics of the measurements the slopes are 

all the same, "A comparison voltage has been determined for each metal tested 

by selecting that voltage which corresponds to a sparking rate of 10 sparks/ 

mm,, (See Table II). This choice of ,  rate is clearly arbitrary, but if another. 

choice of rate is made, the results will be very nearly the same 
V 
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Inconel has been tested in the 53/8 ins. gap by baking in up to 1025 

KY3  .ko.wering the voltage 10 15 percent and operating for approximately 40 

hours at an average rate of the order of one spark per hour0 This showed 

that the bake4n sparking rates observed are really distinctfrom the cbaracter 

'istic rate evidenced by the metal and that the reduction in sparking rate was  

perm3nent." 	. 	. 	. 

Test8 in Refractory Metal Holders 	, 

A special set of electrode holders was constructed to mount eiectrdes 

of simple shape in order to minimize fabrication problems eflcountered in 

working with refractory metals0 

The geometry was. altere4 in this arrangement in that the test gap. 

was located approximately 8 in. back from the end of the cEnter electrode 

instead of directly opposite the end. 

The results obtained did not agree voltage wise with the standard 

geometry0 The gap voltage calibration and magnetic field were not.sufficiEntly 

different in the two geometries to explain the observed difference0 , The e1ec' 

tric field on the center electrode however did vary appreciably and the observed 

difference is attributed to this variation0 

The neta1s tested in this geometry were: stainless steel no 316 

titanium molybdenum Dural 52S0 (see Table ][XO No diect method of cor 

rection to "standard,11  geometry exists for these tests because there were no 

quantitative comparison tests of the same metal in the two geometries0 It 

was clear however that metals did hold a higher voltage for a given sparking 

rate in this geometry as compared to the standard geometry, On this basis 

Dua1 52oS0 is listed as poorer than copper0 	. 	. 	 . 

Titanium appeared to be one of the best metals tested but here too 

there is no quantitative evidence0' Difficulties in procurement and fabrication 

of satisfactory electrodes have caused this test to be postponed until such time 

as sufficient interest developes in its posible use.0. 

Relative comparison data for metals tested in the refractory metal 

holders are given in Table m. 

Xray Yield 

The xray yields were monitored with an mtegratng ionization c'hamber. 

The high level xray bursts occuring during a spark were not recorded by the 

3 At the 53/8 in gap spacirg no sparking characteristic of the metal was 
to be expected below 1350 KV.0 
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chamber because of the short time duration of the spark discharges. and lw 

repetition rate of applying voltage 

The observed xray yields decayed with time  at i fixed tank voltage 

This decay was independent of sparking rage d  i e the decay was the same 

whether sparking occurred 'n .he test chamber or not 

The yield increased exponentially with voltage (see FigJZ) 

The relative x.ray intensities for the various metals tested varied 

afactor of two from the norm which was also of the same order as the spread 

or different rums with the same metal, 

The data does suggest however that copper yields more xrays than 

Inconel 

EFFECT OF VARYING PARAMETERS 

Gas Pressure 

The gas pressure in the test chamber was recorded continuously on  
both trapped and untrapped ionization gauges located remote from the pumps 

and proximal to the test gap0 

There was no significant correlation between the ionizatio gauge 

readings and the sparking behavior below 10 mmHg. Above 10 mm Hg 

it was difficult to excite the cavity because of glow discharges0 

The. effect on the sparking rate of admitting hydrogen was studied 

in one rui 4elth J.conel by adrnitting the gas while operating at 1090 KY with 

an.average spa1dng rate of 20 per minute. No change in average rate was 

observed 

There was no change observed in the sparking behavior by admitting 

H2  gas during the bakein, 

Magnetic Field 

With zero magnetic field s  sparking at the highest voltages available 

(i 3 megavo.1ts) produced no marking of the electrodes except for small craters 

on the cylindrical electrode visible oily under a microscope. 

Damage to the side electrodes bega.: to appear after the magnetic 

field had exceeded some threshold value dependent on thegap distance (e0g0 

1000 gauss for Inconel at 13/8 inches and 2000 gauss for copper at 53/8inches0 

All tests were carried out with a field of apprximately 8000 gauss 

or more. The damage suffered by the side plates was always clearly evident 

while the center stem: rernai,ed reiaively unmarked. 
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.Cleamlmg Technique  

lEn most of.the ria the eleictrodes were cleaned with concentrated 

HC1, rinsed in tap water and dried with flowing C.P. Acetone 

For scrme tests w copper .a cyanide deplating ted dque was 

The -effect of the cleaning tedniqne was not discerulbie in comparing various 

copper rs, 	 . 

The interior of the cavity was cleaned -several different thne s with 

abrasive paper s  water and acetone. This caused no observed effect on spark 

ing rate. lEn interpreting the above results it must be mentioned that this cav 

ity is entirely unsuited to the deterrnination of anything other than very gross 

effects due to surface contamination, 

Voltage Conditioning 	. 	 .- 

•The method of voltage conditioning has been described above, it was 

alwaysiecessary to allLow the sparking.rate to decay to an approximate equi-

lr] :  value in order to obtain meaningful data. 

The method of voltage conditioning was not varied in this work. The 

the required to voltage condition a. given :metal has varied considerably. 

The most extreme variation occurred -dring the run on lEnconel with nickel 

sso1*date backing inwhicb the .b-ein time was approximately five times 

as long as a normal ltuonel bakein, The sparking rate versus voltage curve 

obtained after this long bake'in gave results within a few percent of the mean 

of previous inconel runs, 	 . 	. 

Duty Cycle 	. 	 . 	. 	. 	. 	. 

The sparking rate dependence an duty cycle was checked roughly at 

the beginning of these tests Both the pulse length and repetition rate affected 

the sparking rate observed, increased pulse length and increased repetits 

rate correlate positively with increased sparking rate, 

in order to minimize effects due to varying duty cycle the pulse length 

and repetition rate were fixed at the values of 176 mP and 1, 5 per sec, respec 

tively . 	 . 

Variation of Gap Distance 

ft has been remarked earlier:that the central electrode was not cen 

tered between the pai'aUel s±de.•electródes The two gaps differ by 1/2 in, - 

The sparking nea±iy always took place across the shorter gap and therefore 

a voltagedistance scaling relation exists, 
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Tests were made in three different gaps (13/8 in0 23/8. in, 33/8 

i) with.Incdnei and the results show that over the range of gaps and voltages 

studied the square of the gap voltage is approximately proportional to the gap 

distance 9  see Fig. 13. (Voltage here means that voltage at which the same  

characteristic sparking rate is observed0 ) This shows that a variation of about 

10 per cet in gap would produce a variation in observed voltage values of about 

5 percent0 	 . 	. 	. 	 .. 

Nearly all tesis of metas were carried out in the 33/8 ir gap vx 

which the variation in gap was about 1/8 in , hence the gap variation did not 

contribute an appreciable error 

OTHER TESTS 

Welded and Soldered Joints 

Welded and soldered joints were tested by making plug welds and 

inlays on the side plates. Table IV summarizes the results of a test in which 

OFHC plugs were heliarc welded into an OFHC surface As rnoted in the table 9  

the spark damage. to the welded plugs was not significantly dUferent from that 

to the parent metaL 	. 	 . 	 . 

Table V shows the results of spark damage to solder thiays0 Damage 

was greater to the solders than to the parentmaterial0 

Cracked Inconel 	 . 	 . 	. 	.. . 	. 	. 

A set of Inconel side plates were fabricated with minute stress cor 

rosion craks in their surfaces0 The purpo..e of the test was to see how d.et 

rim ental to the voltage holthng characteristics these cracks might e 

The results are compared with a normal sample of Inconel in. Table 

VI. The damage was incurred by the side plate furthest removed from the 

center electrode which was the converse of what iiorma1ly happened Since 

the poorer plate was located in the widest gap and it sustained the most damage 9  

it is evident that cracks can lead to difficulties in hol±ing down sparking rates 

and spark damage. 	 . 	. 	 . 

See Figs. 14 and 15 for an illustration of the relative damage to the 

two side electrodes. 	 . 	. 	 . . 	. . . 	. 
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Inconel with Nickel Molybdate Backing 

In a test of Inconel 9  back surface's of the electrode were covered with 

nick1 molybdatein lorder;to. increase heat radiation. The final sparking rate 

vs., gap voltage characteristic which was reached after bake-in was the same 

) 	
within the experimental uncertainty as ordinary lnconel 9  and there was no sig- 

nificant difference in the spark damage The time required to bake-in was 

longer (600 minutes of rf on time) for Inconel with nickel, molybdate backing 

than for ordinary Inconel (100-200 minutes of rf on timeS) The trapped and 

untrapped ionization gauges did not read significantly different during this run 

than during an ordinary Inconel. run, 

Chrome-Plated Copper 

A set of ETP copper electrodes was high-temperature plated with a 

0. 005 inch hard chrome plate. 
4 These electrodes were run in the 5-3/8 inch 

gap geometry.  

After a few sparks at 750 Ky. with the magnetic field 9  the chrome plate 

had been removed and the sparking rate was similar to that found with copper.  

It is concluded, that 0. 005 inch hard chrome plate does not furnish a satisfactory 

electrode surface in a high energy storage'cavity 

Graphite 

Graphite was tested using one inch gap to provide high gradient at 

low voltage. The highest gap voltage reached was 310 KV where the sparking 

rate was about 750 sparks/mm. 

Viscious sparks were observed to pass between the electrodes but no 

detectable damage was done. 

The power loss associated with graphite electrodes was considerably 

larger than that for metal electrodes 9  e, g., with comparable oscillator effic-

iency the number of kilowatts input to the oscillator required in order to pro- 

duce a 500 KV gap voltage was' 156 for copper 9  171 for inconel and 203 for 

graphite. 

Copper-Inconel Combinations 

Table VU summarizes tests in which. DHP copper and Inconel e.,lectr odes 

were used in all four combinations as stem' and side plate samples0 The results 

indicated that both copper4nconel combinations held less voltage than 

4 The high-temperature chrome plate results in less occluded gas 9  see Brenner 9  
Burkhead,and Jennings 9  Jour, of Res. Bur, of Stds, 9  U.S Dept. of Comm., 
RP-1854 V. 40 9  January 9  1948. 
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the all copper or all Jtnconel arran-gernent? This result is in contradiction 

to what was expected particularly in the case where ]Enconel was used as the 

side plate with the copper stern e]ectrode At the conclusion of this experiment 

it was found that the Inconel spark dust which had been transferred to the stern 

was very loosely bonded0 

CONCLUSIONS.. 

In general,)  metals which hold the most voltage suffer the least damage 

even for comparable numbers of sparks * 

The metals tested fall into two categories as indicated by estimation 

	

of spark damage. Metals of the poorer class are: 	 . 

(IL) copper 

(2) tantalum 

(3) Dural or aluminum 

(4) 	ilver. 

The better metals are: 	 . 

• () Inconel 	 . 

Incalloy 

stainless steel 316 and 310 

• 	 (4) nickel 	 . 

(5) molybdenum 

(6) titanium 

(7) K.monel 

In th latter: group 9 . nickel 9  Kmoziel and stainless steel 316 prodice 

magnetic particles as a resuLt of sparking Of the remaining rnetalsD Incone1 

'calioy and stainless steel 310 have beenmost thoroughly tsted and for this  

reason should be tentatively described as the best metals 
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TABLE 11. . 
METALS. LISTED IN DECREASING ORDER OF THE GAP VOLTAGE 

AT WHICH THE SPARKING RATE IS 10 SPARKS/MIN. FOR.;2-3/8 
3 ..3/8 AND 5-3/8 INCH GAPS 

Gap (In. )' 	 Metai... 	. 	...... . . Voltage at which Max. voltage 
104pk/min was applied during. 
ôb8ervéd test. 

KV KV 

2-3/8 Inconel' 	 900 960 
*Stajnl.ess Steel 316 	.760 to 880 930 

Staaless Steel 310 	1150 .1250 
Incalloy 	 1150 1320 
Inconel 	 960 to 1080 1170 
Copper, OFHC 	 810 to 880 980 
Copper, DHP 	 840 to 870 950 

Inconel 	. 	. 	>1140 	.. ........ 140 
Copper, ETP 	 1070 	 . . 1250 	... 

*K_monel 	 980 	. 1050 
5-3/8 Nickel 	 970 1000 

Tantalum 	.. 	 870 	. 1110 
Copper, DHP 	 840 to 900 1020 
Silver 	. 	. 	. 	670 	. 790 

I See Table VIII for composition of alloys. 

* The spark dust from these metals was magnetic. 	.• . 
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TABLE [I.I 

SEVERAL METALS TESTED AT 	TERMEDIATE GAP DISTANCES IN 
• 	

REFRACTORY METAL HOLDERS, GAP. VOLTAGE AT WHICH THE 
SPARKING RATE IS 10 SPARKS/MThL COMPARED WITH INCONELr 

INTERPOLATED TO THESAME GAP DISTANCE 

Metal 	 Gap(]tn,) 	VKY) V(V 
10S/M 10S/M 

Inconel 

• 	 Molybdenum 	 24/8 	 670 850 

• 	 Dural 	 145t16 	 600700 810 

TABLE IV. 

OFHC COPPER OVERLAY WITH OFHC WELDED PLUGS 
COMPARED WITH ORDINARY OFHC COPPER 33/8 

INCH.GAP 

Metal 	 Voltage at which 	Max, applied Damage 
10 spks/min was 	test voltage 
observed 

• 	 .KV 	 • 	 Ky 

Ordinary Sides 	810 to 880 	 980 

Overlay Sides 	 750 	 1020 Similar toordinar.y 
copper, sparking 
did not concentrate 

• on tEwelded plugs; 
• a soldered jothit 

• opened up. and sparked 
badly. 
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TABLE VII .. 
INCONEL-DHP COPPER COMBINATIONS AT 33/8 IN. GAP 

Sides Nose 	Run Voltage at which Max. Remarks 
10 spks/min was applied 

• observed 	. estvoltage 	--• 	 : 

KV 	 . KV . 

Inconel ]tnconei 	• 	 39 1080 	 • 1170 

Copper Copper 	44 840 	 • • 	 956 

Copper Inconel. 	43 790 926 

Inconel • 	 • 	 Copper 	46 630 	- 	• 765 Damage to Inconel 
side plate similar 
to ordinary Incone1 
no damage to copper 
nose, Inconel dust: 

• 	 - 
• deposited on nose-0 

- Copper Inconel 	4.1 960 1050 - 	 • 	 • 	 • 	 • 	 • 

Copper Inconel 	42 930 	 - 1040 • - 

• 	
• 	 Note: Runs 43 and 44 had the same copper sidepiates.. 

• Runs 44 and 46 had the same copper nose piece. 

Runs 41 and 42 had a different set of copper sides from 
runs 43 and 44.. • 	 - - 	

• 
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TABLE VIII 

COMPOSITION OF THE ALLOYS TESTED 

Name Percent 

Cr 	Ni 	Mn. 	C Cu. 

Stainless steel 310 24-26 	19-22 	2 max. 0 1 . 25 max. 0 

Incalloy . 19-22 	32-36 	1.5 	0.1 0.05 

Inconel 14 	78.5 	0.25 	.0.08 	. 0,2 

Stainless steel 316 16-18 	10-14 	--- 	0.05 --,2-3%Mo 

K-monel --- 	66 	--- 	 -- 3310A], 0%Fe 

Copper, ETP electrolytic tough pitch copper 

Copper, OFHC oxygen free high conductivity copper 

Copper,. DHP phosphorous deoxidized copper 
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FIGURE 1 
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Fig. 2—Electrode geometry. 
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MAGNETIC FIELD VARIATION ALONG ELECTRODE GAP 

101 

U) 
U) 

4 

01 

-J 
w 4 
U- 

C.) 
I- 
Iii 
z 
4 

	

01 	I 	I 	I 	I 	I 	I 	I 

	

0 	4 	8 	12 	16 	20 	24 	28 

DISTANCE FROM FRONT OF NORTH ELECTRODE — INCHES 

Fig.3. 
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Fig. 4 
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Fig. 5 
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0.01 mm. LEAST COUNT 

SPARK MONITORING AND TIMING CIRCUITS. 

Fig.6 
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Fig. 7 
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Fig. 8—DHP copper stem electrode. 
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Fig. 14 
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