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ABSTRACT

This preliminary report compares the spark damage and breakdown
voltage of Inconel, E.T.P. copper, D.H.P. copper, tantalum, molybdenum;,
nickel, C-18 carbon, K-Monel, stainless steel and satin chrome-plated
copper. The tests were made in an oil_pumped rf cavity, Breakdown .
voltages are quoted for tests made with a 15,000 gauss magnetic field in
a cylinder opposite parallel-piane geometry. The peak energy storage of
the 1 megacycqu;glﬁg;roximately 10 joﬁles. A discussion of pertinent

observations is included.
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SPARK DAMAGE AND HIGH VOLTAGE
BREAKDOWN OF METALS IN VACUUM AT 14 MEGACYCLES
Warren W. Chupp and Harry G. Heard
Radiation Laboratory, Department of Physics
University of California, Berkeley, California

‘January, 1954 i .0

I. INTRODUCTICN

This report is concérned_with the resulté of high vacuum breakdown
and spark damage tests conducted in a 1) megacycle cavity at apppoximately,
one ﬁegavolt. ' ',

The experiments have been of two types. The first type consisted-
of acéumulative sparking on various ﬁetals in the presence of a strong magnetic
field, All metals were run with fixed geometry. The primary purpose of the
magnetic field was to Eause sparking damage., .The pugﬁdse of this series of
experiments was to compare the spark damage incu;géa‘by various metals to the
damage incurred by copper,

The second type of experiment was devised to determine the break-

down voltage for different metals at different electrode spacings.

IT, EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUE

A, General | | |
The'test cavity is shown in Fig. 1. 14 megacycle:power is induc-

tively coupled ihto the cavity from the grounded grid oscillator by means

of a 2%_.line. Under normal conditions up to 800 KW can be delivered to

the cavity. The r-f current densities are estimated to be 50-80 amp./lineal

inch at 1 megavolt,
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The test geometry is illﬁsﬁrated in Fig, 2. With this cylinder-plane
geometfy the highéf gradieht fé_at the cylinder. The most severe spark damage
in general is-suffered by the closest side plate. A strong ﬁagnetic fieldv
(approximately 15,000 gauss) is appliéd n&rﬁél to the paraliel side plates,

The purpose of this field is tocintensify”and'localizé the damhge by strongly

" collimating the spark discharges.

‘Each electrode assembly is given a smooth finish (approximately
30-50 microinches); degreaééd, detergent washed and then:finally rinsed in
concentrated HC1l followed by tap water and C, P._a&etone.__The plates and
stem are regarded aé'clean enoﬁgh if water will flowbacroéé the surfaces in
a smooth Shéét‘énd not'form_rivuléts and dropleté. ‘

Each run is cqnducted.with the vacuﬁm_in the test chamber better
than 10~° mm, Hg. upﬁrapped and 5 x 10”7 mm, Hg. trapped.

The tQSt chamber ifself is pumped continuously with ﬁwo 32 inch
oil diffusion pumbs-each-pump being isolated‘from fhe main manifold by:a
refrigerated bafflé‘@aintained at =40° C,.-Théimain'Manifold cont&ins»é;
liquid N2 thimble having appfokimately L% square feet of surface aréa.

Pressures are measured and recorded continuously'at a point in the
cavity remote from the pumps, Both trapped and untrapped gauges are utilized
to give a continuousvrelative measure of condensibles in the system, The

trapped gauge pressure is generally about three quarters that of the untrapped

pressure,

B. Breakdown Voltage Measurement

It has been assumed in these tests that the sparking rate is a

good index for measurement of the breakdown,ivoltagé;ﬁ;
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The breakdown voltage for ideal electrodes will be defined as
that voltage at which the sparking rate is 1nfin1tely discontinuous and
the rate is zero at all voltages less than this value, The criterion of
breakdown voltage in the practical case has been that voltage at which a

small increment in voltage produces a many fold increase in sparking rate o

» whlch does mnot decrease with time, It is observed that the sparking rate

is not zero below the breakdown voltage and in fact is time and voltage

dependent Breakdown voltages, as monltored by the sparking rate; have

been observed both with and without an external magnetic field,

‘C. Spark Detection and Mbn;tpring Facilities

‘ : #* : L ‘ ‘
Vacuum sparks were monitored with a stilbene crystal-photomultiplier

combination shown in Fig. 3. The r<f shielded 1P21 photomultiplier was located

Qapproximately ten feet from and in line with the stem electrode, After ampli-

flcation, the spark signals were used to drive pulsers which provided the voltage

levels necessary for reliable spark monitoring.
Electronic facilities were provided to:
(1) Indicate and record the total number of sparks for each
set of electrodes, : : _ .

(2) Monitor the sparking rate versus time,

#* A spark is here- deflned as the 51multaneous occurrence of an abrupt drop
in cavity driving point impedance, the em1531on of visible light at the
surface of the emission of an x-ray photon bursttof short duration which
has an integrated amplitude that greatly exceeds the»background'xsray

level due to electron loading,
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(3) Record those sparks which o¢cur during the flat-topped
portion of the r-f envelope,

(4) 'Record'the;time;average distribution of sparks during r-f
pﬁlses°

(5) Record the time distribution of a given spark sequence,

(6) Measure the time thé r-f is applied to the electrodes.“

(7) Oscilloscope monitor and calig¥;£e cavity power input
and r-f voltage across the gap.

(8) Continuously record the integrated x-ray background, and

the trapped and untrapped cavity pressures,

D, Duty Cycle

‘During the first two runs of the sparking damage phase of these
méésuremehtsﬂthe system was operated cw. Continual:ldés of operating time

“outage”required the charige to puised operation at high

due £6 oscillator
levels, The selection of duty cycle and pulse length was based on rough
observations of the effect of pulse recurrence frequency and pulse length
on the sparking rate. A 176 millisecond pulse with a recurrence rate of

90 or 180 per minute was selected. The lower repetition rate was used where

excessive heating occurred from electron loading and low heét conducticn,

‘E, Voltage Conditioning

Therelectrodes'iere voltage conditioned, that is baked-in, by
raising the voltage from approximatelyihoo kv in steps of 25 £o 100 kv in
the absence of magnetic field. The magnitude of a voltage increment was
determined from the previous sparking rate and its rate of decay. All

electrodes were voltage conditioned to 750 kv or better before turning
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on the magnetic field. Sparking measurements with ﬁhe magnetic field
generally started around 500 kv and continued until operation was limited

© by osc¢illator plate voltage or the breakdown threshold had been reached.

III. mmnmmu RESULTS
Ao ¢o‘ er

Using the 5-3/8 inch gap geometry several types of copper have been
tested to approximately one million volts. The various sampleé tested were
E.ToP., O.F.H.C., and D.H.P. coppers. The D.H.P. was tested with both surface
hardened and fuily anmealed. -

Unéer the test conditions available, sparking at one megavolt does
not produce any macroscopic damage to the electrode surfaces Erogided the
mégnetic field is not present. Direét observation of these sparks shows that
they appear as scintillations occurring randomly/gﬁea.the tlp of ‘the center
electrode. \

The application of the magnetic field (4,000-15,000 gauss) prodnces
a marked change in the anode surface appearance as a result of sparking.
.Considerable amounts of metal are removed from the nearer side plate and
transferred in quantity to the stem and opposite side plate (see Figs. 5, 6,
7, and 8). The damage is severe in that the craters are deep and show evi-
dence of meltlng. In some cases the spark damage is 80 locally confined as
to erode through 1/8 inch of copper. This is illustrated in Fig. 9.

" There are sevefal conclusions to be drawn from the test data
plotted in Fig. L. . |
o (D PhosphorousjdeoxidiZed copper (D:HQP.)‘appears as the

worst choice of coppers for high voltage eiectrodes° Although no characteristic
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‘breakdown voltage was observed, the sparking rates: were so high and the
damage incurred so severe as to preclude its use in practical high voltage,
high gradient, applications,

(2) As noted elsewhere the sparkihg rate exhibits a.stéady
decrease in time when the véltage is below the break&own voltage. Phosphqrous
deoxidized copper is somewhat o{_an exception to this fﬁle inrthat sparking
flurries are frequently encountéred. At a time when the rate should be
deéfeasing in accord with previous experience; the faté wouldﬂffcr a reason
which could not be interpreted in terms ofvobéervédfyériaSiés;.abruptly
incfease by as mich as an order of magnitude and then decay again in the \
characteristic fashion. The phosphorous deoxidized copper plots in Fig. 4
represent the rates including the flurries, Both 0.F.H.C. and electrolytic
toﬁgh pitch copper experienced sparking flurries but only at the maximum
voltage and were of short time duration,

(3) Photographs of typical electrodes are includéd in the
appendix ﬁhich show that generally more severe damage is sufferéd by the
closer side plate (NORTH). ‘These depict quite clearly the mass of metal
blasted off this surface and deposited on the stem and opposite plate.

(4) Observations of the time variation of background xwrayé*

from electron loading indicate the following:

¥ Background x-rays were metered by an integrating electrometer whose
"éEhstaﬁts were chosen so that spark x-rays would make a negligiblé con-
tribution to the recorded level. This choice of slow response time

precludes measurement of x-ray loading near the breakdown voltage,
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"(a) There is a genera1 &ééf€a§éof x-ray lodding with
r-f opérating time at a given voltage.

(b) The rates of decay of x~rays and sparking rate are
different.,

(¢) The reduction in indicated x-ray. level when the
magnetic field is applied is due to the location
‘of the ion chamber in relation to the electric and
-ﬁggnetic fields.

(5) _The difference between curves (1) ‘and (3) in Fig. L
represent the sparking rate difference between hardiand soft phosphorous
dedkidized copper. As noted under (2) of this section, these two curves
represént sparking rates observed as a result of f%urries; hence, the
distinctive difference between the two curves is éf@easure of the teﬁdency
of the material to spark down at a rapid rate forf;o§§ short period of_time.

The threshold for encountering thé sparkiné flurries is that voltage
at which the electrodes w111 spafk at a low but finite rate., As the voltége
approaches the‘breakdown-value the sparking rate variations will be greater.
and more frequent. For a given material the harder the surface the léwer the
sparking rate at a particular voltage (see Figsg;lnlandvll)kzgihe‘éappér“bﬁﬁf%”f
curve (1) had a nominal surface hardness of Rockwell Béé while the copper of
curve (2) measured Rockwell B90. The hardnessvof standard stock ran from

Rockwell B30 to Rockwell B35,

B ° Tantalum
Tantalum is the only metal which absorbs large volumes of gas
inéluded in this serids of tests., It was not considered surprising that

high sparking rates wére obtained with this highly gas sensitive material,
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If there exists a direct correlation between sparking rate and outgassing
it has not been experimentally verified.
| The spark damaged 'i# illustrated in Figs.;12 and 13..
The breekdown voltage for tantalum in the 5-7/16 inch gap geometry

was 920 kv,

C, Molybdenum
Stock molybdenum was run in the S-S/L inch gap geometry° Although

the maximum applied was 1.10 megavolts the breakdownkioltage was not reached,
- The sparking rate decayed monotonlcally at each voltage. untll ‘one

megavolt was reached, At_one ‘megavolt the rate of sparking increased from

a normal low value of 5 per minute to approximately 200 per minute and the

plates were heated to a dull red. When the voltage was increased to 1.10

megavolts the plates heated further until they were orange colored and the

sparking rate increased to 345 per minute,

The conclusions reached were:

(1) The voltage breakdown for this gap is greater than 1.10
megavolts, .
(2) The sparking rate is temperature dependent above_léb'

megavolt,
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(3) ‘Resistance to.damage'from sparkiog is good (see Figs. 14
and 15). . | |
It may be remarked in.reference to conclusion (2) that molybdenum
evolves considerable amountspof gas at elevated temperatures which may account
for the dependence of.the sparking rate on temperatore;

Prev1ously undegassed molybdenum will evolve CO above 1000° C and

No and above 1200 C. Ny generally accounts for about 60 percent of the
gases evolved.- | One strlklng property of molybdenum is that once 1t is de-
gassed and kept clean it only adsorbs a monolayer of nitrogenl.

A comparlson of normal and degassed samples may yield an answer as
to why the sparking rate is so temperature dependent and if it is due to just

the evolutlon of gasese :

D. Inconel o

In terms of spark damage and breakdown voltage Inconel is superior
to any of the coppers tested in these experiments.' Tests were made with the
1-3/8, 2—3/8,-353/8 and 5-3/8 gap geometries, The breakdopn voltages for
these respeotive gap spacings were 535 kv,'QLO kv, 1665 kv and greater than
1100 kv. S

Spark craters and spark damage can pe cogpared with COppers for
the 5-3/8 inch gap. Inspection of the eleotrodes-(seefFigs. 16 andll7)
shows the spark craters to be smaller and less numerous than found with any
of the coppers for the same voltage.

Inconel ﬁas_found to be chhvless'subject to sparking'flurries

than any of the coppers. The metallic dust from sparks is non-magnetic,
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E, K-Monel
| The breakdown voltage was néver reached with KéMpnel electrodes,
It can only be said that the breakdown voltage for this material exceeds one
megavolt for a 5-3/8 inch spacing.

The spark craters anditotal spark damage compare in_size and extent
to the observed with Inconel for the same geometry (séévﬁiggffg). a

‘Metallic dust.ﬁhich accumulated on the center electrode during
sparking was4fouﬁd_to_be‘v¢ry magnetic., Heating from r-f skin loss and
belgctrOn loading apparently altered the structu?e,of the side electrodes as
ﬁheylwere.fdund-to be @agnetic_aftef the test, _

It has been hypoﬁhesiiéd that the ﬁresence of magnetic_dust particles
will édﬁilicate the sparking pfqblem by fdrming spicules on the surféce of
the electrodes in the directipn of the magnetic field. There has been no

direct experimental verification of this phenomenon, -

 F. Graphite

e Graphite electrodes were previously tested by ﬁaker'and Birge in
the XC cavity using a nominal 7 inch gap geometry., Under iheir test con-
ditiéns it was found that electron loading was severe (e.g. iﬁ required
- 1500 kw input to reach 700 kv) and that extreme_heating at the r-f contacts
was present, |

A run has been made using a 1 inch. gap to providerhigh gradient at
low voltage., The r-f contacts wefe?prpviégd by the following method:
(1) Coppér_wés sprayed'oh:the surface of the graphite along
the edge where contéct was to be made in a ribbpn about 1 inch wide. An,

effort was made to make the sprayed metal as thick as possible without
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peeling; A coatihg about 30 mils thick was applied,

(2) A copper sheet was lapped partly over the sprayed
region and heliarc welded in place., The electrode assemblies are shown
in Figss 19, 20, and 213 - |

" The observatioqs made were as follows:

(l) The power loss in the cavity was closely proportional to
'the square of the voltagq in the range frcq 150 kv to 300 kv which was the
total range of voltages applied (see Fig°22)

| It was not possible to determine directly the power loss:
iﬁ the carbon‘electrodesqlthough the_losses were'certainly'large and heating
in'the gap waS-clesrlr e#icest.' At 360 kv an area aboutﬂé inches in diameter
was glowing red on the side plates opposite the tip of the stem (at the point
-where the r-f current node exists) '
It should be remarked however,that w1th comparable

osclllator efficiency 500 kv can be reached at 171 kw w1th Inconel plates
 but it required 203 kw to reach 310 kv in the graphite run, It requlred
82,5 kw to reach 292 kv and 156 kw for 530 kv in the case of electrolytic
copper° There is then approxlmately 50 percent of the power loss that is
not accountable a8 cavity losses°

(2) The sparking rate observed at a given voltage for all
materials previously'tested decsys with time at the lower voltages (bake-in
‘effect),'this is also trﬁe of grephite.- If, however, the voltage_is turned
off for some few minutes the sparking rate returps to its previous high
Yelue. This is just the inverse of what has been observed w1th the other
ﬁetals tested. The graphite was run over a range of duty cycles ranging

from 0,176 to l.O with no change in this effect, .
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(3) In order to minimize the effects of outgassing on sparking

, rate behaviour, a-C, W, run was made wherein the voltage was pushed always to

_begin to
the point where sparking would/cut down the duty cycle., A voltage maximum

of 310 kv was reached and the sparking rate decayed from 1610 per minute down
teo 720 per minute, .. . | |
| fnis value of voltage does not represent a breakdown
value but was the manlmum voltage that could be reached w1th a reasonable
expendlture of effort and thus may be called a practical voltage llmito
(4) Outga881ng is always present an&ioorrelates with an
increased sparking rate.

Viscious sparks were observed to pQSSJbetﬁeenethe €lectrodes,

If these caused damage to the electrodes it was of the order of the granularity

of the graphiteo

The qualltatlve observatlons made on this run indicate

"fthat high sparklng rates are to be expected but they decrease approximately

~on

25 percent per minute of voltage/tlme. If the voltage goes off even for a

_ short period the sparking rate will increase to the initlal value,

A1l these remarks are appllcable only to this particular test of
untreated stock grade C-18 graphite in the XC cavity.

In conclusion it must be said that graphite behaves in an ano-
molous fashion comparedvto all other meterials tested and that the data
does not exist to state what fraction of the cavity power losses were.skin

losses and what fraction was loss due to electron loading.

G, Nickel
A test with nickel in the 5-3/8 inch gap geometry showed that

thexbreékdown voltage»for this spacing exceeds one million volts,
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| After bake-in without field, the magnet was switched on at 15,000
gauss without lowering tﬁe r-f voltage. This caused a very-high initial
sparking rate which decayed in the usual maﬁnerg | | |

Inspectiqn of fhe side plates after approximately 100 minutes of
operation at 950 kv show sparking damagé similar to K-Monel and Inconel.

'As expected for nickel the metallic spark dust was magnetic.

H, Stainless Steel (18-8)

Non-magrietic type 316 stainless-steel was tested -in the 1-3/8 inch
gap geometry., At 928 kv without the magnétic field the plates were running
dull red and mechanical oscillations of the stem caused a gap-variation which.
approacﬁéd 50 percent of the gaprwidth. The breakdown voltage-ias not reached
without the magnetic field, -

A gap voltage of 810 kv was reached with the magneti;p;axgﬁ%é%ﬁfﬁiﬁe
.operation was interrupted by a water leak. Approximately ZSanéﬁarks.whicﬁ
were concentrated in a four to five Square inch area near the end of the
stem had erodedvthrough the .062 inch plate and into a cooling water tube
(see Fig¢~23). Since the sparking rate at 810 kv before the water leak was
high and not decaying with time it has been assumed that 810 kv is a réprea
sentative value for;the.bneakdown-voltage.

The metéllic dust from the stem electrode was found to be non-

magnetic,

I. Satin Chrome Plated Copper

A set of E.T.P. copper electrodes was high-temperature plated with
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a .005 inch hard chrome plate*. These electfodes were run in the 5-3/8 inch
gaﬁ geometry. .The breakdown voltage was not reached without the magnetic
field. After a few sparks at 750 kv with the magnetic field the chrome plate
had been removed and the sparking rate was.#imilar to that found with copper
(see Figo 2). | | |
| It may be said in general that in any high voltage application
ﬁhere plating techniques are used that either the bond between the base
metal and the plating must be able to resist, or/the>thickness of the plafe
lhuet.ebsorb the thermal shock resulting from the concentration ofbenergy in
a spark, Most plating techniques will result in large amount of occluded
pydrogen which must be removed during bake-inavv o
| Since severai“attempfs_fe make thick, dense, uﬁiform, high ten?
. perature hard~chrome plate have nct'met with success and eince the .065

inch plates are easily damaged by the energetic sparks in this machine it

I

may be concluded that, at the present state of the art,uchrama platfng

- does not furnish a satisfactory electrode surface 1n a high energy=storage

- cavity..

J. Welding and Solder Tests

A series of four testspﬁapﬁ conducted to combare the relative
: sparklng damage of heliarc welded and soldered surfaces,
(1) Inconelfg_gpg;bﬁg;g° A 1/2 inch Inconel strip was

heliarc welded into the center of the phosphorous deoxidized copper side

¥ The high temperature chrome plate results in less occluded gas to be
“removed during bake-in, See Bfenner, Burkhead and Jennings, Jour. of

Res, Bur. of Stds., U. S. Dept. Comm., RP-1854, V-40, Jan. 1948.
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" plates (see Fig.'25) with number 372 Anaconda rod. The stem eélectrode for

this test was Inconel. It is obvious from the photogfaph'that the sparking
.damage ihcreaseé goihg frbmvlpconel to the weld to the phosphorous deoxidized

copper plates.

C(2) Solder Tests: Copper side plates were fabricated'with'

;‘fhfigg;gqlger inlays 1ntthe area where sparking damage was greatest. Visual

inspécfioh of the solder plates éftér sparking indic&ted'(see=FEQQZ§2é;a21,;,_
and 28) that several of the more common solders have poor fe;istance to |
sparking damage; On the baéis of these tests it is hardly possible to
classify.the solders other.tﬁan to say that they rank from good to bad

(see Table I), Ceftainly all of the solders, regardless of whether they

. were applied by heliarc or torch, are more subjecf to sparking damage than

the copper base, E;Sy Flo and S5il-Fos showed the gréétest sparking damage.

Iv. DISCUSSION

A. Effect of the Magnetic Field OnM Initiation

The time‘réquiréd far a{spark to_build up (és_monitored by x-rays)
is not changed by a strong magnetic fieldz. When the breakdown voltage‘is o
reached with the magnetic field and the sparking rate ié monitored as the
‘magnet is switched off, the sparking rate shows no immediate change. These
observations ére intetpfeted as evidence that the initiating mechanism of
the vacuum spark,is~indepeqdent‘of the magnitude of the externally applied

magnetic field.

- B, Magnetlc Fleld - Distance Relatlon for amaging p§ |

There is data whlch shows that a magnetic field threshold exists

for damaging sparks. ThlS threshold is a direct functlon of the electrode
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:;sggging. For the 1-3/8 inch gap damaging sparks begin to aﬁpear at‘all
mégnétic-fields in excess of 2000 gauss. When the gap is 5-5/16 inches‘
damaging sparks do not appear until ﬁhe magnetic. field exceeds LOOO gauss.
The magnetic field threshold for a fixed‘geometry is a fﬁnctioﬁ of the

electrode material,

C. Sparks With and Without Magnetic Field

There is a striking difference between sparks which occur with

and without the magnetic field, Sparké without the field‘always;appéar
at‘the_surface of the electrode of highest,gradieht. The visible'ionization
from these sparks usually extends approximately one inch from the electrode,
‘Sparks without the magnetic field do not gausé macroscopic damage to the
electrodes, Ip one test without the magnetic field more than 10,000 sparks
passed between. the e;ectrodes of which more thaﬁ 5,000 oécurred‘whilé'at'the
breakdown threshold, When the system was opened for inspection no sensible
macroseopic damage was found.. In an extension of this tesﬁ‘highly polished
electrodeé were spafked apprOXimately 2700 times without the magnetic field
aﬁIVOlﬁages frbm 500 tb 1100 kv.: Microscopiq examination revealed no spafk4
ing damage t§ the side plates. There were microscoplc marks on the stem
(highest gra@ient) which corresponded to the areas wherg séintillat;ons were
observed. Typicalvﬁhotograph$7étT50”X'ﬁagnificatidn afe-Figso'29-andf300

| If the magnetic field is turned on at low values the spark does not
‘change in appearance, Spérks at full field always cause disruptive dis-
Chgfgés'of incandescént metal fromxthe electéode of lowest gradient° A
spark can tear out severaljmilligrams of metél. The amount of metal
remoﬁéd\ig roughly proportional to the stored energy of the cavity and is

a function 6f the electrode material,



~19- UCRL-1962 Rev

The charge to mass ratio of ihe ineenaesceet metal is quite low,
Jets of.metal'are.observed ﬁo start normal to the surface of'ofigin and
proceed'in straight lines crossing the electric and:magnetiC»field lines;
Though a large amount of the vaporized metal sticks to the high gfadient
‘electrode, there is elweye some metallie dust in the bottom of the cavity
aﬁ‘thevconclusien of e‘run° 'Because'the bond between some of the transferred

metal_and'the electrode is mechanical rather than fusile, the surface eoat‘j

~ frequently cracks and peels., (see Fig, 31)

D, Effect of Magnetlc ‘Field on Breakdown Threshold

A test was performed to isolate and study the effect of the magnetic
field on the observed breakdown volt.age° In this test .the sparklng rate was
measured as a functlon of voltage with magnetic field as’ the parameter° .The
variation in breakdown voltage w1th magnetlc fleld 1s shown qualitatlvely in-
F1g.32(a) and (b), |

- It was found that the damaging sparks‘which occur in the presence
~of eufficienﬁ maéneiic field cauSe,the observed breakdown voltage to be low-
ered., The breakdown:VOlﬁage is not affecﬁed by the magﬁetic field until the
damaging sparks appear; it then drops discontinﬁously to a lower value, At
all values of magnetic field above this the breakdown voltage femains con~
'stant at the vaiue found when the damaging sparks first appeared. If the
: magnetiC»field is turned off after the sparking,tﬁreshold has been reached
Qith damaging sparks; there will be no instantaneous decrease in the sparking
‘rate, o | | _

On the basis of this test it can only be hypothesized_that the: 5

theoretical breakdown voltage is the same with and without the magnetic
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fiéia if thé'dorrespondiﬂéivéltége céuld be réaChed without-déuble-endedv
damaging sparks. It is reasonable to assume however, that the magnetic
izfield plays no fundamental role but rather.that damaging sparks cause such
cHanges in the électrodé suffaces as to reduce the observed breakdown voltage,
Fortunately, time'av§raged spark distribution data (to be discussed later)
from a previoﬁs.test oﬁ this same material shows that the mean sparking rate
is»increased.approximatély-70 peréenﬁ by the presence of the exteréél field
(sée_TableWII). Whilevthe,ﬁean sparking rate cannot be used to calculate

the éﬁéolute yalue'of ﬁﬁe.reduction_in breakdown, it doés suggest, on the
basis of én increased mean spafking rate, that the observed bréakdown'voltage

will be lowered by the_extefnal magnetic field.

E. Hysteresis in Bréakdowﬁ'Threéhoid with Magnetic g;é;g

“ v“  Théré appeaf§:£6.bé.;uﬁ§é£éfeéis effect in the éparking fate'the":
' first-time the.Breakdown"threshold is redched with the magnetic field, The
sparking rate islalwayé'lower the first time the voltage is raised to thé
breakdown value, This effect is quiﬁe pronounced for copper but is almost
negligible for.méterialé suéh as Inconel., The first time the breakdown
.voltagé is reached for copper'ﬂhe sparking rate stays so high that it is
necessary fo lawer the voltégéiés much ‘as 30 percedﬁ before the sparking
fate will begin to decay. -After copper has once been "broken down" the
measured breakdown vbltége is 1owered-15 to 20 percent. As én example the
data for Run 23 on eléctrolytic_copper shows a first breakdown voltage at
'approximaiely 700 kv with tﬁe 15,000 gauss field, It was necessary to lower
the peék voltage to approximately 500 kv (a reduCti§n-of 29 percent) before

the sparking rate showed the usual decay with time, The breakdown voltage
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threshold on the second rise was approximately 550 kv or 21 percent ‘below

the voltage measured on the first rise, ' ’
Evidence exists to show that a complete récovefy.to the'ofiginal ‘

bréékdown voltage may be effected if the initial damage is not too severe

 and enéugh time can be spent on a gradual voltage recovery.,

F. Bréakdbwh Voltaée Scdling Relatioﬁ‘

E vﬁariy in the Sparking'damAge phase of these measurements if'bedame
'.evideﬁt that sﬁdrking damage was‘always concentrated on that side plate which
was closest to the stem (see Figs. 33, and 34). In'addiﬁion it was observed
“that the breakdown'voltage thfeshold for the same_geombtry was different for
diffefent metals at 14 megacycles. These two facts suggést the exispence of
a scaling relation betwéen initiation of voltage breakdown and gap spacing.
A series of tests were conducted in which ﬁﬁe breakdown vdltagé was medsured
fdr three different electrode spacings using Inconel (see Table III). The
spérking rate vefsus voltage curves are shown iﬁ Fig.35. Using a sparking
raté of 1000 sparks/min. for comparison these data show the breakdown
voltages thresholds to be 635 kv, 9&0 kv, and 1065 kv for the 1-3/8, 2-3/8
and 3-3/8 inch gaps . These test data reveal that the initiation of break-

down wvoltage scales approximately as

1 A
V& kd? k =110£-10  kv/mm® -

% The geometry in this cavity is such that wide exéursions are permiséible
in gap spacing before a serious difference in reéonant frequency appears,
'So‘that differences in gap voltage variation with geometry could be elim-
inated from the test results, the gap voltage‘calibration factor was mea-

sured for each gap spacing and found to vary less than 5 percent,
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It is interesting that the scaling relation for rf breakdown is the same as that
previously observed for dec breakdown.3 Since the value of k in the above relation
is in good agreement with that obtained for the dc case, (13L4 * 20 dec) it is possible
to select metals f or their breakdown properties on the basis of existing data from
de tests.h Table IV shows the tested materials classified with respect to values |
of k.

It is necessary to mention that'this rf scaling relation was measured for a
15,000 gauss field which was essentially parallel to the gross elecfric field be=-
tween the plates. Since 13 megacycle data has been obtained at low vbltages without

5 it appears that the magnetic field only

. a magnetic field which fits this relation,
lowers the measured value of k.

G. Effects of Voltage Conditioning on Inconel

An experiment was performed to determine whether or not the reduced sparking
rate affected by voltage conditioniné was lasting. Electrodes were conditioned by
raising the voltage across the electrodes from 584 kv in approximately 50 kv steps
to 1025 kv, a value below tﬁe breakdown threshold, first without and then with the
15,000 gauss ﬁagnetic field (see Fig.36,(a)and(b) for voltage schedule). After the
highest voltage had been reached with the field, .the voltage was immediately reduced
approximately 10 percent to 895 kv and the sparking rate was monitored continuously
as a function of time. Bake-in with out field and with field required 220 and 61
minutes respectively,” 1In the next 256 minutes at 895 kv only 9 sparks occurred.
Thé rf was then turned off for 8 hours while t he system remained under vacuum,

The second day of operation was begun at 975 kv from which the voltage was
raised in 102 minutes to the previous peak of 1025 kv. The remaining 485 minutes
of oper#tion at the 895 kv level accumulatea 11 sparks,

On‘the third day the start up technique was varied by raising the voltage from

740 kv to the operating value of 895 kv in 70 minutes. The

#Time as here discussed refers to actual rf on time and implies the integrated time
during which voltage is applied to the electrodes and is independent of duty cycle,
pulse length, etc. The duty cycle was changed from 52.8 percent to 26.); percent
during the third day of this test,
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voltage was then held at this value for the remaining 545 minutes of operation

during which 19 sparks appeared, After another 8 hour pumping period the -

electrodes were worked up from 724 kv to 895 kv in 24 minutes., During the

remaining 133 minutes of the test only 6 sparks occurred. It is worth

mentioning that the observed sparking rate at 895 kv is of the order of the

usuei background counts obtained from the photomultiplier and spark mon-

itoring circuits,

It is coheIUded on the basis of this test data that:

(1)

(2)

(3)

H., X-Ray Loading

If the electrodes are conditioned to a voltage below the
breakdown threshold’ahd are operated at lower.than the
highest peak voltage reached, there is a permanent re- _
duction in sparking rate, |

The initial bake-in is effeotive and lasting., During
the four oonsecutive days of operation there was little
or no'increase in sparking rate as a result of the 8
hour periods when the r-f was turned off.

If the electrodes are conditioned as mentioned in (1)
ebove5 it makes no difference whether the operating
voltage is reached by returning first to the highest .

bake-in voltage or by stopping when the operating

7. voltage is reached.o

(1) Variation With Voltage: Since x-ray loading at any

voltage varies slowly with time, -this function will not be accurately
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-portrayed if point-by-point data were taken during bake-in. If the x-ray
versus voltage data are taken during a small enough interval of time, how-
ever, the loading is seen to be an exponential function of voltage of the

form

I =0,V exp. (sz)

1
Figs. 3% and 38 illustrate the general form of this function for
silver and O.F.H.C. coppei‘° These data are not corrected for scattering
or variation of absdrption coefficient with voltage; they represent mea-
.Sureﬁents taken for decreasﬁng voltage after bake-ih'without the magnetic
fieid. Since the condition of the electrodes was not the same at the time
- of the measurement the relative x~ray.leve1 at a given voltage cannot”be
compared., It is.of interest to note that the slopes of thésé curves are

approximately the same,

'(2) Variation With Time: An experiment was performed

whiéh'sebarated x-ray loading from sparking., As a result of this exper-

iment it is concluded_thét sparking'and x-ray loading are'nbtArelated as
éause and effect, When the silver electrodes were first brouéht to 815 kv
the indicated x-ray level at the standard locétion was 80 mr/hf.' After

'5 minutes of operation Qhen‘tﬁe level was 90 mr/hr. the ﬁbltagé was low=

» e?ed to 650 kv for 2 hours, Whgn the voltage was again raised"tb‘815 kv
the x-ray»level was.only 30 mr/hr. Since no sparks occurred dﬁring the
ehtire 2 h§uf,rnn, the difference in electron loading cannot be related to
sparking decay9;

The difference in electron loading is interpreted as

being due to surface degassing of the cavity and in particular the electrode
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surfaces. Further evidence that’abserbed surface gas affects electron
ioeding comes from two common observations. |
| (a) ZX-ray loading at a given veltage increases if
_operation at a particular voltage is interrupted
for a sufficient period,
(b) Introduction of a small air leak for a short
period reduces the x-ray level by as much as a
factor of five, |
The fact that the ‘above mentioned phenomena occur on a macroscoplc time

scale suggests that they may be due to sorbed gas fllms.. '

(P S G

I. Variation of Sparking Rate with Tempgrature

Although the exact formulation for the variation of sparking rate

g 7

with temperature is not known at present there is positive evidence in F1g.39
that this effect exists. This graph shows that the sparking rate of 1000 kv g
is lower than and only becomes comparable at 1025 kv to that observed at 940 kv.
There wes a 2 hour interval betﬁeen the data at 940 kv and at 1000 and 1025 kv.

Thls data correlates with the common observation that sparklng rates increase

if pre-excitation occurs too soon after the tank is sparked down,

J. Microscopic Examination'gg Inconel Electrodesv

| Photomicrographsu(68 X) were made of the spark craters on the :
Inconel side plates, Fig. hD shows a cross section of a typlcal crater

2025 inches in diameter, Radial cracks resultlng from stress concentration |

extend ,002 to ,008 inches from the crater surface, There is evidence of
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' extensive surface heating of the electro&es in Fig. 381 where the crystal
 pattern (Fig. ) shows an area of recrystallization extending .005 to .007
inches}into the surface. Figs. 42 and 43 show fusile and mechanical bonds

between the electrode surface and the material transferred by a spark.
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SIDE PLATE"

STEM
ELECTRODE ELECTRODE
MATERIAL MATERIAL NAME
E. T. P, E. T. P BT
Copper#* Copper RE-Mn
RE-Sn
S5il Phos
Phos Cu
: N P ;
‘D, H, E, 0. F. C. H.~ Allstate 175
Copper## Copper Incosil
: : Wes Go Gold
Easy Flo
BT
"D, H, P, 0. F. H. C. Easy Flo
Copper Copper Wes Go o
Decarbonized .
Incosil
Allstate 175
BT '
* E, T. P, Electrolytlc Tough Pitch

. TABLE I

_COMPARISON OF SPARK DAMAGE OF SOLDERS

Dol Bis Phosphorus DeZOxidizéd
# Q, F, G, H.—-Oxygen Free ngh Conduct1v1ty

 SOLDER

PERCENT COMPOSITION

METHOD OF
SOLDER
APPLICATION

72 Ag;
65 Ag;
60 Ag;
15 Ag;
92 Cug

75 Ag;
65 Ag;
65 Cu;
50 Ag;
72 Ag;

72 Ag;
Zn, Cd

28 Cu

28 Cu; 5 Mn; 2 Ni

30 Cuj; 10 Sn
80 Cu; 5P
8p

25 Cu
25 Cu; 10 In
35 Au

Oxy-Acetylene

Torch

Heliarc

15% Cu; 18 Cd; 163 Zn

28 Cu

28 Cu
and C free

Oxy-Acetylene

Torch

FLUX
USED.

Handy Flux

Handy Flux
Handy Flux
Handy Flux
None

Allstate 200
Handy Flux
Borax Glass
Handy Flux
Handy Flux

Handy Flux
Handy Flux
ﬁandj Flux
Handy Flux
Handy Flux

RESISTANCE
TO SPARKING
DAMAGE

Good
Bad
Bad
Bad
Bad

Good

Fair

Bad .
Very Bad
Good

Very Bad
Good
Fair'
Good
Good

_:8 a..

A9y 296T-THON



-9~ _ - UCRL-1962 Rev
| TABLE II.
- EFFECT OF MAGNETIC FIELD ON MEAN SPARKING TIME

INCONEL RUN 16

SAMPLING | . MEAN
TINE SPARKING
PEAK RF VOLTAGE  INTERVAL (MIN.)  MAG. (AMPS.) - TIME SPARKS SAMPLED
(KILOVOLTS) ' (MILLISEC.) ,
85 ".-:  0-13 0 97.46 Lh9 -
965 0-6 0 93.69 499
| 0-11 0 95.07 614,
6-11 o 101.08 115
1013 0-10 0 oeem 783
1025 o o | 97.00 792
880 0- 8 1000 ; | 54476 263
950 -5 1000 55.58 389
5-10 1000 57,19 223
1025 - 0-1 ” 1000 62,86 150
1- 2 1000 55,30 | 110
2- 5 11000 :'59.36 726
0-2 w00 59,22 262
-5 o0 556l 953
o-12 © 1000 40,98 | 1018
12-16 1000 62,90 205

1025 © 0-10 1000 68.95 92
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INCONEL TEST OF SCALING RELATION

FREQUENCY 14 MC.

SP‘gégmil | IIVOS'LT\XZE‘ | k:v/g% .
o RS @)
350 - s 109
éo.a ‘_ %0 o 120
8.6 T | 16

- 'D. C. TEST DATA

0.2 . 60 134

# Voltage at which average rate is of the order of 100 sparks
per minute,
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CLASSIFICATION OF METAL BY BREAKDOWN VOLTAGE
AT 14 MC WITH 15,000 CAUSS FIELD.

. GLOSEST -~ GAP -

| - gap voimes = k=WdE CEUARKS
-Stainless' 35 - 700_-‘ f'-:ii81£”5 -~ k may be low due to
_ %16- R | ' , water leak,
Inconel 35 635 1094 8 |
R 60 940 12048
86 1085 116 5
K-Monel 137 1050 4 >98 " Peak voltage limited
S by oscillator power.
Nickel 135 995 >86 Peak voltage limited
- by oscillator power.
Molyberdm 137 1200 1032k 4 - .
_ T A _ 750 1028
. 0. F. H. C.
Copper 8 950 103t 5
E.T.P. = & 700 a6
Copper + 135 1200 N leB'_‘i‘ I
Tantalum 138 . 920 sk
'D. H. P, ; | ) o D. H. C.'plate surface
Copper g _ ' _ o . i hardened by shot peening
Rockwell B 9_(2 129 | : 900 o "‘ 79:& 5 , f'r.omu.RB';‘27_33 to .RB 89-97
Rockwell B 26 131 © 500 46 & 2 |
Silver 137 775 NEN .
C-18 Carbon - I 310 6l :‘: 10 Peak féltage limited

by oscillator power,
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TABLE IV (CONT.)

RELATIVE RESISTANCE OF METALS TO SPARK DAMAGE
| IN THE XC - CAVITY

MAX. TEST GAP PERCENT SPARKS TOTAL

MATERIAL ~ ON TIME-MIN. VOLTAGE KV INCHES AT MAX VOLTAGE SPARKS .  DAMAGE
D. H.P . 360 1020 5-3/8 63% 18336 Damage to large
Copper : R - areas both -~

(Shot ‘Peened)

‘D_o H. Po ] ) . 121 ‘
Copper .
(Fully Annealed)

Tantalum 97
.Satin Chrome 30
Plate ~
C-18 Carbon 640

plates, . North
plate suffered

. moSt damage.
One large crater

_penetrated -thru - -.:°

| o | -+ plate,
900 5-3/16  95% . 29440  Extensive spark

plates, Spark.
marks are not -

" restricted to
high gradient
region,

1105 5-7/16 95% 12000 Extensive spark-
: ing to both
plates and stem.
Spark marks 3-
- 5.mm in dia.
* but shallow.
750 - 5-3/8 Initial spark-
ing removed :
.chrome plate,
Sparking con-
tinued to
exposed copper.

310 15/16 ___ Spark damage
: if incurred is
of the order
of the gran-
ularity of the.
C-18 carbon.
Low energy
sparking.



Molybdenum

Inconel

K-Monel
Nickel

Stainless
Steel

0. F. H. C.
Copper

E. T. P.
Copper
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TABLE V'

' RELATIVE RESISTANCE OF METALS TO SPARK DAMAGE

"IN THE XC - CAVITY

TOTAL R. F.  MAX. TEST GAP PERCENT SPARKS TOTAL

ON TIME-MIN. VOLTAGE KV INCHES AT MAX VOLTAGE - SPARKS DAMAGE
988 1100 5-3/8 7286 21728 0.1 - 1 mm dia.

e

758
141
a3 -

6L1

335

craters limited
. to high field
region.

1085 - 3-3/8 95% 5666  1-2 mm dia.

y ' craters. Spark-
ing damage res-
tricted to
approx. 3 square
inch area,

1030 5-3/8 90% 14942  Sparsely marked
: ‘ 1-2 mm dia.
craters,

995 - 5-3/8 - 95% 934,  Similar to K-
. ' Monel and In-
conel,

810 1-3/8  95% 4800  Similar to K-
o : co . Monel, Inconel
and Nickel.

1080 5-3/8 898 . 6336 Overlaid pat-
s S ' tern approx.
4 times area
of largest
. sparks on Mo,
. approx. 1/16 -
deep. o

1250 . 5-3/8 2% 3200 Similar to
o ‘ @, F. H. C.
but deeper
craters and
more variable
in depth.
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VOLTAGE MONITORING LOOPS

1/2"%X1/2" GOPPER MESH

ELECTRODES

. PUMP OUT

41" R To & mae.
POLE PIECE

RF CURRENT CONTACTS

TOP VIEW

WATER COOLED

QUARTZ -WAVE HNE /

VOLTAGE MONITORING LOOM

OPEN SIDE VIEW

Fig. 1 - Drawing of Test Cavity

UCRL-1962 Rev
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A AAAAAA
Vv

/ MAGNET POLE FACE

SIDE VIEW

STEM ELECTRODE

SIDE _ELECTRODE

N|

S
N NS Y )
7
SN\ / ‘ .
/
N 7N %
N STEM ELEGTRODE '
MAGNET POLE FAGES
END VIEW

Fig. 2 - Test Geometry
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o + A
g @ T e 2Py , A POLSE N GATE SATED
+ SCALER
= f00f 2808 de608 AMP.#2
/STIL RENE
ALARM SGALER
SCALER ALARM
TOTAL TOTAL
SPARK SPARKS
SCALER REGISTER
MP.650A
CLOCK GRB869
056. PULSER
) + M| SPARK 20 CHAN. 20 GRAN.
PULSE GATES
REGISTERS
amp.#2 |-y AND AMPS.
(f R-F LOOP DUAL
IN TANK GATE GHAN.
SCALER
v?rLl‘p;AgGE TOTAL RF ON
REGISTER TIME. REGISTER
0.01 min. kastcooht
MU- 4347

Fig.

3 - Spark Monitoring Circuits
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SOFT PHOS. DEOX. Cu.

TANTALUM

HARD PHOS. DEOX. Cu.
o.f.h.c. Cu.
ELECTROLYTIC GCu.

ePOe ©

7 @
A T .
0.2 0.4 0.6 0.8 1.0 1.2
PEAK R.F. MEGAVOLTS

FIGURE 4
MU—4348

Fig. 4 - Sparking Rate Versus
Voltage Curves

——
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o 7-8:82
Puos D0

Fig. 5 - DHP Copper Side Electrode
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Rony No. 1] ~OPHC Copper i

ST ~ Yoa. 6FF ; o)
7(te]52  Sparks mulm Lgi%o

T Fig. 6 - OFHC Copper Side Electrode
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Fig. 7 - ETP Copper Stem Electrode
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AFig. 8 - ETP Copper Side Electrode
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Fig. 9 - Eroded DHP Copper
Side Electrode
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Fig. 10 - Shot-Blasted DHP Copper
Side Electrode
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11 - Fully Annealed DHP
Copper Side Electrode
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ZN-433



Fig.
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12 - Tantalum Stem Electrode
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TANTALUM

1200 SPARKS

46

Fig. 13 - Tantalum Side Electrode
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Fig. 14 - Molybdenum Stem Electrode
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Fig. 15 - Molybdenum Side Electrode
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Fig. 16 -.Inconel Side Electrodes

UCRL-1962 Rev



50

i L ' n!mu\|‘«.|ntm;‘m1‘..: ‘
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Fig. 17 - Inconel Side Electrodes
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ad

Fig. 18 - K-Monel Side Electrode



INCONEL SPARKS

SOUTH 5666
52 1iME= 238 2300

£ RUN |8
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M (& i L s 5 6 0 1

Fig. 19 - C-18 Carbon Stem Electrode
Showing Details of RF Contacts
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o
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Fig. 20 - C-18 Carbon Side Electrodes
Showing Details of RF Contacts and
Thermal Expansion Joints
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IN-442
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Fig. 21 - C-18 Carbon Side Electrodes
Showing Details of RF Contacts and
Thermal Expansion Joints
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ZN-443
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O — MAGNET ON
X —MAGNET OFF

200

150

10 20 30 40 50 60 70 80 90 100
NET TANK INPUT POWER

MU—-4349

Fig. 22 - Peak RF Voltage Versus Power
Input for C-18 Carbon Electrodes
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Fig. 23 - Type 316 Stainless Steel
Side Electrodes
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Fig. 24 - Satin Chrome-Plated Copper
Side Electrode
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Fig. 25 - Inconel To DHP Copper Weld
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SoLoerR TESTPLATES  $PARKS MAc o 13098
Ron 20 2-15-52 " OFFE 1510

Fig. 26 - Solder Test No. 1
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Sorper 3 MAG. SPARKS
Run 25 $-25-52 OFF 24’;2
Time 68.90 CLIG

Fig. 27 - Solder Test No. 2
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RuN 23 MAL SPAKKS
GoLDER ¥2 OFF 9124

NORTH ON 14000

Fig. 28 - Solder Test No. 3
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Fig. 29 - Photomicr
Marks on
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ographs of Spark

Center Electrode
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Fig. 30 - Photomicrographs of Spark
Marks on Center Electrode
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Fig. 31 - Cracking and Peeling of Thick
Sputtered Material on Stem Electrode
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PEAK R—F VOLTAGE
(KILOVOLTS)

65

o=
%

3

RELATIVE MAGNETIC FIELD (KILOGAUS)

A

NO MAGNETIC FIELD

MAGNETI

T / / /
SUFFICIEN
C

PEAK RF

MU-4350

Fig. 32 - (a) Variation of Breakdown
Voltage with Magnetic Field

(b) Variation of Sparking
Rate with Magnetic Field
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Fig. 33 - Spark Damage Concentration
on Closest Side Electrode
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e

RUN # 25
INCONEL
MAG. FlELD TEST

Fig.34 - Spark Damage Concentration
on Closest Side Electrode
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700
1200 COUNTS/MIN. 665KV, / RUN NO.17 INGONEL / \\RUN 18 INGONEL

6001 2¥8" GAP 338" GAP
= 5001
=
~
0
x
[ 4
&
| 4001
w
&
-4
g []
X 300
@
8
0
z
<
;’ .

200 MAGNETIC FIELD & 15,000 GAUSS

1004

!
N ' o Ao
r ey =P = T ) v X p“ v e
300 400 800 600 700 ., 800 800 1000 1100 1200
PEAK"RF” VOLTAGE — KILOVOLTS
MU-4351

Fig. 35 - Sparking Rate Versus
Voltage for Inconel
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METHOD I
1200y 1025 KV 1025kv T8 KV 1025 KV
!
1000
895KV 895 KV
600 | k——9sparks— k——11 sParks ———|
B8O KV
600584y 80%DUTY CYCLE T 50 % DUTY GYCLE
MAGNET ON FROM
4
00 HERE,TO END OF |
1 TEST
END OF DAYS RUN
200 15000 GAUSS END OF SECOND
1 DAYS RUN
o A e A A 4 2 3 2 e 3 e g . AN Y e
0 200 400 600 800 1000 1200 1400
TOTAL R—F ON TIME — MINUTES
. A
METHOD I¥
1200 6 SPARKS
1000 900 KV.
00 19 SPARKS — >y
740 KV 724 KV- _
END OF BAKE=-IN TEST
600
80% DUTY CYCLE
400 TO HERE 25 % DUTY GYCLE FROM HERE ON.
200
1200 1400 1600 1800 - 2000 2200 2400
TOTAL R=F ON TIME— MINUTES
MU-4353

Fig. 36 - (a) and (b) Voltage Conditioning
Schedule For Inconel
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v
I1=c,ve?

RUN 30 SILVER ELECTRODES
5-5/16" GAP NO MAGNETIC FIELD
25 PERCENT OUTY CYCLE

10

200 400 600 800 1000 - 1200
PEAK R~F VOLTAGE —KILOVOLTS

MU—-4354

Fig. 37 - X-Ray Loading Versus
Voltage Silver
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1=cyve?’

3-5/46" GAP NO MAGNETIC FIELD
26 PERCENT DUTY CYCLE

10
o

200 400 600 800 1000 1200
PEAK R—F VOLTAGE- KILOVOLTS

: MU—4355

I;"ig. 38 - X-Ray Loading Versus
Voltage OFHC Copper ‘
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0= 1000 KV
8= 1040 KV
1004
'_ E.T.P. COPPER 3 ¥16" GAP
NO MAGNETIC FIELD
NOTE:R~F OFF FOR TWO HOURS
BETWEEN RUN AT 940 KV
AND 3000 KV
10 ’ v v o=y
o.01 01 TiME-mINUTES 1.0 0
A)
MU-4356
Fig. 39 - Variation of Sparking Rate

with Electrode Temperature

7
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Fig. 40 - Spark crater . 025 in. in diameter. Inconel
Electrodes. Note . 002 - . 008 in. radial cracks.

Fig. 41 - Extensive recrystallization . 005 to . 007 in. into
the surface of Inconel electrodes.



74 UCRL-1962 Rev

Fig. 42 - Fusile bond of material transferred across
the gap as a result of a spark. Inconel.

e e i,

Fig. 43 - Mechanical bond of material transferred across
the gap as a result of a spark. Inconel.
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