:

TECHNICAL REPORT ECOM-00394

STUDY

FINAL REPORT
I6 November 1964 through 15 November 1969

Prepared by:

iON PHYSICS CORPORATION
BURLINGTON, MASSACHUSETTS
Jund 1970

DISTRIBUTION STATEMENT

This docum:ent has been approved for public
releare and sale; its distribution is unlirnited

G CBUERIOEN0IOLI000 0082000000008 00000R00BEGETIHOIINNEINGINORGUIIVS |

000ERICOO8DOI0LT00009008009900

ECOM

UNITED STATES ARMY FLECTRONICS COMMAMND - FORY MONMOUW, N.J. 87762
Rep?f"eczdab?uﬂzxouss -

for Fodare S & Tacicl D C:

B S GILHI

sep 17 1970

HIGH VOLTAGE BREAKDCWN

o




HIGH VOLTAGE BREAKDOWN STUDY
16 November 1944 through 15 November 1269

Final Report -

Contract No. DA-28-043-AMC-01394(E)
AMC Task No. .,00.21.243. 40, 00

Pregared for:

U.S., ARMY ELECTRCONICS COMMAND
FORT MONMOUTH, NEW JERSEY

Sponsorad by:

ADVANCED RESEARCH PROJECTS AGENCY
ARPA Order No. 517

Prepared by:

M. J. Mulcany, P, C, Bulin, W, R, Bell, A.S. Denhoin,
F.J, McCey, G. K. Simcox, M, M, Thayer,
F.Y. Tse and A, Watson

iON PHYSICS CORPORATION
BURLINGTON, MASSACHUSETTS

DISTRIBUTION STATEMENT

This document has been anproved for public
release and sale; its distribution is unlimited.




é‘
TABLE OF CONTENTS - ﬂ'
Section Page
1 REVIEW OF THE CONTRACT ............. 1-%
2 GENERAL ..... W e e e e e e e e e e e e e e e e 2-1
2.1 Introdaction . ......... e e e e e e e Z-1
2.2 300 ‘kV Test Apparatus . . ........... e e 2-2
2.3 Factors Influencing Vacuum Breakdown . . ... .. .. 2-2
2.4 Factorial ana Statisticzl Design . . .. .. e e e e e 2-3
2.5 Sequence of Experiments .. ....... . e e e 2-3 E
3 300 KV TEST APPARATUS AND :
EXPERIMENTAL PROCEDURES .. .... S e e e e 5-3 ’
3.1 ID*reduction ... .. ... ... ... e 3-1
3.7 Vacuauom Chamber and Systesn . .. ... .. .. ... 3-1
3.3 Electrical Circuit . .. ., .. e e e e e e e i-4
3.4 Magnetic Fi=ld . ... L L o oL, e e 3-9
2,5 Instrumentation . . . .. ... ... .¢ou e eunnene.. 3-13 3
3.6 Electrode Prccessing .. ........... e e e e e e 3-14 :
3.7 Barium Contamination Device . .. ..., ........ 2.i4
3.5 Dielectric Envelope ... .................. 3-14
3.9 Electrode Geornetry . . .. ... . ...ttt ... 3-18
3. 10 Experimental Procedure .................. 3-18
4 FACTORS INFLUENCING VACUUM
TREAKDOWN | © .. . et i et e e et e 4-1
4.1 Imtreduction ... .. ... ... ... .. ... ... 4-1
4.2 Theories of Vacuum Breakdown ., ............. 4-1]
4.5 Environmental Factors ... ................ 4-1
4.3.1 ResidualCas .................... 4-1
43,2 Temperature . ... .. ... . ¢cuverinuonn. 4-2
4,3,.3 DEnvelopt ... .. i ittt e e 4-3
4.3.4 MagneticField .. ... ........ ..... 4-4
4.3.5 Comntamination . . ... ............ e 4-4 ‘
4.3.6 OxideFilms .. ................... 4-5 T
it




o A e S A Ve W e e i o . %
55
3¢
.
TABLE OF CONTENTS (Continued) ;
4.4 FieldsandGeometry ... ...........¢...... 4-5
4.4.1 Electrostatic Field, Macroscopic ... .. .. 4-5
4, 4.2 Electrostatic Field, Macroscopic ... .. .. 4-6
443 AreaBEffect ..................... 4-7
4.5 Ele .trode Materials and Surface .
Properties . . . .. ... .. it ittt it 4-9
4,51 ParticleContent ............. e 4-9
4 5.2 GrainSize .............. e e e e e e s 4-9
4,53 Hardness ........... e e e e e e e 4-9
4.5.4 Physical Properties . ...........,.... 4-11 §
4. 6 Electrical Circuitryand Energy ... .. .......... 4-11
4.7 FExperimentalFactors .................... 4-12 ;
5 FACTORIAL AND STATISTICAL DESIGN . ........ - 5-1
5,1 Factorial Design . . ... ... ...c0vveeeuunen. 5-1 ;:
5.2 StatisticalDesign ....................... 5-4
6 PRELIMINARY EXPERIMENT . ................. 6-1 ‘
6.1 Introduction . .. ...........c0cueeuuunnn. 6-1 :
6.2 ObBJECLIVE . o o v o ee et e 6-1 f
6.3 Apparatus . .. ... L. e e e e e e e e e e 6-2
6.4 [KElectrode Conditioning . .................. 6-4
6.5 Monitoring Techniques . . .. ................ 6-8
6.6 Conclusions ... .. .... ... ...t 6-18
7 SEVEN FACTOR PILOT EXPERIMENT . ., .. .. ...... 7-1
7.1 Imtroduction ... ..............ciieeo... 7-1
7.2 ExperimentalDesign ..................... 7-2
7.3 Breakdown Voltage .. .................... 7-2
7.4 Prebreakdown Phenomera . ... .............. 7-7
7.5 Effect of Breakdown on Electrode Surfaces ... ... 7-12
7.6 Conclusions . .. .. ... ...ttt eeesieeenns 7-16
iii




R L T e R L et At i
= TABLE OF CONTENTS (Continued)
3 Section Page
Y 7.7 Recommendations ,.............. e ae e 7-18
B 8 BLOCK OF EIGHT EXPERIMENT .. .............. 8-1
: 8.1 Imtroduction ........................... 8-1 f
2, 8.2 Breakdown Voltage ...................... 8-3 ‘
H 8.3 PrebreakdownCurrent .. .................. 8-14 1
7% 8.4 Voltage Coilapse . . ..........0c.uviviinn.. 8-17 |
> 8.5 Conclusions . .. .. .. .. ...ttt eneeeenn. 8-17
} 9 BLOCK OF THIRTY-TWO EXPERIMENT .......... S-1
N 9.1 Imtroduction . .. .. .. .. . i i i i ittt s 9-1
i - 9.2 Breakdown Voltage .. .................... 9-1
| ) 9.3 Conditioning, Reproducibility and
Factorial Estinates . ., ., ... ... e e e e e e 9-8
i 9.4 Breakdown Voltage as a Function of Gap
and Transverse Magnetic Field . . ..., ........ 9-15 s
.5 VoltageCollapse . . .. .........¢c00uiutuonnan 9-15
.6 Effect of Gas Exposure Upon Breakdown )
Voltage . . .. .. .. .. it ittt 9-25
9.7 Effect of Breakdowns on Electrode
Surfaces . .. .. .. ... e e e 9-27
S 9.8 Conclugions . .......... e e e e e e e e 9.29
. 10 ENERGY CONDITIONING STUDY . . ... ... .. .... 10-1
- 10,1 Imtroduction . .. .......... .00 unnnnn.. 19-1
e i0.2 Experimental Design . .................... 10-1
10. 3 Effect of Energy Conditioning on
Breakdown Voltage . ................. 10-3
10. 4 Factorial Influences on Breakdown Voltage .. .. .. 10-13
10.5 Prebreakdown Current . ... ................ 10-20
10. 6 Discharge Characteristics .. ... ............ 10-25
10. 6.1 Introduction .................... 10-25
10. 6.2 Experimental Observations .......... 10-27 ¢
\ ]
iv
— = i

w7




Section

11

12
13

10. 6.3 Discharge with 30 Kilohm

Series Resistance , , , . ... ..........
10. 6.4 Discharge with 1 Kilohm

Series Resistance , ., . .. ... e e e e e
10. 6.5 Discharge with 25 Onms of

Series Resistance . , ... .. .... e e e e
10. 6.6 Crowbarring - Effect on Discharge , ., ..

10. 7 Effect of Time in d¢ Vacuum Breakdown ., ., ., . . ...

10. 8 Surface Changes Due to Breakdown . .

TABLE OF CONTENTS (Continued)

10. 9 Anode Material ., .. ... e e e e e

11,

11,

11,

11

3.1

.3.2
11,
11,
11,

3.3
3.4
3.5

1 Introduction . _.............
11.2 Experimental Procedure .., ., ...
2

Experimental Results ., ., ... .o

General ., ....... ce e
Copper Electrodes .. ..,
Ti-7Al-4Mo Electrodes
Nickel Electrode e e e

Stainless Steel Electrodes

11. 4 Interpretation of Results , ... ...

11,5 Conclusions ., .. ............ .

CONCLUSIONS
REFERENCES

s o o o o o o s o o

-----------

-----------

...........

...........

ooooooooooo

Page

10-27




Figure

w
1
™~

3-10

3-11
3-12

6-3

6-4

6-5

LIST OF ILLUSTRATIONS

Vacuurm Chamber System for 300 kV dc Testing ...
Asbestos Blanket Baking Oven Installed on Chamber.

Modified Bottom Electrode Support with Quick
Disconnect Mechanism .. .. ... 0 eveanvueess

Modified Pumping System .. . ... . ¢ v v v e,
Outline of 360 kV Vacuum Breakdown Apparatus ...
Feedthrough Bushing ....................
Variable Gap Pressurized Crowbar............

300 kV System with Magnets . ...............

Schematic of Electrical Tests and Instrumentation Circuits

Double Furnace Arrangement for Vacuum or
Hydrogen Firing ... ... .. ¢ oot vvenescnsss

Hydrogen Firing System .. .. ... 0tvveenenn.

Mechaniem for Introducing Barium Contamination
Source into Vacuum Gap . ........

Dielectric Envelope Assembly ...............

Bruce Profile Electrode Geometsy for Uniform Field.

Electrode Area Effect . . . v v v v v v o o o v ot o v v un

High Voltage, High Vacuwum Experimental Facility
Employing Two 250 kV Bushings . ............

Variation of Microdischarge Threshkold Voltage
22 a Function of Gap Distance «. . ... ... .. ... ..

Simuitaneous Recording of N2 Partial Pressure and
X-RayOutput . . o0t it e ot oo veeeecesss

Comparison of Breakdown Sequence Diagrams for
Electrodes Conditioned by Sparking and by Present
Technique . .. ..t ittt o it it ot enneeeeens

Experimentally Determined Pulse Height Spectra of
x-RaYS D!lring Conditioning @ & 2 v ¢ 2 s e 2 s v s 0 0 0 e

Typical Recording of X-Radiation from Etched Surface

as the Voltage is Increased in Steps . . . ¢ e v v v o s

.

.

.

Page
3.2
3.3

3-5
3-6
3-7
3-8
3-10
3.11
3-12

3-15
3-16

3-17

3-19 :
3-20

4-8

6-5

6-6




P T

S AL T T, YTy T T

6-8

6-9

6-10

6-11

6-12
6-13
7-1
7-2
7-3

8-2

LIST OF ILLUSTRATIONS {Continved)

Equivalent Fowler-Nordheim Plosts of X-Ray Output
Showing Result of Variation in Field Enhancement
Factor and Effective Emitting Surface Area ..........

Fowler-Nordheim Plots for Twe Consecutive Voltage
Applications Without Breakdown ....... 4o e e e e o oo

Sequence Diagrams of Breakdown Voltages with the
Corresponding Average Enhancement Facters . ........

Current and Collimated X-Radiation as a Function of
Voltage for Three Consecutive Step Tests .. ....... . e

Variation of Effective Interelectrode Gas Density
Calculated from Experimental Results ........... e e

Typical Recordings of Visible and X-Radiation . ........
Visible and X-Ray Recording Demonstrating Runaway , . . .
Sequence of Breakdowns for Treatment ‘acg' ..........
Half Norrmal Plot for 2. 0 cm Conditioned Gap . ........

Half-Normal Plot of Smoothed Results - Conditioned
Electrodes .. ... . .. ittt it teteeeseenenn oo

The Square Root Law for Treatment abcdeg . ..........

The Square Root Law for Treatmentacf .............

500 X Lt et e e e e e e e

Severe Attack on Copper Anode Magnification: 50 X .....
Severe Attack on Titanium Alloy Anode Magnification:
100X .. ..., it S e e s e s e e e
Alpha-Beta Microstructure Revealed by Electron
Bombardment Magnification: 200X ......... s e e
Breakdown Voltages vs \f Gap - Initiai Series -
BlockofEight ................. c e e e et s e e e
Breakdown Voltage with and without 250 Gauss Transverse
Magnetic Field vs '\/ Gap - Blockof Eight ,.......... .
vii

6-12

6-13

5-14

6-16

6-17
6-19
6-20
7-4
7-5




e % . g 32l Yo o
e e L B A N A TN TR T T N
z e - =

o

Figure
8-3

8-4
8-5
8-6
9-1

7’

9-2

Sargs ¥

9-6
9-7
9-8

9-9

9-10

9-11

9-12
9-13

9-14
9-15

9-16

gl =ity

LIST OF ILLUSTRATIONS (Continued)

Average Percentage Change in Breakdown Voltage at
Large Gaps as a Function of Transverse Magnetic
Field Strength ..... s e e e

V-1 Characteristics for Different Magnetic Field Strength. .
The p EffectonCurrent . . .. ... . ¢t ot oo eeosus
Collapse of Gap Voltage Block of Eight Experiment ,. . ...
Various Types of Conditioning Curves - L.Ocm Gap .....

Comparison for Factorial Estimate of Effect of Cathode

Material ............. oo e e e s et ..
Reproducibility of Treatmentcd .. ... .. e e s e s s
Reproducibility of Treatmentace ... ... e e s e e e e e

Comparison for Factorial Estiraate of Effect of
Cathode Material ............. .

Plot Shewing Sequence of Breakdowns . ... ... ........
Breakdown Voltage Conditioning Plot for Treatment be ...

1
Breakdown Voltage vis (Gap) /2 for Average of All
Treatments with Bruce Profile Anodes-Initial Test Series.

Linear Plot of Average Breakdown Voltage vs Gap for
All Treatments with Bruce Profile Anode-Initial
Test Series ...... e e e s e o

Conditioning Plot - Average Breakdown Voltages for
Treatments with Bruce Profile Anodes . .

Averaged Breakdown Voltages vs \J Gap for Block of
Thirty-Two - Effect of Gap and Transverse Magnetic Field.

Voltage Collapse - Block of 32, . ,.

Average Time to Voltage Collapse for Sixteen Treatments
from Block-of-Thirty-Two .............. ..

Typical Anode and Cathode Surface Change Features

Geometrical Factors of Size and Shape for Block-of-
Thirty-Two Cross Section View of Electrode Paris at
l.Oem Gap . ......4c. t et e s e s e et

Preliminary Energy Conditioning Sequence at 1. 0 Gap
for Aluminum Electrodes (Treatmentc). ... ....

oooooo

viii

Page

8-12
8-15
8-16
8-18
9-9

9-11
9-12
9-13

9-14
9-16
5-17

9-18

9-19

9-20

9-21
9-23

9-24

9-28

9-30

9-32

~t




Ly
e VP

e de
SRl

Figure

10-1
10-2
10-3
10-4

10-5

10-6

10-7

10-8

10-9

10-10
10-11
10-12
10-13
10-14
10-15

10-16

LIST OF ILLUSTRATIONS (Continued)

Page
Energy Conditioning Curve for Treatmentabc ... .... .. 10-5
Energy Conditioning Curve for Treatment ab-Ti ..... .. 10-7
Energy Conditioning Curve for Treatment ab(R). ... .. .. 10-8
Typical Energy Conditioning Performance - Average
Breakdown Voltage Level as a Function of Electric
Circuit Parameters of Energy Storage and Series
Resistance . .. .. . ... i i ittt eeinenoenns 10-11
Conditioning Curve for Treatment ab:Ti2 - 4-Inch
Diameter Bruce Profile Electrodes - Ti-7A1-4Mo Anode
and Cathode with Extended Series of High Energy
Discharges .. ... .... ... 00t enneenn 10-14
Fowler-Nordheim Plot - 4 Inch Diameter Bruce Profile
Electrodes After Conditioning Anode and Cathode of
Ti-TA1-4Mo . . . ... ittt i it i . 10-21
Dependence of Voltage for 10-6 Amperes of Prebreakdown
Current Upon Gap for Representative Treatments -
Measurements are for Well Conditioned Electrodes 10-23

Correlation of Curves for Breakdown Voltage, 10-6A
Voltage Level, and Compuied Field Enhancement
Factor B for Treatment abc - Energy Conditioning Study .. 10-24

Typical Discharge Waveforms ... ................ 10-28
Schematic of Electrical Test and Instrumentation Circuits. 10-29

Typical Withstand Properties of High Impedance Condi-
tioned Vacuum Gap - 4 Inch Diameter Uniform Field
Nickel Electrodes . . . . ... . it it ot v ittt o aneusaa 10-34

Surface Changes on Aluminum and Sta ‘ess Steel
Anodes Due to High Energy Discharge Conditioning ..... 10-37

Surface Changes on Ti-7A1-4Mo Anode Due to High
Energy Discharge Conditioning .................. 10-38

Surface Changes on Copper Cathodes Due to High
Energy Discharge Conditioning ......... G e e e . 10-39

Anamolous Damage Due to Partial Adhesion to Anode
Material on Cathode Surface Stzinless Steel Electrodes. .. 10-41

Conditioning Curve, 4-Inch Diameter Bruce Profile
Electrodes Stainless Steel 304 Anode and Cathode at
0. 75 ecm Gap

e

!

B




wes W,A\tmwlgw- - e

o g

S R N T S T S T P T T o

LIST OF ILLUSTRATIONS (Continued)
:
F Figure
10-17 Conditioning Curve, 4-Inch Diameter Bruce Profile
Electrodes Aluminum Anode and Ti-7A1-4Mo Cathode
at0.7%cmGap ........... t e e e e e e et e e
10-18 Conditioning Curve, 4-Inch Diameter Bruce Profile
Electrodes Ti-7Al-4Mo Arode and OFHC Copper Cathode
Low and High Energy Discharges - 0,75 cm Gap .. ....
10-19 Correlation Betwsen Anode Material Physical Properties
and Breakdown Voltage Duxing High Energy Discharge
Conditioning . .. ................ D e e e e e
; 11-1 Mechanism for Introdacing Barium Contamination
] Source into Vacuum Gap .. ... ... ...t iit e
i 11-2 Conditioning Curve for Barium Contamination Treatment
1, 4-Inch Diameter Bruce Profile Vacuum Fired OFHC
Copper Eiectrodes at 0.75cm Gap . ..............
. i1-3 Dependence of Breakdown Voltage and Voltage for 10-6
i Amperes of Prebreakdown Current on Gap and Gap fox
i 4-Inch Diameter Bruce Profile OFHC Electrodes , ..., ..
2 11-4 Surface Changes on Copper Anode Due to Many Low
by EnergyDischarges ...... . ...................
2
; 11-5 Moiybdenum Aucde v: Ti-7Al-4Mo Cathode Showing
3 Limitaticns Imposed by Anode Heating . ...... . .....
5] 11-06 Dependence of Breakdown Voltage oa Gap for 4-Icch
" Diameter Bruce Profile Copper Electrodes Before
: Barivm Contamination . ..., ............0......
11-7 Condition:ng Curve for 4-Inch Diameter Bruc: Profile
; Electrodes - Ti-7Al-4Mo Anod: and Cathodz -
. Barium Contamination ....,............... s e a
7 11-8 Conditioning Curve for 4-Inch Diamreier Bruce Profile
° Electrodes Nickel Anode and Cathnode at 9, 75 cm Gap -
g Barmm Contamination of Cathode ., .., .. .........
A 11-9 Damage on Nickr.l Cathode dae te Fracture of Coating
o uf Arode Material /Nickel) - L«ck of Adhesion i3 due
;‘fo to Parim Contaminatior ., . ................ R
.-:2% 1i~10 Conditicning Curve for 4-Inch Diameter Bruc> frofile

P
™

HS

r———— A—— - Vo b 1= oot - ST - -

\/".-

Electrodes Stainiess Steel Arode and Cathode - with
Barimr Contamination . . .. .. v vttt vt v rvcnennas oo

Page

1% orerl

10-45

10-46

10-50

11-3

11~6

11-9 4

11-19

11-11

11-13

il1-14

11-16

11-18

~1-19

1

A
1
t
/




Table
2-1

8-4

8-5

&-6

9-1
9-2

9-5

LIST OF TABLES

Sequence of Experiments - High Voltage
Breakdown Stady . .. ......... ,

--------------

Insulation Strength at 1 mm Gap for
Several Metals . ... .................

Experimental Factors . ... ....................

Table of Signs for Computation of Factorial
Main Effects and Interactions . .. .,

..............

Experimental Design - Pilot Experitment . . . . ... ... ..

Breakdown Voltage for Pilot Exprrimeat

............

Experimental Design - Bluckof Eight . .. . ... ... ...

Breakdown Voltage (kV} - Initial Series -
BlockorEight , . .. .. .. ... ...............

Breakdown Voltage {kV} With and Withcut 250
Gauss Transverse Magnetic Field -
Block of Eight , ., . ... .. .

.....................

Estimates of Eff_eci:s and Interactions of Factors
Initial Series of the Blockof Eight ., . ... ...........

Estimates of Effects by Yates Algoriithm for
Conditioned Gaps with (''yes") and Without (''no")
250 Gauss Transverse Magnetic Field -

Block of Eight

Factorial Comparisons - Conditiored Breakdown
Voltages Without Magnetic Field -
Block of Eight

Experimental Design - Block of Thirty-Two ... .......

Optimum and Average Breakdown Voltages
Treatments with Spherical Anodes . ... .. .. -

......

Optimum and Averaged Breakdown Voltages for
Treatments with Bruce Profile Anodes ., .. ...., ...

Yate's Analysis with Optimum and Averaged
Breakdown Voltage - Block of Thirty-Twoe ... ... « oo

Yate's Analysis with Optimum: and Averaged
Breakdown Voltages of Sub-Block witk Same
Metsals for ..20ods and Cathode - Rlock-of-32 . ... . ... ..

xi

4-10
4-14

5-6
7-3
7-6
8-2

8-8
9-2

9-3

9-4

9-6

92-7




- & R
TR F N A A YN A {3

. e T o IR A, SR T T Tk MR RISy AT
T BN e 2, PR e g S 0 YD e, TERAIAS T AL R HTR T iy, NN

T e
e
G AT

ot
24y,
o
©
AP

LIST OF TABLES (Continued)

f%r% ¢ Table Page

9-6 Average Breakdown Voltages for Exposure Tests -

-Treatments with Spherical Anodes .. .............. 9-26

10-1 Experimental Design - Energy Conditioning
Study . . ... e e e e e e e e e e e

10-2 Experimental Sequence of Energy
Conditioning Study . . . ... ... ... ... 1G6-4

10-32 Average, Maximum, and Minimum Breakdown
Voltage Lzvels for Energy Conditioning Study . . . .. .., . 10-47

10-4 Factoriai Estimates for Energy
Conditioning Study . .. ... ... ... ... ic-18

o
«Ml}r Y oAl

16-5 Comparisous for Effect of Anode Material
Energy Conditioning Study . . . ... .. ...

10-19

1vu-6 Effect of Anode Material on Breakdown

Voltage and Pitysical Comstants . . .. .............. 10-48

P
S - - e e s o VT e
e e S oA al e - RO AP T n e ""}""-MN_, [ wepT ety o~ > - a
B e -
¢ < P ~ e ~ N -
- N . — ~
- - - - %% LT ~
- e - T3 - et e T
-~ - - e - wTReT we D -
£ 5 ol - - - — g




. SECTION 1
REVIEW OF THE CONTRACT

On 16 November 1964, Ion Physics Corporation was awarded
Contract DA-28-043-AMC-00394(E) entitled High Voltage Breakdown Study.

The objective of this was to determine and study the factors intluencing %i,n volt-
age vacuum breakdown under conditious pertinent te high power tube operation

in the range of 100 to 300 kV. The Ccntract called for a statistically designed
controlled experiment, Factorial design was chozen becaun~e it provided a
powerful tool for the analysis of the results and enabled information to be de-
rived from a minimum number of experiments on both the effects of the individ-
uzl factors and on the degree of interactiorn amoayg factors,

The Contract started on 16 November 1964 and was scheduled to run
urtil 15 Movember 1969. This feport summarizes the program. A general
introduction is followed by a description of the apparatus, an introduction iv ‘he
factors important in vacuum breakdown, a discussion of the techrique of factorial

design and the following sequénce of experiments:

I Preliminary Experiment
I Pilot Experiment
1 Block of Eight Experiment
v Block of Thirty-Two Experiment

v Energy Conditioning Study
VI Barium Contamination Experiment
1-1
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SECTION 2
GENERA L INTRODUCTION

2.1 Introduction

&[‘here is a need for very kigh voltage vacuum tubes for certain high
power ra::iar syvstems. Unforlunately, sericus probiems are experienced in
operating tubes reliably at ;:he required voltage, which can be as high as 300 kV
or more. For example\, Wklystrons\of the modulated anode type, where direct
voltage has to be supported, arwe;pa.rticula.rl‘; prone to breakdown within the
vacuum envelope. There seems tc be little information on the precise nature of
the problem. This is partly because usual method of packaging high power tubes
and the radiation they produce makes difficult the visual observation of the dis-
charge. Deductions about the problem appear to be essentially of the '"post
moriem' uatere; i.e., from brezkdown damage., However, it is clear that
octh vacouwun gap treakdown and internal insulator flashover can occur, 'Plﬁé
program has been directed to the study and selution of the problom of breakdown
within high powe. tubes to 300 kV. During the course of%uv study, visits to
awd discuzcices ith fate mangfacturers have contirmed the romplexity and
prectic2i consequences of ?hgs problem of vacuuri gap breakdown and insulator
flashoverjand punctureé) 4-—-

Tae available lztera.ture on vacuum breakdown was, at program
outset and still is, cunfusing, scmetimes contradictory, and moatly related to
voltages and environments which are nct particulariy relevant to the problem of
breakdswn ir: very bigk voltage tubes. It was therefore important that the prc-
gram should start without preconceived notions, which could be wrong, and
through scientifically designed experiments and sufficient sustained effort
arrive at the truly significant facters in vacuum brezkdown; and hence, Lbetier
high voltage tubes. Although preconceived but unproven ideas should not influ-
ence the conduct of the program. it was essential that in designing the experi~
ments no factors which might be important should be om:‘ted, Hence, there
was a need for the investigatur to comrbine an objective perspective with a de-

tailed knowiedge of tnose variables known te be critical to the phenomenon,
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The factors which tould be important had to be determined, and a
decision made on those which would be varied in the designed experiment. The :
others were maintained constant. The greater the number of conclusive tests
which could be accomplished within 2 given effort and time, and the more con-
irol over the experimental parameters. the more powerful the program. This
in turn, leads to a discussion of the design of the test vehicle, the technique of
factorial and statistical design, the selectior of factore and the seguence of the

experiments.

2.2 300 kV Test Apparatus

In order to simulate high power vacuum tube conditions the appara-
tus has to satisfy the following requirements. The vacuum test chamber should
evacuate to 10“9 torr and be free cf organic contamination. Further, it is re-
quired to bake to 400°C either the chamber and contents, or the electrodes
alone. Within the chamb r a veltage up to 300 kV is specified for application
across the electrode gap, which should be variable up to about 5 cm for a range a
of geometries, In some experiments a magnetic field of 500 gauss is required
either perpendicular or parallel to the electric field vector. Finally, a range
of enzrgy ievels up to 7000 J are desired together with the facility of crowbar-
ring in the latter case at variable times ziter initiation of a vacuum breakdown,
Facilities should be prcvided for monitoring voltage, prebreakdown current,
total and partial pressures, voitage collapse waveforms, breakdown current
pulse, optical and X-ray output. The apparatus designed to meet these require-

ments is described in Section 3.

2.3 Factors Influencing Vacuum Breakdown

In any experimental program it is important to be cware of all the
parameters which may be significant. If one strongly significant parameter is
omitted, i.e., not controlled, the results will exhibit a large random scatter
or error and the significance, reliability and level of confidence of the trends

and conclusions will be, acccrdirgly, reduced. To minimize this possibility,
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. would be controlled, The factors selected for study are discussed in Section 4,

2.4 Factorial and Statistical Design

TV

] ’ both theory and previous experimental work were examined so that all factors

Two methods of approach usually exist for investigating a physical
system, The fundamental processes 2ffecting the behavior of the system may be
studied or a more empirical approach may be adopted and the effects of various
changes in the system studied directly. The latter method is indicated when the
underlying physical mechanisms are little understood and practical results are
of primary importance. In this case, the principles of Factorial Design(l) can
be used to optimize experimental design. This provides a powerful tool for the
analysis of the results and enables information to be derived from a minimum

1 number of experiments both on the effects of the individual factors and on the

degree of interaction among factors, It is discussed in Section 5.

2.5 Sequence of Experiments

Six major experimental blocks have been completed which investi-
! gated via factorial design the factors of electrode materials, electrode process-
ing, surface finish, electrode geometry, electrode and system bakeout, elec-

trode size, energy conditioning, transverse magnetic field, gas exposure, and

barium contamination. The allocation of these factors to experimental blocks
and the levels of each factor are given in Table 2-1. Also given are the major
details of experimental conditions and the variatles cf prime interest during
each block, In addition, common factors such as electrode spacing and low

energy conditioning were investigated in all blocks., The results of each block

were used in designing the succeeding black,

ANV A 2 ST A0

LI Bl LRI o xS Y] : E\-

X
N
i
i
H
H
H

EEA Ty vy e s

R 2 T R T TR S S T A § R R T PN YT N

RIS

v SRIPTIES TE AL AR Aoy ewps

R




HREAR Syl T ORITITEEI N, KT IEE TV FA AT A

-

AR PTCED

LT Regt el e DT BTVE

Sl it 2

TNHANTANTY 2 s

a2l

ARG A TSR T AT L r S o

b
d

AN

e e My e O T S MENT S IR T i

TUSIAND UMOPYveIqeig
Yajucipuo A¥isug

s8polIdely Yi10g
Atuo opouy
4tuo spoyimd
woyIIm

18A%7]

ToRRwaIIN0) wnjivg

19835 se0UINIS $OE

no SHIC

| IR ERTY

OWp-1VL-TL
TiasIe epoiideid

93030W,
P91 ] wiojjuny
WS §L 0 - 49O (el

A% 00¢ O

[ —

® WeIIND
*8dW[10) 9PWIOA umopywedg
[WOIIND UMOPAEIqe A

yueg

t0313eded g st 0
QM £ 0§29 03 £ OS
o2y eBwioig ABzeuy

swiyotpy 0€ 03 SUMO ¢2
WO} ¥ 1eI9TERY #8123

ueisduny,

umuespqiAloN ‘peer
19935 S0OIUING ‘193434
ONP-TVL 1L ‘wmujumly

IYM $188) O8ly
%07 DHIAO vpouy

aepweiq Youy g2

2o30wIRIq YOUT ¥
93]5 SPOIIINT

1942IN

OWP-1VL-IL
T¥iaeIsiy spoqivn

oYM

Wisa
Wajuoiipucd
wouepeduy YBH

9301593
PIe1y wzojun

W5 §2°0 = 90 (oI
AN 00t oL

s#dwijoD sWMOA 01 sUnL
TuoTIpuSD

sapunf 0§49 9Y 001
“U¥eaorg K¥asuqg

813D 00F 03 0
PIT.T JHISUTW SS10ASUNIL

wasydg

sT0Xg eonag
$aYS spouy

ameweiq Your 82°1

J9eUrey Yol ¥
9215 epouy

Suyat g ueBoapiy

Suja: g umnowp
UjeseoCag SpOAIoeid

ummumy

nD DHJIO
TSIa0Ie #hoIeD

wnujumy

") DH3EO
TWIN TN epoty

[FTIELX

*poyINs (eo1aeqds
IeeWviq 4ouT ¢

AN GOE °F

s8neD 00§ O3
PIOId JRsuBuy] esdeasuvd]

J0jeneiq youy 82 °1

I9jeIwig YUl p
%1 SPOIIN|H

Suiay g uesBoapiy

Bupay,g wnnows

G 88303J epoIeD

Bujayy uedopil
Sugay wnnowy
Fuieeesoxg epouy

CFTIEL XA
P14 wiojjun AY 00¢ oX

ATUO sepoaidely

weisds sjejduion
noeyed

esaeydg

sl1joId eonag

II8WO8L) SPOYIND)

ezoydg
efjjoad eonzg
Kiswice ) epouy

(121 .5
Uy

Ysjuig spoyie)
»2av0)
out g

qea1g epouy

n3 9HJI0
ONY-TVL-1L
T8IV epoYIvD
nd DHJIO
_OWpF-tvL-iL
1¥id83W{ spouy

930309y

AY 00€ °F

Apmig uonwuWINLOD wmiseg

Apnyg Butuotitpuos ARssug

omz 4114y jo 3, 2ot@

W3 jo yoor1g

usunedxy ioTid

o————————T
weunjzedxy Azwujusijesq

(Pp3003IsU0) svn enjuaeddy

AX 00€ o115 enjvaeddy
SUTINIXT YiIM powIOjIed)

UONINIOA] S0
Supyawdg
enDI'IYOs ] Fuiuofijpu

sofing sanssesd
UOHSIPEY S1qIfIA
uonNIpeY~X
selamydejpoasty
uoresjuty pieiy

FUSIOUIG] UMOPRVeIqedd

it gy

AN09T oF,
{oeig seoruinig
PIoTd WHoFTan

IA

A

Al

m

n

1

et

Apnig umopeaxg a3e3[oA Y31 -~ sjuswrradxy Jo aouanbag

‘1-2 ?19%eL

Epaxy

[ —




e AR RS

P
| A Ao !
be y:&%ﬁé&&“

45

i,

ol
. o+

2

g
Sy <,
St

fh s M

PSSR ”
AR Mw.-‘,’;'{ i

R4

SECTION 3

300 kV TEST APPARATUS AND
EXPERIMENTAL PROCEDURES

3.1 Introduction

The apparatus and techniques developed to carry out controlled
vacuum breakdown experiments up to 300 kV are completely described in this
section. However, where considerable evolution has occurred, ornly the final
design is given, For the most part such changes did not modify experimental
conditions but were necessary to eliminate persistant failure or malfunction,

Thus, this section serves to establish the basic experimental conditions.

3.2 Vacuum Chamber and System

The test vehicle is shown in Figure 3-1. The vacuum chamber was
made by welding two spun hemispherical sections of 304 stainless stecel, 36
inches in diameter by 1-1/8 inches thick. 7This thickness eliminates the need
for welded flanges at the ports, The chamber is equipped with three 16 inch
diameter ports, one at the top for the electrecds support and adjustment mech-
anism, another at the bottom for the bakeable feedthrough bushirg and the third
at the side for access and electrode changes. There is also a 10 inch port for
the pumping system and 6 inch ports are available for optical and X-ray de-
tectors, a mass spectrometer, cryo pump and controlled leak valve. Gold or
copper O-ring seals are used throughout.

An automated mantle heating system is used for chamber bakeout.
It is shown in Figure 3-2 and consists cf two hemispherical sections of asbestos
blanket fabricated to {i{ the vacuum chamber. The heaters are built in and an
antomatic controller-recorder brings the chamber up to 375°C in 2 hours, and
continuously records the temperature using thermocouples located at the view-
port. The temperature is maintained at the pre-set value to within 5°C, using
automated switches. Safety devices are incorporated which shut off the power

if the thermocouple should break, if the ion pump pressure should rise over
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1 x 10'5 torr, or if the current to either of the two halves of the baking mantle
changes by more than 1£%. 4

The electrode heating system is similarly controlled and safeguarded
with the temperature maintained at 450°C. The IPC designed heater is welded
into the electrode support structures as shown in Figure 3-3, and thus, makes
direct contact with the electrodes while at the same time all thermocouple and
heater leads are removed from the vacuum envelope,

Tre oil-free pumping system is shown in Figure 3-4, The roughing
system consist> of one Varian Gasp pump and two Varian Sorption pumps which
are isolated from the main chamber by means of a Varian 1-1/2 inch bakeable
right angle valve, The Gasp pump is a gas operated venturi type pump with a
base pressure capability of 125 torr. The Sorption pumps are a molecular

sieve type pump which require liquid N, to activate and have a base pressure

2
capability of 1 x 10-6 torr,

The main pumping system coansists of one General Electric 500 L/S
triode ion pump with a base pressure capability of 10“12 torr. Additional pres-
sure readings are taken using two Aero-Vac RGA heads mounted one in the
pumping throat and the other in the main chamber. Before system bakeout the
pressure is in the high 10"8 torr region, while afterwards the high 10-9 torr

regime is achieved in the chamber.

3.3 Electrical Circuit

The original power supply was a Van de Graaff generator which was
current limited to 200 pA. Heavy prebreakdown currents made necessary its
replacement with 2 2 mA, 300 kV Universal Voltronics dc supply. This supply
is connected to the anode electrode via high voltage coaxial cable and a pres-
surized feedthrough bushing. Also incorporated into the system are an energy
storage capacitor bank, a fast high pressure crowbar, and resistor change
mechanisms, A schematic of the overall system is given in Figure 3-5,

The design of the feedthrough bushing is shown in Figure 3-6 and

has been described in det2il in the Quarterly Progress Reports. It consists of
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a LUakaable cei:ir.x?c«coppe: column which extends into the vacuum chamber and
an ﬁnba:;ea?\.’x: glass-alwr inuwmn coiamn loczied in the botiom pressure tank,
The ceramic cclumn 8 brized via a Monel alioy 404 flexure ring to a stainless
stcel flange and vue latler riakes a goid O-ring seal at the bottom port. The
two col s are held together using a stainless steel tznsion rod which also
curries the nnazer and thermocouple leads for the high voltage electrode. The
tushing i nresasarized o 43 psia SF6 and vcltage grading is effected using a
solid dielec!ric insert {tucite) with & spiral groove along which are wound two
strioge of 100 ir.egohm resisinrs, one for each zolienn., This insert also pro-
vidges axial mmsulation a¢ the grdund plane,

The 7000 joule energy storage unit consists of four 80 kV, 0. 6 pF
cylindrical Tobe Dcutschmann capacitors, 20 inches kigh and 13 inches in
diametex, They are stacked vertically as shown in Figure 3-35 with grading
rusistors housed axially incide edck unit in a vesscl pressurized to 2 atmos-
pheres of SFé' It i3 ronnected to tho vacaum gap and the 300 kV power supply
via high voltag=> c2ble and a gas insulated T'-piece. The energy storage vessel
alpo incorpnrates an IPC built high pressure gas crowhar {s¢e Figure 3:7)
whicn ig triggered Lv breakdown of the vacuum gap. 7The static breakdown voit-
ase of the Txowbar con be varizd by changing eithsc its electiode gap setting
or its gas pressure, Tle crowbar, when triggered, diverta energy from the
capacitor bauk jo ground, thus limiting in » controiled fashion the energy reach-
irg the valwem gap, Diversion tites of lesa than 5110 ns are routinely achieved.

Current limiting resistors employ CuSO , electrolyte in order to handle

4
tbe significant energies involved when energy storage is used, Mechanical

adjustments are provided td make possible rapid removal or change of xesistors.

3.4 Magretic Field

Tha regairement of producing & n:aguetic Jield of 500 gauss in any
selanted directicn relative to the electrods geometry wrs achieved using two
viatar-cosled cunceltric coils (Figuse 3-8) which could be dropped over the
chamber for t2st ard remcved during system bakecut. The dimensions are as

follows:

3-9
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{Removeable)

Protective Resistance (14 ohm)
Energy Storage Capacitance

(0. 15 uf)

Voltage Divider Capacitance
(1. 9 pF)

Voltage Divider Capacitance
(1200 pF)

Power Supply Isolation Resistance
{2. 3 Mohm)

Cable Capacitance (~900 pF)

Instrumentation Circuits
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Mean Copper ~ Approximate
Coil Racdius Weight __Power
Inner 56, 00 =xan 430 1b 12.5 kW
Outer 67. 44 cm 619 ib 170 kW

A solid state rectifier set provides up to 300 amperes dc to each cuil
and is automatically controlled to maintain a set magnetic field level indepen-
dent of fluctuations in supply voltage,

While any orientation of the magnetic field relative to the electric
field in the gap is possible with this system, it has been found that only a trans-
verse magnetic field is useful in a practical sense. Tests with a paraliel mag-
netic field encountered a sev2rly limited rmaximum voltage due to discharges and

gas evolution aiong the bushing surfaces.

3.5 Instrumentation

The monitoring instramentation enables the following to be contin-

uously measured and recorded during the complete voltage applicaticn cycle:

® gap voltage - calibrated resistors in the power supply

] breakdown voltage waveform - 31,500 :1 capacitive
voltage divider, Tektronix 519 oscilloscope

° breakdown current waveform: - 0,1 or 0.3 ohm resistive
monitor of low indu:tance construction, Tektronix 519

’ eiectrode gap current - Keithley 14A logarithmic
electrometer ~1012 to 1074 amperes

] total power supply curreat - power supply meters

® total chamber and pump pressure - ion gauges and pump-

ing zurreat

® partial chamber pressure of Hz, 02 or N2 - mass
spectrormeter
° total X-radiation - sodium iodide crystals with photo-
multipiiers
3-13
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. collimated X-radiation from the gap - collimated with

aluminum blocks

° total visible radiation - photomultipliers

Figure 3-9 gives the details of the electrical instrumentation,

3.6 Electrode Processing

In order to obtain repeatable results it was found necessary to con-
trol electrode gas content by an extended pre-firing at high temperature in
either vacuum or hydrogen. Firing is carried out in Linberg heavy duty fur-
naces capable of 1200°C operation. Inconel retorts and contamination free
ion pumping systems provide a clean environment. The firing system is shown
in Figure 3-10. Figure 3-11 gives the setup for hydrogen firing,

Electrodes are ultrasonically cleaned with solvents before firing
and are allowed to cool to ambient before being removed from the retorts and
installed in the vacuum chamber via dry nitregen environment transfer charn-

bers. Special quick-disconnect assemblies minimize handling which is dene

with lint-free cotton gloves.

3.7 Barium Contamination Device

In order to study the effects of barium contamination as would cxist
in vacuum tubes using barium cxide thermionic cathodes it was necessary to
position a heated cathode assembly in the vacuuri chamber so as to depoait
barium in a controlled way. This was achieved using a rod and bellows assem-
bly as shown in Figure 3-12. The internally heated cathode jfrom Machlett
Laboratories) can be moved into the vacuum gap and withdrawn beyond the

loading port surface, a distance of about 18 inches,

3.8 Dielectric Envelope

The infiuence of dielectric surifaces near the vacuum gap was studied

using a glass envelope 8 inches in diameter by 10 inches long by 1/4 irch thick,

3-14
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Figure3-12. Mechanism for Introducing Barium
Contamination Source inte Vacuum Gap
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The complete assembly which rests on the anode suppert is shown in Figure

. K 55
Jelag
N ﬁ}*- >}
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3-13. The envelope can be used either before ¢r after initial bakeout.
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3.9 Electrode Geometry
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Throughout the experimental program, Bruce Profile electrodes

]
'l

were used when a uniform clectric field was desired. These follow a design ex-

i

LIV,

perimentally investigated by Bruce. The basic outline is shown in Figure 3-142a.

J.1

The diamcter of the central flat portioa is usually less than the maximum gap

I
et
A

1

‘5"
:%\w; » S<do

separation and all regicns are made to blend smoothly with each other. The back
portion is finished with gradusl contours (¢ avcid excessive field enhancement,
, - A typical =lectrode ocutline showing the mounting arrangement is given in

b Figure 3-14b,

3.10 Experimental Procedure

: Eariy in the program it was found tbat apparently minor details of
experimental procedure were important. Indeed, even the duration and posi-
ticn of quiescent periods in the test sequence could influence the breakdown

voltage. Accordingly, a rigidly speciiied schedule was adopted. A weekly cycle

proved both convenient and efficient a_'d was as follows:

Thursday: Install elecirodes in chamber, rump down overnight.
Friday: Bake at 400°C for six hours.

Saterday and Sunday: Allow chamber te cool for > 48 hours.

Monday: Connect power supply, day 1 test sequence.

Tueeday: Day 2 test sequence.

Wednesday: Day 3 test sequence.

Thurgday: Day 4 test sqquence (1 /2 day), mrepare chamber fOr
next treatment.

3-18
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SECTION 4
FACTORS INFLUENCING VACUUM BREAKDOWN

4,1 Introdacricen
a—sana, e wa— W 0

Tv insurc repcztalle experimental results it is ascessary to have
all contributing factors under cortrei. Thus, ar the onset cf the program both
thecry and experimental work were examnincu to determiine what factors should
be controlied and what factors might prove mort interestina., Tnis section
discussce {neory and prier experiraental work as a background to chs factors

that were ultimately siudied.

4.2 Theories of Vacuuimn Breaklown

Present thecries of vacuum breakdown may be classified as particle
exchange, clectron beam, or clump mechanisms. While the electron beam
*heory has considerable experimental sappeor: in the small gap regime (< 1 mm),
no single theory has becn proven capable of accounting for all the phenom2na
observed at thr larger gaps and higher voltages which are of iaterest to this
study. Thus, theoretical insight 1ato iauportant factors was, ang is, at best
extremely limited. Since excellent reviews of the major theories are avail-

-2
ab]e,‘l 2 they wiil not ba gdiscassed here.

4.3 Envirenmental Factors

4.3.1% Rezidual Gas

‘The residual gay can infiuence the hreakicwn voltage of a gap
through adsorption ou the electr >de surfaces, interelecirode collisions aad ion-
ization, and positive ion sputtering cf cathode protrusicns. If an electrode
Jurface is inivially completely desnrbed of ali gas, a monoiayer of nitrogen would
be zzsorbed in eight hours at 7.5 x 10-10 torr and a monciayey of water vajor at

4x 10 -10 torr. Tre present limitations at very high voltage (e.g., 300 kV} are

4-1
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believed related to surface ‘'contamination' effects, bu as {ar as is Knuwn no
tests at very high voltage hava bsen conducted in the truly 'clean surface"
pressure regime to determine what improvements could be obtained, However;
“n maintsin a completely desorbed surface would i'equire pressures of many
orders of ma3znitude below that mentioned above, which does not seem practical
for present enginsering pvrposes.

At the otier end of the pressure range ('; 10“4 torr) collision proc-
ess=8 ir the gap and sputtering of ire cuthcde surface can be important, and it

nas been alemonstrated(4>

that in the range abowe 200 kV, operation at 10~4 torr
can give a 100% improvement in attainable voltag:e compared with operations at
15 6 torr. It ie only the last few years that experim:=nts at the University of
Illinois,(s) and indspendently at Ion Physics Corporation,{(\) showed that with
small vacuum gaps (~ 1 mnj performance at 10-4 torr is better than at 1()"6
torr, which is contrary to eaviier opinion,

It is Irnportant that the nature of the residuals snould ke krnovn through
the :13e of mass spectrometer techniques, ard, wiiere needed, controlled¢, pure
gases should be used. This is also a partial check that satisiactory electrode
cleaning processes are being followed. Theve is 2 conaiderzble bady of evi-

denr:e(-" 8

which shows that a sigrificanrt partial preasure of organic vapor is
undesirable in very high voltage vacuum =quipment. The initial invesiigation

-8 . .
should be at pressur=s of arvand 10 ~ torr in a clzan environrent,

1.3.2 Temperature

The etfect of electrode temperafure on vecuum breakdown has not
been studied extensively, but it appears from axperiments by Slivkov‘g) that
there is 10 deterioratinn in vacuum insulation prapertiss up to akout 800J C
(for nickel), Recent studies at the Naval Research Laworatories by Little and

Whitney ') 1%

appear to confizm this, zithough Maitland's( infcrmatior does
not. it seems that temperatire as a parameter vhould nat be investigated until
late in the program, if thec, and that initiaily the ¢xperyments shc-1d be at

room temperature.




4.3.3 Envelope

The discussion of the envvelope effect is included in the environment
group becuuse there hae beer scms éﬁdencé 12) tnat the presence of glass can
influence gap performance, Cezrtainly the p;r‘ésence of a clogely confining
envelope could influence *he rieid in a gap, particularly if a geometry such as
a svher=s to plane wase being used - and il could also be a source of contamina-
tion or icns. The diameter oi the envelupe 18 a parameter which could be
important to gap performance,

The dielectric enveiope has to withstand the total voltage and this
poses a breakdown prctlem which mnay be seperate from that of the gap. The
frctors «hick are impertant to the insulating properties of the dielectric
envelope(m) «re - uie end conditions, the length, the material and, possibly,
tk > diameter - probably in that order of importance. Conditions zt the negative
enG are particularly immportznt, ecause intense fields can preduce a copious
supply of electrous from the metal termination.

So-zalled "corona enields' can aleo ve utilized to reduce the elec-
tric ii2ld at the ends of the envelope, but these will be most effective, and
perhapa unnecessary, or even undesirable, when proper attention is paid to end
conditions.

The materials which should be examined are ceramic (alumina) and
glass. These could be either glazed or unglazed. A typical tube glass or
alumina should be chosen for the initial experiments. If it is found that the
presence of the envelope material has a weakening effect on the vacuum gap,
or if the envelope itself is electrically weak, decisions can be made later to
examine either other materials or a graded structure.

It is thought important to the lucid conduct of th: program to be
able to test gaps without the presence of the envelope and vice versa. Further,
when both gap and envelope are together they should be arranged to permit the
separate monitoring of the prebreakdown current associated with each, and
the equipment shculd be provided with an indicator to skow which has broken

down when the test is taken to the limit.
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4.3.4 Magnetic Field

It is known that the presence of a magnetic field can change the
maximum electric field which can te supported by a vacuum gap. For example,
Pivovar et a1(14) have used a magnetic field parallel to the electrode surfaces
in studies up to 170 kV to remove the electron component of prebreakdown con-
duction and hence to raise the breakdown voltage. Also, the interaction of the
magnetic and electric fields in crossed field particle separators is known to be
a problem. The difficulties are believed to exist in the fringing fields rather
than within the gap. Separatora at Brookhaven National Laboratory are now
operating at 500 kV across a 4-inch gap at a pressure of about 1().4 torr with

(15) he magnetic ficld is 200 to 300 gauss and

one spark every 5 to 6 hours.
must be applied after the electric field. In the event of a spark, the magnetic
field hzs to be interrupted to re-establish the electric field, and it is expected

that operation at fields higher than 300 gauss will cause difficulties.

4.3.5 Contamination

The sensitivity of spark gaps to dust particles is well known, and
the vacuum gap is particularly so. In early experiments, breakdown voltage
was raised by 50% just by improved methods of installing dust-free electrodes.

Organic contamination is known to be deleterious to vacuum insula-

(8)

tion. Such contamination can be from processing of electrodes before in-
stallation, oil vapor in the atmosphere, or from sources inside the vacuum
systemn. The vacuum system should be designed to be free of organic contam-
ination, and to confiim this a continuous check should be made of the residuals
using a mass spectrometer. The elimination of dust particles and organic con-
tamination introduced to the system on the electrode surfaces is best accom-
plished using a clean bench processing system coupled to the vacuum chamber.

It is possible using the above methods to eliminate contamination

which is not necessarily present in the average high power electron device,




There is also the possible contaminant BaO which originates .at thermionic
cathodes, and the presence of BaO has been shown to adversely affect vacuum

(16)

insulation in 2 study at small gaps by Brodie.

4.3.6 Oxide Films

A film of oxide forms almost instantly on most, if not all, frashly
prepared metal surfaces. The film ccatinues to grow with time after prepara-
tion, and it is reasonable to assume that the thickness of this film shouid be
important to vacuum insulation. Indeed, the controlled growth of micron-thick
alumina films on aluminum cathodes (by anodization) has been used by CERN(N)
to increase stress levels in large elecirostatic particle separators by a factor
of two., J edynak(ls) has shown similar increases in performance for sputtered
metal oxide and flouride films.

Oxide growth is a possible parameter which has not been sufficiently
appreciated, and it may account for some of the conflicting data obtained from
past experiments. It is important to the proposed program to determire if oxide

growth between preparation and installation of electrodes is important, and to

design subsequenf experimenss according to the results obtained.

4.4 Fields and Geomesetry

4,.4.1 Electrostatic Field, Macroscopic

The significance of electric field to breakdown in high vacuum is
well known, if not well defined. At small gaps, less than a few millirneters,
breakdown takes place approximately at a constant gradient {— 100 kV/mm)
after suitable conditioning. At larger gaps, a large body of evidence supports

for uniform field electrodes a relationship:(4’ 19)

v_= cal/?

4-5
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Where VB is the breakdown voltage, d is the _7gap spacing and C a consﬁax;t.‘ This"

relationship holde for the range of greatest interest here, but ti}e support data
is from tests subjict to contaminating influencc‘ﬂs‘whic}r should not exist in ultra-
(19) N T

high vacuum. Cranhezrg derived the above expression frorn:

V E = Coastant
8 &

where Es i3 the field at an electrode suriace on which a '"'clump originates.
However, experirnents at voltages up to 1.7 MV(ZO) using sphere to plane
geometry did not confirm this expression, nor did they confirm a criterion
stcEaZ/ 3 = Constant, developed by Slivkuv.(zn The relationship Es = Constant
was found to be more representative of experimental data,

The macroscopic field at the electrode curface is cbviously deter-
minea by the electrode geometry and, to a lesser extent, by the proximity of
ghields. Further information is required on macroscopic field effects for the
design of high voltage equipment, particularly in the relatively ciean environ-

ment of high powar electron devices, and this is a good area for investigation

during the program,

4.4.2 Electrostatic Field, Microscopic

The field as determined by gruss geom2try is intensified by the
presence of zyperities or roughneas of the electrode surface. The micro-
scop:c fiela is difficult to control, but a first step is through surface finish.
it hax been shated that surface finish has been determined to be an unimportant
parameter, vaich is surprising considering the mechanisms postulated for

(22)

vacuum breakdown. IHowever, recent experiments with perhaps other

parameters ander beatter control than previous investigators have shown it can
be important. In sthei expcriments(23) to examine the effect of residual gas
pressures on breakdown, much greater field enhuncement factors have been
measgured. This effact kag besn attributed to the growth of sharp whiskers on
the electrode surface, Thesc intensifications can be calculated from the

Fowler-Noridheini equation: when the current, voltage and gap are known.

4-6
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Tlectrolytic, mechanical and chemical techniques are avaiié\;ole
for application to eiactrode s\irfacé’; and tﬁe firs! two see;h most attractive,

- Electroﬁolishing has nct compared well with other iniethods, nrcbably because
it infinences anuther iinportant paramate;' ;( surface ardness - 1ater). Hadden( )
failed to improve the breakdown strength of copper electrodes by electropolish-
ing. However, both mechaniczl and 2l=ctropolisked surfaces might bc com-

pared at the large gaps and low gradiente used in tubes.

4.4.3 Area Effect

It has been known for some time by those acquainted with vacuum
insulation problems that increasing the area of a stressed surface reduced the
stress which could be supported. However, it was not until recently that
quantitative information or this effect was obtained to assist in the desipn of
vacuum insulated electrostatic generators, which are large area devices.
Figure 4-1 shows a piot of early data indicating the severity of the problem at °
a 1 mm gap.

Area effects have been studied in other dielectrics such as 5il and

capacitor insulation. It can be expeztied that breakdown mechanisms depending
on randomly distributed weak spoir will have values for their cccurrence which
decrease with area. Statistically “his is covered Ly tae theory of extreme

(25)

values which has been appii.d successfully to the reduced breakdown volt-

(26)

age with an increase in area in liguid and solid dielectrics. Statistical in-
fluencesg alone do not seem to account for the severity of the effect in vacuum,
and other factors such as the difficulty in surface preparztion of large surfaces
and the limited gap pumping speed (at 1 mm) may also be impoztant.

At the higher voltages of particular relevance to the proposed pro-
gram, there is no specific data on the area effect as exists for | nmuin gaps,
although experience indicates that increasing surface area makes conditioning
to high voltage more difficult. Where possible during the program electrode
surface area should be kept constant, and in the studies of various electrode

geometries the possible significance of differences in area should be borne in

mind.
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4.5 Electrode Materials and Surface Properiies -

In '"low-voltage' exper.ments, correlation has been found beiween
vacuum: breakdown veltage and metzllurgical state of the electrodes as regairde
surface finish, particle content, surface hardness and grain size. Surface finish
has been treated in the ezrlier discussion of the microscopic electric fiela, The
importance of seleciing the best alluoy ~nd metalltrgical condition is illustrated
by reference to Table 4-1, which shows results {romn. tests with various alloys
of tlie stainless sieeX family.

‘The following properties are included to indicate what raay be im-

portant parameters, and where the existing evidence requires substaatiation,

4,.5.1 Particle Content

Tests and microscogpic examination of ciectrndes have shown that
many breakdownet cccur at sites of non-metallic inclusions. Ihese inclusions
are oxides, silicides, carbides, etc, irtroduced during processing of the metal,
or precipitates which are compounds of alloying constituents introduced to im-
prove strength properries. When alloys were tested which depend upon phase
transformation of the crystal structure for their strength properties and which
were relatively free of impurities and precipitates, high fields could be insula-

ted (up to 115 kV/mm with Ti-7Al-4kio alloy).

4,5,2 Grain Size

Using 304 stainless steel electrodes it has been found that 80 k¥
could be insulated acroes a 1 mm gap when the average grain siz~ was ~ 500

2
grains/mm , which compares with 40 kV with 62 grains/mmz,

4.5.3 Hardness

When the surface of electrodes of 304 stainlese steel ar= hardened

by cold working, tests have shown that the same fizlds (80 kV/mm) can b2 in-
sulated without breakdown as when the electrodes are anneaied., However, in

the former case, the gap currents are normally 1 to 2 orders ot magnitudz

4-9
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N Table 4-1. Insulation Strength at 1 mm
Gap for Several Metals
i Metal Strength (kV/mm)
; 304 Stainless Steel 60
([ iZimet A 55
Nickel. !n.onel-718 50
i 303 Stainless Steel 44
E Incunel 44
- Inconel-X, Molybdenum 40
kaynes-25 30
1 Udimet~41 28
Hastelloy B 15
Multiraet 10
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. (27

lower at maximum voltage., Germ ) has suggested that hardness is an
important parameter at the high voltages of interest here, and has attribut-d
poor experience with electropolishing to the relatively soft surface this polish-

ing technique produces.

4.5.4 Pnysical Properties

Several attempts have been made to match vacuum breakdown per-
formance with one or more of the physical properties of the electrode material,
Rosanova and Granovskii,(28) for example, suggest that electric "'strength' of
the gap increases with the tensile strength of the anode material, Other
properties which could be important include work funcricn, secondary emigricn
coefficients, electrizal conductivity, sputtering coueificient, density, thermal
conductivity, specific heat, and boiling point. One could add others suchk us
sugceptibility to whisker growth, which would require a program on its own to
determine.

It seems likely that experirrents in the past did not demonstrate a
convincing correlation between rerformance and some rhysical properties

because the purametars wers not adequately controlled. The extensive effort

and ‘he precige control of parameters which are expended under the present

program should permiit such a correlation,

4.6 Electrical Circuitry and Energy

At the present time, very high voltage vacuum equipment requires
a conditioning process involving low energy discharges to reach the desired
operating range, and during operation is likely to break down occasionally.
During operation high power electron devices are supplied from energetic
sources, and the discharge energy through them at breakdown is limited by
crowbarring devices.(zg) These facis make it desirable to determine the effect
on subsequent performance of discharging different energies through a vacuura
insulated gap ; but there is more than energy involved. A fast discharge

(bigh current) will probably produce a different result from a slow discharge,

and if the circuitry is suitable voltage reversal can take place, which some

4-11
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(30)

evidence suggests may lead to deterioraticn of gap performance. Voltage
reverga:8 are known tc cecur in klystrons at breakdown.

If the supply across a vacuum gap at breakdown is simply a charged
capacitor with some series resistance, and the first fraction of a microgecond
is disregarded, the discharge current follows the usual exponential law and

(31)

chops at a few tenths of an ampere. This is so for small gaps (« 1 mm) and
probably alsc holds for large gaps when complete breakdovin takes place, If
the series resistance (Rs) is so large that V/R_ is less than the choyring cur-

(31)

vent, a series of suppressed breakdowns occurs. These circuitry efiects need
more investigation at the high voltages of the present study.

It is obviously desirable to examine energv effects during the pro-
gram. At the lower end of the energy range, it is difficult to get much less
than 10 joules at discharge because of the intrinsic capacitance of the electrode
syeten., and 7000 joules nas been suggested as a suitable value for the high
energy range. Thought shotld aiso be ziven to the significance of series in-
ductance and resistance which will determine tke spark, or arc curreni, and
wuether or not polarity reversal will occur. Furthermore, for particular
practical situations there is sometimes an acceptable or tolersble sparking
rate at the cperating voltage level of the system. This is ustally represenzed
as a nurnbez of faults. breakdowns or kickuuts'' per bour and as long as the
fault occurs during the '"dead time' of the tube cycle, the overall operation of
the systemn may be negligibly impaired. Thus, zs related to the present work,
long term witkstand tests will be ol especial intereut for application to a field

where reliable cperating perforinance ic required over extended *imxc perviods.

4.7 Experimentul Factore

On the basis of the proceling cornegideratione o listing of factors has
been ma-de and is given in Tabi= 4-z. Facters arz classified as flexibie if they
can he varied at will auring exparimentasion, and as inflexibis if they must be
fixed prinr to apoplication of voltage cnd cannci subsequently ke altered during

the exgeriment.
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it is expected that if these factors are adequately fixed, tnen the
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fundamental physical mechar.isms will be under sufficient control. It is inter-

esting that few of these factors subject tc experimental manipulation are direct- %
ly involved as parameters in theorirs cf vacuum breakdown, [Chus, there is =

O

nz2ed of care in drawing conclusions as to the basic rnechanisms from the
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measured variations in characteristics caused by chanpg=zs in the levels of the 2
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SECTION 5
FACTORIAL AND STATISTICAL DESIGN

5,1 Factorial Design

Two methods of approach usually exist for investigating a physical
system. The fundamental processes affecting the behavior of the system may
be studied, or a more empirical approach may he adopted and the effects of
various changes in the system studied directly. The latter method is indicated
when the underlying physical mechanisms are little understood and practical
results are of primary importance, In this case, the principles of Fa.torial
Design (1) can be used to optimize experimental design. This provides a power-
ful tool for the analysis of the results and enables information to be derived
from a minimum number of experiments both on the effects of the individual
factors and on the degree of interaction among factors.

A simple example will most effectively describe Factorial Design.
Consider a system whose performance is a function of three factors, A, B and
C. All other factors which may be important are to be held constant. In ‘re
simplest case, it is decided that two levels of each factor will be explored.
Factorial design then directs that the optimum set of experiments (or ''treat-
ments'') is that consisting of the eight (23) unique combinations of the three
factors at two levels each. Thus, using as an example the ""Block of Eight''

experiment, the following program is defined:

Levels™
_ Factors High Low
A . Anode Processing Vacuum Firing Hydrogen Firing
B - Cathode Processing Vacuum Firing Hydrogen Firing
C - Eilertrode Size lLarge Small

&

* Designation of "high" and "lo /" is completely arbitrary
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) Code*

- (1) Small - Hydrogen Fired Anode - Hydrogen Fired Cathode

| a Small - Vacuum Fired Anode - Hydrogen Fired Cathode
b Small - Hydrogen Fired Anode - Vacuum Fired Cathode
ab Small - Vacuum Fired Anode - Vacuum Fired Cathode
c Large - Hydrogen Fired Anode - Hydrogen Fired Cathode
ac Large - Vacuum Fired Anode -~ Hydrogen Fired Cathode
be Large - Hydrogen Fired Anode - Vacuum Fired Cathode
abc Large - Vacuum Fired Anode - Vacuum Fired Cathode

* If the factor is at its "high'' level, a lower case letter is included in the
name; if a factor is at its '"low' level, the letter is omitted,

Each treatment is tested (in this case for breakdown voltage), and the results
used to obtain estimates of:

Mean: Average breakdown voltage,

Main Effect: For each factor, this is computed by subtract-
ing the average breakdown voitage of the four treatments with
the factor at its low level from the average breakdcwn voltage

of the four treatments with the factor at its ""high" level,

Thus, a main effect is the average change in breakdown volt-
age when a factor is varied from its low to high level, The

i average is taken over a range of other factors. Another way
of viewing a main effect is as the average of the four possible

comparisons between individual treatments, In the case of

factor A, these comparisons are:

(1) (a-(1)) - Effect cf A when B and C are at their

low level.

! (2) iab-b) - Effect of A when B is high and C is low.
(3) {ac-c) - Effect of A when B is low and C is high,
(4) (abc-be) - Effect of A when B and C are high,

5-2
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It is evident that each treatment will be used once and only once in

g

.r,
LA

i
¥,

each computation of a main effect.

o
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Interaction: This is defined as the dependence of the effect of

Cokh

A, et B
250
T

one factor upon the level of another factor. Note that in thz

.

2

AN
Zona

comparisons above, two are made with B at its high level ( (2)

and (4)) and two are made with B at its low level ( (1) and (3) ).

g

AN

The average difference between these estimates of A is termed
the interaction AB. This is symmetrical in that if the effect
of A depends upen the level of B, the effect of B will also de-

pend upon the level of A, An interaction among three factors "

{ABC) is similar in meaning but of more difficult interpreta- i

tion.

The computation of main effects and interac*:ions can be carried out

by detailed application of the definitions which have been giver. However, it is

convenient to utilize a standard table which assigns to each treatment a positive

or negative sign for the computation of each effect or interaction. This is given

in Table 5-1 for a five factor two level full factorial experiment. It is derived

by noting that for the main effects A, B, and C, treatments with the correspon-
ding factor at its low level are entered negative. Thus the sum of each column
gives the difference between the high and low levels of the treatments. This sum

is then divided by 16 in the case of a five factor experiment so that the result

will indicate the average effect of a factor. The signs of the interaction columns
are derived by multiplying together the signs of the component effect columns.
Thus the signs for the interaction AB are obtained by multiplying the sign for A
by the sign for B. It is simple to verify that the result satisfies the definition
given earlier in this section. Again the sum is divided by 16 so that it repre-
sents an average.

This method of computation of factorial results is ofien referred to

@)

as Yates Algorithm. Yates ' has also developed several algorithms suitable

for hand calculation in which each step is automatically checked for errors.

I TR




With the easy availability of time-shared computers the table of signs described
above van be uscd directly to generate programs to carry out the basic factorial
analysis.

Wher it is desirable to study many factors at two levels each, but
not economically feasible to carry out the number of experiments necessary for
a full factorial desigf., a partial or fractional factorial design can be used. This
was the case in the Pilot Experiment, described in Section 7, for which seven

factors had been chosen ae most interesting on the basis of prior knowledge. A

full factorial experiment would have required 128 treatments (27), which, be-
cause each treatmeat took approximately a week to complete. would have been
prohibitively expensive. Thu3s, a one quarter fractional factorial design was

;“?‘ _> chosen in which all the main effects and most first order interactions could be
‘ computed without confounding, in 32 treatments. That is, the estimate of each
main effect could be made without confusing (confounding) it with an effect due to
some other change in experimental conditions.

More complex factorial designs are possible, for example a factor
may be studied at three or more levels. Factorial design can even be applied to
the determination of optimum conditions in situations where the underlying

mechanisms are so complicated that an empirical approach is necessary. How-

ever, for the purposes of this prograrn the two level, full factorial design has

proven most appropriate.

5.2 Statiatical Desig_x_m_

The estimates obtained from a factorial analysis contain both real
effects and error. Even in a null experiment where all the estimates are a
result of error, the largest estimate has an expected value of several times the
average value of an estimate. For a 32 run experiment the expected value of

this ratio is 2. 4. Thus, in order to minimize the number of effects or inter-

actions which are incorrectly judged significant,it is essential to employ sta-

tistical techniques. If an estimate of the rep=zatability (or error) of the result

of each treatment is available either from prior experience or sufficient

5-4




repetition of single treatments, standard tests of significance can readily be
applied. In this experimental program, such information was not available and

3)

a technique of half-normal plots as developed by Danie] has been used.

In an experiment in which there are no real effects, the estimates
are distributed about the average in a Gaussian pattern if it is assumed that the
error is normal. Since the signs hased upon high and low levels arg arbitrary,
only the absolute magnitudes are important in terme of statistical significance.
This corresponds to folding the normal distribution at its middle and adding the
probabilities of the left to those of the right. ‘I'hus, the distribution of the ab-
solutc values of the estimates is ebtained.

This distribution is appropriately termed the "half-normal distribu-
tion'" and is available in either tabular or convenient graphical form. Graph
paper is scaled so that normally distributed estimates (due entirely to error)
will fall on a straight line. In a factorial experiment, when the higher order
interactions are nagligible, their estimates are due to error. These, when
plotted on half-normal paper, will fall on a straight line whose slope s propor-
tional to the magnitude of error. However, any real effects will influence the
results in a systematic rather than random way and their estimates will depart
from the line. In addition the ranking of the absolute values of the estimates
will consistently place a real effect near the top because the sign of a real effect
is fixed while the error terms will vary in sign. Such tests of significance were
indispensible in the Pilot Experiment (see Section 7. 3).

When most of the estimates of a factorial experiment (both main
effects and interactions) are related to real effects, it is difficult to gen-
erate a true srror line. Also systematic errors may be present which influence
the half-normal plot. These, and methods of detection, have been discussed by

Danieil3) .
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SECTION 6
PRELIMINARY EXPERIMENT

6.1 Introduction

A characteristic of electrode gaps in vacuum is that there exists no
unique breakdown voltage but only a band of possible values attainable after many
prior sparks have passed .'uring 3n initial "conditioning'" procedure. The litera-
ture to date is confused about the significance of this procedure and of the role

of electrode materials, shapes and finish in determining breakdown voltage. It

is pertinent to question whether shape and finish, which are disturbed after
sparking, can be preserved by a different choice of procedure for voltage
application, leaving them available for the experimenter to vary at will.

It should be theoretically possibie to monitor enough physical vari-
ables during voltage application to describe adequately the processes leading up

to gap failure, Recognitior. of an incipient breakdown without damaging the elec-

trodes would permit repetitive testing under similar conditions, being particu-
larly useful with low impedance power supplies.

The present investigation was directed towards developing a con-
ditioning procedure involving minimal sparking and to search for a criterion for
incipient breakdown.

One shape only of large area, unbaked, metallurgically polished
stainless steel electrodes was used throughcvi, During stepwise voltage appli-
cation the variables monitored were gap current, light output, partial pressure
of hydrogen or iitrogen, and X-radiation. The processes accompanying the
approach to gap failure were monitored to see if they varied slowly enough to

provide a reliable indication, prior to breakdown,cf the breakdown level.

6.2 Objective

The objective of the experiment was threefold:
(1) To determine if there was a unique non-destructive
criterion for breakdown which could be used to predict

the breakdown voltage of vacuumn gaps.

6-1
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{2) To develop the instrumnentation of the major experimental

program, instrumentation which would enable the vac- R
4 i uum gap to be completely described prior tc a2nd during

T breakdown, ¢

i (3) To develop and optimize standard procedures for prep- gg

xR

" e S
PRV L sl R T3

aration, installation and voltage conditioning of the

electrodes,

6.3 Apparatus -
Hollow domes of 304 stainless steel serving as approximately uni- }(

form field electrodes, 8 inches in diameter, were centrally positioned at fixed

gaps of up to 1 cm within the 3foot wide stainless steel vacuum chamber at the
ends of two 250 kV bushings, as previously described by Britton!!) (Figure 6-1).
’ Organic contamiration was eliminated by using gold gaskets throughout, and
pumping down to 6 x 10"7 terr with a mercury diffusion pump and liquid nitrogen
cold trap. The mass spectrometer ion source, protruding inside from the wall,

was screened from the large applied field within the chamber which cotherwise

perturbed it. Outside of the 3 /4 inch thick glass monitoring port were twe

thallium activated Nal scintillators viewing, respectively, either the whole elec-
torde region or only the interelectrode space through a collimator made from
two narrowly separated parallel aluminum slabs, Visible radiation from this
port was reflected sideways by a plane mirror to a photomultiplier to separate

it from accompanying X-radiation, thus avoiding damage to the photocathode.

. The high voltage power supply was a 160 kV, 1.5 ma transformer

rectifier source. External resistors of 400 kilohm and 15 megohm were used

to vary the effective output impedance.

[

The electrodes were hand ground initially with wet silicon carbide

paper of successively finer grade, followed by finer grinding on a variable speed

wheel. This was continued with silk using a succession of fine grades of alu--

mina powder and was completed witk a wash and wipedown with gamal cloth,

m———ava .
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.
6. 4 Electrode Conditioning t;é
Starting with fresh unconditioned electrodes, the voltage was in- o E
creased in steps of 2, 5 or 10 kV, dependi~; on the gap setting and the voltage, é
2
5 while at the same time monitoring the N.2 or H2 partial pressure peak on the :?;
mass spectrometer, I: was found, by observing the current pulse shapes and i
the associatad partial pressure rises, that a threshold voltage existed for the %
. appearance of microdischarges. A plot of initial threshold voltage versus gap
‘ sep:ration is shown in Figure 6-2. This is in good agreement with a sgimilar }
plot of Arnal, (2) Microdischarges appeared as groups of apparently damped ?
] oscillatory waveforms s:milar to those described by Mansfield et a1{3) and f
associated with X-radi:tion pulses modulated in frequency according to the
pressure rise (Figure 6-3). i:
During the course of the investigation, no pressure :
increases were observed until the microdischarge threshold voltage was reached,
and above this the magnitude increased with the height of the voltage steps, :
Frequent breakdowns occurred when the pressure increases were large and it :
was found that these could be reduced in number, if not eliminated, by using
smaller voltage steps. Occasionally, large pressure incieases did occur, in ' #
which case the voltage was reduced or switched off before breakdown could take
place. §
From these observations, a conditioning procedure was evolved for
unbaked but clean polished electrode surfaces. Initially, the voltage was in-
creased incrementally every two minutes until a pressure rise was observed,
: and then allowed to decay to zero, The height of the voltage steps was limited
to a level at which breakdowns were unlikely to occur duriug the gas surge and )
] the step-wise voltage increase was continued until surface roughening took place 3
(to be described later). 'f
The conditioning apparently involves the controlled removal of gas f
from the electrodes. ,

Comparison in Figure 6-4 of the breakdown voltages measured with
the new technique and with spark conditioning clearly shows improvement in the

breakdown voliage and its deterioration as a function of numnber of sparks,
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6.5 Monitoring Techaiques

)

7

T

X

33

= Pulse height histograms drawn from scintillator signal oscillogrars

b
o

of microdischarge activity showed that during the pressure sur gé there were

two peaks in the photon energy spectrum (Figure 6-5) but after its decay the

T
o

7

=

lower energy peak disappeared. Microdischarge current, although initiated by B
an ion exchange mechanism, was shown by Mansfield(3) and Pivovar and Gor- e
dien}:')(4) to be mostly electrons, The anode presents a thick absorbing X-ray
target to these, most of which assume the whole applied potential but durirg the
pressure surge, interelectrode gas intervenes as an additional thin target, inter-
cepting some electrons to generate the lower photon energy peak,

When high voltages were reached with the new conditioning procedure,
! a steady X-radiation level grew due to cold cathode Fowler-Nordheim emission

(4)

from sites of enhanced field strength just as Pivovar and Gordienko ~~ have ob-

served and attributed to surface etching. At still higher voltages the level rcse

while microdischarges abated, permitting an accurate measarement of the

steady X-ray level as a function of voltage, 'ypical recordings are shown in S
Figure 6-6.

In thick targets, electrons generate X-radiation intensity Ux pro-
portionaily to the square of the applied voltage, V. (3) Hence relative changes
in electron current can be derived from corresponding X-radiation densities
and this technique has been used throughout the present investigation. Electrons N

emitted according to the Fowler-Nordheim law thus produce X-radiation accord- i

ing to:

3"1) (6-1)

AR

5
PR LI O [P T

where:

»
=
0

constants

7

>
0

emitting area

AT Tt
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gap separation

-
1]

field enhancement factor

®

A plot of log (Ux/V4) as & function of V! should thus be linear,

R AP

SRR

Without measured work functions, these plots yield ouly relative

values of field enhancement factor and emitting area but their present value is

A

R VeI sy s
FOPR N A AR

in signifying changes in these parameters taking place as breakdown is ap-
prcached., While linear plots occurred in this investigation, the commorer
non-linear variety (Figure 6-7) evidenced cathode surface changes as the volt-

age increased. Repetitively raising and lowering the voltage in increments

witliout sparking failed to yield reproducible results (Figure 6-8). When ex-

tended to the breakdown limit, this procedure failed to show any correlation

~
BRI

between the penultimate field enhancement factor and breakdown voltage
(Figure 6-9).

Emission parameters, being derived from the slope of the Fowler-'

Nordheim plot, require readings at several voltage levels for their measure- 4
ment. When they are time dependent, the parameter changes should be small

during the interval between voltage increments .~ permit approximate measure-

[

ment. As breakdown approached, the changes grew faster and rendered their
measurement impossible. Changes in field enhancement factor and emitting

area were occurring at constant voltage,

R NS O

Gas or vapor evolutiun rute just prior to breakdown then suggested
itself as a potentially significant parameter with which to describe the approach-

ing breakdown since the accompanying X-ray emission is readily detectable in

R

the case of microdischarges. Radlation density ch from the inter-electrode

space is proportional to the product of gas density, ng, electron current Le and
(38)

B

ch wag accordingly monitored by directing at the interelectrode

the Bremsstrahlung cross section ¢

space a collimator made fromx two narrowly separated aluminum slabs between

which pnotons passed to a scintillator. The current was simultaneously moni-

tored and the relative gas density was derived from:

6-11
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-4 D= T _ (6-2)

A

. 2.1 .
B> 37 137 7 ¢ K2V (6-3)

where K = constant. Hence:

RAGH

ol

&

@
N

A

[
<

5

ng = '—————2 (6'4)

A typical recording appears in Figure 6-10.

The right-hand side of Equation (6-4) was evaluated experimentally
and is plotted in Figure 6-11 as a function of voltage up to breakdown, Surpris-
ingly, the gas density appears to decrease but it must be noted that the average
value of Ty can decrease if the interelectrode gas is progressively diluted with
hydrogen. Evidence of this was gathered from hydrogen partial pressure re-

X cords from the mass spectrometar which show surges as breakdown is ap-
proached, It thue appears that hydrogen gas accumulated in the gap.

Thus the gquantity measured by this technigue is:

v
et e | R
i N e Y R DT I O R WA AT (VTG E g

ng 2 = anz + nH {6-5) ::‘
r where n and B, are the atomic densities of the metal and hydrogen, respec- %
tively. As the voltage increases, these increase also by evaporation from the i’g
; anode and aa increase in ng must be observed. However, n_will multiply %
’ itself by spat‘ering and its capability to do this decreases as the sputtering yield g
B ’; and the factor g fall nozably when the relative hydrogen concentration is greater, I;
£ 2

Thus this experimental result rust be taken as evidence of the significance of

s - ::
s sputtering. 2
B ]
43 4
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Light intensity was monitored under these conditions as it increased
stepwise with voltage together with X-ray intereity (Figure 6-12). At higher
voltages; both X-radiation and ligh’ output rose at constant voltage as well us
the light output per unit current, Since the light growth occurs during the gas
evolution phase, it seems most likely due to gas luminescence. Transition
radiation wouid also appear, but it cannot explain the increase in light output
per unit current which would have to remain fixed at constant voltage.

This gradual increase at constant yolgage of all of the measﬁred
parameters, total and collimated X-radiation, hydrogen partial pressure and
light output, was found to increase steadily during the last few voltage incre-
ments of 1 kV or less prior to breakdown. The phenomenon has been iermed
"“"runaway",

Reductinn of the voltage by up to 10% was found to be insufficient to
arrest this regenerative process which may take many secoands to complete
(see Figure 6-13), the apparent fall in X-ray level is due to scintillator satura-
tion). Breakdown voltages were very reproducible when voltage was applied
in 5, 10 or 25 second intervals, but a conditioning effect took place. Experi-
ments with 2, 5 mm and 5 mm gaps established that the breakdown voltage

varies approximately as the square root of the gap separation,

6.6 Conclusions

From this work, it appears that only under restricted conditions is
there a nondestructive criterion for incipient breakdown of varuum gaps. None-
theiess, the techniques developed and enumerated below are cf value in per-
mitting the vacuum gap to be completely described prior to and during btreak-
down. Thus, current or total X-radiation monitoring each give information on
the siate of the cathode surface and on microdischarge activity. Collimated
X-radiation gives the total residual gas or vapor pressure in the gap with a
rapid response time and is complemented by mass spectrometry which yiclds
only chamber pressure but can resolve gas constituents. A steady uncoatrolled
runaway is indicated by the total and collimated X-radiation measurements

under restricted conditiond. Visible radiation intensity monitoring indicates

6-18
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the kind of thermal balance at the a.xiode under electron bombardment and is a

sensitive means of studying the gradual runaway of field enhancement to break-

L8 LA RaTe ST A e S PR N ITEARAL A1 353 T (RS PR DS S AR,

down, Oscillographic monitoring of current pulses yields data on microdis-
charges and on runaway phenomena preceding breakdown. Mass spectrometry
yields total chamber pressure with resolution of the individual components and
thus identifies the gases released and their partial pressures during voltage
application. Additionally procedures were developed for fabrication and clean-
ing of electrodes and a transfer of the electrodes in a controlled environment

to the vacuum test. In conclusion, the preiiminary program was successful in
yielding data from which the steps leading up to breakdown were identified,
Prebreakdown phenomena associated only with unbaked electrodes were studied,

and the principal conclusions derived from this program could be summarized

as follows,

%NSy

(1) A conditioning technique has been developed which does

Ch oy Abawd A B,

not involve sparking and consequent electrode damage,

Tke technique has been compared with the more conven-

ot ey

tional spark conditioning method and the decrease in gap

strength by sparking has been measured.

(2) Microdischarge phenomena have been studied and the

results largely verify the work of previous investigators.
In addition, an associated rise in the partial pressures

of residual gases has been studied.

(3) Microdischarge activity has been shown to lead to field
enhancement at the cathode and Fowler-Nordheim field
emission occurs from a variety of sites. Discontinui-
ties in current changes as a function of voltage are

believed to be due to the disappearance of some sites.

(4) X-rays are produced by microdischarges and by field
emitted electrons. Photons can be generated in the gas

or vapor released into the interelectrode space as well

6-21
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(5)

(€)

(7)

(8)

as from the ancde as a target., The X-rays produced
by field emission yield equivalent Fowler-Nordheim

plots.

At high potentials the enhanceraent factor grows at con-
atant voltage and can run away to breakdown. Small
reductions of voltage will only delay the breakdown after

growth hae proceeded.

Visible radiation from the gap is consistent with a model
comprising anode hot spots which are cooled by conduc-
tive heat iransfer. The anode temperature rises rapidly
during runaway and there is no evidence of boiling for
the gap separations studied, Intensity variation is not

fully understood over the whole range.

Collimated X-radiation monitoring and mass apectrom-
etry show that there are both pulsed and continuous
changes in interelectrode gas density prior to break-
down, The gas appears to be hydrogen which probably
diffuses out from the anode when it is heated sufficiently

by electron bombardment,
Gap failure can occur under two separate circumstances.

(@) When gas pressure rise due to microdischarges
becomes too great.
(b) After surface etching and the runaway of the field

enhancement factor.

In case (b) the buildup of hydrogen density in the gap may
also be the czuse of breakdown since it seems to be
always associated with it, A mechanism can be con-
ceived in which the eleciron beam current runaway leads

to hydrogen diffusion into the gap.
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Baked out electrodes would presumably not bz subject
so much to this effect but totally vacumn melted metal
electrodes would be much less so. Hence the known
high vacuum breakdown strength of electrodes fabrica-
ted from titanium (which is refined by vacuumn melting)

may be explained in this way.

The breakdown voltages at runaway are consistent and
the conditioned breakdown voltagea appear to be approxi-
mately proportional to the square root oi the gap sepa-

ration.




(1)

@)

(3)

SEVEN FACTOR PILOT EXPERIMENT

7.1 . introduction

In applying factorial design to experiments on vacuum breakdown it
was decided to conduct initially a two level, seven factor pilot experiment.
This experiment should show that all factors are under adeguate control and
provide information on the effect of varying the most likely factors and in par-
ticular on the importance of system bakeout. A one-fourth fractional factorial
design involving 32 runs or treatments was chosen. From this the importance
of all factors and most two factor interactions can be determined.

The main objectives of the experiment were to:

Compare complete system versus electrode only bakeout
both as to breakdown voltage and reproducibility of break-

doww level,

Determine the effect of surface finish, viz, how much
improvement in withstand voltage is attained by highly

polishing electrodes.

Compare electrode materials: other programs carried
out by IFC indicated the potential improtance of Ti-7
Al 4Mo as an electrode material for vacuum insulation,
This is compared with a common electrode material

such as copper.
Cormission and troubleshoot the 300 kV apparatus.

Gain familiarity with running a large scale factorially

designed expariment.

Optimize proredures for this experiment to mainti.in
control over the relevant parameters for the complete

duration of the test,
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(7) Further clarify and understand the mechanism of vacuum

breakdown.

1.2 Experimental Design

The factorial design as given in. Table 7-1 investigates seven factors
which were chosen after consideration of field emission dependent processes,
clumpmechanisms, and microdischarge effects. These factors were iudged to
be the most likely ones of importance and would, at two levels each, require
27 or 128 treatments for a full factorial investigation, To reduce the number of
treatments a one fourth fractional factor:ial design was used which gives inde-
pendent and balanced estimates of all the main effects and of all of the two
factor interactions except AB, CE, AC, BE, AE and BC. Thus the bakeout
factor D is estimated without confounding with any main effect or any two factor
interaction. Complete 3pecification of each of the 32 individual experiments or
treatments is given in Table 7-1. The order of experimentation (see Table 7-1)
was randomized to minimize any "historical" error,

Experimental procedures were developed for electrode preparation,
installation, bakeout and testing so that the levels of the factors would be stan-
dardized and any other pertinent parameters would be held invariant. Essential

details of procedure and test sequence are given in Table 7-1,

7.3 Breakdown Voltage

Typical variation of breakdown voltage with gap and conditioning is
given for a single treatment in Figure 7-1. An orderly change with gap and
conditioning is indjcated with an approximately squarc root dependerce an gap.
A complete tabulation of breakdown voltage is given in Table 7-2,

Factorial analysis was carried out according to Yates Algorithm
on a time-sharing computer for the gaps at which coniplete data was available.
The initial results show;ved a consistent ranking of cartain factors. However,'
because of the high apparent srror indicated by the half normal plots, as in

Figure 7-2, there was doubt as to which were most significant.

7-2




Table 7-1. Experimental Design - Pilot Sxperiment
Factor High Level Low Level
| A Anode Matorial - OFHC Cepper ] Ti-7AM1-4Mo

B Cathode Geonietry Bruce PYrofile - Sphere

C Cathode Material NFHC Copper Ti-~7 Al -~ 4Mo- )

D Bakeout Electryde Bakeout Only Complete System Bakeout

E Anode Ceometry Bruce Profile Spbere -
F Aaode Finish 1 0. 05 Micron Polish (Fin) 6C0 Grit SiC (Coatie)

G Cathode Finish S 0. 05 Micron Polish (Fin«) I 600 Grit 51C (Coarse)
Bakeout: Charaber 8 hours ai 375°C; Eloctrodes 12 hours at 425*°C N
Electrodes: 3 inch diameter, cleaned with water, methyl alcoliol, acetone, and trichloro-

etl-yleg . -8
Pressure: Low 10  torr tomid 10 = 2orr for Electrode only bakeout,
Low 10-€ torr for comrplefa systzm bakeout.
Voltage Application: 10 kV s‘eps every 2 minuten from well below breakdown.
Variables Monitored: Voltage: Gap Currant (Prebrezkdown); Total and Collimated X-Radition
Optical Radiation, Total and Partial Pressures
Test Sequerce:
Initial Series: 3 breakdown: at 1. 0 cm gap, then 1 breakdown at 1.5. 2.0, 2.5, 3.0
and 0. 50 c.a gaps.
Rapid Conditioning: At 1. 0 cm- repeated sp.rking until the breakdowa voltage ia in-
creased by ~ 30 %.
Fipal Seriea: i Braakdownai 1.0, 1.5, 2.0, 3-5, 3. 0 zcal 0.50 cm gaps
Specification snd Order of Treatmenis: ;
Factor C G R E -D A F E
Trentment Cathode Cathode | Catiode | Anade Anols
Matarial i Fi_fish Gcé?;it‘e_try Bake.aut S:{:taria.l __pl-‘inish

bdefg Ti | roe Brnce Electrnde T! Fine Wruce

abdf T Coaree Bruce Slectreode Cu Finc Sphere

ig Ti Pind Sgnare System Ti Fine Syhere
adcfg Ti I Fine Sphere Electrode Cu Rixe Bruce

bed Tu ! Coarse Bruce Electrrde Ti Courge Sphere

ade Ii Coarve Splare Elecirade Cu I Coarsd Bruee

ab Ti Coatre Rruze S-stem Cu Coarse Sphere

beg Ti Fine Broce 1] Systom Ti Coarsc | * Bruce

bef Ti Coars~ bruce Lydtem Ti Fivn Bruce

act Cu Coarse Spheze System Cu Fine Sohere
adcdeg Zu Fine Eruce Electrode } Cu Coarse Brucz

cv Cy Coorse Sihere System Ti Coarze Brace

abig Ti Fine Bruce Sycstem Cu Fine Sphere

bef Cu Coarre Bruc~ Syntem Ti Fins Srhere {
atdg Ti Fine Bruz~+ iectrode Cu Coarss | - Sphere

cdez Ca Fine Sphere Elactrods T Cosrse Byruc?

bde Ti Coarse Bruce Elecrode Ti Tearse BDyace

dg Ti Fine Spherc £lactrode 7i Tlaroe Sphere I
2cd Cu Toarse Sphere Eilestrode “u Coap32 | Sthere

akira Cu Coarse Bruce ; Syster: Cu Coavse Bruce

aeg Ti ¥ins Sphere System Cu Coarge Brice
abeaig <u Fine Brice Syste:n { Cn Fine Bruce

bedfg Cu Fine Bruce ! Rlectrmte : Ti . Fine Sphere j
acg Cu Fine Jrhere Lystemn - Cu - Coarse ferire

sef Ti Caarse E€phere System } Cu I Fise Broex

{1) Ti Cuarse Sphere Systen bTi 1 Conrse Sphera

cdei Cu Canse Sphevre Electrode l Ti Fiy» Bru2e

acdfg Cu Fine Uphere Electrode Cu Fine Sphare
abcde? Cu Course Hruce Electrode Cu E Fire Bruce

cefg In v Tine ‘Cpter: Systers T \ Fice Biuce

af T { Goarse | Spherv | Tlectrode | Ti { Fine Spaere

beg Cx Five ] Bruce | Ivstem I ¢ Coarse Cphere

- X i —'}.‘w . (NI S,
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In order to obtain smoothed measurements of the breakdown voltage
which would allow more accurate estimates of the effects of the factors under

study a breakdown law of the form:

_ al/2
vy = Kd

was assumed and average values of the slope K were calculated from the con-
ditioned results at 1,0, 1.5 and 2. 0 cm. This manipulation was successful in
that deviations irom linearity appeared in a half-normal plot of the factorial
estimates as given in Figure 7-3.

Based on this technique and consistency in rank the following con-

clusions may be drawn:

(1) The most significant factors are ancde material A,
anode shape E, cathode shape B, bakesut D, ard ihe
interaction AE + BC,

(2) Complete system bakeout gives higher breakdown volt-
ages than electrode only bakeout,

(3) Spherical geometry for either anode or cathode or both
gives higher breakdown voltages than l3ruce profile
geometry (plane),

(4) Cathode matevrial is important for unconditioned gaps
and anode material for conditioned gans, in both cases
Ti-7Al-4Mo gives higher breakdown vcltages than OFHC

copper.

7.4 Prebreakdown Phenomena

Prebreakdown current was measured at each voltage step up to
breakdown. In general, the logarithm of the current as a function of voltage
indicated both deviations from the simple Fowler-Nordheim law and a der2>nd-

ence upon the amount of conditioning.
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During the #arly stages »f the p?:;gra_rh certain treatments (later
;epeaied for factorial con.istency) vgéré teated for breakdown voltage by ignor- .
iag "isolated" prrakdowns at a cerfain gab and raising the voltage untii break-
downs appeared is rapid successicn., Using this technique, it was found that
breakd>wn t;aitage increased quite accurately with the square root of the gap.
A% the same time the logarithm of the last measurable preLreakdown current
decreased #ccording tc the square ront of the gap. Figure 7-4 for uniform
field electrodas shows this effect. In this case, if the Fowler-Nordheim law is

assumed:

: B4)

= (og) oo ('ﬁv

and if the br=axdown voltage obeys a square root law:

- xql/?
Vv, = Kd

Then it follows that:

2.2 i/2
Bd
log X = log A + Z log {ﬁdK}-

gd

/2

term can be neglected, the emituing area A is constant, and that B (governed

Thus, log I et breakdown decrezses lirnearly with d1 provided that the second
by the electron tunneling probability) is constant,

For spherical electrodes similar behavior was found, except that
corrections had to be applied to d so that cathode field strength would gtill be
given by © = V/d. Thus, Figurz 7-5 employing an equivalent yap separation
demongtrates a goed fit to square rcot dependence, Conseguertly, it appears
that breakdown voltage is influzaced by cathode curvature through the effect of

this upon prebreakdown current.
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It 1+ 20 be emphas.zcA that the above’ Lehavies wis explored with
repeated breaxdawna at exch gap sEtting, With the seauence specified for the

faciesial experiment it was necessiry to reveit tha gar cycle several times to

,
i)
)ud.'n;g:ﬂe:m:ﬂmkﬂf:ai(f'w.‘{ce."T? ;25!@35; ﬁﬁ

] ,i‘* get even an anproximate fit tu the square roct relationship between gap and the %
l tinal prebreakdown curzent and brzakdown ~oltage,

7.5 Effect of Breakdown on Elecircde Surfa-es

O RN NI B T YO LY

After testing, each set of electrodes was microscopically examined

and interesting details photographed. While the range of gaps used renders )

interpretation of typical dimensions difficult, there are features cf geuneral ;

= nature worth noting, i\
The most spectacular result of attack, shown n Figure 7-0, is the :

deposit of anode material on the cathode surface. Thiz apparently, is caused :

by a breakdown which ejects a surface layer of anode materias prerionsly rern-

dered molten by a localized cathode beam. The ejectea maierial sylaters onle

the relatively cold cathode surface and solidifies almout instantaneously »uat not .

before it spreads out into a shallow crater formation. Th: centers of m2y of

these splatters show varying degrees of structure. Splatters are nermally seen

when the anode is copper but rarely seexn when it is the titanium alloy. Even

when seen, the titanium splatters are very small,

o

Attendant with the more severe splatter deposits is a deliuiis vacu.

um evaporated coating of the anode material. This coating has been voticed

only when copper was the anode material, It occurs near the center of ti:e ai0st
. hez.vily splattered area on the cathode and is easily removed by abrading with a
sharp metal instrument, Significant evaporation indicates that the copper sur-

face reaches a temperature of approximately 1273°C. (1) The comparable tem-

perature for titanium is 1546°C at which point the vapor pressure reaches 10

microns of mercury,

Both copper anodes and titanium alloy anodes are severely attacked

as seen by the dark area in Figure 7-7 and the convoluted surface in Figure 7-8

e i~ 2 Fmarrrat Atet M AW iew LA (3e Inee &

for the respective materials, It is most likely that the splatters are expelled

from areas such as these,
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Figur~ 7- 6. Copper Splatters on Tiraniwmn Alioy Tathode
Magnification: %90 X
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Figure 7-7, Severe Attack on Copper Anode
Magnification: 50 X
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Anode attack grades down tn microstructural delineatics in the form
of grawn boundaries for copper and revelztion of the alpha-bteta strusture of the
titauivm alloy as shown in Figure 7-9 for the fine surface finish. Light attack

on the coarse finish tckes the forni of amoothened abrasive marks,

7.6 Concluvions

The trends appearing in the factorial anulysis add to and ronfirm
the t’neory(z) of vacuum preakdown which war developed during this studv.
Prebreakduwn current measarements and observation of gas released prior to
breakdown further suppcrt the hypothesis that a beam of field emitted electrons
heats up the anode to a tempe~ature at which gas is evolved copiously into the
gap. The gas accumulates on the beam axis at an average density depending on
both the electrode geometry and gap separation. Ionization by the primary
beam then leads to an unstable condition producing breakdown. The total ion-
ization depends on the product of gas density along the beam and gap separation
in a mnzrner depending on the field distribution,

In consequence of this, the factors expected to be of significance
would be anode material, bakeout, shape of both electrodes, and gap separation,
all of which figure prominently in the resvlts of this pilot experiment,

An intereeting point is that anode material appears 2s a prominent
single factor for conditioned :lecirodes, but appears only as an interaction
with bakeout for the unconditioned case., Conditioning is pictured in the pres-
ent theor~y vo he the process of removal of gas from the surface layers on the
anode with the consequent establishment of a density gradient which then
governs the rate of gas evolution, The precise gradient will depend on the
diffusion coefficient of the anode material, hence its appearance as a factor
in this case. Before conditioning, however, the density of sorbed gas at the
surface will be the main factor which is more a functiou of bakecut.

Electrode geometry and gap separation effect the pumping conduc-
tance, eleatric fieit distribution and ionization efficiency simultaneously. In
the next sxperiment, this ambiguity ie expected to be reinoved by studying uni-

forn. field electrodes only, thus removing the elecirode shape as a factor.
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Figure 7.9, Alpha-Beta Microstructure Revealed by
Electron Bombardment
Magnification; 200 X
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In a practical sense the highest breakdown voltages are obtained with

curved (spherical) rather than plane (Bruce profile) electrodes. Ti-7Al-4Mo

has been shown to be superior to OFHC copper, with anode material being more

important, Bakeout of the entire system gives higher breakdown voltages than

electrode only bakeout. Electrode surface finish did not emerge as a signifi-

cant factor, leading to the conclusion that 600 grit finish is adequate.

7.7 Recommendations

Electrode Material

The titanium alloy Ti-7Al-4Mo is a very promising electrode
material. Both it and other materials of the same family are

recommended for tube electrodes.

Electrode Finish

Six hundred grit finish is good enough for electrodes in vacu-
um environments. A higher polish appears to buy no signifi-
cant improvement in the way of increased voltage hold-off
and merely adds to the timme and cost factors in tube pro-

duction.

Electrode Geometry

If the choice is available spherical or similarly curved elec-
trode geometries should be used, rather than plane uniform

field.

System Bakeout

For reliability, less scatter and higher withsta:id voltages it
is desireable to bake out the complete system. Time and
temperature of the bakeout may be chosen to suit specific
needs but 400°C for six hours appears reasonable and may be
used as a general guide. A separate study in a high tempera-
ture chamber would establish more clearly the guidelines for

recommended bakeout cycles,
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SECTION 8
BLOCK OF EIGHT EXPERIMENT

8.1 Introduction

Statistical analysis of the pilot experiment indicated that, consis-
tently throughout the conditioning history of a pair of electrode, the decisive
factors in determining breakdown voltage were anode material, electrode
shapes, and bakeout, High apparent error in the pilot experiment indicated
that a factor was not under full control. This appeared most likely to be the
gas content of the electrodes, in -greement with a theoretical model in which
evolution of hydrogen just prior to breakdown plays a significant role, Observa-
tion of pressure surges with a mass spectrograph in both the preliminary and
pilot experiment further supported this theory It would appear that hydrogen
is evolved by electron beam heating of the anode, releasing gas which accum-
ulates in the gap and ionizes at a rate dependent on the gap distance, electrode
geometry and applied voltage.

Thus, the next experiment, called the Block of Eight, was designed
with the primary objective being to check the role thai evolution of hydrogen from the
electrodes plays in determining the breakdown voltage. This was accomplished
by controlling the hydrogen level in cathode or anode at one of two levels by
prefiring in either hydrogen or vacuum at 900°C for 6 hours. OFHC copper was
chosen as a material typical of high voltage vacuum tubes, Uniform field geom-

etry (Bruce profile) and two sizes of electrodes provided a simple variation in

pumping conductance which would influence accumulation of gas in the gap. The
basic design and an outline of experimental procedure appears in Table 8-1.
The entire system was baked at 400°C prior to testing, this further assured
control of gas level,

The test sequence first explored a series of gaps in two condition-
ing cycles, then the effect of a 250 gauss transverse magnetic field was inves-
tigated over a series of gaps, and finally the effect of various levels of trans-

verse magnetic field at several gaps was explored.
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o Table 8-1. Experimental Design - Block of Eight
LP High Level Low Level
] :”5 A Anode Processing Vacuum Firing | Hydrogen Firing
i 3—“\ Factors B Cathode Processing | Vacuum Firing | Hydrogen Firing
L C Electrode Size 4 inch diameter | 1. 28 inch diameter
w Electrode Material: Certified OFHC Copper.
* Firing: 900°C for 6 hours
‘3 Electrode Geometry: Bruce Profile - Uniform Field
Surface Finish: 600 Grit Silicon Carbide Paper
N Bakeout: Entire System at 400°C for 6 houre.
Voltage Application: 10 kV steps every 2 mimmtes from well below breakdown.
Variables Monitored: Voltage, Prebreakdown Current, Rreakdown Vcltage
Collapse and Current Pulse, Pressure.
Test Sequence:
- Initial Series: 3 Breakdowns at 1. 0 cm, then 1 breakdown =ach at
) 1.25, 1.50, 1.75, 2.0, 2.25, 2.50, 2.75, 3.0, 0.75, 0.50,
0.25, 1.0, 1.25, 1.50, 1.75, 2.0, 2.25, 2.50, 2.75, 3.0,
0.75, 0.50, 0.25, 1.0 cm for a total of 27 breakdowns
Magnetic Field Series: Breakdowns Without, With, and Without
250 gauss Transverse Magnehc Field at gaps of 1.0, 1.5, 2.0,
2.5, 3.0, 0.50 cm.
Magnetic Field at 4 Levels: Gaps of from 1. 0 to 3. 0 cm with Trans-
verse Magnetic Field Levels from 0 to 250 guass.
Specification of Treatments
- Anode Processing | Cathode Processing | Electrode Size |Date Tested
1 H, H, 1.28 inch 3/27/67
a Vacuum Hz 1.28 irch 5/9/67
H, Vacuam 1. 28 inch 5/6/67
ab Vacuum Vacuum 1. 28 inch 4/24/67
c H, I-I2 4 inches 3/30/67
ac Vacuum H, 4 inchees 573/67
be H, Vacuum 1 4 inches 6/20/67
abc Vacuum Vacuum 4 inches £/15/67
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8.2 Breakdown Voltagze

Breakdown voltage was found to depsnd Qﬁ‘gap_; conditi@niné, anude
gas level, rathode gas level, electrode éize, and txlitfzaverse rnagn/etic‘ field in
a complex‘ manaer with many significant interacticas, For examyle, the cffect
of electrode gas content is strongly dependent on electrode size, . For this rea-
son only a detailed reporting of results can accurately describe tke experiment.

Tables 8-Z and 8-3 give the breakdown voltages for each treatment
for the major conditioning sequences. These results, when subjected to stand-
ard factorial analysis according to Yates' Algorithm, yield the estimates of the
mean, main effects, and interactions as given in Tables 8-4 and 8-5. Further
detail is provided by Table 8-6 which gives the comparisons between treatments
which are physically appropriate,

The major conclusions from this data and factorial analysis are:

(1) Gap: Breakdown voltaz= varies approximately as the
square root of the gap dis.ance for gaps greater than
0.75 cm. While single t-reatments may not follow this
exactly, the cverall average breakdown voltage (u) fits

very well as shown in Figure 8-1.

(2) Conditioning: Breakdown voltage increases consider-
ably as a result of the twelve breakdowns intervening
between two breakdowns at a certain gap. This bene-
fical conditioning is more ragid at first than later as
shown by the decreasing slope of the curves of Figure
8-1. For the :.rime gap cf 1, 0 cm the overall average
conditioning effect of 26 breakdowns was 231% (61 kV to
139 kV).

(3) Transverse Magnetic Field: The usual effect of apply-

ing a 250 gauss transverse magnetic field at gaps great-
er than 0. 75 cm was to lower the breakdown voltage.
Figure 8-2 uses the overall average breakdowr voltage

with and without the transverse magnetic field and
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(4)

(6)

(7)

demonstrates that the square root dependence upon gap
remains even with the magnetic field. An investigation
was also made into the breakdown voltage as a function
of iransverse magnetic field strength from 0 to 250
gauss, Measurements were made arbitrarily at 2, 0
and 3. 0 cm gaps so the results are arbitrarily confound-
ed somewhat with gap. However, the percentage change
in breakdown voltage was calculated and on the average
it was found that breakdown voltage increased slightly
up to 100 amps of magnetizing current (approximately
85 gauss) and decreased above that level as shown in

Figure 8-3.

Anode Gas Content: The average effect ol vacuum firing

of the anode was to lower breakdown voltage as shown
by the generally negative main effect A in Tables 8-4
and 8-5,

Cathode Gas Content: The average effect of vacuum

firing of the cathode was also to lower breakdown volt-
age as shown by the generally negative main effect B in

Tables 8-4 and 8-5.

Electrode Size: This factor was the most significant in

the factorial analysis and in general the larger elec-
trodes had lower breakdown voltages as shown by the

negative main effect C in Tables 8-4 and 8-5,

Factorial Interactions: The high level of the interac-

tions AC, BC, and ABC implies that the main effects
just discussed must be more carefully examined. For
example the positive ir‘craction AC indicates that elec-
trode size and anode gas content cannot be considered
independently. In this case the comparison of Table 8-6

for conditioned breakdown voltages without magnetic

8-11
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field provide the information that when the electrodes
are large and the cathode is vacuum fired, then vacuum
firing of the anode raises the breakdown voltage (see
line 4 of Table 8-6). When the physically meaningfil
comparison is made between electrodes with anode and
cathode fired similarly, it is found that hydrogen firing
is better for small electrodes while vacuum firing is
better for large electrodes (see last two lines of Table
8-6). The electrode size factor is further complicated
by the observation that in one case, when both electrodes

were vacuum fired, the large electrodes had higher

breakdown voltages than the small electrodes (see Note:

Reversal of Area Effect, Table 8-6).

This apparent complexity of effects and interactions in vacuum
breakdown demonstrates the importance of full factorial design which does not
crerlonk interactions, However, in practical terms a more straightforward
interpretation ir desirable, and at lezst for this experiment, can be found in
ibe thecretical motivatior. which strecsed gas accumulation and ionization in the
g2p. Thus, if the eight "reattments are ranked in breakdown voltage level for

tne lagger gaps (> 0. 75 cm) it is consistently found that the following grouping

occurs:
Last B/Irat 1 0 cm
Lreifment iy Initial Sevies (Common Features
3 °2,
\ I:g i:é smull electrodes, one or both hydrogen
- fired
a 160 kV
b a
aag i:c t:; large c¢lectrodes, anode or both vacuum
ab 130 kV fired, and small vacuum fired
¢ 110 kV large electrodes, anode or both hydrogen
be 100 bV fived

8-13
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It would seem that gas contribured by either tke cathode o= anode
for small electrodes results in the highest breakdown voltage, that with in-
creasing size vacuum firing of the anode becomes ixnportan{:\a.ndthac for large
electrodes hydrogen firing of the anode results in the lowest brezkdown voltage.
The theory would be expected ta predict some critical level of gas concentration
at which a maximum breakdown voltage is obtained.

In summary the factorial conclusion would be that adding gas
(hydrogen firing) is beneficial for small electrodes, is detrimental for large
electrodes, with anode gas content being more decisive thar cathode gas con-

tent.

8.3 Prebreakdown Current

Prebreakdown current exhibited in general an exponential dependence
upon ‘voltage typical of field emission. The details of most interest in ‘his ex-
periment are the effects of transverse magnetic field of up to 250 gauss on pre-
breakdown currents. It has been found that the last measured current prior to
breakdown is often a useful indication of emission characteristics and is re-
ferred toasIgp - the ultimate prebreakdown current or current at breakdown,

The variation of prebreakdown current with magnetic field level as
a function of voltage is given in Figure 8-4. It can be seen that as the trans-
verse magnetic field increases the prebreakdown current typically decreases,

This effect has been explained by Watson(!)

as being due to a Hall effect in
emitting protrusions on the cathode surface.

The ultimate prebreakdown current, IBD' as a function of the square
root of the gap goes through a minimum in the gap range from 1.5 to 2. 0 cm,
This is shown in Figure 8.5 for averaged current levels with, without, and
again with a 250 gauss transverse magnetic field. Again this effect can be
explained by the Hall effect. A more extensive description of these effects

(1)

is contained in an addendum to this report.
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8.4 Voliage Collapse -

For fi72 of tre eight treatmenty }:he ccllapse of gap voltage upon
breakdown was observed with the capacitive voltage divider during the early
stages of testing {up to 25 breakdowns). Time to coilapse is defined as the
time interval cetween scope triggering (indicating 2 rapid fluctuation in voltage
of several kilovolts) and collapse of gap voltage to near zero, The results are
shown in Figure 8-6 where it is seen that for gaps up to 1. 5 cm the mean
collaps: ‘me increases almost linearly with gap (300 x 10-9 s/cm) while for
2 to 3 cm gapc the mean time is approximately 550 ns.

In the majority of waveforms, the gap voitage tended to collapse
partially {20 to 30%) and then recovar before proceeding to total collapse, Dur-
ing the total collapse some osciilaiion on the decaying voltage was usually ob-
served. In the few cases where corresponding current waveforms were re-
cerded, the voltage waveform oscillations ccincideé with current oscillations,
At a given gap, the waveforms were seldom reproducible suggesting varistions
of gap impedance as being the main cause of oacillations rather than the exter-
nal circuit., The frequency of these oscillations decrezsed with incC-easing gap
from 45 to 15 MHz,

The peak current recorded was normally several hundred an:peres,
in reasonable agreement with the value calculated from voltage and source im-
pedance (160 ohms). However, it was frequently not as high as expected,
leading to the comnclusion that the initial phase of the arc (during which sub-

stantial voltage is still across the gap) is of fairly high impedance (>100 ohms).

8.5 Conclusions

Gas content has been shown to be an influential factor whose effect
depenadas upon electrode size. Thus, small electrodes (1.28 inch diameter)
b<nefited from hrdrogen firing while large electrodes (4 inch diameter) have
lower breakdown voltages when hydrogen fired. Gas content of either electrode
was mmportant, with anode gas content having the greatest effect. Similarly
area (or size) is a decisive factor with small electrodes usually having higher

breakdown voltages than large electrodes.

8-17
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The variation of breakdown voliage with gap follows a square root
law abo've about 0. 75 cm. A weak transveree me znetic field of 250 gauss lowers
the oreakdown voltage for gaps larger thai 0. 75 cmn and raisce bre.kdown vol.-
ag2 for smaller gaps., Prebreakdown current was feuni to be profoundly affect-
ed by ths transverse magnetic ficla level and posaible explanation of this based

(1)

on tine Hall effect is contained in an addendem

te this repozrt.

Voltage collapse time was found to vary Linearly-r with gap up to
approximately i.5 cm, beyond wbhich it was constant at ~ 550 ns. Thc average
rate was 300 x 1077 s/cm,

These observations, 2z2 results of the preceding two experiments
have been used by Watson as the experimental basis for a comprehensive
theory of vacuum breaklowr. Instability in the growth of interelectrode space

charge i3 aeen as the initiating mechanism and results from the heating of

anode spots by field emiasion :lectron heams, This heating leads to gas evoiu-
tion which contributes an isnic soace charge which in tura enhances the emitted
(2)

beam. A complete descripticn of this theory is contained in an addendum

to this report,

8-19
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SECTION 9
BLOCK OF THIRTY-~-TWO EXPERIMENT

9.1 Introduc.ion

The Block of Eight Expe<iment demonstrated the imnortant influ-
ence of electrode pretreatment and size ox ‘rsakdown voltage. These effects
were attributed to different gas sorptions for hydrogen or vacuum firing. The
significant interaction between anode gas content and electrode size was theo-
retically related to the pumping conductance of plane parallel electrodes. To
investigate those and tke effects of condit*oning in more detail, and to extend
the unlform field, single material (copper) scape of the Block of Eight Expe=i-
ment, a Factorial fxperiment consisting of 32 treatwments ana 8 replications
was tdesigned.

The hasic exparimental design, pruzedures and zonditi>ns are
given in Cable 9-}. Thle test sequence specifies about 90 breakdowns over a
three or four day period. Perfermance over 2 range of gaps, with and without
a transverse magnetic field, before and after ges exposure. and with energy

storage was explored.

92 Breakdown Volh_gg

A comulete tabulation ol breazkdown voltages is contained in an
addendum to this report. For the purpeses of this review the optimum con-
ditioned and average breakdown voltage levels are of most intevest and arz
given in Tables 9-2 and 9-2, The grouping of results according to levei of
faclor E (2node shape) follows the experimental order since the factorial design
was divided iato iwo blacks ¢f 16 tveatments. FEach block studied the zame
four factors (A, B, C and D) at two levels each for the different levels of ‘he
fifth tactor (E). Tkis was done so that anzlrsis could begin when tk2 overall
experiment was nal{ complete:,

Wkhkile many different factcrial analyses were carried out at various

stages of the analysis, it scems worthwhile kere ¢¢ include only tke final

[N
V

\
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Table 9-1. Experimental Design - Block of Thirty-Two

™
12y

L

TR (RER S AR

= High Level Low Level
i w Anade Material Copper (OFHG} A_aminum (1100
B Cathode Material Copper (OFHT) - Aluminum (1109
Factors| C Elec!{>ode Processing Vacuum Firing Hydrogeu ¥Firing
- D  Anode Size 4 inch diametor 1. 28 inch diametet
l T E~ “An>de Shape [T Brvce Profie { " Sphere

Firing: 900°C for 6 hours for copper; 600°7 for 6 hours for rlucinam
Cathode Geometry: 2 Inch Diameter Sphere
N vnrface Firish: .00 Gric Silicon Crrbide Paper
Bakeout- “Chamber at 375°C fo> 6 hours; Blectrodes at 400°C for 8 hours.
\.-oltage Application: 10 kV Steps evevy minute from well below breakdown
Yariables Monitored: Voltage, Prebreakdown Curreunt, Breakdown Voltage Coll-pere, Pressure
Test Sa .uence:
Imtial Series (Day 1): 3 Breakdowns at 1. 0 ¢m gap, then 1 breskdown at 1.5, 2.0, 3.9,
0.25, 8.50, 0.75, 1 0, 1.5, 2.6, 3.0, 0.25, 0.50, v 75. 1¢, 1 9,
2.0 cm: for a total of 12 Breakdowns
MaJuetic Field Series (Day 2): 2 Counditioning Breakdowns at 1. 0 cm, then saqucnse of 6
breakdowns each (0, 100, 200, 300, 400, ), gauss)at gaps of 1. 0,
2.0, 0.25, 0.50, ¢ 75, 1.5 cm n
©xposure Tests: For Bruce Profile Ancldes exposure was to 20%0, - 8G% N, at 10 itorr for
1 minute; for Spherical Anodes, exposure was to Air, zN2 or O2
At Atmoapl.eric Pressure.
Encrgy Conditionipy Tests: Preliminary Tes:s with Energy Storage Capacitor Bank
{6750 Joules at 300 kV)
Bushiug Condilinniug: At ~ 5 cm Elcctrode Gap, Preceeded each Day's Testing.
£ oecification of Treatemsn’a:

| 14 Anode ;—- Eatixode flectrode | Anode Anode Date Dzate 7
} Tre_tent <« Macerial i Melerind Srocensing | Size (Inckea) Shape Tested | Replicated
Gy A m H, 128 Sphere |10/14/68
a Cu Al HJ 1.28 Sphers 19/23/63
b : 1 Cu Hj 1.28 Sphere {9/11/63
f ab(R} Cu Cu H, 1.28 Sphers |11/25/68§ 7/29/%»
: c Al Al Vac 1.28 Spiere [10/7/68 !
ac Ce Al Vac 1.28 Spuere | 9/3/6%
py Al To Vac 1.28 Sphere 111/11/68
ahe | Cu Cu Vac : 1.28 Sphere {8/5/68 R
é \ Al Al H, f 4 Sphere |8/26/68 9/167¢€8
i ad Cn Ay H, 4 Sphere {10/21/63
! bd At : Cu H, 4 Sphere {10/28/68 !
abi Tu Cu £, 4 Sphere |8/12/68
R} Al ! Al Ve 4 Sphere |12/9/68 | 9/3/63 |
acd{P) Cu At Vac 4 Sphere 11/18/68; 12/4/08
! bed Al Cu Vac 4 Spher: 113 /2)7C¢
abed Cu Cu ! Yac 4 Sphers 18,/19/68
e Al al H, 1.28 Bruce |2/26/68 6/24/68
ae Cu A H, i 28 Bruce |</22/68
: be Al Ox H, 1.28 Bruce |3/26/68 2
; abe Cu vu H, i.28 Brace |2/5/68 7/22/68
g cn Al Al Vace i.28 Bruce ]4/8/68
i ace La 3 Yac 1.28 Bruce §3/18/68 6710768
H abe Al Cu Vac 1.28 Bruce 16/3/68
3 ahee Cu Cu Vad i.28 Bruce [3/4/68
: ‘e Al ‘ Al H 4 Bruce |3/11/68 7/1/68
-4 aac Can ? Al Hg 4 Bruce [4/29/68
: bde Al ; Cu H, 4 Bruce |5/21/48
ZlAn g Cu HZ 4 Bruce (2/12/,68
cde Al Al Vac 4 Bruce |4/15/68
orde Cu | Al Vac 4 Bruce |5/6/68
bede Ay Cu Vac 4 Bruce 15/27/68
| __abede ,  Cu i ce | vae | a4 Bruce |2/19/68
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overall analysis according to Yates'Algorithm. This (see Table 9-4) contains "‘)
the most accurate estimates and all essential information. Table 9-5 gives the ,
factorial results obtained when both electrodes were of the same material.
sX

The factorial estimates are seen to be consistent acrcss a range of A

gap, degree of conditioning and magnetic field level. Thus, interaction of the

Tox A
L] v

sactorial factore with these parameters can be considered negligible to a first

ey

N

approximation, The effect of conditioning on the factorial estimates is con-
sidered further in Section 9. 3, ‘

The factors and interactions of mcst significance are A, B, and AC,
A and B, ancode and cathode material respectively, are positive indicating that
copper yields nigher breakdown voltages than aluminum, The interaction AC
relates anode material to electrode processing and detailed examination of the
resulte indicates that usuvally hydrogen firing was better for copper while vacu-
wn firing wae better for aluminum (as the negative sign of AC would suggest).

The otker main effects C, D arnd E; electrode processing, ancde
size and anode shape, do not appear significant bised on statistical estimates
obtained with half-normal plots. However, their signs, if constant across gap,
may iairly be taken as indicative of the direction of their effect, Thus on ike
uverage, a megacive C would suggest that hydrogen firing is preferable, but the
significant interaction AC has indicated that this depends upon material, The
negative D would suggest that small anodes give higher breakdown voltages but
there is iit{le consistency across gap with this effect. Similarly E suggests
that sphericai anodes vield higher breakdown voltages but little consistency
with gap is evident,

In a practickl sense tie factoriai estimates wouid suggest theot

small, spherical, hydrogen fircd copper electrodes would give the highest

breakdcwn vuliages while large, Bruce profile, hydrogen fired aiuminum elec-
trades would give the lowest breakdown voltages. These specifications covr-
respona to treatments ''ab" and ''de' respectively. Examination of the optimum
breakdown voltages of thesc treatments for the prime gap of 1, 0 cm reveals
th.t treatment '"ab' at > 300 kV did indeed have the highest breakdown voltage

and that treatment ‘‘de' at 195 kV had the lowest breakdown voltage.
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Relation of these factorial estimates to theoretical models is ex-

tremely complicated and will not be attempted here, It is, however, interesting

to note, that the most significant interaction was that of anode material with
electrode processing which supports both the Pilot Experiment and the Block of

Eight in their conclusion that anode gas content is a decisive factor,

9.3 Conditioning, Reproducibility and Factorial Estimates

Meaningful analysis of a factorial experiment requires that an

accurate, reproducible measure of performance be obtained for each treatment.

This is usually achieved by careful experimental control and by repeating each
treatment one or several times to determine the magnitude of error and to ob-
tain a valid measure for performance, Economic considerations often limit
the number of replications and in addition, other complicating factors may also
be present. In particular, vacuum breakdown has an inherent ammbiguity due to
the phenomena of conditioning. No matter how carefully and thoroughly a set
of electrodes is prepared, its vacuum insulation performance depeads not only
on the factorial influences and easily specified conditions such as gap ard mag-
netic field, but also on its electrical stress history. Breakdown and prebreak-
down phenomena can strongly influence subsequent breakdown performance.

Typical corditioning behavior for this experiment is given in Fig-
ure 9-1, which contains representative conditioning curves for the prime gap
of 1.0 cm. Most treatments follow the trend of treatment '"cde'' which rises
in approximately {ive breakdowns (a:i the 1, 0 cm gap, additional breakdowns at
other gaps will have occurred) to a2 plateau which is then rather flat, There is
nc discernabie pattern among the factoers which weuld allow prediciion of the
tyre of conditioning curve,

The simpiest and most direct factorial analysis assumes that each
breakdown voltage is a valid measure of the performance of the electrodes
under the specified conditions. These values can be used in Yates’ Algorithm
to compute an unbiased estimate of all main effects and interactions., In sucha
computation for mnain effects each treatment is compared with one other treat-

ment; for example, one component of the estimate of effect of cathude material
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is obtained by subtracting the breakdown voltages of treatment ade from those
of treatment abde., Figure 9-2 illustrates this comparison at the prime gap of
1,0 cm, As can be seen the result of such a comparison is clear; a 2-inch
spherical copper cathode gives higher breakdown voltages than similar alumin-
um cathode when the anode is a 4-inch diameter I:ruce profile copper electrode
and when both electrodes are hydrogen fired and baked, This factorial com-
ponent is not¢ strongly dependent upon conditioning, magnetic field, or ex-
pcsure, The gshape of the conditioning curves are very much alike, only the
levels differ,

Thkat such cvrves are reproducible is evident in Figures 9-3 and
9-4 which compare replications of two treatments with the original treatments.
While individual points may differ somewhat the overall trends are clossly re-
lated,

Such a point-by-point computation of factorial estimates did not
yield satisfactory results when applied to the Block of Thirty-Two Experiment.
The apparent error was high. main effects small and variabie, and high order
interactions 1argé. Either experimental control was insufficient (which the
reproducibility as shown in Figures 9-3 and 9-4 denies) or .e point-by-point
comparison which appears valid in Figure 9-2 is not always reliable,

This second possibility turned out to be the case. Due to condition-
ing, any point-by-point comparison is subject to variations of both immediaie
and long-term nature, The immediate variation due to conditioning is evident
in Figure 9-2. breakdowns ] and 3 show no effect of changing cathode ma-
terial while breakdowns 2 and 4 show a + 20% effect. The long-term variation
is shown in Figure 9-5 which graphically illustrates the comparison (at 1. 0 cm)
of treatment abce and ace {R), giving another component of the factorial esti-
mate of the etffect of cathode material. Here the first 10 breakdowns imply
that aluminum‘is better than copper, the next five show little effect, and the
rest confirm the initial finding of Figure 9-2 that copper is better than zlumin.
um, This changeover is due to the slow, but steady conditioning for treatment

abce which rises rather smoothly from 80 kV to 280 kV., As a consequence




S w—— PR

TeII2]B N SPOIRBYD IO 10353 F JO
9jeWIISW {elI030R [ 10 uostredwon 'z2-¢ asndry

BUNYIE 40 ¥IOHO

o 14 02 -1 o ] (o)
1 ) ] | T q T 1 | 1) u ) ki T 1 ] 1 | | v 1 — T L ¥ LJ ¥ T L} 1) L c
= o
- -
p -l
e - °ﬂ
- o
. p
B {don wa 0')) “ |
o {(H)9P0 JUOWDBIL )2POYIDD WINUJWN]Y wammmun oot
- (opqD juew 091y ) 2pOYI03 4300 = = = U
=N Teod TAVIN 3Q0MLYI 40 123443 30 3LVALILSI - < u
5 y ot ;
- ~408! o© o
- - M\
[ ]
- - oce
- -t
I ]
[ N :
- // \\l .\ ’ -{ose _
- B -~ -
L ~ l\\ \ ) / N




po juswijealy, jo Lyrqrqronpoadsy ‘¢-6 dandrg

KRN A BT

¥

A

SNYVYE 40 ¥IAHO

-

L d_4d

1
- -10%
- Wy §2°0 1
. . }
- >
r . 4 :
w‘ {H)PD  JUSWDOSL smmrmmem -{001
- PO §UBWIDII | ew o = U
b~ “ < n
- L o '
o -108f © o
- - \'l ,_
o - <
o b
p .
~ ~-{002
L g
r wo 0’1 “
ﬁ -1 082
w P YU U VT YO G SNV YUY VS (NEOUR YN Y SN SN SN VUNHAY UNAUE SIS NN SNURY WV VAN UV TR T S SO S| ooR
en
o~
J
P

v etn PR B L LL R T




N O AR 6

Aot : o - P A ST AT NN SO S E S VR
|
9o® juawajeax ], jo Ajrraronpoaday P-6 9andry
SUYVIE 4O BIQHO _
)
oL g2 o2 sl ‘ol -] ") '
ﬁ \J H v v L 1 1) 1 H T 1 L] ¥ T [} | N | « T T T LB 1) T L 4 14 1 O
-4 ]
he -
- b
- ~109
o— ,
5 (H}80D JUSWIDPI) wemmemee \\ P -~ /.\ ) ;
o GO0 JUSWIDBI] av s an wo " / - b
o nN ° /l \\ -l
- ~400I
- -4
B .
< a
R b ® ]
8 w * - P
! 0g'0 \\l/‘\ i m.\
- <
L
- \’ -400¢
o ‘ / o4
: .uﬂr.\yﬂ ~ ]
J.EUO.- /.l\ — \ . :
= ~108"
5 N
S -
[ 1 i L 1 1 A FESR N i i 1 1 | 1 4 i A 1 _ i | 1 A 3 A 1 A d 00§
™~
o o
Lo M
MO o
Ly ~
,y »Wf
£
,o} «,4
{ ....,
;« e ~ . . -
L et UL TRR LA TR0




T TR

Ay TR

Gty

el il Y

1Y

LI A ]

L

vy Py

bt
&1 B v—

121193\ apoyje D) JO 393J39 jO
ajew .38 g [e1I030® J 107 uostaedwon ‘G- sandr g

SYYVYdS 40 ¥3QNO |’

14 Q2 1) o]} -] (] )
] ] M T 1 ¥ Ly H L} L L) v T 1 1 4 T ¥ — T A 1 L) ) L) L ¥ 1 ° m
] |
] |
108 m
- ﬁ
] |
. / :
(doo wa 0'}) \\ 4001 ‘
(H)920 JUSWIDOIL JOPOYIDD WNU|WN (Y cmmmomen \\ 4 « ,
. -4 \
(999D juswijosi] ) 9POYIDD S80CID e ew / : ~ ,
A o- '
IVINILYN 300K YD 30 403443 340 ILVYNILSI / ] . -
7 408 © ,
1 ®
i =
-4002




of such conditioning the point- »y-point factorial estimates may show little con-

sistency and much variation,

Averaging or selecting the optiznum of several breakdown voltages
will usually compensate for immediate consditioning variation and has been
utilized in the preceding section. However, the results to date indicate that
sequences of breakdowns for fixed circuit parameters and gap separations ray
be required to specify the long-term voltage conditioning curves for the various

combinations of experimental factors.

9,4 Breakdown Voltage as a Function of Gap
and Transverce Magnetic Field

Breakdown voltage was found ‘o vary as the square root of the gap
above ~ 0. 75 cm and to vary linearly with gap below ~ 0.75 cm. The effect of
a transverse magnetic field of up to 400 gauss was also different in these two
gap ranges, apparently increasing the breakdown voltage below 0. 75 cm and
decreasing it for gaps above 0. 75 cm. The response of a single treatment to
changes in gap and magnetic field is given in Figures 9-6 and 9-7. The average
breakdown for all treatments with Bruce Profile anodes is given as a function
of the square root of the gap in Figure 9-8 and as a linear function of gap in Fig-
ure 9-9. The two regimes are clearly separated at abcut 0. 75 cm. The aver-
age effect of a transverse magnetic field for ‘reatments with Bruce Profile
anodes is evident in Figure 9-10, where the effect is consistent over the entire
three-day test sequence. Similar results were obtained for treatments with
spherical anodes and Figure 9-11 which uses optimum and average breakdown
voltages of the entire Block of Thirty- Two may be taken as a summary of the

effects of gap and transverse magnetic field.

9.5 Voltage Collapse

Breakdown is defined as the collapse of voltage across the vacuum
gap to near zero and involves a current taildup of six or more orders of mag-

nitude frem 10-12 to lf).3 A just prior to breakdown to 102 to 103 A during
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breakdown., The effect of this current is to discharge the immediate capacitance
of tke gap and associated structures. For the conditions of this experiment
(series resistance of 80 ohms at the high voltage bushing) it has been observed

with a capacitive divider that the voltage collapse has the following features:

(1) Time to total collapse is of the order of hundreds of
nanoseconds and increases in an approximately linear
manner with gap and in the range 0.25 to 2. 0 cm is
approximately 400 ns/cm.

(2) Frecuently the collapse is interrupted by one or more
recovery periods before total collapse.

{3) Variability in characteristic times as measured by
standard deviation is over 50% in many cases.

(4) Current flow causing voltage collapse rises very quickly
( < tens of nanoseconds) to a peak value of several
hundred amperes and decays to zero in about 1.2 & for

Rs = 80 ohms,

Typical oscilloscope traces of voltage collapse are given in Figure
9-12. From many such measurements of 16 representative treatments overall
average collapse and recovery times were computed. The distribution of in-
dividual times was apparently normal when histoérams of the values were
plotted. Thus the average is a meaningful parameter and its variation with gap
is show= in Figure 9-13, In view of the large (frequently > 75%) variatiox in
collapse times for each treatment a comparison between treatrnents is not
warrented,

Interpretation of the dependence of wvoltage collapse time wpon gap
is difficult because little information exists concerning the initiation and traunsi-
tion mechanisms. The approximately linear dependence upon gap and the
purtial recovery strongly suggest some characteristics transit times for par-
ticle exchange (ious - electrons). Alternately the measured time may be a

result of a time varying resistivity or equivalent impedance of the gap during

9-22

— mememas - PR ——

A BTN




PRSI P s itk it

Gap Treatment Gap Treatment

ae - 100 ns/ ¢ - 200 ns/
cm cm

cd - 100 ns/ ad - 200 ns/
cm cm

0. a2 - 200 ns/ 1.5¢em H ac - 200 ns/
cm cm

a - 200 ns/ SERC R 5d - 200 ns/
cm | cm

0.75 em b - 200 ns/ c - 200 ns/
cm cm

ac - 100 ns/ — ac - 200 ns/
cm cm

Figure 912, Voltage Collapse -
Block-of-32
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Sixteer i reatments from Block-of-Thirty-Two
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the initial stages of arc formation. A later experiment, the Energy Conditioning

Study. investigat=e voltage collapase in more detail (s2e Section 10.6).

9.0 . Effect of Gas Exposure Upon Breakdown Voltage

It ig ofter cbserved that electrodes which have been suitably con-
diticned to 2 nigh breakdown voltage and subgequently left without stress in a
clear high rocnum for perinds of tens of hours will again reguire conditioning
to reach the previous voltage level. The usual explanaticn of this effect stresses
the adsorpiion of gax on tha electrode surfaces, For instance a monolayer of
nitragen weuld be adsorced in eight hours at 7.5 x 10° 10 torr and a monolayer
of wate> vapor at 4 x 10““’ tor:. To investigate this effect in shorter times
elecirodes were deliberately exposed to various gas mixtures at pressures
from 10-6 torx to abmosphere, This was done at the end of the normal test
sequence and thus, with conditioned electrodes,.

The 1Qv61est level of exposure was to a 20% O2 - 80% N2 high purity
gas mixture at 10 ~ torr for 1 minute and was done for treatments with Bruce
Profile anodes., Average breakdown voltages taken before and after exposure
showed that the effect of this low levrl =xposure was negligible, At the 1.0
cm prime gap the average breakdow.. voltage before exposure was 217 kV and
immediately after exposure was 214 kV.

A much more severe exposure to plant atmosphere at atmonspheric
pressure for several minutes produced an immediate lowering of breakdown
voltage of up to 60%. This type of exposure was done with spherical znodes and
averaged results are given in Table 9-6. The 0.25 cm gap, being the first
tested after exposure, shows the greatest effect. A second similar exposure is
tolerated somewhat better but the level is lower than tkat before exposure.

Interinediate levels of exposure to high purity Nz and N2 -Ozmix-
tures a: atmospheric pressure indicated a slight initizl lowering of breakdown
voltaze. However, conditioning to the original level was usually rapic and the
effect of the second expoirure was generally negligible in that there was no
significant or consistent change ir breakdown voltage from the conditioned ex-

posed level (see Table 9-6).
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In summary exposure to atmosphere resulted in significant reduction

in breakdown voltage, a reduction that did not disappear with some conditioning.

On the other hand, exposure to pure éases (15 psia) in general, had a much

smaller effect and conditioning usually brought the breakdown voltage back up

up to its original level, Ex-osure at low pressures (1 0'-6 torr) to pure gases

had a negligible effect. The difference is probably due to the presence of con-

tamination - solid particles, organic vapors, or water vapor - in the atmos-

phere which would not be as prevalent in the high purity gases. The inevitable

formation of adsorbed layers of gases does not of itself appear to be a seriously

degrading factor,

9.7 Effect of Breakdowns on Electrode Surfaces

The electrodes tested in this experiment experienced 90 or more

breakdowns distributed over gaps of from 0.25 ¢cm to 3.0 cm. A number of

breakdowns in several treatiments occurred with an energy storage capacitor

bank of 0. 15 uF (or up to 6750 J at 300 kV). The initial surfare was that pro-

duced by rotary polishing with 500 grit silicon carbide paper and consisted of

uniform circular grooves approximately 0. 01 mxm wide, The smajc. effects of

breakdown were:

(1) The anode surface directly opposite the cathode is
severely burned, melted and eroded as shown in
Figure 9-14.

(2) The cathode surface opposite the anode is covered with
deposits of anode material in the form of both discrete
clumps and a fine continuous film. These deposits may
or may not be accompanied by craterec in the cathode
material, With energy storage discharges, character-
istic arc traces termed ''fern-marks'' are present. The

more obvious featurer are evident in Figure 9-14.
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The eftocts noted above are easily visible and have relatively sharply defined
boundaries, The areas involved were measured and found to range from 0.9 to
5.1 <:1'n2 for anode effects, and from 0.5to 5.9 <:m2 for cathode eifecta. These
areas may be expected to relate directly to conditioning and their perimete:s
occur where the electric field, extimated at the 1,0 cm prime gap, has fallen
off by 15 to 30% relative to the field in the center. At smaller gaps the per-
centage change would be greater. The relavent geometries are given in cross-
section view in Figure 9-15. On the average anode effects covered a roughly
circular area of 1.4 cmz for the 1. 28 inch spherical anode and 2.2 to 2.3 cm2
for all other anode sizes and shapes; namely 4-inch Bruce and sphere and 1. 28
inch Bruce. Thue, as might well be expected, the constant cathode gecmetry of
a 2-inch diameter sphere confined conditioning to high field regions of the elec-
trodes. Conditioning then appears as a benefical change of anode ard cathode

surfaces that tends to progressively spread out over the entire highly stressed

area.

9.8 Conclusions

The complexity of the effects of factors cuch as electrode material,
electrode size and shape, and final processing in terms of vacuum or hydrogen :

firing is evident in the results oi the Piock of 32 Experiment. Those factoss

which emerged from Factoral Analysis with cleas trends were:

Anode Material: Copper resules in approximately 10 to 20%
higher breakdown vcltages than aluminum,

Cathode Material: Copper results in approximately 10% higher
breakdcwn volitages thar aluminum.

Electrode Processing: In general hyZrogen firing results in higher
breakdown voltages than vacuum firing. How-
ever the initeractions cf this factor with :lec~
trode material are high, aud in sowne cuscs
aluminum elecirodes benefit from vacuum

firing,
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The factors of anode size and shape exhibited no simple influence, and thus a
short interpretation of their effects is not possible.
b B - Breakdown voltage was found to depend linearly upon gap for small
gaps (<. 75 cm) and to follow a square root dependence for larger gaps (>. 75 cm).
Similarly a transverse magnetic field of up to 400 gausc raised the breakdown
voltage for small gaps and lowered it for large gaps.

Conditionirg was identified as probably the most important considera-

tion and the next experiment examines this in greater detail by including the

energy available to each discharge as a factor (see Figure 9-16 for the result of
a preliminary exploration). Gas exposure was found to have a severly degrading
effert if it included contamination such as is present in the normal factory
environment but not if it is restricted to pure gascs such as oxygen and nitrogen,
even up to atmospheric pressure,
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SECTION 19
ENERGY CONDITIONING STUDY

10.1 Introduction

High voltag: vacuum devices almost invariably require a series of
conditioning dischargzs to reach operating voltage levels. Even after condition-
ing there will be infrequent breakdowns. Such spurious breakdowns are trouble-
some but not necessarily intolerable if there is ro deterioration in subsequent
performance, However, uiost kigh vcitage, high power vacuum tubes operate
with considerable energy availahle to any discharge, Then the zffect of a
spurious breakdown may be catastrophic, leading to low breakdown voltages,
high prebreakdown currents, loss of vacuum, or mechanical dainage.

The energy conditioning study investigated in detail conditioning with
discharges naving availzble energy levels of from « 50 joules to 6750 joules aver
a range of electrode materials and sizes for uniforrn field geometry. Further
control of discharge characteristics was provided by series resistance variations
(from 25 oame to 30 kilohms) and a fas{ crowbar which could divert energy from

the vacuum gap within 500 ns of the initiation of the discharge.

10.2 Experimental Design

The basic experimental series foliows a three factor twe level fall
factorial design as given in Table 10-1. Copper was chosen as an anode material
gince it is widely used for that purpose by the electron tube industry due to its
excellent thermal propertics, Refractory metals were used for cathode materials;
nickel because it is already extensively used and titanium alioy because of its
superior performance in the Pilot Experiment. The factorial design was later
exiended to include additional material combinations. Vacuum firing served as

a controiled final processing foy all electrcde materials.

10-1
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Table 10-1. Experimental Uzsign - Energy
Conditioning Study

Factorial Design

Factor

A High Impedance Conditioning

B Electrode Size
C Cathode Material

High Level

With
4 inch Diameter

Ti-7 Al- 4 Mo

e e e e

Low Level

Without
1. 28 inch Diameter

Nickel

——

Anoille: OFHC Copper
Electrode Geomeatry: Bruce Profile for Uniform Field
&00 Grit SiC

Surface Finish:

Final Processing: Vacuum Firing at 900°C for 6 hours.

Pal'=out: Chamber at 375°C for 6 hours, Electrodes at 500° for
6 hours.

Initial Test Gap: .75 cm
Test Sequence: See Table 10-2

.Specificaﬁ;zf;f Treatments o
High Impedance | Electrode Cathode Date Date
Treatment Conditioning Size Material | Tested | Replicated
(1) Without 1.28 Inches Ni 2/3/69 | 3/3/69
a With 1.28 Inches Ni 2/18/69 -
b Without 4 Inches Ni 1/20/69] 2/24/69
ab With 4 Inches Ni 1/27/69] 6/2/69
c Without 1.28 Inches Ti 4/21/69 -
ac With 1. 28 Inches Ti 3/24/69] 3/31/£9. |
be _Without 4 Inches T3 3/17/69 -
“abe With- 4 inches —|-° Ti 3/13/621 4/7/69
ab-Cux Wik 4 Inches Cu 4/14,89 -
a5-Ti* Witk 4 Inches Ti 4/28/69 -
ab-ini* |  With 4 Inches “Ni 5712769 -
*These treatmonts ar: extensions of the basic factorial design in that the anode
matarixl was the sume as the catbode material rather than baing copper in all
cases.
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A fixed gap of 0 75 cm was chosen as the prime gap because con-
ditioning at this gap at variovs energy levels producedbreakdowns from 35 kV
tc 300 kV. Thus, a single gap setting covered the entire voltage range of the
300 kV apparatus.

The factor of high impedance conditioning was merely the tirst of
five combinations of energy and series resistance, The sequence is specified
in Table 10-2 where a brief motivation for each series is given,

Voltage was applied in eithera slow ramp (about 5 kV/g) or in steps
of 10 kV each minute, The circuit pertinent to this study haa been given in
Figure 3-5. Voltage, prebreakdown currents, pressvre sarges, voitage col-
lapse waveforms, and breakdown current waveforms were observed. Before

each day's testing the bushing was conditioned to 300 kV with the gap set at 5.0 cm.

10.3 Effect of Energy Conditioning on Breakdown Voltage

The extended sequence(of breakdowns during which the available

energy and series resistance was varied over a wide range provided informa-

¢ion regarding the following:

(1) Typical response of metal elecirodes to many high
energy discharges,

(2) Role of high impedance conditioning as opposed to high
energy conditioning in osbtaining high breakdown voltage
levels,

{3) Effectiveness of fast crowbarring in maintaining hkigh
breakdowi voltare levele during high energy diacharges,

-4)  The cuizizal levels of waergy ana/or series 1esistance, i, e,
wheat is the maximum znergy or cursent thit an ¢iec-

trods system c3n tolerate without degradation?

Corditioning curvzs in which the Lreckdown voltage ig plottnd as a
function of breakdowxs sejucuace pruvide a convenient way of repcoting the re-
sponse of an zlectrode system Lo energy corditiering discharges, Figures 16-1

thrcugh 10-3 give the vesults for representative treatinents,
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Table 10-2.

Experimental Sequence for Energy Conditioning Study

R

Series S

Energy
Storage

Initial 30K ohm

Absant

Purpose

Number of |

Discharges

1 30 ¥ chm

Absent

High Impedance Conditioning: Lirnited energy
discharges produce a2 smooth but significant
(59% or r~ore) increcase in breakdown voltage
level.

90

2 1000 ohm

Present

Modcerate Energy Conditioning: Sufficient
energy aud ratn of flow of endrgy produces

significant changes in conditioning perfor-
mance, but aot so much that permaueat
damage occurs. This provides initinl energy
coaditioning

3 25 ohm

Present

Energy Discharge: High Energy discharges
with relatively little protective resistance
damage the electrodes, this stage simulates
failure of a high power tube under operating
conditions.

4 1680 chm

Present

Moderate Energy Reconditioning: Recovery
characteristics of the damaged electrodaa
are determined with moderate energy ais-
charges.

45

5 30 K ohm

Present

High Impedance Conditioning with Energy:
Reconditioning and performance with energy
available through 2 high iinvedazcs ssually
restores the breakdown voltage level to ap-
proximately the initial conditioned value or
higher.

45

) 25 ohm

Present

Energy Discharge: A second damaging
series of discharges simulate tube failure.

30 K ohm

Present

High 'mpedance Reconditioning with Energy:
Kecovery is agrin inveatigated and the elec-
trodcs are partially reconditioned.

8 125 ohm

Present

B —

High Energy Dischargas with Crowbarring:
Energy storage diccharges with little pro-
tective resistance would normally damage the
electrodes. A fast high (1essure gas crowbar
{~ 500 ns} diverts energy to ground frem the
capaci‘or Licnk hat would otherwise pattici-
pate i the disclarge. Tne sbjective 18 to
determine the proteciion offered the elec-
trodes by crowbarring.

45

%0

-]

12% obm

Absent

i

Limited Evergy investigaiions: Various 3ap
and transverse magnetic tield levels are ex- 1§
plered with low: energy discharvger

-

re—  , —aad

Nate: Treatments with High Impedance Conditioning (bigh leve: Jactor A) will tollow abev» sequcuse,
those without H.gh Impedance Conditionir.g (low level factor A) will omit Step 1. As 3 meane
of ectablishing control 3 breakdowns under High Impedance Co..dition~ p-ecusd Step 2 for low

Wormally the tests rre divided among the availakie days as follows:

A tr-atmeats.

Each day's teating begins with $ breakdowns with the previous day's final c.rcuit.

Day 1 - Step 1
Day 2 - Steps 2, 3, 4

Dsy 3 - Steps 5, 6, 7. {8}
Day 4 - Steps (8L ¢
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Ircluded is th. voltage at which 10-6 amperes of prebreakdown cur-
rent cccurred as breakdown was approached. This givee a rough estimate of
zmission characteristics and is further discussed in Section 10.5

While individual treatments differ in their response to the con-

ditioning sequence, the differences are concerned with level only and do not
change the trends noted for energy conditioning. Thus, a reliable simplified
description of energy counditioning phenomena can be obtained by averaging
breakdown voltage levels from the eight basic factorial treatments. Figure
10-4 gives such a simplified conditioning curve in which breakdown voltage
appears as % function of the electric circuit parameters of energy storage

and seriss resistance,

The initial breakdown lzavel for unconditioned electrodes was abous

140 kV. High impedancc conditioning (HIC), i.e., 90 discharges with 30 kil-

ohms series resistance, raised the wverage breakdown voltage to 202 kV, How-

ever, the subsequent moderate energy conditioning (MEC), series of 90 dia-
charges with 1 kilohm series resistance and 0. 15 pF capacitive energy storage
reduced this to 187 kV, The above procedure was followed fcr Lalf ot the trezat-
ments, For the remainder, the unconditioned electrodes were invruedixiely
rubjected to the MEC series and yielded an average breakdown voltage of only
174 kV. The scatter as measured by the standard deviation war 4. 5% for the
HIC series and increased to abcut 14% for the MEC series, with or without
previous HIC. The subseguent -onditioning sequence was the same for all
treatments.

At this point BIC had produced higher breakdown voltages but had
not reduced scatter. The next series was one ol high energy discharges
intended to simulate fuilure of a high power vacuur tube uncer operating con-
ditions. The overall average breakdown voltage dropped to 145 kV with occa-
sional values as low as 35 V. There was no apparent dz2pendence of this
minimum ;evel on initial HIC,

Su‘)sequ_ent seconditioniny under moderate energy cischarge condi-
tiong {1 kilohm, %nergy, Storage) brought the average breakdown voltage level
to 197 kV for MEC electrodes and tc 205 kV for HIC vlectrodes. This
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differevce is _niy 4% and is, therefore, probably not significant. The scatter
war afewpercentless than in the previous cars, and a more interesting result
wzs the generzl increase in breikdown voltage aiter a '"failure',

The next serie3 of dischaizes investigated high impedance (30
kilohms} conditioning with energy storage. The sharply redvced scatter {< 4%
on the average) anG high average level of brhakdown voltage (220 kV) indicates
that this series impedance is sufficient to climinate the usual degrading effects
cf energy storage. O*her tests showed that the series resistance can be as low
as 5 kilohms and still produce performance typical ot high impedance cendi-
tioning .

A second high energy discharge series producea average treak-
down voltages of 151 kv However, high iinpedance conditioning rapidly
rastored the avergge breakdown voltage level to tke former level of 220 kV.
Thus, it appea-s that no permanent daznage wae done and alsu that conditioning
wi 3 corvpiete in that the highest stable level of the seguence wags attained,

The effect of fast crowbarring (diversion withia 560 ©s) was next
studied with a series res:;stance of 125 nhms and energy storage, Under such
conditions crowbarring seems to have boen nartially effective 2nd the average
oreakdown voltage level dropped by only 10% to 2Zul kV. Houwever, scatter
increased to about 15% on the average. )

This typical behavior outlined above indicates that many high energy
discharges can be endured without permanent Jamage, thzt high imprdance
conditioning is helpful ir quickly reacking high brealrdown voltage levels, that
crowbarring within 500 ns is partially tut not tota‘ly effective in limiting
damage due to hign energy discharges and thai a series resistance of ~ 5 kil-
ohms is required to limit the damage due to energy storage to a negligible
level.

The standard energy conditioning seGuevce purposely limited the
number of highly damaging discharges to a emall number so that the sequence
necessary for factorial analysis could be completed., It is of interesi. however,
to know the long term response of electroces to high energy discharges. For

this purpose several trzatments we~2 subjected to an exteanded series of high

10-12
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encrgy Adischirges (24 onms, Energy Sicrage) at the end of the standard tes.
sequencze. One such seriec :s given in Figure 10-3 for electrodes consisting
of a copper 3anodz angd 1 nickel cathode, This resuited in low breakdown volit-
ages znd a high emission level. Similarly ieséed titanium alloy electrodes
shoved a miuch better tolerance of high energy discharges (see Figure 10-5).
In this case there was, after an initial and ssvere decline in breakdoewn voliage,
& stsbilizalin in breakdowr voliage level and a decrease in emission, as shawn
us the increasing voltage necessary tc produce 10-6 ar :peres.

A tentative conclusion is that the titanium ancde is resporsible for
vastly unyproved tolerazce ot high exergy diccharges, This is explored further
in Section 10, 9.

10. 4 Factorizl Influences on Breakdown Voltage

High impedance conditioning, cathode material, and electrode size
were investigated at two levels each in the basic factorial =xperimant. Anode

material was lacer included in an extended series.

liigh irmpedance conditicning, as noted in the previous seciion, was

, the initial conditiorning series and -vas specified ar present for only nalf of the

treatinents., The remaining ireatmentc, after three initial control breakdowns
were immediately subjected tc mmoderaie energy cor.d :ioning (1000 okrs,
Energy storage). Thus the factorial estimate relatirg to high impedance con-
ditioning deals with its effect on breakdown voltage level duriag the subsequent
cenditioning series No. 2 through No. 9. These series have be<en defined in
Table 10-2,

Before a factorial analysis can be czrried out reliable measures
of the performance of each treatment muat he obtained. Thus zverage break-
down voltages were computed for portious ¢f the conditioning curves which
exhibited no upward or downward rend. In this way the average levels repre-
sent the stable respenue of the electrodes to discharges of various energy and
series resistance lavels, A measure of scatter is derived by computiag the

standard deviation of the values used in the average. The results are given in

10-13
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Table 10-3. Included are the maximum and minimum values for the level
gortion of each series,

Yates' Algorithm was then used to obtain the estimates of the vari-
ous factor effects and interactioné» shown in Table 10-4, It was found that the
maximum breakdown voltages for each series was also a useful measure but
that the minimum breakdown voltage was too variable to give reasonable fac-
torial estimates,

Electrode size (B) stands out as the largest single effect, witn
smaller electrodes giving higher breakdown voltages, The factors of high im-
pedance conditioning and cathode material do not show up as significant. High

impedance conditioning raises the breakdown voltage slightly (~ 6%) in the im-

mediately following conditioning series but the factorial estimates for the
initial series show that treatments with high impedance conditioning had break-
down voltages ~ 5% higher than those without high impedance conditioning. The
sign of the cathode material effect (C) varies with discharge series and only
during series four is it large enough to be considered significant,

The factorial experiment was extended to include anode material
in three treatments in which the cathode and anode were of the same material,
either copper, nickel, or titanium alloy. The factors of size and high im-
pedance conditioning were fixed at their high levels so comparisons as to effect
of electrode material are made for 4-inch diameter vacuum fired Bruce Pro-
file electrodes, Table 10-5 gives the pertinent comparisons. Introducing
titanium alloy as an anode is seen to have the greatest effect, breakdown volt-
age levels are 10 to 20% higher when both electrodes are titanium alloy than
for any other material combination tested. The difference between copper and
nickel electrodes is not as great and varies with discharge series, copper
was initially better but by series five nickel gave slightly high breakdown
voltages.

In summary, conclusions of the factorial experiment are that smaller
electrodes have higher breakdown voltages than large electrodes, that there
is little difference between titanium and nickel when used as cathode materials

opposite a copper ancde, and that introducing a titanivm anode leads to

10-16
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Table 10-3 Average, Maximum, and Minimum B)
for Energy Cenditioning St

Series 3
Se-ies ] Series 2 Mimmum Series 4 H
Imtaal High Impedance Conditioning High Imped Conditioning Breakd Eaergy Reconditionipg

Breakdown R, = 30 Kilohm/no Energy Sto.age Ry = } Kilo.m/w.th Energy Storage Voltage Ry = ! Kilohm/with Zaergy Storage Rg = !

Vo'ltage Average Maxamura Minimum Average Maximum Minimum During Average Maximum Minimum Averag(

Level Breakdown Breakdown | Breakdown | Breakdown Breakdown | Breakdown Energy Breakdown Breakdown | Breakdown § Breakdow

Treatment (3 B/D) Voltage L4 Voltege Voltage Voltage T Voltage Voltage Dascharge Yoltage L Voltage Voltage Voltage
[$3] 153 . - .- .- 177 20 212 140 90 200 21 230 152 224
{LR 140 .. - e ——- 174 17 203 119 8S 175 20 210 120 238
a 148 217 11 235 185 202 3¢ 232 123 35 196 31 234 130 230
b{R) 142 ——- - .- .- 181 20 212 1n? 120 187 17 205 128 216
ab(R) 132 197 3 203 190 169 25 203 105 123 175 17 195 125 214
< 127 .o .- - -— 168 25 21 117 126 195 26 226 147 244
ac 176 210 5 217 198 192 26 221 131 120 29 12 250 185 40
ac{R} 165 217 [] 227 205 204 20 233 152 156 217 23 244 135 256
be 224 - .- . - 172 20 200 120 102 196 18 208 138 193
abe 120 199 17 212 175 183 37 225 85 96 218 7 225 165 209
abe(R) 120 198 7 206 175 146 21 179 92 130 182 13 198 138 204
ab - Cu 124 212 2 218 207 182 ? 194 160 99 206 17 219 150 201
ab - Ty 150 213 6 220 208 188 27 217 130 112 194 3 235 132 232
ab - Ny 122 ‘ 200 4 205 194 167 15 182 120 149 170 17 192 135 214

‘Tuumcnt (1, did noc employ crowbarring

Note A g dard d tion, i and i breakd itage levels are puted fer portions of the
conditioning curves which exhibit no general upward or downward trend and are based on 20 to 40 ramp «pphi-
cations of voltage.




R e 2, i e A, T T R e e R A R !

, and Minimum F.reakdown Vc:ltage Levels
Conditioning Study

Series 5 Series Series 8
ries 4 High Impedance Conditiomng Manimum Series 7 High Energy With C.owbar
i g With Esergy Breakdown High Impedance Reconditix:ing Ry = 125 Obm /with Growbar

Iith Energy itorage Ry 2 30 Kilohm/with Energy Siorage Voltage R, = 30 Kilohm/with Energy Storage an} Evergy Storage

Maximum Minimum Average Maamum Mantnmum During Average Maximum Minimum Averag: Maximum Minimum

jreakdown | Breakd. Br Br Br Epergy Breakd Breakd Breakd: Break Breakd Breakd

Voltage Voltage Voltage o Voltage Voltage Dischirge Voltage c | Voltage Voltage Vnltage v Vouzle Voltage
230 152 224 8 245 213 125 246 24 268 170 217 28 253 156
210 120 238 17 248 147 115 260 ] 272 234 209 £9 246 16%
234 130 230 17 244 160 s0 193 22 22 160 205 31 240 78
205 125 216 10 25 175 54 209 18 227 145 165 33 197 110
195 128 214 3 219 210 127 218 3 22) 232 - - e | -
226 147 244 L] 251 23 150 218 3 225 210 227 ll- 240 183
250 185 240 17 255 165 108 237 3 243 232 216 4 234 183
244 138 25 7 265 242 167 219 8 2y 193 214 22 234 17
208 138 193 3 198 180 127 208 [] 216 183 182 23 211 80
225 16% 209 4 225 197 150 23 3 235 220 192 19 279 121
195 138 204 2 209 200 135 228 9 235 186 » M 15 226 163
219 150 261 1 293 200 115 21 2 221 215 182 22 213 130
235 132 232 10 248 205 114 253 13 269 203 ven .- - .-
192 138 214 3 219 207 90 234 4 23t 222 e .. —e- .-

i
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significantly higher breakdown voltages, High imperdance conditioning appears
helpful but not essential in reaching high voltage levels. Theae conclusions

are valid over a wide range of energy and series resistance.

10.5 Prebreakdown Current

Interelectrode current preceeding breakdown was monitored with
an electrometer and found to vary from less than 10-9 amperes to 2 x 10-3
amperes., Low current levels were usually unstable and were encountered
during the early stages of conditioning and the moderate energy discharge
series (Rg = 1000 ohms, Energy Storage = .15 pf). Currents of above 10-8
amperes were usually constant at a given voltage. During most of the condition-
ing sequence stable prebreakdown currents of from 10-6 to 10-3 amperes
preceeded breakdown.

The dependence of prebreakdown current upon voltage was usually
of an exponential nature and conformed roughly to the Fowler - Nordheim
equation indicating field emission from cathode protrusions. Representative
graphs of current versus voitage plotted on the usual Fowler - Nordheim

coordinates are given in Figurc 10-6. The relevant equation is:

2
I = A(ﬁg) exp -BB‘;I Voltage
d = Gap

Where A includes the emitting area and B is approximately a constant depend-
ing in part upon the work function ¢, A Fowler - Nordheim plot of log I/V'2
versus I/V is then a straight line if the currents are of field emission origin
and several emitting sites are dominant (i. e. there is an equivalent field

enhancement factor B).
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A distinctive feriure veually found for well chndilioned slectrodes

in this experimenc ;s the bend at abouat the 10° Y ampere curreit level. Below

that current level the slope of the Fowler-MNordheim plot would éave an equiv-

4

O alent field enhancement factor f of 145 for the 0.50 cm gap of Figu.e 10-3,

: Above 10-3 amperes the siope changee and an increased p of 322 is calculated
for the same gap. In this case a repeat run at 0. 50 cm after a number of runs
to brzakdown at otler gans yields much the aame slopes and thus this behavior
- of B is reproducibir. The conclusicn i¢ that at some current level the field
enhancement factor increases. The contribation of ionic space charge has

been puggested by Watson as a possible explanation of tkis erfect.

. Another indication of field emission is that the voltage necessary
for 10-6 amperes of emission was approximately a linear function of gap. Tiis
follows from the uniform field geometry in which the cathode fieid strength
i3 a linear function of gap. [igurze 10-7 gives this variaticn for seven repre-
sentative trestmezts. The variation beiween ireutments was not great and on
¢.C average a macrescopic cuthode field of 195 kV/cn: was required to produce
10'6 aimnper29 of £eld amission curr :nt from weil-conditioned electrodes.

Th2 rclationship berween prebreakdowrn ~urrent and breakdown
> voltage is presencly uscertair. and may nnat he of causal natuie. There is a
strorz correlstior betwesn changes ir the 10"!“ ampere voltage level and changes
in hveakdown voltage. However the iack of a.y consivtent correlation between
tctal prebreakdown current and treakdown voltage would imply that total
prebreakdown curreat is not especially important, and that it is the current
at an individual emiiting sitz that actermines the breakdown voltage. This
site may not be a dorunani confributor tc the total current yet still produce a
thermal instability initiating brakdown. Ui til decisive experiments have been
carriel out vo clearly identifr the mrechanisms of vacuum breakdown, it is
: as~ful only to note that prebreakdown curzeid is correlated in sorn: way with
{ the wreakdown voltage level., The conditioniug curves of Figure 1U-8 give ar
i idea of this correlation and include calcalated field exhancerment factors for
; each breakdown. Ingenerzl, measarements of prebreckdown current caznct

be used to predict breakdown voltage.
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The variacion in prebreakdown current with conditioning is pri-
marily = function of the type of discharge. Low energy discharges generally
produce low emissicn levels (i, e, the voltage for 10-6 amperes is high and the
last rneasureable current prior to breakdown is low, usually 10“5 to 10"4
amperes), Moderate energy discharges (Rs = 1000 ohms with 0.15 uF of energy
storage) do not significantly change prebreakdown current levels from what
they were during = low energy discharge conditioning sequence (R,3 = 30
xilehms), High energy dizcharges (Rs = 0 ohms with 0,15 pF of energy storage)
substantially increase the prebreakdown current level in that the voltage
r.ecessary for 10-6 amperes drops by as much as 50% and often the current
just prior to breakdown exceeds 2 x 10-3 amperes. These effects are evident

in Figeare 19-8,

10.6 Discharge Characteristics
10.6.1 Introduction

IC vacuum breakdown is defined as the collapse of the gap voltage
to near zero. 'This occurs as capacitive energy is discharged to ground by
currente of the order of hundreda of amperes. The rate at which the voltage

collapses (or alternately the current flow) depends on two major factors:

{1 Amount and availiability of capacitive energy-~-i.e.,
the external electric circuit,
12) Effective instantaneous impedarce of the developing

vacuum diacharge,

Since t! = material which eventually constitutes the plasma gener-
ated upon breakdowr musat come from the electrodes in vacuum brezkdovm,
the vacuum dischacge, relative to breakdown in other media, has a rather slow
development, passing throuhg two distinct phases in times of the order of

hundreds of nanoseconds. Theae can ceuveniently be classified as:
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During the initial 100 to 500 ns considerable current
flow (hundreds of amperes) occurs while significant

voltage is still across the gap. Thus power input to

i\,:\\ah Ty o
e

both the discharge and the elscirode surfaces is very o

high, reaching values of 107 jouleg/second. -However

since the duration of this phase is short {5 x 10"7

seconds) the total energy dissapated is of the order 1
to 10 joules. The effective impedance of the vacuum
gap during this phase is ~ 1000 ochms.

(2) Low Impedance Arc Phase |

Once the required plasma has beer gznerate:d by the
spark phase, an arc discharge characterized by high
currents (hundreds or thousands of amperes) at low
voltages occurs. The magnitude and duraticn of this
arc are determined only by the external electric
circuit. If sufficient charge is not available it may
never develop. . In vacuum the arc extinguishes very
rapidly if the current drops below 5 to.0.5 amperes,
the exact value depending on electrode material and
gap.

The complex physical mechanisms active during these initial rhases
have so far received littie attention--expecially at high voltages. One pertinent
study by Epstein, et. al(l; of plasma processes in a 60 kV vacuum spark
found the foliowing sequence. The total current rises monotonically to thousands

of amperes., During the early stages of the discharge a large fraction of this

consist of electrons which zre accelerated to the full gap voltag=, A plasma

which neutraiizes the space charge develops, allowing the current to rise to
high values. Plasma oscillation and intense microwave radiation appear as a

result of the interaction of the fast electron streame with the plasma. The
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electrons lose energy during this stage and eventually a gquiescent plasma occurs
until 2 new fast electron stream appears. This alternation of fast electron
stream, interaction with plasma, energy loss, quiescent plasma, new fast
electron stream continues for about 500 ns, Then the impedance of the dis-
charge collapses. This collapse is brought about when a dense plasma vap-
orized from the anode by incident electron streams arrives at the cathode.
Trese mechanisms arc capable of explaining the major features of the dis-

charges observed in the present experiment,

10. 4.2 Experimental Observations

Voltage collapse was monitored with a capacitive voltage divider
and an oscilloscope. It was coupled to the high *oltage bushing on the gas side
and isolated from the electrodes only by about 20-inches of large diameter
conductor. Thus the voltage collapse ‘vavefcrra is an accurate representation
of voltage across the gap, with transit .ime isolation of not more than 2 to 5 ns.

The breakdown current pulse is observed on the cathode side with a
low inductance resistive monitor of 0.1 ohms ox 0. 03 ohms, depending cn the
maximum current expected,

Typical voltage collapse and breakdown current waveforms are

given in Figure 10-9, The pertinent circuit is given in Figure 10-10.

10. 6.3 Discharge with 30 Kilohm Series Resistance

With a series resistance of 30 kilohms the typical discharge con-
sists of a rapid buildup of current to about 160 amperes in less than 10 ns. This
is followed by a decay of current to near zero in about 500 ns, At the same
time the gap voltage has collapsed to a low value during the first 40 to 100 ns.
This behavior is independent of whether or not the energy storage capacito-
bank is connected, Thus 30 kilohms of series resistance effectively isolates

the gap and associated bushing capacitance from the rest of the external cir-

cuit,
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with energy storage and crowbar

. R, =30k ochm

S
without energy
storage

. R,.= 0ochm

S
with energy
storage

Series Resistance Voltage Collapse-100ns/im Current Time Scale
- Rg= 30 k chm 100 ns/cm
without energy 100 ns/cm
storage
- Rg = 30 x ohm Bl 100 ns/cm
with energy 100 ns/cm
storage
- Rg= 1000 ohm 200 ns/cm
without energy 100 ns/cm
storage
- Rg = 1000 ohm 100 ns/cm
with energy
storage Lps/em
. Rs = 0 ohm
withcut energy 500 ns/em
storage
- Rg = 0 ohm B1pus/cm
with energy
storage 1ps/cm
» Rg = 125 chm N 200 ns/cm

without crowbar

with crowbar Sl 5 00 ns/cm

(Amplitudes are not
to a single scale)

e CIT2 - Ccm

,

P

Figure 10-9. Typical Discharge Waveforms
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The limited pezk current and subseguent shape of the current dezay
waveform suggest that the vacuum spark, Aduring the initial 300 ns, has a
fairiy ligh impedance. Since the voltage is initially arcund 200 kV and the
peak current i: 160 amperes, the ivitial impedarce is around Z = V/I = 1250 chms.
Subseguently the decay of current is similar to that of a capacitor through a
resistor., In thia -ase the busning capacitance and the spark impedance, if
corsidered to be resistive, form an R-C circuit whose decay time constant
is approximately 200 ns, U the bushirg capacitance is assumed to be 150 pf,
the equivalent resistance is R = 1 /c = 1300 ohms. Measurement of typical
integrated currencs (charge) supports-the assumption that a capacitance of
aroand 150 pf is being diacharged from 200 kV to a very low voltage.

Thug & cunsistent dercription of the high impedance diccharge is
that it is squivalent to the discharge of a small capacitance through a spark
reaistance of the order of 1000 ohms, This occurs in a tirie of ~ 500 us., The
energy dissipated in the gap and on the electrode surfazes during thias dis-
charge is of the order of 1D joules or iess.

Conditioning with dischargas typical o a 30 kilohm series resis-
tance prodnces high atalle breakdown voltages. Reasonably low prebreakdown
current levels are also found. This type of discharge can be veferred to as

a low energy vacuum snark.

16.6. 4 Discharge witk 1 Kilohm, Series Resistance

When the series resistance is 1 kilohm the high voltage cable can
now supply significant currents to the discharge. If the initial voltage is
200 kV, 200 amperes can be delivered if the gap voltage drops to a low value.
In this case the energy storage capacitor bank becomes a critical element if

connected,
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‘-;.: Voltage collapse time increases due to the necessity of discharging

' both cable and bushing capacitance. However, collapse times are approximately
r the same whether or not the energy storage capacitor bank is connected. This

3 indicates that by the time the current is being drawn from the energy storage
capacitor bank, the gap impedance is very low so that currents of around 200
amperes can be pasaed with a low voltage drop in the gap. In other words,
after about 300 ns the discharge is in the arc phase., This phase will continue
for several times constants of the RC circuit formed by the 0,15 BF capacitor

bank and the 1 kilohm series resistznce, that is, for times of the order of

300 #s. During this lengthly are, power dissipation in the gap and on the elec-

trode surfaces is expecied to be at a low level.

The effect of this form of discharge (R;3 = 1 kilohm with enezgy
storage) is to produce erratic and often low treakdown voltages. However,
the average prebreakdown current level is not changed significantly. Althougr
the energy dissipated ir che gap caunot in this case be calculated, it seems

reasonable to refer to this as a moderate energy diocharyge.

10.6. 5 Diccharg? with 25 Okms of Ceries Resistance

When the series resistor at the high voitage gas-to-vacuum bushing
is replaced by a conductor the only remaining resistance in the discharge
circuit is located at the energy storage capacitor bank. There a total resis-
tance of 24 ohms provides for protection of the capacitor bank and effective
crowbar operation. The discharge without energy storage is then the discharge
of cable capacitance and, as shown in Figure 10-9, it exhibits a fairly long dis-
charge with minor osciilations. With energy storage the voitage collapse wave-
form i3 complicated by r:flections in the unterminated cable, but appears to
have settled to a lower level after about 300 ng, indicating that at this time the
| gap impecdance i3 low. The current, sfter arn initial peak due to bushing cap-
acitance discharge, builds vp to a second peak in 1 to 2 ps. The current then

decays with a time constant of 3.6 Hs.
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The effsc2s of thie discharge on brsakdows veltage and prebreakdovn
current levels are severe. The breakdown voltage is initially r<cuced by a3
muca as a factor of between 2 and 3, 2nd the prebreaskdown current at a
certain voltage increases significantly, With some elentrede aaiter’als it
can be expecteé tc reach Z ma or more, befcre hreakdown., Materials such as
nickel and titanium, when included as the anxodc material, bave demonstrated
great tolerance fur such high energy discharges. After th- initial drop in per_—
formance, a series of 40 to 60 diacharges appears to lead to perfurmar ce that

is as good or better than that found with only low energy Jisch.rpee (high im-

pedance conditioning - Rs = 30 Kilohms).

10.6.6 Crowbarring - Effect un Discharge

The high pressurc gas crowbar is capable of d:ve: sion within 296 ns.
When applied in the system shown in Figure 10-10 the effects of diversion
become apparent in the current waveicrm after about 400 to 507 us. as shown
in Figure 18-9. This is for 2 series re3istance of 125 ohms which, with energy
storage, is ncrimaliy a damaging discharge in the sense that breakdcwn voltage
1evels drop and prebreukdown current levels increase. Crowbarring was not
enticely effective in eliminating this damage.

The conclusino is that elecirode damage due *0 high energyv dis-
charges, measurod a3 a deterioration in vacuum gap insulation performance,
occurs during the first stagze¢ of the discharge - certainly +i*hin several micro-
seconds, Crowharringthat cuts off wne energy suprly at 500-1300 ns does not
maintain high breukdown voltages. 1he solution is to ada resistance or
inductar.ce to the system so that the energy , . urrent) cannot r..ach the gap
during the initial stages of the discharge. Then crowoarring wiil most likely
be effective.

it is cgain importam to note that the above conclusions are basad
upon treatments in whicl: the anode was copper. Treatments in which che anode
is a refractory metal such as titanium ziloy or nickel have showa a mu:ch greater

tolecunce of high energy dischargzs and will be discussed in Section 10-7.
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10.7 Lffect of Tim = ic DC Vacuum Rreakdowr

Breakdown veltage is usually defined as the last measurable voltage
acrcss the gap just prior to breakdown, This t“onven’ion has been followed
throughout the preserc experimental program. In other experiments, breakdown
voliage has sometimes Leen taken as the maximum steady voltage that could be
held for a specified tims period. In vacuum breakdown these definitions do nct
wield the saine r=sults, since for u given vacuum gap the breakdown voltage is
anparently a strong funicricn of the time for which the voltage is applied. This
sectiou reports measurements of this dependence of hreakdown voltage on time
at voltage or rate oi voltage agplication.

The withstand tests were carried out for the four inch diameter
Bruce Proiile nickel elesirodes after cornpletion cf the normsl energy condi-
tioning sequence. A series impedance of 30 kilohms limited the intenrity and
duration of each discharge to such a low energy (< 10 joules) that it could be
assumea that the well-conditioned electrode suriaces did not change during the
test. The gap was set to 0. 75 cm and the voltage stadily increased (at a rate
of ~ 5 k¥ /») to breakdown after which 2 series of step withstand tests were
carricd out at lower voltage levels down to « level at which no hreakdown wonld
occur over a period of several hours. Steps of 5 kV were used and the voltage
was held at each level (except for che momentary d-op to zero during each dis-
charge) for a time of either 1 hour or until 10 to 20 breakdowns had occurred.
The voltage levels were tested in a random sequence and periodically the ramp
breakdown voltage (5 kV/s) was detr wnined to verify that the electrod=s had
rot changed appreciably. Each level was investigated at least twice, and the
times between breakdown were apparently random at any one level.

Results are given ia Figure 10-11, The breakdown voltage Jevel i3
plotted as a function of the log of the mean time to breakdown at each voltage
level. The mean time to breakdown increases rapidly as the sfra2ss is reduced,

leading to an exponential withstand characteristic.
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The steady prebreakdown current prior to breakdown wasg, sven at
the highest strese levels, les=s than 4 x 10“5 amperes. Thus, assurning as a
worst case that thic is due to a sirgle field emission beam, localized power
input to the anode is less than P = VI = (2. 45) (10°) (4) (107°) = 9.8 watts.
While this would not lead to significant general heatiag of the anode in the time
periods involved, it does suggest that a possible cauce of long time dc break-
down ig localized thermally gen=srated instabilities of the anode surface. Thus,
at lower stress levels, the prebreakdown current and power flow is less and
the mean time to breakdown is longer. Since the prebreakdown current depends
exponentially on voltage due to its field emission origin (see Section 10, 5), it
is reasonable that if the current is a precursor to breakdown through heating of
the anode surtace, then the mean time to breakdown will be exponentially de-
pendéent wpon voltage level. This could occur at lower and lower strese levels
until the conduction of heat away from local anode hot spots is sufficiently rapid
to prevent instabiliries, The instabilitv mecharism has been suggested by

'y (3)

{
Watson ' to be evolution of gas from the hot spot and by Davies

to be the

electrostatic pulling away of a thermally softened biob of anode material.

i0. 8 Surface Changez Due to Breakdown

Conditioning is produced by the discharge of electrical energy in the
vacuum gap and on the electrode surfaces. Thke changes brought about on the
clactrode surfaces are easily visible and differ according to the amouut of enersy
dischaxvged, th2 elecirode material, and the gap spacing. T ihiz secuon the
m.ore poominent [2atures of surface changes due to high energy discharges are
examined, Possible :zechanisms and implications regarding the nature nf
cenaitioning are considered.

High enexgy diecrarges produce distinctively different changes on the

anode and cathode--the demirant features are:

(1) Anode: Melted and evoded regions cover the anode su¢-
face sctject to high energy discharges., Near the eigdes

of the electro-es tha surface is cleaned and p2:tizliy
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ctched. Numercus melt patterns with a distinct struc-
ture are visible, usually with 2 circular outlir.e and a cen-
tral crater. There is often evidence of the ejection of
molten particles in a direction nearly tangential to the
surface,

{2) Cathode: The cathode aurface ig usually covered by a
deposit of material irocin the anode., This surface layer
is generally highiy »cdherant and consiets of a continuovs
film {23 if condens:d from a metal vapor) and discrete
impacted particles. Often, regions of this coating can be
linked to corresponding areas of the anode by distinguish-
ing patterns. Craters are sometimes found in the under-
lying cathode material. Traces of arcs (descriptively
called "fern-marks!) cver extensivz areas are cfien

visible.

These features are shown in Figures 10-12 to 10-14, Two of these
figures provide a comparison with the 500 grit SiC finish which was the final sur-
face firish prior to testing, In most cases this firish iz completely obliterated
by high energy conditioning. However it should be noted that areas of extreme
change can frequently be adjoined by arcas in which the or:ginal 600 grit SiC fia-
ish is apparently untouched. 1'hus it cannot be concluded that the 600 grit finish
is of itself incapable of enduring the h.gh stresses achieved after couditioning.
Rather, corditiomng produces changes in purface structure such that initial sv -
facze finish 15 ot an important facter for electrodes that are to be conditioned.
Indeed, this -va<~ cne of the conclusionsg of the Pilot Experiment (See Sectic.. 7).

The shape of melt patterns on the anode suggests localized and gen-
eral heating ox the anode surfrce by field emission electron beams. These
heatea regions will then flow more easily when the spark occurs. The character-
igric circular rilg of metal projecting from the surface with regularly spaced
protrusions can be exyplained as a result of melting and mechanical forces

accompauying the diffusion of magnetic flux into the surface. In effect the
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(a) Aluminum Anode - Note Melted and Eroded
Areas Around Crater (~ 10 X))

(b) Stainless Steel Arode - Note Central Crater
and Pattern of Ejected Material (~ 10 X)

Figure 10-12. Surface “hanges op Aluminum and Stainless Steel
Anodes Due to High E£nergy Discharge Condicicning
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{(a) General View - Note Lower Central Area in Which
Origins) 600 Grit Finisn Is Undisturbed (~ 5 X}

{b) Detail of Characteristic Ring Pattern (~ 10 X)

Figure 10-13, Surface Changes or Ti-7Al-4}o0 Arode Due
to High Energy Discharge Conditioning
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(a) Cathode Subject to Heavy Deposit of Anode Material
in Form of Spattered Droplets and Condensed Vapor (~ 10X)

(b) Traces of Long Duration Arcs on Surface of Cathode {~ 10X)
Note “.iginal 600 Grit Finish in Upper Right Corner

Figure 10-14. Surface Changes on Copper Cathodes
Due to High Energy Discharge Conditioning
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current flow in the spark channel preodnces a magnetic field which interacts in a
compiex manner with the nearby electrode surface. This phenomemon has been

(4} 50 some detail, During the discharge, in addition to sur-

described by Watson
face diaruption, particles of moulten anode material are ejected. This, any ma-
{erial evaporuted from the anode before breakdown, and vapor produced by the
breakdown, are sufficient to explain the film of anode material which coats the
cathode,

The cathode surface, as a result of localized spark effects and the
impact or condensation of anode material, appears to be c~nsiderably rougher
when compared to the intial surface finish, However, the microscopic structure
revealed in Figure 10-14 shows that the projections are roughly hemispherical
with melited surfaces. Thus, as far as field emission projections or whiskers
are concerned (which have dimensions of the order of microns), the surface is
not rougher ir terms of producing regions of higher electric field, This of
course depends upon the excellent adhesion and smooth shape of impacted
particles, In some cases the result of high energy discharges is a surface with
high emission levels. .1 copper anode was particularly likely to give a highly
emissive surface when subjected to high energy discharges; while an electrode
pair with a titanium alloy anode would, when ccnditisned by higl energy dis-
charges, tend to a less emissive state. In both of these cases the initial cathode
material was titanium alloy.

In one test with 4-inch Diamcter Bruce FProfile stainle~ 1\ stecel
(Type 304) electrodes ithe anode particles impactes and flattened out on the
cathode in the usual manner. When the voltage was reapplied many of these
platters were pulled erect by the electric field, but remained attached at one
end. This produced sharp projections {see Figurc 10-15) with high field enhance-
ment factors (>100). The net result was very high prebreakdown currents and
low breakdown voltages. The projections could not be removed by conditioning.
The lack of adhesion in this case was probably due to containination of the cathode

surface by a heated thermionic cathode (see Section 11).
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{a) General View - Highest Projection is in
Center of Photogranh (~ 10X) (Projection is - 0. 5 o hizh)
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It Was Lifted I~ 12 X)

Figure 10-15. Anomalous Damage Due to Partial Adhesion of
Ancde Material on Cathcde Surface Stainless Steel Flectrodes
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High cnergy discharge conditinning, based on these observations of
electrode surface changes, involves the m=alting and disruption of the anode sur-
face., Thie is accompiished by prebreakdown electron beams a:d the discharge
itself, Evaporation and ejection of anode material leads o a more or less com-
plete coating cf the opooeite cathode surface, This process tends to spread
out over the exntire highkly stressed surface arsa unless severe damage confines

breakdown to one area,

10.9 Anode Material

Anode material was found in the basic factorial Energy Condition-
ing Study to be an importent factor. The extensive transfer of anode material
tc the cathodz typical of high energy discharge conditioning (see Section 10-8)
wocld make this strong dependence alnost inevitable, However, in the Energy
Conditioning study the range of aacde materials was limited, and the number of
aigh energy discharges was low, Thevefore, in parallel with the following
experiment, a series of treabrnents were carried cut to investigate the
ancde material effect in vacuum breazkdown. The cathode material was usually
Ti-7A1-4Mo and the anode maierials inciuded aluininum, copper, stainless steel
Type 304, nickel, lead, tungsten, and T1-7A1-4Mo. For all treatments a large
number of high energy discharges were ased in conditioning.

The uaual experimental procedur=s were followed and cousisted of
machining of the electrode s to a Bruce Profile, 600 grit SiC finish, ultrascnic
~"eaning, arcd vacuum firing at a temperature near the melting point for 6 houre
at 375° C with concurrent electrode bake at 400° C, The electrodes were first
conditioned with 3 serias resistance of 30 kilohms at a 0. 75 cm gap. This was
followed by a long aeries of high energy discharges with a total series resistance
of 25 ohms and an energy storage capacitor bank of 0.15 BF (or 6730 joules at
300 kV). These procedures were standard except that 1- ad had ‘o be fired and
baked at 20C° C because of its low melting point. In some of the treatments

Barium Contamination was present,
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Tvpical experimental results are given in Figures 10-16 and 10-17.
The usual #mooth rise in breakdown voltage with high iznpedance conditioning is
followed by a sharp drop in breakdown voltage level when high energy discharges
are introduced. The breakdown voltage level slowly conditions up, reaching for
some anode materials a higher level than before. There is consideratle scatter
with high energy dischargee and it was found that the maximum breakdown vol-
tage of an extended series was the mcst reliable m=osure of performance,
although mean values are also of interest. The minirrum value was so vavizble
as to be of little use, but is interesting as an indication f the possibie effects
of a single high energy discharge.

The dominant role of anode material is well illustrated by tle results
of a treatment in which the anode was Ti-7Al1-4Mo and the cathode was copper.
As shown in Figure 10-18, the response of this combination to high energy
discharges was excellent, just as if the cathode and anode were Ti-7Al-4Mo.
This .nay be compared to the case of a copper anocea opposite a titanium or
nickel cathode - combinations which deteriorale in performnance as a result of
high energy discharges (see Figure 10-3).

Expevimental results are given in Table 10-6 which also contains
the physical param.eters used in the correlation analysis, L was found that
with high energy discharges there is a strong correlation between physical
properties of the anode material and the breakdown voltage level. Melting
peoint temperature, specific heat, and density were found to give the most

reasonable fit in an equation of the form:

a .b_c
VBD = A Tm 'up Dm
where:
A=1,56 at a 0.75 cm gap for 4-inch Diameter
a =0.77 Bruce Profile Electrodes.
= 0.53
c =0.29
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(Every Third Breakdown Has Been Plotted)
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Tanle 10-6.

Effect of Anode 1.7aterial on Breakdown

Voltage and Physical Constants of Anode

Materials,
Breakdown Voltage Levels
Electrode Material for High Energy Discharges
Average Final
Treatment | Anode Cathode {Aoproxi-|Low Energy
Code Material | Material Maximum | Minimum| mate) Discharges
ab:Ti2 Ti Ti 285 170 240 285
Ba:Ti Ti Ti 280 100 230 280
ab(R) Cu Ni 220 95 150-175 190
AM 1 Ti Cu 290 105 2606 300
AM 2 Al Ti 185 62 140 240
AM 3 Ss ss 293 30 250-270 297
Ba:Ni Ni Ni 390 170 270 300
AM 4 Pb Ti 75 32 115
Phys.cal Conctants of Anode Materials
Material Tm (°K) Cp (;:) Dm (Sc—':l)

Al 933 . 215 2.7

Cu 1356 . 092 8.9

Ni 1726 . 106 8.75

Ti {alloy) 1971 . 123 4. 48

SS 304 1749 . 120 8.0

Pb 601 . 0305 11. 34

w 3683 . 0322 18. 8
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The relationship Vg = A T;l C; D;l was expressed in log forry >«d a linear
multiple regression analysis using a time-shared computer was carried out for
several different sets of experimental results. In all cases the least squares
fit war cxcellent with an index of determination of above 0, 95,

Figure 10-19 plots thie dependence for several anode materials and
indicates the measurements used in itg derivation, It can be :een that the
breakdown level of a lead anode was predicted to be 72 kV and experimentally
found to be about 76 kV.

The physical mechanisms responsible for the correlation found here
are presently uncertain, Zinn, et al, (6) have found a similar correlation of
breakdown voltage level with anode specific heat and the temjperature necessary
for a vapor pressure of 10-5 torr, The data used in their analysis was obtained
at gaps of 0.5 mm and it was suggested that anode hezting by field emission
elactron beams was the cause of breakdcwn. R;)sanova and Granovski(b)
investigated Ai, Cu., Fe, Ni, Mo, W and graphite as anode miaterials (no depend-
ence nn cathode material waz fouvrd) and obtained the same ranking as the present
experiment, They rejected a correlation of thermal properties and breakdo,wn
voltage on the grounds that graphite had a lew breakduwa voltage while its
thermal preperties would predict a kigh breakdown voltage. It is suggested that
the breakdown voltage increases as the Young's inodulus of the anode materiai.
thus indicating a clwunp breakdown mechanism.

In practice it appears that the actual mechanism could depend on
experimental technique or the degree of conditioning, Thus gas evolutior from
an anode hot spot might precipitate breakdown at first, but later the electrostatic
extraction of a particle from a thermally weakened area would lead to breakdown.
In any case, the empirical correlation presented here provides a practical raeans
of ranking arode materials and estimating the breakdcwn voltages expected of
various mater:ial combinations under high energy discharge conditions, Further
experimentation is necessary to positively identify the exact mechanisms of

breakdown,
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10,10 Conclusions

In this experiment conditioning has emerged as one of the most
important factors in vacuum insulation., For a given set of electrodes the
breakdown voltage was strongly dependent upon the number and nature of con-
ditioning discharges. The energy of each discharge was critical, with the
beneficial or damaging effects being  produced in the first microsecond if
energy wasg available,

It was found that a series resistance of around 30 kilohms, which
limited the current from the energy storage bank to a maximum of 10 amperes
at 300 kV, provided isolation of the gap. This high impedance conditioning in
which each discharge dissipates less than 10 joules, groduced a steady and
smooth increase in hreakdown voltage without any incruvase in prebreakdown
carrent,

When the series resista ‘ce was 1 kilohm and a 0. 15 pF capacitive
energy storage bank was connected (for up to 6, 750 J at 300 kV), the break-
down voltage often dropped to low levels, There was, however, no marked
change in prebreakdown currert level for these moderate enefgy discharges,

High energy discharges, produced with 24 ohms of series resis-
tance and the 0. 15 ¥ enerygy storage bank, were initially damaging, The
breaxdowa voltage often dropped by mcre than 50%. Electrode materials such
as copper, lead, and 2luminum contineed to degrade, reaching low average
breakdown voltages with high prebreakdown currents ( > 2 mA ia some cases).

However, high energy discharge conditioning was discovered to
have a critical dependence on anode material. The czthode became covered
with an adheraat and continuous coating of anode mate:ial in the form of a con-
densed vapor and discrete particles, For some anode imaterials such a3 titani-
ur:, nickel, and stainless steel the brea: iown voltages achieved by high energy
conditioning was actually higher than that obtained with high impedance (low

energy; conditioning,
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The breakdown voltage was then found to correlate extremely well
with physical and thermal properties of the anode material, An equation of the

form:

was found to give the best fit where Tm is the melting temperature, CP i8 the
specific heat, and Dm is the density, The coefficients were approximately:
a=0.77, ©=0.53, and c=0.29. These results have been related to breakdown
models in which the thermal interaction of field emission beams with the anode
surface piays the initiating role,

Withstand tests with voltage maintained at fixed levels for varying
lengths of time showed that the mean time to breakdown increases exponentially
as the stress level is decr;eased from the ramp voltage (5 LV/s) breakdown
level. Prebreakdown currents were found to behave as would be expected for
field emission if it was assumed that the field enhancement factor 8 increased
as the total current increased.

The vacuum discharge was fcund to rise rapidly in current (> 2 x
1010 A/8) with a relatively slow collaspe of voltage across the gap. Tke time to
total voltage collapse for the 0. 75 cm gap was about 1060 ns, The initial phase
of the discharge appeared to have a high impedance /~ 1000 ohms), - zcounting
for the observation that most of the discharge damage occurs during the first
microsecond.

Finally, it was found that proper choice of electrode material
(especially the anode) and conditioning technique makes possible stress ievels

of up to 400 kV/cm across large ga ps for broad area electrodes.
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SECTION 11
BARIUM CONTAMINATION STUDY

11.1 Introducticn

High voltage vacuum tubes which use a thermionic cathods of the
Barium Oxide type to supply the necessary electrons are usually found (1) to be
limited to lower electric stresses than tubes not subject to the decomposition
and evaporation products from this heared cathode. The most probable explana-
tion for this lowering of operating stress is the reduction of work functicn of the
metal surfaces when barium and/or barium oxide is deposited. This would lead
to higher prebreakdown currents and lower breakdown voltages than for the
uncontaminated case.

Thus barium contamination is an important factor in high voltage
vacuum tuke performance. Accordingly, an experimental series investigating
the effects of controlled barium contamination of copper, nickel, titanium alloy,
and stainless steel electrodes has been carried out. The contamination was
produced by a typical high power tube Barium Oxide Cathode heated in the vicin-
ity of the gap and directed at either the cathode or anode. In addition, the energy
available to the diecharge was varied over a wide range (10 J to 6750 J) so as to
make possible a comprehensive study of erergy conditioning of contaminated
electrodes.

The effects of barium contamination were found to depend both on
electrode material and the method of conditioning. These effects will be de-
scribed indetail, In general, barium contamination reduced the breakdown voltage,
but conditioning returned it to the uncontaminated level. Also there was no
permanent increase in prebreakdown current after contamination. Thus, it
appears that the degradiag effects of barium contamination may be alleviated by
pr.aper conditioning, However, in some cases high energy discharges and barivm
contamination of the cathode resulted in permanent damage to the electrode
system due to poor adhesion of impacted ancde particles on the contaminated

cathode.
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11.2 Experimental Procedure

The techniques of materials processing, prefiring and baking devel-
oped in previous experiments were used to obtain repeata})le results. The
electrodes were machined to Bruce Profile for a uniform field geometry and
were four inches in diameter. After rotary polishing to a 600 grit SiC finish,
they were ultrasorically cleared and fired in vacuum at 300°C for six hours. The
electrodes were then allowed to cool, removed from the firing furnace, and
installed in the test chamber. The entire system was pumped overnight, baked
at 400°C for six hours, and cooled for over 48 hours before testing,

The barium contamination was introduced by moving a heated Barium
Oxide Cathode into the vicinity of the gap by means of the rod and bellows assemn-
bly has been shown in Figure 3-12. This mechanism is attached to the loading
port and can be withdrawn from the gap to beyond the surface of the port - a dis-
tance of about 18 inches. The Barium Oxide cathodes were obtained from Machlett
Laboratories and are typical of those used in high voltage vacuum tubes. The hot
emitting surface (-1 cmz) was directed at either the cathode or anode electrode
of the vacuum gap. A metai shield protected the other electrode from direct
contamination. A fresh barium oxide cathode was used for each treatment.

The usual contamination cycle placed the barium oxide cathode within
approximately 3 cm of the electrode surface to be contaminated ancd about 3 cm
from the center of the electrodes. The angle between the hot surface of the
barium cathode and the electrode surface was about 45°. This orientation was
chosen to provide even coverage of the 4 inch diameter surface from the 1 cm
diameter source., In a later experiment with 1. 28 inch diameter electrodes the
barium oxide cathode was placed directly in front of the electrode surface at a
spacing of 2 to 3 mm. This, of course. produced more contamination in a given
time and it was found that periods of less than one hour were sufficient. For the
larger electrodes tens of hours were required to produce significant effects.,

Before use the Barium Oxide cathode had to be "activated'. The
activation procedure converts the barium and strontium carbonates of the unused
cathode to oxides and free barium in such a way that a statle adhercent :ayer ie

produced on the nickel substrate. This iz accomplished by gradual heating under
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vaczuam, The filament current is set to 0. 5 and 0.6 amps for one minute each,
then increased in 0.1 amp steps every two minutes up to 1.0 amp. This level

is hield fcr 1% minvtes and correcponds to the normal operafing tempesrature of
about 80¢°C. The current is then increaced to 1.1 amps for three rninutes before
resuming the normal level of 1. 0 ainperes,

The activation sequence was performed with the barium oxid: cathode
near the vacuum gap., Subsequent running was either at normal operating tem-
perature (1.0 ampere filament carrent) or at higher ieveis (up to 1. 3 amperes).
Exposure times as loug as several davs. vith eievated temperatures to increase
the amount of contamination evolued were usmii. The barium oxide cathode was
withdrawn during high veoltage tecting.

The usual test scquence was to condition the 3. 75cm vacuum gap
with high impedance (RS = 30 kilohms) discharges of low energy, expose the
cathode or anode electrode to the heated bariur: oxide cathode, and then recondi-
tion the vacuum gap. A comparison of breakdown voltage and prelireakdown
current levels before and after exposure then giave the effect of the barium con-
taminaticn. This cycle of condition - contaminatz -~ recondition was repeated
several times with various degrees of contamination, which were produced by
varying the temperature or running time of the barium cxide cathode. After this
high impedance - low energy series, high energy discharges (RS = 25 ohms with
0. 15 pF of energy storage) were used inu the same cycle of condition -

contaminate - recondition,

il.3 Experimental Results
11.3.1 Gereral

The experinental results are couveniently reported in the form cof

conditioning curves in whichk the breakdown voltage and the voltage to nroduce

10-6 amperes of prebreakdown current are plotted as a function of the breakdown
order. Moet results were obtained with contamination of the cathode of electrode
pairs of copper, nickel, stainless steel (Type 304), ur titanium alloy (Ti-7Al-

4 Moi. Iis maost cof the curves every third breakdowvn has been plotted soas to

11-4
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keep the overall curve to a reasonable length., Any breakdcwn which was signifi-
cantly different from adjacent breakdowns in terms of breakdown voltage or

prebreakdown current level has also been included.

11.3.2 Copper Electrodes

Copper electrodes subjected to barium contamination of the cathode
(see Figure 11-2) showed several unexpected effects. ‘nitially, there was only
z slight change in breakdown voltage after exposure, and the electrodes rapidiy
reconditioned to a higher level than before contamination. Prebreakdown current
was increased, with breakdown occurring 2t lower current levels, but this too,
qsickiy conditioned to its former level, and in {zct, affer contamination and
conditioning the emission currents were lower. Iinally upon exposure for 16
hours to tke barium oxide cathode run af elevated temperature (1.2 amps filament
currext) the gap, after exposure, chowed a progressive decrease in breakdown
voltage as conditioning proceeded. The prebreakdown current leveis prior fo
breakdown were exiremely erratic, with breakdown usually occurring before
30'6 amperes was reached.

At this poiat, in order to condition rapidly, a technique of repeated
sparking wae introduced. Thic was possible with tke 30 kiichms series resis-
tance because each breakdown discharged mainly tke zao 2nd irmmediate bushing
capacitance with the current from the high voltage cable being limited to around
5 amperes. Thus the high voltage cable dropped in voltage by only a few percent,
the vacnum gap recovered, and the 2 mA power supply rapidly recharged the
cable until breakdown again occurred. This sequence was repeated several
times a second to give hundreds of conditioning breakdowns in a short time.

With repeated sparking, the gap soon conditioned to higher break-
down véltages and lower prebreakdown currents than before contamination.

This sequence of condition - contaminate - condition with single breaxdowns -
condition with repeated sparking - was repeated several times with similar
results. At one point an extended series of single breakdowns (breakdown number
1760 through 2170) proved ineffective in reconditioning after barium contamination,

while repeated sparking reccnditioned the gap in a short time. Thus, the close
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spacing in time of the repeated sparking conditioning appears to be important, and
not just because more breakdowns are obtained,

After 13 exposures to various levels of barium contamination, these
OFHC copper electrodes had a breakdown voltage of 225 kV for a 0. 75 cm gap,
with 1076 amperes of prebreakdown current at 205 kV. The dependence of these
levels on gap was approximately linear up to 0. 75 cm, with an apparent square
root dependence above 0. 75 cm as shown in Figure 11-3,

The electrode surfaces were examined at the end of the experiment
and several interesting features r.o{ usually found were observed. Unlike alinost
all other electrode pairs in this program, there was no general transfer of anode
material to the cathode. This can be attributed to the very limited discharge
energy (Rg = 30 kilohms, no energ)” storage)-

Indeed, it was found that ir general these low energy discharges
produced little anode surface damage. When, in other experiments, the series
resistance was 100 ohms the energy stored in the high voltage cable (1000 pF
capacitance and thus 45 joules at 300 kV) was able to flow into the gap at such a
rate that considerable annde material was transferred to the cathode,leaving
behind a severely eroded and melted surface. (see Figures 10-13 and 9-14).
The principal effect of thousands of low eneryy discharges was to reveal the
grain structure of the anode as shown in Figure 11-4a. This etching, or prefer-
ential removal of surface material, was most likely the result of electron bem-
bardment, That electron bombardment is capable of such an effect has been
demonstrated for electron beam pulses of 10 i3 duration(2), In the present
experiment the electron beam energy could be delivered during both the prebreak-
down field emission phases and the early stages of the breakdown before a low
impedance arc has formed.

Other changes on the anode surface for low energy high series resis-
tance discharge include several severely eroded regions. A typical region is
shown in Fligure 11-5b. This is thought io be the result of a concentration or
rapeated application of electron beams. In addition several craters were noted
which are typical of a localized spark. A representative crater is shown in

Figures 11-4c and 11-44,
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(a) Grain Structure Revealed by (b) Sevsrely Eroded
Electron Bombardment (~ 49 X) Region (~ 40 X)

(c) General View of (d) Detail of Crater (~ 75 X)
Creoter (~20 X)

Figure 11-4. Surface Changes on Copper Anode Due to
Many Low Energy Discharges
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(@) General View of Cathode (b) Detail of Gathode Surface
Surfaze (~16X) Showing Crater and
P:otrusions (100X}

{c) Detail View witn Tips of
Protrusions in Focas {100X)

(d) Deta1l View with Surfzce in
Focus - Note 60 Grit Poiixhing
Marks {100

Figure 11-5. Surface Changes on Copper Cathode Due
to Many Low Energy Discharges(zo)
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The cathode surface was covered in the central reqions of the elec-
trcde by small protrusions and craters as shown in Figure 11-3. The under-
lying 600 Grit polishing marks are generally undisturbed. It is reasonable to

attribute the protrusions to the impact of anode material.

In one early treatment the barium contamination source was dirscted
at the anode of & pair of copper electrodes., There was no measurable or con-
sistent change. This result compared with the effects found with cathoue con-

tamination, however mild and t~ansient, led to conducting the balance of the

treatmeonts with cathods contamination.
Copper electrodes were also tesied for the effects of harium contami-
nation of the cathude at a smaller gap of 0,25 cm. it was found that there was
little effect of contamination on breakdown voltage and alniost no effect on pre-
breakdown curreunt levels, High energy discharges produced the ususl wide
scatter and frequent low breakdown voltages accompanied by a general incrzaae
in prebreakdown current, The dependence of breakdown voltagz and voltage for
10-6 amperes of prebreakdown current on gap up to 0. 75 cm was near linear as

shown in Figure 11-6.

11.3.3 Ti-7A1-4 Mo Electrodes

Titanium alloy electrodes were subjected to barium centumination of
the cathode at gaps of 0. 50 cm and 0. 75 crr.. There was only a small diep in
breakdovn voltage at the 0. 50 cm gav even after 66 hours of exposure to a barium
oxide cathode whizh was huated at 1.3 A filament currert (normal operating tem-
perature is achieved with 1, 0 A) (Figure 7). This decrease was quickly removed
by conditioning. At the 0.75 cm gap repeated sparking was used for fast cgndi-
tioning and a breakdown voltage level of 230 kV with 1076 amperes of prebreak-
down current at 172 kV was reached. After exposure to the heated barium oxide
cathode th: hreakdown voltage dropped by 100 kV and brea''dowa occurred befcre
the 109 amperes of prebreakdown <surrent was rcached.  This decrease

was conditioned awszy in a short time. High energy dischargss were then intro-
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50 L Voltage for |06
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.25 .50 .75
GAP (cm)

Figure 11-6. Dependence of Breakdown Voltage on Gap
for 4 inch Diameter Bruce Profile Copper Electrodes B¢ fore
Barium Contamination
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duced and again the effects of barium contamination could not be distinguished
from the usual scatter encountered with high energy discharges., A maximum

breakdown voltage of 272 kV was reached with a 106 ampere prebreakdown cur-

rent level of 145 kV.

11. 3.4 Nickel Electrodes

Nickel elecirodes subjected to barium contamination of the cathode
responded much the same as copper, except that no progressive decrease in
breakdown voltage with conditioning was noted. Again repeated sparking was used
for runid conditioning, High energy discharges were introduced and the usual
immedaiate drop in breakdown voltage was fcllowed by a slow but steady recondi-
tioning to higher breakdown voltages than had been reached with low energy dis-
charges., With high energy discharges the effects of barium contamination were
hardly distinguigshable from the normal scatter and occasional drops in break-
down voltage, At the end of these tests the breakdown voltage for a 0. 75 cm gap
was 300 kV with 10-5 amperes of prebreakdown current at 170 kV,

A pair of 1, 28 inch diameter Bruce Profile nickel electrodes were
severely contaminated by placing the barium oxide cathode directly in front of the
cathode electrode at a distance of 2 mm_ In this case only one hour at a slightly
elevated temperature (filament current 1.1 amps) was required to produce signi-
ficant contamination (see Figure 11-8). The effect of contamination was to drop
the breakdewn voltage from 250 kV to 125 kV for the 0. 75 cm gap. This decrease
was conditioned away in ~ 50 discharges (low energy) and then reappeared. Low
energy discharges (Rg = 30 kohm) were not effective in raising the breakdown
voltage, aui high energy discharges (Rg = 0 ohm, CE.S. = 0,15 pF) were intro-
duced. Under these conditions a maximum breakdown voltage of 290 kV was
reached with the 107 ampere voltage level stable at ~ 175 kV, which is higher
than it was initially with low energy discharges, Thus, for nickel electrodes
subjected to severe barivm contamination, high energy conditioning resulted in

better performance than was found with low energy discharges in the uncontami-

nated case.
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Subeequently barium contamination was repeated (see spark number

435, Figure 11-8) and a drop in breakdown voltage was followed by some recon-
ditioning and then a permanent decline in insulating performance. Visual absor-
vation of the electrodes revealed that the layer of anode material which had been
deposited on the cathode by high energy discharges had been fractured and was
partly pulled off, forming large (~ 1 mxm) and sharp projections. These ure
shown in Figure 11-9, It was not possible to eliminate these by conditioning

and the breakdown voltage at a 3,0 cm gap was ~ 250 kV, with the 1,75 cm gap

breaking down as low as 40 kV. This damage is similar to that encountered with
particles on stainless steel electrodes which had been contaminated. It is
reasonable to attribute the poor adhesion of the surface layer itc contamination
from the barium oxide cathode. The thickness of the layer was ~ 0. 05 mm.

This gives a total volume of approximately 0. 9015 cubic centimeters of anode
material transferred to the cathodc., Analysis of a central portion of the surface
layer revealed that is was mostly nickel but with a significant percentage of

Barium (0. 03 to 0.3%). There were also traces of Fe, Mn, Si, Ti, and Cu.

11.3.5 Stainless Steel Electrodes

When stainless steel electrodes were used the 0. 75 cm gap initially
conditioned to 205 kV with low energy discharges (see Figure 11-10), Upon
exposure of the cathode to barium contamination the breakdown voitage dropped
to 120 kV with breakdown occurring befcre the 10"6 ampere presdrezkdown curient
level was reached, After reconditicaning to 210 kV the 1076 ampere hrealdown
current level was sometimes reached at 190 to 200 kV, High energy dischargcs
introduced after high impedance recondilioning but before the =cheduied exposure
to barium contamination, produced the cnomolous darn.age which has been
described in Section 10, 8. DIParticles of anode materinl] ¢ject~d during hyeakacwn
impacted on thie cathode and flattened ouat in the uszal manner, then upoan reappli-
cation of voltage some of these flattened pariicles were puslea erect by eleciro-

stat.c forces. The result was a number of very sharp prejections of up to C. 5mm

11-17
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{a) General View of Broken and Pulled Away Coating
of Anode Material on Cathode (~ 5X)

{b) Detail of the Edges of Fractured Coating (~ 10X)

Figure11-9., Damage on Nickel Cathode due to Fracture of
Coating of Anode Material (Nickel!} - Lack of
Adhesion is due to Berium Contamination
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in length. These have been shown in Figure 10-15. Since this and the contami-
nated nickel cathode are the only cases in which impacted particles were partially
pulled loose, it is reasonable to attribute the pocr adnesion to the presence of
contamination. Once present, the projections produced very high prebreakdown
currents and low breakdown voltages. Conditioning was not effective in reducing
the effect of the projectione, A test with uncontaminated stainleas steel electrodes

(see Section 10.9) aad high energy discharges did not show this effect.

11.4 Interpretation of Results

In an earlier experiment, Brodie(3) found that exposure of small
nickel electrodes tc 2 heated barium oxide cathode reduced the breakdown tield
from 4.4 x 19° V/cm to z significantly lower value and increased prebreakdown
field emission current by several orders of magnitude. The electrodes could be
conditioned back to a field of 4.4 x 105 V/cm by low energy discharges at a i
0.5 mm gap, out the emission current was greater by a factor of over 15. These
effects were conclusively related to the deposition of barium on the tips of
whiskers in an experiment with a cylindrical projection tube, The barium-de-
creased the work function of the emitting tips and thus incrzased fizld eruission
currents. Conditioning then destroyed the emitting sites which had been rendered
unstable by increased emission. This explanation is supported by considerable
experimental avidence(4s 5) that vacuum breakdown at a small gap (0. 5 mm) is
usually due to the explosive vaporization of field emitting protrusioans on the
cathode when the current density exceeds a certain critical value.

At the larger gaps (0. 75 cm) and higher voltages of the present stundy
the mechanisms of breakdown have not been clearly identified, Indeed, it appears
that several mechanisms are possible. Thus the complex and variabie effects of
bariym contamination described in the previous secticn are not entirely unex-
pected. The most significant difference noted for large gups as compared to the
small gap of Brodie is that the prebreakdown current was not permanently
increased as a result of barivm contamination followed by low energy discharge
conditioning. Therefore it appears that conditioning at large gaps (high voltages)

is capable of removing barvium contamination from emitting sites on the cathode.
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The initial effect of contamination was to increase emission and cause breakdown
to occur at lower total prebreakdown currents than before contamination. That
is, before contamination rnany microamperes of field emission curreat could be
drawn without breakdown, while after contamination breakdown often occurred
before 1 BA of prebreakdown current appearei. The opposite was usually the
casa in Brodie's werk -- breakdown occurrea at currents of the order of 10 pA
before contamination, while after contamination prebreakdown currents of up to
500 pA are reported,

When the discharge energy was increased from the ~ 10 joules avail-
able with the 30 kilohms series resistance to tue 6750 joules available with the
energy storage capacitnr bank, large guantities of anode material were trans-
ferred to the cathode. Thi_ of cours= covers any barium contaminat.on which has
not been removed by the discharge. st tkiz pont in two experirnents (nickel or
stainless steel electrodes) some of the anod» material deposited on the cathode
wag partially pulled loose to forrn large (~ ' mm) and sharp projections. The
breakdown voltage was subsequently extremely low, Tlie poor adhesion is most
likely due to the prior barium contamination.

Finally, while the response to barium contamination of the materials
tested (Cu, SS, Ni and Ti-7/4 -<Mo) saried from material to material, in general
these variations were not found to be significan.. No pattern was discernable and

the variation in response for a single material was considerable,

11.5 Conclusions

At large gaps (~ 0, 75 cm) and high voltages (up tu 300 kV) the effects
of barium contamination are complex.

Immediately after exposure a decrease in breakdown voltage was
found with breakdown occurring at lower prebreakdown current levels. Condi-
tioning with either low or high energy discharges would usually restore the
treakdown voltage to its initial level. There was no permanent increase iz
prebreakdown current as a ~esult of barium contamination, Whewn high nergy

discharges were used in conditioning after barium contaminaticon, the transferred
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particles Of anode .nateria: in some cases 4 not adhere well. The result was

large (~ . run) projections which cansed low breakiown vuitages. This second

osder effect of contaminatior could not be eliminated by conditioning.
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SECTION 12
CONCLUSIONS

12.1 General

ir this section, the major resulés of 2ach experimenrtal block are
summari~ed, and the factors atudied are discussad io terms of significarce,
interacticns;range, and effsct »n breaxdowr v-ltage. The crmpletn list of factors
for all experiments is giver in Table 12~1, Fizally, the most importatt fa icrs —
anode material and energy conditioning -—— are discussed in relation te practical

applicativns ard scme promising areas for future work are given.

12.2 Preliminary Experiment

When voltage was appliel across unbaked electrodss tke first ob-
servable activity in the vacuura gip was the appearance of microdizcharges.
These were conditioned oit in time and vrite increzs< in voltage, viz., wken all
the gas close to the surface of the slect: oie had been removed. Prior to thia,
however, they prcduced surface roughening and field echancement at the cathodeg,
and so lead to field emission. If{ighcors breakdown voltages were ackicved witk
slow conditioning by controlled gas evclutinn than witla spark cenditioning., X-rays
were produced by microdischarges and tie)d emission electrode beams. Visible
radiation was iderntified with anoce hot spots due to these field emission beams.

At high potentials the field enhancement facte: grew at constant voltage and
runaway to brczlilown sometimes resulted. indication of runaway was given by
both x-radizatica, visiole :adiation and gap current, but none was a reliable non-
destructive prebreakdown .ndicator Sf iccipient breakdown. Breakdown was i
associated with release »f gas from the anode and the breakdown voltage was

approximately proportional to the square root of the gap separat’on.

12.3 Seven Factor Pilot Experiment

A seven factor partlal factorial experiment showed that thc titanium

alloy Ti-7Al-4Mo was superior to topper as an electrode material. Surface
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finish was not important, in as much as there was no significant difference between
the performance yielded by 600 grit or 1 micron finishes. Spherical or curved
electrcdes which reduce the highiy stressed area were superior to plane elec-
trodes. Greater reliability and consisiency of breakdown values were achieved
when the entire system rather than the electrodes only were subjected to a bake-
out cycle. Breakdown voltage was proportional tc the square root of the gap,
and,with repetitive spark conditioning, the log of the maximum prebreakdown
current was a linearly decreasing function of the square root of the gap. Trans-
fer of anode material to the cathode was obscrved. Gas released prior to break-
down suggested a breakdown mechanism in which gas released from the anode by
heating, due to a field emission electron beam, collects and ionizes in the beam and
enhances the emission at the cathode site until an unstable feedback results in
breakdown. Most of the scatter or error was related to the lack of control of the

gas contert of the electrodes and this led to the design of the next experiment.

12.4 Block of Eight Experiment

A four factor full factorial experiment confirmed the significant
but complex role that electrode gas content plays in determining the breakdown
voltage of a vacuum gap. Electrode size was the most important factor overall,
with smaller electrodes yielding better performance. Breakdown voltage was
proportional to the square root of gap separation above 0,75 cm. Conditicning
with sparks increased the breakdown vcltage, for example, by as much as a
factor of 2. 3 with 26 sparks. The application of a transverse magnetic field of
250 gauss lowered the breakdown voltage for gaps greater than 0.75 cm and
raised the breakdown voltage for smaller gaps. Interactions between factors
were large, Thus adding gas (hydrogen firing) was beneficial for small clectrodes,
with anode gas content more decisive than cathode gas content., Voltage collapse
time was found to vary linearly with gap separation up to approximately 1.5 cm,
beyond which it was constant at about 55G ns. The average rate was

300 x lo-gsec/cm.
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12.5 Block of Thirty-Two Experiment

A five factor full factorial experiment showed again that interactions
between factors were important, While the complexity of the results militates
against simple conclusions, the following emerged: Copper was a better electrode
material than aluminum, especially for the anode. Small electrodes had higher
breakdown voltages than large electrodes and the effects of gas content depended
strongly on electrode material,with hydrogen firing for copper and vacuum firing
for aluminum yielding better results, Breakdown voltage varied linearly with
gap up to 0. 75 cm and as the square root of the gap above 0. 75cm. Similarly,

a transverse raagnetic field of up to 400 gauss raised the breakdown voltage
slightly for small gaps (< 0. 75 cm) and lowered it for large gaps (> 0. 75 cm).
Time to voitage collapse was again found to he an approximately linear function

of gap. Exposure of conditioned electrodes to pure gases {OZ and Nz) did not
seriously affect the breakdown vclitage, but exposure to the plant atmosphere
with its contaminants significantly lowered the breakdown voltage. An extensive
transfer of anode material to the cathode was observed and preliminary experi-
ments showed that the discharge energy had = major effect on breakdown voltage.
Indeed, conditioning was recognized as probably the most important consideration
and the next experiment examined this in greater detail by including the energy

available to each discharge and the isolating or series resistence as factors.

12.6 Energy Conditioning Study

Conditicning emerged clearly as cne of the most iwuportant factors
in vacuum insulation. The breazkdown voltage was strongly dependent upon the
number and nature of conditioning discharges. The energy level of each dis-
charge was critical with the beneiicial or damaging effecis buing produced in the
first microsecond. Low energy discharges (< 10 joules with a series resistance
of 30 kilohms) produced a smooth increase in breakdown voltage with low pre-
breakdown current levels, Moderate energy discharges (0, 154F 1000 ohms
series resistance - 6750 jouies at 300 kV) resulted in errvatic and iow breakdown

velrages but little change in prebreakdown current levels. High energy
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dischargas, produced with 24 ohms of series resistance and the 0, 15¢F energy
storage bank, were initially damaging. The breakdown voltage often dropped by
more than 50%. However, high energy conditioning was discovered to have a
critical dependence on anode material. Anode materials such as copper, lead
and aluminum continued to degrade reaching low average breakdown voltages
with high prebreakdown currents (> 2 mA in some cases). However, when the
anode was a refractory metal such as titanium, nickel or stainless steel a con-
tinuation of the high energy conditioning series produced, initially, a recovery of
the gap insulation characteristics and ultimately led to 2 higher breakdown level
{e.g., 300 kV ior a 0,75 gap) than that achieved with kizh impedance, ‘ow energy
conditioning, Cathode material was not important and the cathode was graduaily
covered with a film of transferred anode material. Prebreakdown current was of
field emission origin and at high levels became an important factor due to gen-
eral heating of the anode. The vacuum discharge was found to require times of
about 300 ns to reach a low voltage arc phase with currents of hundreds of
amperes produced within 10 ns. Thus, damage occurred within 1 pg if smicient
energy was available and crowbarring at 500 ns was only partially effective in
limiting electrode damage. The excellent correllation of breakdown voltage with
physical propercies of the anode material (melting soint temperature, specific
heat, and density) suggested that breakdown under high energy conditions m:ight
occur when field emission electron beams heat a region of the ancde until it be-
comes mechanically weak, at which stage a clump is extracted by the electro-
static field and accelerated across the gap, causing breakdown upon impact with
the opposite electrode. Long term withstand tests with voltage mzintained at
fixed levels for varying lengths of time showed that the mean time to breakdown

increased exponentially ar the stress level was decrcased,

12.7 Barium Contamination Study

Contamination of the cathode electrode, witia decomposgition and
evaporaticn products from a heated barium oxide thermonic cathode, reduced
the breakdown voltage. 1ln general, however, conditicning by sequences of spar<s

restored this to a higher level than berfore contamination. Also, the prebreskdown
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current levels were lower for contaminated cathodes than for clean electrodes. '
Ancde contamination had a negligible cffect both on the breakdown voltage xndi
prebreakdown current levels. Exposure times of the order of days wese re-

quired for significant effects with the barium oxide cathode at normal operating
temperature, With many nigh energyv discharges, contamiaation of the cathode

generally resulted in permanent damage, and consequent lowering of the break-

down voltage level, due to poor adhesion of the impacted arcde particles on the

contaminated cathode,

12.8 Summary

Table 12-2 summarizes the effects, interactions énd recommenda-
tions for the factors studied in the complete experiment. Maav have been shown
to have significant and complex cffects on higcl voltage irsulation in vacuum and,
thus, for reliable and consisztent perfcrmance, rigorous control of materials and
! procesges is requited, Ior a number of important factors, the existence of

large interactions makes prediction or their combined eilects difficult. Several

factovs, nowever, merit special consideration in high voltage electron tubes.

Conditioning, properly applied, will more than dcuble the breakdown voltage <
, level i most cases. When the available discharge energy during operation and

feult conditions is high, it is esscatial to condition with discharges of sufficient

but not excessive energy. This depends critically on anode material; hence

proper choice of electrode materials is crucial, Geoinetry is also important,

and, ingeneral,smalier areas yield better performance, even though the peak

eleciric stress maybe higher. It is, thcrefore, recommended that the design of

each tube be given separate and individual consideration as far as selection and

optimization of the various factors and parameters, particularly the electrode

i materials, processes and geometries. This should be followed by a thorough

: evaluation of conditioning as a function of the available discharge energy.
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. . 12.6 Future Work

. The most vromising areas for future work are:

(1) Application of refractory anode materials in realistic
tube configurations. Perhaps this would require the use
of composite anodes (e.g., Ti backed with Cu) to handle
thermal problems.

(2) External cooling of the ano’e to reduce detrimental elec-
tron beam heating due to high prebreakdown currents —
cooling to liquid nitrogen temperatures is especially
attractive,

j} (3) Further investigation and staadardization of conditioning

techniques for a rauge of tube types,

(4) Use of pulse rnorditioning for ravid iinproveraent in
treakdown voltage (possibly withcut even removing tubes
fron operation for more than severii milliseconds), and

’ pr2cise control or discharge erergy.

(5}  Lo~g term withstard tests — eovec:ally when gradual
centamination is likely (from a bharium exide «athode,
etc. ).

(6)  Alternatives vo spark conditioning should be investigated —
for exaraple, ceatrolled melting of annde and cathede sur-
faces under vacuum by pulsed or continusus electron or

lagser beams,

12-9
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