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Zeview 3f 2revicus Research
v Tiiamesdes smsasagt e g3zuum 3§ an iasulator is relativelys new,
»
e aa Frege sagzetsmosa 37 oiec fnitiation in os2cuum dubiisned fn

K 1T . - i3 -m@r te-aragt nas 3-23adily fncreasad as t2chnology
f .

‘; . 2TiIeT a3 o oumtIeo T LTI ovACUUM 3S 2N ‘nsulatdr,  ‘lacuum nas
¥4
‘ - es 32+ Lac..m m.zes. ~tin-ccwer switches, 2xoerimental Tusion 2e-
P 23, ims czemc2Ta3 aczalaratzars, <o mention 2 faw.  Troubles arise

o
N - -+ 3:_.m +~g. av=isn cecause dF tne relative inability to crevent,
\i

..

c- z,ar 3,z73s3°. ", zregizt “2ilure, 1.2, Sreakdown.

Teaiczawr S@Ta@en w0 313cIroces separatad Dy vacuum should

&
" . . . Y . . . -
- ---,r anen there is sufficient charge multiplication within the vacuum.
® . : "
* ci.mtm7 seat 272gircce sacancary amission 2rocasses de aot cause cumuia-
5‘ -+ .a senz,z7in 2F znarceg carticlas, sufficient charge multiplication
g
I . as- =z33°37a < <re —ean free 2ath length of the charge carriers is
~,2~ “aesar <nan the sanaration distance between the two electrodes.
i'.- - . . - - . .
" Zis--am 324 tn73 srinciale to Tormulate his law relating breakdown
B AR L
-"-3-3 ~ewwean zaril 2l alactrodes in 3 background gas to the product
- +~a= zas's sressure and the Jap separation. In nitrogen, wnich is the
: se-—a~. ~agiz,a’ zas ‘n 1 vacuum, Paschen's Law reveals minimum gap break-
. . . s A= :
Y ttwar 77 %3Te 3oL 2 occlur 3T odsi Torr-cm., where p is the pressure,
s~ = -3 =-e zas scacing. The shape of the Paschen curve indicates that,
.
‘ 3= -eags.ea 1).es %3 tne lest of the Paschen minimum, longer gaps
"h
»t,
",
4
L
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will breakdown at lower voltages than shorter gaos. This is true ‘n
general. Breakdown has been observed, 1owever, even wren this Sroduct
is lTower by several orders of magnitude. This suggests that some —ec-a-
nisms exist, within the inter-elactrode soace, tha~ <reate charje
multiplication. These mechanisms are not oresently fully uncerstced,
out much research has teen done <o attempt to characterize, i€ not
identify, these mechanisms.

There are two orominent chenomena wnich arise wnen <he /«0!<age
across two electrodes in vacuum is orogressively increased. F“or smal’er

rVee

gans (<imm), a relatively steady current Segins to “low. Tris current
L3 L] ‘-9’ -
has been found to be predominateaiy due to electrons-"-. “or ‘arger

N~ - . ) nq', 1,
gaps (>2mm) small, self-quenching current sulses of charge >3 " coulomos,
» - . . r 1 -
lasting from about 30 us to several m1111seconds*1o‘.ac:ur. These cur-
rent oulses, called microdischarges, are found to bSe orimarily due to
RRN

ions*t Existing, high-voltage, vacuum breakdown thecries attempt

to relate these and other pre-breakdown phenomena to breakdown.

1.2 Factors Which Affect Yacuum 3reakdown

Experimental investigators have revealed that “here iare severa’
factors that affect the insulation strength of vacuum.

1.2.1 Conditioning

] ) rz?
It was first shown by Millikan and Sawyer-"-, and nas Seen :on-

" -
firmed by many others-**»3]

, that as a gap is sparked, ‘ts Sreakiown
vdltage increases until it reaches a "plateau". This affect is known
as conditioning. In some cases it has been observed *hat zondi%ioning
is not permanent, and if the voitage is removed “or a ~ime or tne e ac-

trodes exposed to higher pressures, then the next breakdown va'ue ~17°
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(X))

(1.11)

(9]
1]
N
—~
(&8
(n
-3
~——
-

anera r~ i3 a5 2einad 2arlisr “ar 30%th 2 truncated cone and cylindrical
zatncae aratrusicn.  The zlactreon Seam would thus have a1 cower density

~4a YR
‘Q :./_.n 3‘/.

-

wo= L (1.12)

~——

sombining (1.77) and {(1.12}, ana assuming a semi-infinite 2lane model
“ar <ne alectrode,vith the assumpticn that the back surface of the anode
[P

. . . . . LO6
ramains at :the ambient temperature, Charhonnier, et al, .

!

re maximum sower density from tpe maximum sermissible tamperature rise
3T %he anode. Their calculations consider ancde tamperature rise cor-
~esponding o currents of different durations by defining two characte-

~istic times, % and t2 given by:

£ = (Rr/b)z (1.13)
2
ty = (Ra/b)-, (1.14)

-

wnere X is the erffective electren penetration depth in the anode

naterial, R, is given by equation (1.11), and b is defined by:

3
b= = 2X/¢ 2 (1.15)

snere < is the znermal- conductivity, 2 is the specific neat, and ¢ 1s
¥

¥ <he 1inoce material density.

L) iccordingly, for aulses of di<ferent durations, the anode

nave derived




-

[

3
tamperature rise, 17, is given b5y:
A - ', ‘I PRRY - _ e . -
- = u’at,/\qr_-/ - < ,,. ’ o |
2 %
e & ‘7 . s ry v .
S S 1< t <3, and .
ST =2 R /XK, t>t,. -

Furthermore, defining wc 3s the critical ocower density corresoonding

T0 the temperature at wihich thermal instabili<y, i.e., melzing, zccurs,
the value of alectric field enhancement at *the cathoace, 50. wnich
distinguishes cathode and anode induced breakdowns is given as:

3.= frJC/dw)? SIRELY

wnere JC and EC are the critical current density and field, rescectively,

above which cathode protrusicn evaporation begins. <Cathode induced

vacuum breakdown is more probabie for 3>3°, while anode induced break-

down is more probable for 3<3 . Similar conclusions have been reached
671

™o

by Chattertontsz] and Utsumi.
Thus, the hypothesis of field emission induced vacuum breakdown

is well founded for at least small gaps.[67} This hypothesis is based on

the attainment of a critical temperature at one of the electrode surfaces.

req"
4hile this appears to be a necassary condition for breakdown“73‘
(741

, 1t has

been shown not to be a sufficient condition for breakdown.
An alternate mechanism proposed by 3oyle, et al,[ss} suggests tnat

the collective space charge of ions produced by emission currents leads

to an avalanche of charge multiplication and hence, vacuum breakdown.

The sequence of aevents that occurs after the onset of field

emission needs further experimental investigation. The final,major
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1.3 Jiscrenancies of the Theories of Microparticle Initiated

3reakacwn

“icroparticle initiatea dreakdown is the cnly mechanism that nas
seen srccosad <o explain vacuum breakdown of long, high voltage, gaps
(>10mm). However, various aspects of the many possible theories need clarifi-

cation.

e 'clump" nyoothesis out forward by Cranberg was basad on the
lata 27 several investigators over a large range of voltages and gaps. The
comparison of such varied data to form a single model could Tead to wrong
conclusions. Furthermore, his model has very little theoretical backing.
STivkov's 9Sreakdown model may also be questioned. He assumes that
371 af the xinetic energy of the micropartic’: goes into neating the
nicroparticle, and thus there is no target électrode neating. Also, sub-
stitution of numericai values of the guantities in his expressions for
sarticle radius, ecuations (1.25) and (1.26), yield radius values in the

127%, range.~"“4 The values obtained for Rnay 2Nd Ros are not only

X min
very smaii, tney also nearly overlao. Thus Slivkov'smodel suggests
areakdown i5 20ssibie “cr 3 very limited range of very smail zarticie
sizes. Using Slivkov's model one couid conclude that oniy ten iron

\

itoms {2=.12x10°9n; would 2e sufficient to cause hreakdown.

Tne existenca 2f the trigger Zischarge mechanisms of Jiandzkaya,

“artynov ,at al, are wel'! documented “ar ar+ti€icial microparticles, btut
b
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#nere 1 ‘3 tre orotrusion neignt, r the sphere radius, and
. ! -
* Y TEE (1.32)

These “ormyiae suggest particle velacitias an order of magnitude higher

tnan tnese predicted by the sphere plane model.

Greater particle velocities,necessary for impact damage, may also be
acnieved by particle bouncing and charge exchange between the electrodes.
This phenomenon has been demonstrated using artificial microparticles.[97’]36]
3ouncing or charge reversal has been found to occur in less than 10% of

(136]

impact events and the velocities thus achieved are limited by electrode

oxide layer thickness.[98]

Therefore, charge reversal is thought to occur
5y an electron tunnelling mechanism rather than by direct ohmic conduction.
Hurley and Parne11[99] have considered the case of a microparticle
which is itself field emitting. Microparticle velocities may be increased
or decreased by seif-field emission. The proposed theories for achieving
‘mpact damage velocities for small microparticles, and the possible situa-
tions under which large particles might be accelerated to these velocities
have been considered. The mechanisms of crater formation may now be con-
sidered, where crater formation enhances field emitted currents which can

lead to breakdown. This phenomenon is very comp1ex.[100]

Crater dimensions
increase with particle velocity. The exact increase is dependent upon the
seiocity of sound, Ves in the target material. Microparticle density and

geometry also influence ¢rater size, Typical craters (100]

are hemispherical
in shape surrounded by a "1ip" which gives the appearance of having been
splashed out of the crater. Most of the ejected material is target material.

Such crater "lips" could act as emitting sites, and additionally, impact

RARGANACACRENIM UMY e P R
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could generate some metal vapor in the neighborhood of the crater. Local
pressure build-up in the vicinity of these emitting sites could lead to

trigger discharges.[go]

Investigations concerning the phenomena of intermediate-velocity
(100m/s<v<vs) impact by micron-sized particles (<3um typical) on metallic
targets have revealed that impact is followed by the production of a
p1asma.[90’1011 The plasma has been found to consist primarily of micro-
particle material. Expressions for the total plasma charge have been
formulated, but a correlation between this plasma generation and vacuum
breakdown was not attempted.

Zlectrode impact of ultranigh velocity(v>vs) particles(<.0lum typical)
causas more or less the same type of crater damage 2s seen €or inter-
vediate and nigh velocity particle impactsjgo’]ozl Evaporation of such
particles can lead to the creation of only an insignificant amount of

r307 f1n021
mnetal vapor ‘rom the partic1e“90* and from the e]ectrode.-l‘z‘

Thus,
Jitrahigh velocity particle impact produces an insignificant amount cf
vapor to contribute %o vacuum breakdown . Their presence should,therefore, not
(901
3ffact the insulation strength of a vacuum gap. .
The above discussion suggests the presence of microparticles 3¢
radii greater than about .0Tum can be detrimental to the insulation
strength of 3 dc vacuum jap. While large nsartizles >1%um’® seem =3 in-

duce breakdown By way of 1 trigger discharge, smallar narticies '<3um

mnay initiate bdreakdown DSecause of effects associatea w~ith impact. ~re
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amTsstan areak:ownzﬁg: <7ar anz 30r:o7oi:':53 1’50 Zetermined that ore-
Srea«acwn Iur-ents Iyl e lascrilec Jy tne “cwiar-Norcheim Law, and
5.33788%2¢ Trat, f2r tnetr snOrt Jacs. areaklown was “iali amission
"n~tcc3ted. inaTysis 3y o-ustan T 14s showed that tre 1i““arences
cetween 2c 32 ang¢ iC -z and 3¢ Jreakicwn cannot se axdlained on tne
sas°s 3¢ the <‘me serioc 3¢ the 3ac soltage. iccitionally, Theoohilus,

3% 31," 77 -ave ‘2unc That the 2C Sre-preacicwn 2’ectirode nicraorsiec-
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Many st.gtas ~ave atismptec o taricteriie ctne enavtar € sacuum
Facs .ncer tne “nf . ence 3€ su'3ea 1'3n /ol tace excitatiing.  These
5743735 are ~ecessary 0 T3Sy 3reaxiown “echanisms ind <3 ~nariacterize
tTe lZeritior 27 jeviies tnat a’iner dperate usirg Zulsed soltaces or
axzer-ance cu'sed vo'tages Iuring cperation. Cevices that Jperate under
Su'seq soitages ‘n sacuum ‘nclude < sstroms and diodes ised in nigh-
anerjy tar%icle Seam accelerators.

Surge irrestaors, which are used Jy the power ndustry to orevent
T3ntening camage, are *typical examples 5¢ levices that may experience

cuised /o' tages during Jperation.

'.3.2 3elation 3etween 5ap Length and 3reakdown V0l tage

A vacuum gap, in general, can withstand significantly higher field
strengths under Julsed voltages than either centinuous or alternating

/cltages. The notaple axceotion dccurs in the aJressure range of

-3 L .-de - 7387, . .. .
o orr. Zennolm=""- first detarmined this Fact Jdy stugying %nre-

-
) -

Jerformance 3¢ small gaps (.1 - 1 mm) under pulsed, continuous, and

-Ne

—e
(g}

1itermating voltages in 1 vacuum of orr. He found the breakdown

«cl1tage optained using a 12.s rise, 30us decay oulse was aocoroximately

doubie the Zc value.
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.2e, 4sinc 'onger 3japs, demonstrated 3 joudbling 2f Jperating
;Tress detween 3IC And snhorter Ju'ses Naving Jurations on *he arder »f
N Js.:‘383 “e ler'ved an empirical relatronship €or *his npulse dura-
*'on, ~elating %he hreakdown voitage, Y, "0 the dap 'ength, 4, 2iven
Sy

v=C41* volts, (1.34)
where C=6x106. 1=.8, and 4 is in meters. Other investigators have found
similar resulss “or various gap lenghts, and pulse durations. Using a
pulse of risetime .3us, Parkinstlog] found x to be .54 and .5, respec-
tively, for copper and tungsten electrode gaps, with d in the range of
.1 to 2 mm. Leader[]al found 1 to be .73 for 20 mm diameter sphere
electrodes and d between .04 and .3 mm for a 1.5x70us pulse {risetime of
1.5us,-and decay time of 70us). Rozanova and Granovskii£1]0] studied
breakdown in a vacuum gad formed by a 10 mm diameter anode disk and a
10 mm hemisphere under the influence of a pulse with decay time of
.125us. They found that a depends upon electrode matarial, for ¢ in the
range .2-1 mm. Using a 1.5x40us impulse, S1ivkov[®] found « to range
between .36 and .92 for various combinations of planar and spherical
steel electrodes with d between 1 and 10 mm. Nandagopa1[]]11 measured

breakdown voltage of a point-plane gap for d between 1 and 12 mm and

found a = .5 for a 1.5x50us pulsed excitation. Note that most of the

above results are similar to dc results for short gaps,[sg] indicative

[76.88] charac-

of field emission breakdown initiation, and longer gaps,
teristic of discharge initiation by microparticles.

1.9.3 Parameters of Pulsed Vacuum Breakdown

Several investigators, most of them Russian, have attempted to

[ B 3 (AL D ) ADOROE A o . . WA
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~IrcseCINg AxItT1TTInS. Thes Thyng tne treacicwr ey, ttme, T, o
2@ 3 cgnelTr@ae SupcToir o 13 Tamcem 1 :tien 3,

#r@ce T T3 3 I2NnSTant Iecancert [Son 27actAcle "atarta’ and a'ectron

taretr3toin lentt, 2r2 ... 3 t"e pulsed breakdown voltage. They also measured
©37tace fat7 Times 2t Ireaciown anc “lund tnere .as an ‘ncrease "0 a7t
‘ TTTe 4T ‘ncreasing Jver-40ltage ~3tU)  iiimyg

T1is is " o2Cntrast %9 1 recuction i all *ime a4itn increase in 3 “ar

1as jacs.

LR}

<{assirov and <oraichuk-'

-
12

'+ nave 3btained ap dreakdown dJata

1sing Ju'se risetimes 3¢ 2ns. They faund %hat the Sreakdown aelay, T,
decreased 3as 2axcitaticn voitage increased. Trey 3lsc Jbtained the 1le-

sendence of T on the Jver-voltage ratic 3. Treir rasuits show that T

-

)

decreasas with 3 and 7 is5 very Jepencent on aap ‘aength far small 3 Sut

~elatiieiy ‘ndependent 3f jao iength far larte 2.

{@ivatskii, <assircv, and Smirnov stuaiad suised vacuum zac

e g
I
-

N oreakdown “ar 3.5 risetime Juises. “heyv discovered a1 cconditisning

-~

af€act “or imouise voltaces, ind showed %ha* Juised jao0 Sreaxdcwn v0' tage

v o

is incecendent 57 residua’ zas Jressure Jver ne range I ¢« 17 “Torr
- vq‘Zo

v rr.,
P e e
27

<alyatskii and Kassirav- '“- rave <cnducted axneriments %o de-

tarmine the 2¢fact 7% o]

circde matarial on the duised strength 3¢ 3

[N IO ML I
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S3CLUM 330, The 2xZUTt1tian 30urc2 nac 3 vrtmum risettme 3¢ L2 s.
ACREES TIVRRS TR lo Rk B4-
<ne 3aD >reiakiCwn e iy zecencs In 203¢cTrade Material anag

‘Ac~e3ses +'%n material mecnanizal sTrengsn.

[S]

the leiiy <ime *0 >reakdown ZJenends Jn <he ancde matarial,

(9]

the temporal “orm 0f the 3redischarge voltage depends on
ire Iitncde matertal.

<algjatski‘, <assirov, 3mirmov, and -“rolov nave conducted ou'lsed

. . : . . rnis .
Srea«30wn 2xJer'ments is‘ng nancsecond risetime excitations.- 8. hey

-

3"owed Tnat dreaxdown soltage decreases s ° increases. Thus, ‘or a

(1)

;T./en jap, the snor<ar <tne cSulse length the 'arger the sel -breakdown

/07 %age.

4

.17 .ong Puise (>ms) /oltage /acuum 3reakdown Hypothesis

LI ]
Vel

2.7 Introduction

Zarval] made one of the first attemots <o explain the initiation

1177

3¢ Ju'sed vol%tage Sreakdown, e assumed microparticles %o

Je <he inisiating Factor for long-gap oulsed breakdown and derived 23
Jreakdown criterion based on voltage rise type. According to farrall,
applysing a pulse of constant rise rate should result in a gap breakdown
vnitage wnich depends upon the 3/6 sower of gap spacing 4. Moreover,

Jreakcown (Cltage snould be related %o the 5/2 power of 4 “cr jap im-

su'se s07tages with constant risetime. This hypothesis has 1i:<tie ex-

0 . - ) .. RRE)
3: Jerimenta’ supoort. ~he axperimental results of Wijker.- 8. and aven

. ris? . ) . e . .
“he rasylts of Jennolm,-3 ‘ wnich w~ere ysed in formuiating this hypothesis,

10 "0t agree witn Farrall's conclusions.

qg zxnerimental ~esults seem to support oreakdown mechanisms which
are Jap iength and pulse length dependent, and not voltage rise de-
'.
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Suggestad vacuum 3Jap creaxdcwn mecnantsms “or long >msec.
culsed excitations include: [ ion 2xcnhange; (2 cathcde zrojection
/3por~zation 2y “f2’1 amssion . 3. anoce sapcrizatisn by 2’2 amis.
5°3n; and (4’ "icroparticle discharge initiation.

1.12.2 9n Ixchance 4yoo%thesis

Smisnh and “ason~‘19‘

nave axamined :re impulse breaxkdown ¥ 31 2

. L . 2 )
large stainless steel 2iectrnges /=20CC om™),a%t 2

i

I jap detueen
sressure oF ZxXG'éTorr. The appiiaed waveform nad a 3us risetime and a
iscnarge time constant of Sms. 3reakdown occurred 3t 290 kY. The
investigators notad three types of breakdown:
‘1, a sharp, completa breakdown with voltage collapse taking
Tass than lus and with a time lag averaging about 22 us.

1 fow time lags were less than 4 us;y

—
~
——

an incomplate breakdown characterized by a smooth drop

of about 100 kY over a period of 10 us. The voltage

€all slope corresponded to an initial discharge curvent of
20 amperes followed by a3 flow of 3 amperes near the 2nd

of the voitage collapse. This was accompanied by 2
oressure increase to about 1.5x10'3Torr;

{3} a combination of (1) and (2), beginning as (2) and chang-
‘ng %o (1).

The breakdown duscribed in {1) is seen as a bright localized

spark, wnereas that in (2) is a diffuse, glow-like discharge. In later
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onrbhacn- n1as studied the impulse Sreakdown Zetween tizanium

2 -
atactreces 3° area 3C omT at 2 sressure 2% 0 8‘orv-. sCC </ oulse,

2

naving a risetime 37 TCC.ns ind 3 lecay :=ime :zonstant 37 132 ms,w~as
suoerimgosec 3n a 3C0 <Y Z¢ voitage %o suoply 2 %otal oossible oulse
magnituce af 70C «Y. Some 33,200 measurements ,involving 3C00 dis-
zrargjes cetween the 2iactrodes, vere taken. The measurements were
ara‘yzed Sy computer %0 Jive hreakdown orobapility and time lag at di°-
farent gap lengths and tota! applied voltage.

At gap lengths less than 3 mm,plots of breakdown voltage versus
3a0 s;acing followed Fowler-Nordheim plots. At gap lengths between 3
aﬁd 10 7m, there was a transition region, after which {for longer gaps;
the dreakdown field fell significantly.

Anaiysis of the time lag distributions of Ronrbach's data sug-
jest the existence of three breakdown initiation mechanisms:

(1) very short time lags (.1 - 1.0 us), independent of

voltage and gap length, are characteristic of cathode

nicroprojection vaporization. The calculatad heights

of these projections are between .4 and 1.2 .mi

e~
no
~—

very long time lags (miliseconds), linearly dependent
upon gap spacing are characteristic of the vaporization
of anode microprojections of heights between .2 and 2.0 .m}

3) intermediate time lags (1 - 100 us) are characteristic of

discharge initiation by microparticles.
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onroact ie*ined the transition jap region as: the 3jap region where
the tnree mechanisms are most likely to occur simultaneously at a
(27 tage clJse %o the 2c Sreakcown so0ltage.

Y + 0

.77 Short Puise (< .3, Yol:age Yacuum 3reakdown Hypotheses

1.11.1 Introduction

Suggested vacuum jap breakdown mechanisms “or short (<us) oulsed
axcitazions ‘ncluce: (1) alectrsn induced anode ions, for long gJaos,
and ' 2] cathode amizted electrons and subsequent explosion of the
amicting site for short gaps.

1.117.2 3node [on Hvoothesis far Long Gaps

. 1237 . - .
W1Tton-"3J used a low impedence, 50 nanosecond sulse generator to

investigata the time correlaticn between prebredkdown current and voltage
in a2 1.27 cn vacuum gap. The axcitation duration was controlled so *that
it was similar to transit times for ions in the gap. [t was shown that
“ive separate stages exist orior to and including the initial part of the
Sreakdown. The time stages are:
([) a quiet initial stage where the voltage rises but no
predischarge current exists;
(2) a period of time in which a series of microdischarges
are present. The microdischarges are not reproducible
ind apparently do not play a vital or necessary role
in breakdown;
(3) a period of time during which the current is not space charge
controlled and is exponentially related to the voltage, as
oredicted by cathode field emission theory ;

(3) a stage during which the current-voltage relationshio is

space charge controlled, as oredicted by both the field
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amission equations and the Child-Lingmuir relationship; and

Y
~——

a final stage where the current Secomes sustaining at a

-

nigh level even though the voltage has drooped by 3n Jrder
of magnitude. This stage appears to be time dependent.
The elapsed time to this stage is dependent upon the rise-
time of the appliied voltage and the gao spacing.

4ilton theorized, 2ased upon nis results, that electron induced

anode ions causad 2lecsirical breakdown as 3 consequence of receneration

(1Y

ffacts near the cathode after anode ion arrival. His results show that
sreater than 10% of the metal atoms vaporized from the anode are ionized
in the intergap region. He also statas that the time %o sustaining cur-
rent |3reakdown, can he sredicted if the mass to charge ratio of the
accelerating jons are made. Milton 2idnot, however, make this measure-

ment.

1.11.3 Cathode Explosive Zmission Hypothesis

Jacuum gap breakdown ,as a result of short (<us) impuisessis
associated with the a2xplosion of microscopic projections on the cathode
surface and the orogress of the resultant plasma flare across the gap.

124]

.
Mesyats* has shown this process occurring,together with a correspond-

ing current growth associated with electron emission from the plasma
flara, The term 'explosive smission’ has been cained €or this current
‘rom the flare, and at least one study nas attempted tJ characterize
these emissionsglzs] |

The speed with wnich the vacuum gap breaks down,wnen subject %o
Julsed overvoltages ‘and also in many dc voltage cases;,is determined by

the velocity of the cathode flare as it moves toward the anode. This

speed has been measured “or several cathode materials %o 2e in the range
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zulir, neasurements 37 tirme delay to Sreakdown as a function of cathode
ami3s5i3n .30th alectronic and microparticle) characteristics are re-
zui~ed.  Agditicnally, axisting initiation models need to be axtended
<> :zcver not cnly the inictiaticn procasses but also the later stages of

zreaxcown, inciuding the establishment of the vacuum arc.

1.1d Cetection of Microparticles

3.7 Introduction

The discussions of dc and impulse vacuum breakdown suggest that
~izrocarticle activity may be a plausible cause or at least contribute
<3 3¢ 2n@ ouisad voliace vacuum breakdown. Artificial microparticles
rave ceen studied to detarmine treir effects upon vacuum breakdown,as
zoncarns trigger discharges and impact damage. MNaturally occurring
mizrcoarticles nave teen observed, and in a2 few cases characterized with
~aspect %0 charge, size, and velocity, using optical and electrostatic
znarje induction methods. The optical methods, used to observe naturally
3ccurring microparticles,include scanning electron microscopy and two
Tvcesof laser scattering techniques.

1.14.2 Scanning Electron Hicroscopy
128]

. r . . .
“Yurley and Parnell- were able to confirm microparticle trans-
far oy interposing a plastic film between planar electrodes in the pre-
sreagkcown snase. The film on examination showed the presence of %rapped
sar+ticlas 3-40um in dJiameter.
!‘:O‘{ .

“lenon-~"< ysed a snielded collector placed under a partially trans-

sarent catnhode <o collaect arebreakdown microparticles. The electrodes

“n “enon's 7rm gap were of different materials to determine wnich electrode

‘3 “ayorabie ‘or oroducing microparticles. The collector,which was also
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a different material,had a lapped alumina finish of .3um. The ap-
olied dc voltage was raised until at least one micrcdischarge was
Jbserved {38-80 kVY) then brought down to zers., The collector was then
removed and examined under the StM and 2 microorobe analyzer. ZIxami-
nation of the collector revealed that microparticies of diametar sim
were produced at voltages as low as 30% of the gap breakdown voltage
72130 <V). The majority, although not all, aof the particles were 37
the 2node material.

. . C . .+ [129]
Treophilus, Srivastava, and van deeswijk

observed micro-
sarticles producad in a lmm gap wnich consisted of two planar electrodes
{ane nerforatad) saparated by an insulator. The collector surface used
was vacuum-deposited aluminum on optical glass. Oc voltages, at levels
celow breakdown, of both polarities were applied to the gap. Subsequent
SE analysis of the collector revealed the presence of small (1-2um
diameter) elactrode microparticles and insulating particles.

1.14.3 Laser Scattering Techniaues

1 1 . .
RohrbachE96J and Piuz[]30* developed a laser scattering technigue

which allowed particles of diameter greater than 3um to be detected,
wnile in flight between the electrodes in a planar gap (6-22mm length),
after application of a 5800 kV impulse voltage. The light frcm 2 non-
J-switched ruby laser (m sec pulse length) was passed through the inter-
alectrode acea after the application of the impuise. Any narticle in
transit between the electrodes would scatter light. The difference
between this scattered light and the non-scattered light was measured

to search for a microoarticle response, which would 2ppear as a

spike. Several events which could possibiy be identified as micro-

narticles were observed, but the frequency of observation was iow and
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disk under which the detecting cylinder was mounted. A microparticle
oy remcved from the anode would approach and pass through the cathode, and
e then through the detecting cylinder. The detecting cylinder was connected
to the input of a Tow nuise (30mV), wide band (7MHz) amplifier, whose
: . output was taken.out of the vacuum system., The charge detecting sensi-

B tivity of the detecting system was 6 x 107!

4C, which corresponds to a
microparticle of about 8um diameter, resting on an electrode surface

el where the field is 200 kV/cm. Repeated attempts using voltages up to

! 170 kV and different anode materials showed that no microparticles in

the detectable range were generated prior to breakdown.

.
» -

Eés 7exﬁer‘134] next used electrostatic inducticn in an attempt to
(f. letect and characterize dec microparticles. His working pressure was

i XG'Sforr, and his gap distance was 3mm. His cathode was a grid made of
t; stainlass stael parallel wires 2.15mm in 4iameter and 1.5mm apart. His
i tetaction system consisted of two operational ampli€ier stages, the

“irst 3 voitage “oilower (non-inverting with a Jain of '), and the

N second a non-inverting stage with a gain of 10. Texier states his charge
. sensitivisy as YG'TSC. it must be noted that the accuracy of this

?éi Tumber s dou??fgl ,.since the input capacitance of his first stage

'ﬁ 1izne aas 1270 721255 The minimum total system ncise “or a ngise <0

. s'3nal ~3atis 2€ one wcu'd nac to nave deen . mV wnich is lower Tnan

iﬁ “Ir any DJresenti, ava'lap'e :zommercial operational ampli€ier. Texiar,
'g' ‘n oZontriast ) Venon, oriduced numertus oresreakdown micraparticles <ar

27 tages .o <2 3nly 30 </, The size of detected micropartic’es ~inged

-

B “emo2ss tnan T.m %D More <han Tl .m only 1 ‘ew cases . /elicities
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ranged Trom a few m/s to 200 m/s. When different electrode materials
were uysed, axamination of a collector mounted under “he detecting
¢ylinder revealed béth anode and cathcde nicropa}ticles, the former
1iways smalier than the latter.

Further research by Texier and 3ou11oud[]37] showed that the out-
gassing of electrodes at nigh temperatures,which is necassary to achieve
nigh vacuum,reduces the number »f microparticles amitted from an elec-
trode. This reduction was by iabout a factor of 10 wnen compared to the
non-outgassed alactrodes. Tnis effect could have af“ected the results
37 Meron or Smalley.

r13el

Sriffith, Kivlin, and Zastman- nave found microparticles in

submodules of accelerator tubes using an alectrostatic induction system

\ . ea - -15 .
exier's. System charge sensitivity was 5 x 10 "~C., Micro-

similar to 7
sarticles of both nolarities have been observed. Microparticle charges

150 £5 10712¢ but Tess than 30 of the total of 351

sarticles of Soth solarities had charges less than 10'142. Particle

ranged “rom <5 x 10

velccities range from 10 to 20Cm/s but 90i ~ere in the 20-1C0 n/s
range. Particles were oroduced only after a tube voltage increase, and
most were produced between 300 kY and 500 k¥ (1.5 x 103 Y/cm and

3 % 103 V/em). COne note of caution concerning the results of Griffith,
Zastman, and <ivlin is that their electraode surfaces were orepared oy
aprasion wizh 1C0ur d4iameter alumina. Most,or some,of %he observed
nicroparticles couid, therefore, be alumina particles. X-ray microprobe

analysis revealed many of them on the electrade sur€aces.

.15 Comparison of Jetection Technicues

‘laturaily sccurring microoarticles nave been observed orior to

Sreakdown using ootical, laser, 3and charge induction methods. :zach




merthod nas advantages and 2isadvantages.

“he scanning eieciron microscope can e used <0 directiy de-
-ermine the actual shace and size o microsarsicles, and identify and
lnaractarize impact damage. M analysis, nowever, <@iis nothing of
tre tamporal Jroduction of microcarticles, and juantitative energy
Teasurements are impossible.

-aser detaction schemes ire acdvantagecus in <that tney are “airly
sansitive, <ney zan Je Jsad tO0 sample a1l the micreoparticles produced
in the inter-electrode region, and the measurement tecnnicue does not
37%2¢t jap activity and is axtericr t0 the vacuum. Fur+thermcre, alectric
“i2i2 calcylaticons are 2asier ind more exac*, and there is no cecendence
>n ne continuous ooeration of 2lectronic devices which may 2asiiy “ail
in tne sresence of a nigh voltage discharge. Lasar alignment however,
is tricky and usually temporary, and for pulsed excitations timing is
jery crizical. Charge cannot te directly measured and thus size cal-
zuiations decend upon the intensj:y of the 1ight scattared by the micrec-
sarticle. The intensity o€ the scattered light is groportionai to
sarticle radius as r Sy the Yie-Lorenz theory of light scattering wnere
T zan range Setween 5 and 2 for small and large particles, respectively.

Zlectrostatic charge induction schemes are easily calibrated.

e affective input caoacitance can e measured using capacitive vnitage
1¥vision, and the system noise is directly measureable. Thus Znarce
sensitivity is easily ‘ound. 3oth charge and velccity are measured 50
size zan e easiiy caicuiateg if carticle geometry can be assumed. Since
Jne alecirace mMust be leaky in srder “or oarticies to ascape, regenerative
afacts are reduced. -gditionaliy, there are no timing problems 13s-
sociated with the use of sulsed voltages. Jne major disadvantage with

the use of an aiectrostatic induction scheme is that is is mutually

¥, BAOGOALNRTW LR
ROGOGH B O O O R R A R O




50

axciusive. 2Any 2ar+ticle <hat is ZJetacted >r<bably Zdoes not arffect or

initiate Jreakdown. There<sre, more than one microparticle must

| =T B

Ze 2rogucad,in arger I celata tnem to >Sreakdewn. The leaky 2lectrocde

snanges <re jac “feiz sligntly and, therefore, “ield values must be

- - .-
E‘.

acproximated. Iniy 2anocde or cathode microparticles can be detacted,

=8

ina regenerative effects can probably not’ be studied. Reducing the effective

inout capacitance telow scme vaiiue,determined crimarily sy wire con-

nections and ampiifier {nout capacitanca,is Ii€iculit. Additionally,

el KRK

alacirenic devices are very sensitive %o voltage discnarge noise.

Haturaily occur~ing microparticles have been ocstulated to be

| =

cna zessisie cause 2F vacuum, nigh voitage, dc and impulse breakdown.
‘tizrgnarticlias nave hHeen jetacted and in some cases characterized far

30th ac and impuisa scitages. They nhave been detected orior %o and

1uring vacuum areakdocwn. Mo definite correlation relating vacuum breakdown to

Ticrooarticles has -Seen astablished. The rasearch results %0 be ore-

santag in this report are an attempt to correlate the production and

. - > o

M x R O BR

characteristics of microparticles to vacuum breakdown.
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CHAPTER 2
EXPERIMENTAL APPARATUS

[t has been postulated that microparticles play an important role
in the breakdown of high vo1tage'vacuum gaps. Experimental measurements
have, therefore, been conducted to determine the charge, velocity, mass,
and radius of microparticles generated in a pulsed vacuum gap. These
measurements have been made by directly measuring the microparticle charae
qnd velocity using an electrostatic charge detection technique. The ex-
perimental arrangement consists of a vacuum chambek. high voltage power

supply, electrode assembly, and the charge detector.

2.7 ‘lacuum “hamber

A schematic diagram of the nigh vacuum system is snown in

3. 2.1. The vacuum chamber is a stainless vessel of cylindrical

snace witn 2 voluyme of 63 liters. The chamber consists of two oieces,

3 :oo;removab1e,section and a bottom sectiaon. The seal beﬁween the

rv0 siecas is made with either a cooper or Viten O-ring. The bottom
saction nas i 5 inch Jort which connects to an ion pump and 12 smaller
nalf-nigoie corts, only haif of which are used. These six are used

iqp 3jactrical ‘eedtnroughs,connecting an ionization guage,

and <ne r~dughing lines. The top section nhas 5 nalf-nipnle ports, dut
anly ane is usad,%o provide the high voltage input. ATl the nalf-

la sorts are fistad with standard "Varian" flanges and emolay copoer

nizpl

(!
|8

jaskat s2ais.
An ion oump < /arian model 312-7001; with pumping speed of 143
“icars-sec” ' sarves as tne main oump. A cryogenic (sorotion; oump

_/ar‘an Tmoaqel 341-6557, and a 3,3 1p mecnanical osumo /ac Terr mode!
130 .w1%h 2 cumping speed 2 3C0 Hters-sec'1 and an uitimate Jressure
2f 135 micrans of +4g,sarve 1s ~oughing osumps.

jacyum measuremen*s are made Jsing a tnermocouble tube

‘~aladvne -as=ings wydist, tyoe SY-aM), an fonization tuce

BAIOOANROAS
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. - )
é !L, Low Current Feedthrough
—

e 135S to Metal Adapter

——Xtension R0d

Connection
Cup for High
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€ig. 2.7 Schematic Jiagram of tne ‘Yacuum Sys+tem and #ign

{oltage Connection.

Voltage Connection




vduntington Type 4336XLL), and the pressure meter scale of the ion
oumo control unit (Model # 321-0034). Ultimate system oressure s

1 % 187° Torr with the Yiton J-ring seal.

2.2 Hignh Yoltage Connection

Setails of the nhigh voitage connection scheme are also shown
in Fig. 2.1. A Varian medium zurrent feedthrough (model # 954-3019)
sarves at tne nigh voltage vacuum feedthrough. This feedthrouan
is {solated from the rest of the vacuum chamber by a glass to metal
adapter made from two 'Huntington' glass to metal half nipples
-VPF-150). A spring compression connector joins the 1/4" center
concductor of the feed througn %o a metal rod extanding ints the vacuum
chamber. The extension rod connects to a cylindrical stainless steel
cup whose bottom rim is encircled with beryllium-copper fingerstock.
The cup sits atop the anode plate, surrounding the rod used for gap
soacing adjustment. <Zlectrical continuity between the anode plate and
the av faed through is made wnen the top secticn of the vacuum chamber

is Tcwered into place.

2.3 High VYoltage Power Supply

The primary voltage source employed is a Universal Voltronics
ac source. The input transformer is an UVC model B-3-10-915 with
soecifications: 113 volts, 50 HZ, .89 KVA. The output is an UVC
nodel 3-3-10-315 transformer with specifications: 200 <V ’MS, 0.3 «VA.
Sutout duration can be regulated from 3 single nalf cycle to several
cycies oy use of the triggering circuit wnose schematic is seen in

the <noendix. 4dn unusua’l cnaracteristic of tne excitation is tnat




a single nalf cycle oulse has 2 duration of 15 n sec. instead of the

axnected 8.3 m sec.

<

2.4 Electrode Assemblvy

-

Fig. 2.2 shows the vacuum gap. The gap consists of a top
olate to which a stainless steel upper alectrode is attached and a
Jottom plate which contains the transparent electrode. The two plates
are separated by a lelrin hollow cylinder insulator. The upper alectrode
is shown in Fig. 2.3 and nas a 1 1/2" (3.3 cn) diameter. The upper
alactrode surface finish is a 000 grit emory cloth polish for all of the
axcerimental work. Tne lower transparent alectrode is shown in Fig.
2.4 and consists of a clear aperture having a 3" diameter which is
covered with a 45% transparent perforated screen. The screen is
3uckbee-Mears .005" thick, 304SS Micro-ttch Screen with hole openings
of.305 um diameter. A copperAtransparent wire mesh electrode with
square openings of width 1600 um is also available for use. Most of the
experimental results are obtained using the perforated screen electrode

because it is thought this electrode wili yield more uniform gap fields.

2.5 Elactrostatic Charge Induction Microparticle Detector

2.5.1 Introduction

It was stated in the first chapter that, at least in the case
af long high voltage, vacuum gaps (> 6mm), there are strong indications
that microparticles are responsitlie for the initiation of vacuum.
areakaown.

Maturally occuring microoarticles have been observed, using

laser and elactrstatic charge induction methods, and characterizad

T RN B% s R
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with respect to number, vacuum breakdown, charge, velocity, and size.
The objective of this work is to determine mechanics and to specifically

relate microparticle production to vacuum breakdown.

The detection method chosen was the electrostatic charge induction
method used by Texier and others. This detector was chosen because:
(1) the sensitivity as reported by other investiaators could be improved
because of the development of lower input electronic devices; (2) num-
erous microparticles can be generated and thus a statistical samplina
technique could relate microparticle production and characteristics to
vacuum breakdown; and (3) this measuring technique is easily calibrated
and therefore gives more quantitative information than do the othef

detecting schemes.

.2 3asic Princinie of Qoeration

wr

-~
’
-

The arinciole of operation of the electrostatic charge induction
screme 15 dased on the rise in potential of a conducting,holicw

tsiicder wren a1 charqged particle moves through it.

=3 2

~
(Y -

fa) shows a cylindrical electrode situatad coaxially

(91])

‘ngide anotrer cylinder. If a microparticle of charge Q is allowed

<3 2ass trrouch the inner cylinder, the voltage inducad, YV, is given

Y
q
v = Vg _volts (2.1)
«rara . i3 the effactive capacitance at the detector terminals.

1
“~e s37%3ace 30 induced will appear only so long as the narticle remains

/75731 <ne nner cyiinder and thus the output waveform of this
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2.3.3 letector Senstivicy

¥4

"

1T zan ce seen “rom aguatian 2.1 that zne sens ity 3€ tne

te%2ctar is ‘nverseiy croportional to tre inout capacitarce, .

in? at tne

zetactor cerminals. This capacitance incluces the caoacitanca of tne
connecting capies and circuit eiements, the input capacitance o0 “he
(01 zage neasuring cevice, l,, and the capacitance detween the inner
tetacting, <ylinder ang 3rounc, :Q. Capacitanze cin can be reduced and hence
“ne detector sensiftivity reducgae dy:
1. 2lacing the voltage measuring zircuit as close as
sossipble to the detacting ‘inner: :Iylinder,
2. znosing a low input capacitance (cltage measuring zevice,
and

3. reducing or eliminating the capacitance between the letecting
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2, 3NC 21TMINating Jne ar% 4TIn 3 d00tstrapping
-e<1cC Inc tne stner sart 3y ciacing ‘T “n carialiel witn the outnut

/0 age. lapacitance L. s 3iven dy:

(Y1)

wrere | ‘s tre letactirg Cylinger length, and r. and r, ir tne

¢ -ne zevacting :ylinger and %ne Zoax‘ail Cyi‘naer, resgectisely.
T-@ zsax"a) zvlnder w117 nencefortn be refarved I3 as tne inner

s/ nger. The vatue ¥ I, for tne system in Fig. 2.8 is .87 pF.

Ta+s zagacizance s canceiled py a dootstrapping method. Clapacitance

I, '3 =re zapacitance netween the inner cylinder and the Outer

irsunces cylinder. The vsalue of tnhis capacitance is on cthe order of
3 “aw 1undrag 3F. ~ne alectronics configuration effectiveiy olaces this
sacacitance in zaral’el with an cutput voltage. This capacitance is

2asily driven Sy +he electronic devices used in the detection system.

2.35.4 Microparticle Detaection Electronics Svstem

“1e microparticle detacticn elactronics zonsist of two
sperational amoiifier stages. Tne first stage is a volfage foilower
~isn uni<y jain, and the second stage is an inverting circuit with
jain of 2izner unity or ten {actual measured jains are .37 and 9.48;.
Tig. 2.7 sncws 3 scnematic of the cetection electronics. unlass

otherwise statad, 311 of the axperimental results reported are obtained
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~ith a system gain of 1C.
fhe first stage was constructed using an ADS15 operaticnal
amplifier (manufactured Sy 2nalog Jevices) in a "bootstrap’

configuration,with C1 as a feedback capacitar. Tnis configuration
affectively cancels the capacitive affect of C1 and reduces Cin‘

The AD515,an FET input operational ampli€ierswas chosen for
w0 reasons. rfirst, it nas tne lowest ccmmon mode input capacitance,

i.2. CA’ of any commercially avaiiaole op-amp (.3 of). Tnis value

£139]
was reducad o .2 oF by an appropriate circuit layout scheme.

Second, the AD315 also nas the lowest input biasing currents of any
commercial op-amp. This «eeps the magnitude of any dc offset voltage,
anicn is the oroduct of R, and the biasing current, small. A typical
offset voltage value is 2wV, Rin’ a'glass coated carbon resistor, was
chosen such that the time constant associated with the droop of a

o

microparticle signal (t = R ) would remain large compared to the

in "in
anticipated microparticle pulse durations.

The bandwidth of the AD515, used in a unity gain circuit, is 100 kHz.
This allows measurements of particle velocities up to 3000 m/s. However,
if the AD515 is used in a circuit of gain N, bandwidth reduces by 1/N.
Furthermore, the small signal (mV)risetime is approximately .35/bandwidth.
These two considerations determined that any signal gain must be accomplished
by a second stage. '

Secasional availabiiity aroblems wizh the 10515 necessitates

F1( . . . )
the usa of an AD5C6 oo-ampL‘40] in the first stage circuit. ine

serformance cf the ADSC6, which has the second icwest C, . and hiasing

currants commercially available, is similar to that of the ADSiS.

The 105C6's common mode input capacitance is 1.1 pf in the first




N
wn

stage Circuit, and its dandwidth is approximately 350 <Hz.

The op-amp used i1 sne secsnd stata invertar circuit is the
£

£

0y

A

(9 1]
$»

€333 .manuftaciureg dy Signetics Corooration,, a low noise

mmeiffier with dandwidtns of aporoximately 300 kHz X132 3zain; or
U Mez (1 jain;, dependent upon *ne secand stage gain. Total system

Zandwiitn ‘s Thus imited Sy tne “i-~st stage. Acditionally, €
necassary, tne YE33344 Zan de cacacitively compensatad %3 arive 1

1
!

1t3n ‘mpedence 12ad. [t is important tnat %he system 2lectranics

ce snieided and jroundeg verv zarefiully to reduce ~0‘se sicxup and

S 2revent zossidie 3round 1000 Iurrent surges caused by the nign
/0. tage axcization. The “irst stage is snieided 5y a copper sox wnicn

5 mcuntea on tne inner wall of tne outer grounded cylinaer in Fig.

W

The sacond stage, which is located gutside the sacuum chamber,
*s 315C snieided dy a coooer H0x. Possible jround Toops were
2''minated 2y jrounding the entire vacuum system,including the ion
3umo and measuring ascilioscopessat a singie noint at the inout of “he
“i~g7 stage anc 3y Jsing catteries for “he )jp-amp cower sucolies.

The use of a singie Doint ground necessitated the fabrication
Jf wo snielded vacuum <‘eedthroughs whose a'ectrical throughput lines
ind snieiding are isolated “rom <he vacuum cnamber wall. 3ne feed-
tnrougn s used %3 Jrovide ocwer %o tne ACS1Z, and the Jther 35 Jsed
f3r the “irst stage output. 3 sicture and descristion of these
‘aadthrougns 2are included in -ne lpcenaix.

.nductive noise 2¥ckup i3 reduced oy Jsing twisted zair,
Tow inductance, snielced caplas f3r intarconnections petween amplifier

stages. Ilactrical shielding is made as ccmplete as 20ssible by
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clamping the shielding of this caole 0 the <szec¢tnrougn snield and

0 the first and sacond stage :Ioprcer Joxes.

2.3.5 Zetails c¢f the Microparticis letector
4 jetaiied schematic oF the tast irrancement used %o dertact

nicroparticlas and to determine their charactaristics is snown in
“i3. 2.3. Tne vacuum gap is formed by tne solid oo elecirade anc the
J0tIom 3riz 2iectroge. The vacuum jao s suopor=wed atso in sutar
jrounceg cylincder. The gutar cylinger serves as 1 detactar shield
anc as 31 first stage mount. “icrovarticles produced at the %op electrode
ascape tnhrough the transparent 2lacirode %0 tne analyzer saction of the
letacor,

“he analyzer section contains two guard cylinders ana the
zetectian :ylinger. These cyliinders are supported within a floating
inner cylinder sy insulating Deléin disks. The inner cylinder is
150 mountad on an insulating D2lrin Qisk so as %o iliow the bootstriapoing

3¢ ‘apacitance :,l \refer %0 Fig. 2.6). The guard cylinders are used

0 increase tne risatime sf the microparticle inducad cnarge potential.
Tne afact of <ne quard Cy'ingers wili de siscussed further in secticn
2.5.3.

4 coliactor electrode is also shown in Fig. 2.6, The tog
ramovaple saction nas 3 '.m ni-~ror finisn and is Zesigned %0 it the
sampia acider 37 tne Jniversity 3f Socutn Carolina's StM-Microorove
inaivzer. Thus,ootical analysis of generatad nicroparticies is 3l1s0
J0ssidie.

dictures of “ne zcmplate nicroparticie detection system and the

‘ngividual sarts, are inciuded in the Jpoendix.
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2.3.3 letector .ngcut ~acacitance Zf¥acts

(§ 1)

i3 mentioneag in section 2.3.3, :tne microparticle sensitivity

‘s ‘aversaiy Jrocor<ianal <o tne ‘nput :anacitance, T,

in? at the

zartacsor zarminals. The capacitancas cue %0 connecting cables,

ircuic alaments, and ooeraticnal amplifiers are the major contributers

-

<3 “in

The contributions o :in,:aused Jy the first stage 2lectronics,

-anng: se reduced celow cartain values. These values are .2 pF for the

A
-

(%11

(N

ne 7
AU

a =4
Qo h

f3r tne AZSCA. The magnitudes of the remaining

1 -
-

icnsefzutions 29 :in wvere determined using a capacitive voltage

2% /i3ion scneme,

"me Jrimary circuit element contributing to Cin is the first
stage inout resister Rin' The use of an ADSC6 in the first stage

raqyuiras R;H e =-ne carson resistor described in section 2.5.4

The first stage circuit board leakage resistance can, however, be used
for Rin if an AD515 is used. Using board leakage for an input biasing
current path, however, causes randomly changing dc offsets. Thus the

usual procedure for both op-amps is to use the carbon resistor for Rin‘

The use of this resistor adds about 1.2 pF to cin‘

The use of guard cylinders aiso acds to system input
capacitance. 3 system of anaiog measurements,described in tne Appendix,
iatarmined tnat the de crease in risetime of a microparticle signal
wizh zhe use >Ff grounded guard cylinders more than compensates for

*ne 1aadi=ion to 2.

in’ The use of grounded guard cylinders adds 1 pf
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The remining 2¢rticn of C,.,1 (1.2 oF) is due %o the wire

cnnections of the first stage and cannot de reducza ar 2aliminatea
axcent 3y negative carallel capacitance simulation wnicn was not
attamptad. [t must be notad that the above capacitance numerical
values are typical and are subject to change for individual system
ampli<iers.
The effective input capacitance at the detactcr terminals can

ce as low as 1.3 pF, but problems arise due to d¢c offset voltages
inc slow microparticle signal risetimes. ore typical values of

Cin are 3.7 poF and 3.3 ofF wnen an ADS15 or ADS06, respectively,

Is ysed in the first stage electronics.

The minimum detectable microparticle charge is determined

by the value of Cin; and the magnitude of systam electronic noise.
The first stage generated, high frequency noise (1 Ez) ranges in

magnitude from 1mV to 5mV for both the ACS5C6 and tne ADS15.

Thus, assuming 2 signal to noise ratio of unity, the minimum

-15 -15

values of detactable charge are 3.7 x 10 °C (ADS515) and 4.8 x 10" '°C

(ACS06) ,for typical system sensitivities. These charges correspond
to microoarticles of radii 1.4 um and 1.5 .m, respectively, orcducad

in a planar vacuum gap of 1 cm at a voitage of 100 kV-LJO]




CHAPTER 3
EXPERIMENTAL RESULTS

3.1 Introduction

The experimental arrangement and measurement technique de-
scribed in the previous chapter have been used to directly measure
the charge and velocity of microparticles generated in a pulsed, high
voltage, vacuum gap.

The experimental results are presented in three sections. Each
section represents an advancement in experimental technique with the
ultimate goal being to relate microparticle activity to vacuum break-
down. Experimental procedures progress from determining detector system
response to small charged beads, to the characterization of artificial

microparticles, to the detection of naturally occurring microparticles.

3.2 Detection System Characterization

3eginning experimental procedures were designed td show detection
systam response to any conceivable microparticle activity. These 2arly
tests,snich were conducted outside the vacuum chamber, detarmined the
Jdetaction systam response to charged balls, the influence of the guard
zylinders, and the =ffects of charged oarticles directly hitting the
detacting cylinder, a guard cylinder, and the floating inner cylinder.

Metal balls, charged with a3 given s0larity, have been 4rcoced
tnrough tne detecting cylinder. The >alis were charged using 3 1 oM
carallal plate arrangement and 3 voltage source,as shown in Figure 3.7,
Jositive and negative dc voitages up %0 1 <V were applied acress the

1

sjaze. A small / 2 mm dfameter)

.

'aad a1l was ircpoed between “=he 2lites.

-

ne 5all riied in contact ~ith the bSottom 2late, 2ither 2cauiring or

losing 2lactronic charge, and <hen cdrooced througn the Juard cyl'ncers
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and the detecting cylinder. The signal response at the output of the
sacond stage was observed using a Tsktronix type 549 Storage Cscilloscope.
The transit time of a metal sphere falling through the detecting

cylinder is found using energy conservation., This time is given by:
t=(§§:'5 T sec, 3.1

wnere g is the acceleration due to gravity, d is the detacting cylinder
‘angth, and n is the height from which the ball is dropped (bottom
dlate to detacting cylinder separation). For the axperimental arrange-
went of Figure 3.1, d = 3.0 cm andn = 10.0 c¢m, so that t = 21.0 ms.
e signal response for a ball passing through the detector cylinder
snould therefore have a pulse width of approximately 21 ms.

Figure 3.2 shows-the detactor response to a 2 mm ball charged by
31 negative plate potential. It should be notad that,due to the second
stage inverting circuit, a negatively charged ball gives rise to a
cositive signal. Additionally, the input capacitance for the micro-
carticle simulation tasts was increased to 100 pF by placement of an
2xtarnally connected capacitor in parallel with the detactor input.

This was done to decrease sensitivity to a level where the electronics
did not saturate in response to the large ball charges.

Tne signal pulse width, measured at half total magnitude, is approx-
imately 27 ms. The signal droop and undershoot decay with the system
input C time constant.

Figure 3.3 shows the detactor response to a positively charged 2 mm

T

sall. The response is similar to the negative 5all response with a

/01%age inversien.

The effact of the upper and lower guard cylinders has been deterwined




w W) e 4@ a e

- "\‘

W T e

or wo am & =

%
+
+
+
+
b3
»
-
.
+

. la=actsr esconse %0 2 legatively Charged 2 mm Lead 3all.

T'sating Suarz Cylinders.

le-ectsr Jasccnse 0 3 Qositively Charged 2 mm Lead 3all.

T sat'ng 3uard lylincers.

setectar Resconsa: I Y/am
“grizanza’: I7 ms/cm

Cetector Resconse: 3 Y/com

~orizental: 20 ms/cm




73
using the charging scheme in Fig. 3.1. Fig. 3.4 shows the detector re-

sponse to a negatively charged lead ball. In this case the guard cylin-
ders were grounded. Figures 3.2, 3.3, and 3.4 were obtained with the

same oscilloscope triggering level. The low level plateau of Fig. 3.2 is
smaller in Fig. 3.4. This implies that the detector output risetime is
faster with the guard cylinders arounded. It is also clear that the de-
tector cylinder responds earlier (the low level plateau) to the charge if
the guard cy]inde}s are not grouhded. Fig. 3.5 shows detector responée to
a negatively charged ball with no guard cylinders are in place. Note the
slow signal rise and conspicuously long tail. The results seen in Fig. 3.2
through 3.5 imply a faster signal risetime with grounded guard cylinders
and agree with the results of the analog measurements described in section
2.5.6. The diameter of the center hole in the top of the inner floating
cylinder, 15/22 inches (= 1.2 cm), is smaller than the 1.5 cm opening of
the detactor cylinder. Thus, the chance of a particle entaring the

inner cylinder and then hitting the detecting cylinder is small. Regard-
less, <he detector system response to 2 charged ball direct]y'hitting

the detecting cylinder has teen detarmined. The detecting cylinder was
cupced and then a charged bHall was allowed to nit the cylinder. Fig. 3.6
shcws system response t0 2 charged 2 mm ball directly hitting the detect-
ing cylinder. ‘lote, the signal rises and then decays with the detector
input time constant.

Additionally, the effects of charged balls directiy nitting a cupped
gquard cylinder and the inner snialding cylinder were measured. 'lo sig-
nals were measured for either of these 2vents implying that no micro-
particle signals occur due to sarticles 2directly nitting the zontainment
Ccylinder or guard cyiinders.

The detector system resocnse <5 Z M Tead 327%s nas been Zetermined,

% nas teen zonciuded <hat:
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{32} The presance of guard cylinders sharpened signal rise time.

.2 Grounding the guard cylinders further snarcened signal rise

time ,out not as much 3s (3.

Jositively charged -ails gave rise £o negative deatector resoonse

-

3s axpected. The response polarity changed as the charge on the

«
PR -

S

gy

ball changed polarity.

e
. % €
c-*lh

{d4) Negligible signals were oroducad by the balls striking the guard
} ¢ylinders or the Floating inner shieid,

Lﬁ%a {a) 3all velocities were measured and found %o have reasonable values.

Jetaction and Charactarization of Artificial Microparticles

R
b Tt
(%)
.
(98]

The sacond phase of axperimental work involved the characterization

-
ol
o
ool

of artificially introducad microparticles for low excitation voltages»

wnich did not cause breakdown,and for nigher excitation levels,wnere gap

e

. discharge did occur,

The artificial microparticles were certified zinc metal dust

e
e

g0 1In=39.3%, Ni-.3%) from Fisher Scientific. The zinc dust was observed
under a microscope to consist primarily of spherical particles having
radii between 1 and Sum.

tlectrode preparation for the artificial microparticle measurements

. oo
. e W .
- S ..

consisted of degreasing using trichlorcethylene, followed by methanol
and distilied 1,2 0aths. The top electrode was coatad with a thin layer

cf Tow-vapor oressure Yarian vacuum grease. Zinc dust was then light-

iy sprinklad on the greased surface to provide the source of artificial

= T

mi zrocarticias.

)
3
L]
.
.

:
i
3

The vacuum gac spacing far a1l of the artificial microparticie
4ata ~as 3.0 ™, The oottom alectroce ~as the serforated, 305um hole

i1ameter, screen. Adaiticnally, <he ssstem oressure ~as approximately




-

+ x107° Torr, A1l measurements were mace wi<h an AD506 as the first
stage ampiifier and a systam zain of 10 (3.483).

Low voltage data were first obtained with +he guard zylinders not
jrounded ind a system input capacitance of 6.2 of. The ungrounded con-
dition was inadvertant, but the results will te renorted. Results ob-
tained were similar to those seen in Figures 3.7 and 3.8 for positiﬁé.
sap 2xcitation, The two responsas in Fig. 3.7 impiy sarticle charge
magnitudes of 3.12 oC and 0.39 2C, respectively, and velocities of
pproximataly 25.0 m/s and 10.9 m/s. These particles have calculatad
radii of 5.0um and 9.Jum, respectively. The particles in Fig. 3.3 imply
cnarges of aporoximataly 0.07 3C and 0.06 pC and velocities of 12.0 m/s.
Conditioning was apparent in that further gap axcitations 2t the sarme
voltage level,producad carticles of lower charge, and ultimately no
response. Additional particle responses were produced only after a
voltage increase.

Detactor system response, with ungrounded guard cylinders, tc
negatively charged zinc particles,has also been determined. Again a
conditioning ef¥ect was apparent. Fig. 3.2 shows the detector response
%0 a negatively charged zinc particie. The excitation trace was inverted
to solve a triggering oroblem,

At subsequent microoarticle data have heen produced using grounded
guard cylinders. ~he system input capacitance increased to,7.2 oF for
this configuration. A1l other conditions remained unchanged. Fig. 3.70
is <ypical of the 20sitively charged artificiail microvarticle data. The
sarticle in Fig, 3.0 was oroduced at 36 «/, has a <charge c¢€ 3.2 aC,
and a velocfey of 4.2 m/s. Fig. 3.77 snows several cesitive microparticile

responses, and an additicnal response chat is similar <o <he resoonse of
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a carticle hitting the detacter cylinder. Thnis response, which is seen
anly occasionally, is seen for dcsitive and negative a2xcitations, and
asually is pgositive irrescective of capb vol*tage odolarity. Later investi-
gations attamot to axpliain this ¥fast rise, sicw decay detactor rasoonse,
Fig. 3.12. shows a typical detector response %0 negatively charged

-
i
i

Zinc microparticlas. Tnis trace is only-a small saction of the total
datactor response to a nalf-cycle axcitatisn, The gap voltage, which is
not shown, was viewed using another oscillcescope. The first particles
wnich was produced at 3 cap voltage of 36,0 k'/snas a charge of 0.085 oC,

-
i
H

vaiocity ¢ 50.3 m/s, and a calculated radius o 4.3um. The second

w

carticle,wnich has a cnarge of 3.07 2C, 2 velocity of 20.0C m/s, and 2
radius of 3.3umswas also produced at approximately 36 kV. Fig. 3.13 shows a
negative particle produced at 16.0 kV and a fast rise, RC decay response.

Note that the response is positive and it occurred before the microparticle

antered the cetacting cylinder. The failure of this response to change
solarity with gap voltage nolarity change confirmed that it was not pro-
ducad by a particle striking the detacting cylinder. There was no appar-
ant poattarn connectad with the appearance of this response. [t was
obsarved prior %o, after, and without accompanying microparticle signais.
An initial attempt to describe these responses is described in the follow-
ing caragraoh,

One pcssible intaroretation of the detactor responses seen in Figures
3.11 and 3.137is that they are noise arising frem microdischarges in the
intergap region. This possibility was investigated by replacing the screen
alectrode with thick solid foil, 2polying Jap vaoltace, and monitoring

the detactor respcnsea. The cetector respense to 20sitive and negative

v01tages near and above dreakdown levels was aiways 2 fast rise time
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20sitive impulse,wnich then decayed wish the Zetactor sys<em inout time
onstant (T = Qfﬂ:in:' Far 2csitive zap volzages, this resoonse ipoeared
#1201 or witnout apparent jap vol:age coilapse as viawed across a resis-
zive voltage divider consisting of series 2 watt carton resistors. This
response did not occur for negative axcitation without definita partial
jap volzage collapse. lhen this response appeared,~ith Hreakdown axcita-
sion of HScth solarities, 1t appeared >efore, afiar, and simultaneously
N4i%h tne voltage coliansa. Tnese results supoort the intsaroretation

that intergap activity cause these "noise" resconses.

Closer a2xamination of the data in 7ig. 3.13 reveals a possible
zennecticn tetween microparticle oroduction and tne apoearance of noise
rasponsas. Tne charge cf <he observed microparticle is aooroximately
J.18 pC, and its velocity is 19.0 m/s. This particle wouid have required
approximately 3.0 ms to travel the 10.0 cm from the top electrode to
the detecting cylinder, and thus would have left the top electrode at
the same time of tne noise response. This implies either the micropar-
ticle was producad by the dischqrge or that the discharge was causad by
the removal of the particle from the top electrode. ’However, addi tional
data, an examp.e of which is seen in Fig. 3.14, show too long a time
dalay between noise response and microparticle signal to make either of
these inferences. Measurements at higher voitages, where gap breakdown
obviously cccurred, were ccnductad to further investigata the noise
shenomenon .

The microparticle detector response to artificial microparticiles,
produced by voltages which caused partial gap voltage collapse,nave also

heen studied. These partial voltage collapses were observed using the

resistive voitage divider. The following situations were observed for
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3° 2 voltage Jerturnation and 2 s*mulctaneous noise resconse, and

.+ 2 ,Ccitage cerwurtation oreceded anc ‘277 wed 2y 10%sa resconses.
There were no microparticles produced for this situation.

There v@ve 3525 anen 10 /0ttace ercursation «as shservec. etector
~35I0n52 “or tnesa 23asas consisiad oFf mo'se and micrccarsicle sizrals,

3 sncws the Zetectir resconse “or zas2 (TU. J3'-age <o laose
assagiatec a4in an i-tergap discharge is seen 0 -ccur it 3 axciation
TfaT2 37 36.2 <V 0.3 ¢cm = T «/em, This dis;".argefs 21 owed, after
aporeximataly 2.5 s, dy a single microparticle signal and <hen several
‘arge microparticle sigrais. The shape of the detactor signal, as the 3ap

voitage gces =0 zero,is not understood.

1g. 3.15 snows the detector response for overvoltage situation (2).
A J0sitive noise signal prececes the voltage peréurbation, and is followed
Jy microparticie responses. Again, the detector response as the gap
voltage approaches zero,is not understood.

Zasa {3) de*tector response is saen in Fig. 3.17. Two noise resoonses
are saen on the detactor output trace. Tne voltage collapse apparently
introduces the Tirst response, but the cause of the sacond is not
known,

Fig. 3.18 shows the detector response described by the fourth
observed situation. Tne cause of the negative noise response is not

xnown. Previously, all such noise respenses were positive irrespective
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of voltage polarity. This was the only neaative noise observed during the
artificial zinc microparticle tests.

Finally, Fig. 3.19 shows the detector response when the gap voltage
was not observed to collapse. A microparticle signal appears after the
excitation peak and a noise response is seen to appear approximately 16 ms
later after the voltage has apparently reached zero. A small voltage does,
however, probably exist across the gap and is sufficient to propagate pre-
breakdown mechanisms started by higher field values.

Overvoltaged-gap,artificial microparticle data have also been ob-
tained using negative voltages. Negative gap breakdown voltages were
in general only two-thirds the magnitude of the positive breakdown vol-
tages, so direct comparisons between positive and negative data may not
be possible. The only detector response to negative overvoltages was the
noise response indicative of a interelectrode region microdischarge.

This noise response appeared before, simultaneously with, and after
observed gap voltage perturbations. No microparticle signals were observed.
The Tack of microparticle signals could be a result of gap conditioning,
but the actual cause could not be determined. A typical detector response
to a negative gap overvoltage is shown in Fig. 3.20.

The final test,involving the detection of artificial micrcoparticles,
is concerned with improving the risetime of the detector response, The
detector signal risetime, when used in conjunction with grounded guard
cylinders, is longer than expected. Typical data are shown in Figures
3.21, 3.22, 3.23, and 3.24. The ratios of the length of the pulse flat
top to the risetime in each of these cases are given in Table 3.1, It
was expected that this ratio should be rather constant and dependent
only upon geometry (size of detecting cylinder and distance between guard
and detacting cylinder). The distance between the guard and detecting

cylinder was measured and found to be 7 mm. TRe gap, which could ccnciev-
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fig. 3.20 .Detector Response to a ‘egative Gap Overvoltage.
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Scales:

Detector Response .2 !/com

Horizontal: "2 ms/cm

. 2.27 Detector Response to a Positive Zinc Particle. 7 mm
Cetacting Cylinder to Guard Cylinder Separation.

Scales:
Tetector Response, .1 Y/ em

Horizontal: .35 ms/cm

-

ig. 3.22 Detector Response to a Positive Zinc Particle. 7 mm
Cetecting Cylinder to Guard Cylinder Separation.
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Scaies:.

Cetector Pesponsa: .05 VY/cm

Horizontal: .5 ms/cm

ig. 3.23 Detector Response to a Positive Zinc Particle. )
7 mm Cetecting Cylinder To Guard Cylinder Separation.

Scaies:

" Detector Response: .2 Y/cm

“orizontal: .3 ms/cm

Fig. 3.24 Detector Response to Two Negative Zinc Particles,
7 mm Detecting Cylinder to Guard Cylinder Separation.




Figure Number Flat Top/Rise Time
3.21 1.2 m/0.83ms = 1.5
3.22 ‘ 0.75 ms/0.25 ms = 3
3.23 0.35 ms/0.1ms = 3.5
3.24 (second pulse) 0.75 ms/0.35 ms = 2.4

Table 3.1. Ratios of Pulse Flat Top Ouration to Rise Time for
7 mm Distance 3etween Guard and Detecting Cylinders.
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apiy centribute to slow rise time, was reduced to 1 mm and microparticle

data again produced. Tyoical detector outputs for this arrangement are

seen in Fi

—
[Ye]
[ =
3
(7]
L
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o
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» 3.25, 3.27, and 3.28. A1] of these responsas were
ottained using a positive axcitatcion.
The ratios of flat top duration to rise time are tabulated in Table.

3.2. In general, there is slight improvement. The analog measurements men-

zioned in saction 2.5.8 further investigate the cause of the slow detector

> o .

7= ]

signal rise time.

Wl

ne detector system response to artificial zinc particles of radii

1.3 To 5.0um has been detarmined. Results are as follows:

,
.=
L 2
.

.3, Squars micrcoarticle signals have been cbtained for Soth positive
and negatiﬁe excitations, frem which microparticle velocity and
charge can be 2asily detarmined. Typical values are 0.02 oC to
0.2 pC and 10.0 m/s to 70.0 m/s.

\9) Fast rise time, exponentially falling signals have been observed,

. e e m
R At )

together with the microparticle signals for positive and negative

excitations. Using a solid bottom electrode, these signals were

snown not to be detector responses -to microparticles. It was

-t

postulated that these noise signals are associated with qgap

o A

RO OSS Y = B 55
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microdischarge activity. Noise responses have been observed to

-

= o

occur before and after microparticle detection. In some cases it

- -

#a8s possiSle to reiate the noise signals to microparticie signals.

.

o
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The detactor response to overvoltages has been determined for

sositive and negative axcitations. Voltage perturbations, re-

222
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- w o

lated to 7artial or complete gap voltage collapse have Eeen
Jbsarved together with microoarticle and microdischarge noise

signals for nositive excitation. The relationship, if any,
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Figure lumber

3.25
3.26
3.27 (last pulse)

3.28

Flat Top/Rise Time

1.0 ms/0.6 ms 1.7

2.5

0.5 ms/0.2 ms
0.75 ms/Q0.2 ms = 3.8

0.2 ms/1.0 ms = 4.2

Table 3.2. Ratios of Pulse Flat Top Duration to Rise Time for
1 mm Distance 3etween Guard and Detecting Cylinders.
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between these events could rot -e determined. Jnly microdis-
charge signals were cbservad for reqative axcitation, hut this

could De due to a conditioning affact.

v
T

ph_af> 2

1

<=

The microparticle signal rise zime has Seen investicated as a

£

function of spacing between the guard and detecting cylinders.

Slight improvement was seen for a reduction in this spdcing

NPl e’

&8 B

from 7.3 o 1.0 mm.

o

Althougn the detactor system resgonse %o artificialiy produced micro-

P

particles is important, the objective of this resaarch is to atiampt to
cetarmine the rola of naturally occurring microparticles in vacuum Hreak-

cwn,

T PP, 2 T
T o

1Ry 3.4 Detaction and Characterizaticn of Maturally Occurring Microparticles

\- ne primary objective of the presented research was to defermine the

i characteristics of microparticles produced in a p1aﬁér nigh voltage

E ri vacuum gap using pulsed excitation. Specifically, nar+ticle mass, velocity,
% charge and sizz were determined. Furthermore, for scme data, the vacuum

2 .! gap current and voltage were simultaneousiy measurad,together with the

)

:; fﬁ detactor response,vith the intent of relating Sreakdown pnencmena to

L - microparticle arocuction.

i gg The experimental conditions, for the initial attemnt to detect

E naturaliy occurring microparticies,were as follows. The tcp 2lactrode

a gi was thoroughly cleaned, and the gap set at 10 mm. The bettom 2iectrode

i 3& was the 45% transparent screen. An 210506 served as the first stage

i : amplifiar.-The input capacitance was 7.2 pF (for all other cases, Cin =

: EE 1.3 oF “or an A05C6;. The systam background,high freguency ,noise was 5 mV.
i e This backaround noise reduced svstem input charge sensitivity to

B 3.6 x 1074,

A

_ . SRl \ CACAOAGANIGI OO RO RN
A OO }-.“ ol p ; AL BT DA DR DU XK 'l Wy DG .l".i" BN RORAR Y ORISR
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i The total siectronics system gain was always approximatelv 10, The

i guard cylinder to detector cylinder spacing was 1 mm, and the quard
cylinders were always grounded. The gap voltage was viewed

using the previously described resistive voltage divider. The gap vol-
tage and detector reszonse were viewed using 3 series 349, Tektronix

storage oscilioscopes. For all data runs,except one, these scopes were

MRS
L L Xad

extarnally triggered 3 ms apart,with the first scope triggered at the

2eginning of the gap veliage rise.
For the initial axperiment, positive 3ap voitage of magnitudes between
3 kY and 120 k¥ was applied a total of 87 times. Yo detector response
R was seen until the first partial gap voltage collapse at 50 kY. Cetector
response to this collapse was Ehe microdischarge noise type signal
» described in section 3.3. The same response is shown in Fig, 3.29 for
v tﬁe next partial voltage collapse at 72 kV. Sometime after the 87th
. voltage application the first stage amplifier was destroyed.
a3 The first stage op-amp destruction was normally accompanied by a

¢ large change in dc offset voltage (milivolts to volts). After any such

fé change, the first stage op-amp was replaced if it was found to be defec-
5 )
e tive. Any one of the following conditicns usually indicated the first

stage op-amp was not operating correctly: ' . .
) (1) a non-unity first stage gqain

) (2) an incorrect frequency response

-~

(3) a signal cculd not be capacitively coupled into the first stage

input as seen in Fig. 3.30.

The circuit seen in Fig. 3.30 is the cne used to measure detector system

n l‘"‘l 'L;. [} ‘b"‘ Xy ,|' :'s‘
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“ig. 3.30 Circuit Used to Measure Microparticle Detection
System Input Capacitance.
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input capacitance. Vin’ the kncwn input voltage, is related to vout'

the Tirst stage output volitage, Sy:
fin &,

CT + C

Tout =
2

wnere C1 is a knewn capacitance and C2 is the effactive input capacitance

of the microparticle detection system.

The operational amplifier was replaced with an AD515 amplifier and
more measurements were made. The top electrode was roughened slightly
using 000 grit emory paper for subsequent measurements. The electrode
was then thoroughly cleaned and the gap set at 5 mm. The 45% trans-
parent screen was used as the bottom electrode. System input capaci-
tance was 3.24 pF and the background noise was 1.5 mV. The resulting
system sensitivity, for a unity noise to signal ratio, was q = 4.9

-15

x 10 "°C. The gap voltage and detector response were viewed for 1 ms

prior to and 2 ms after the peak gap voltage.

Positive voltage of magnitudes between 80 kV and approximately 120 kV
was applied to the gap. The most prevalent detactor responsé,over this
entire voltage rangeswas a microparticle signal large enough to saturate
the second stage amplifier (q > 2.9 nC). A typical saturation response
is seen in Fig., 3.31. It should be noted that two microparticle satura-
tion signals are shown. This type response was seen before and after
smaller micropanticle signals.

Smaller, non-saturating, microparticle signals were also observed.
Figures 3.32 through 3.37 show typical responses. The microparticle data
does not appear "square." The reason for this is unknown.

Tne measured charge and velocity, and calculated mass and radius
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2ottom: Cetactor Resoonse,
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r‘ Fig. 3.37 Microparticle Signal Yith Zap Voltage Breakdown.
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valuas for the microparticle signals shown are listad in Table 3.3.

The data of rig. 3.37 illustrates different conditions {from those
of the other data. Gap treakdown occurred whila the microparticle was
within the cetecting ¢ylinder. The subsaguent detector response is rot
understood. The typical detector response to a partial voltage collapse
is 2 positive noise response similar toitﬁat seen in Fig. 3.29.

3ecause of the large positive micrcparticle signais, the second
stage 2lectronics were altered to aliow for a gain of one. Subsequently,
a vacuum feedthrough was damaged before negative gap voltage couid be
appliad. This prevented continuation of thesedata, and thus comparison
of sositive and negative microparticle data.

.An additional diagnostic technique,involving current measurement,
was added in an attempt to relate microparticle production to vacuum gap
Sreakdown. A 60 k2 current measuring resistor was installed in the ground
return from the bottom transparent electrods. This electrode was insulated
from the outer ground cylincder by a Delrin ring. This scheme measured

.90th displacement and conduction (discharge) currents.

Typical voltage and current measurements, obtained without vacuum
breakdown or prabreakdecwn, are shown in Fig. 3.38., The current trace is
due solely to displacement current. [t should be observed that the cur-
rent zaro occurrs simultaneously with the voltage maximum as is expected
for a capacitive systam.

Typical results obtained for voltage leveis where vacuum breakdown
did occur are shown in Fig. 3,39. The current trace of Fig. 3.39 shows
two small positive spikes which occur at 7 ms and 7.6 ms, a large negative
spike at 10 ms, and 2 sositive and negative soike at 12 ms., TKe events at
10 ms and 12 ms are associated with voltage coilapses. Tt is

believed the small current pulses ( 20 A),not associated
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Table 3.3

1.3

.039

Velocity

fm/s)

87

as .
=100

75

=90

=60

Characteristics of Naturally Occurring Microparticles.
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‘nlzage: 20 <V/ecm
Current: 83 <A/cm

Horizental: 2 ms/cm

facuum Gap Current and Yeoltage with no Zischarge or
3reakdown.

Yoitage: 20 kY/cm
Current: 23 _A/cm

Aorizontal: 2 ms/cm

iz, .22 Jacuum Zap Current and Yoltage with Discharges and
3reakdowns.
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~ith voltage collapse are self-quenching microdischarges, and *hat the

iarcer spikas arz2 to*tal-cap discharge currents,

ne initial data,taken measuring ooth detac*tor response and gap current,

were inadvertently collected with a defective first stage, thus reveal-

ing no useful microparticle information. However, two cbservations could

>e mnade:

.1, sositive seif-breakdewn voltage was

-
}
i

arger *than negative, and

19
-~

aftar applicaticn of negative voltage, the cesitive self-
dSreakdewn voltage was icwered.
o 3ttamot was made to verify result [2),Tor 3 switch Srom positive to
negative axcitatien,

Tynical simultaneously acgquired,current, voltage, and microparticle
data Tor 2ositive gap axcitation are shewn 1in Figures 3,40 and 3.41.
Tnese Tigures show two of the three microparticles producad in a 5 mm
gap for 43 total gap excitations,for voltages between 20 kV and 90 kY.
Tnirty-seven similar voltage applications for a 10 mm gap produced no
microparticies. C;p was 4.8 pF (AD506) and the background noise was 1.74 mV,
for these 80 voltage applications. Additionally, the top electrode
~as roughened sligntly with 000 emory paper prior to vacuum gap assembly.
The only notable ditfarence between the 5 mm and 10 mm data was that the
acttom alacirode was the 1800um square-hole mesin for the 5 mm data and
ne 305.um diameter nole screen Tor the 10 mm data.

No voltage breakdown or current discharges occurred for the data of
Fig. 3.40. Microdischarges are, however, seen on the current traca. The -
‘irst Micrediscnarge current spike occurs simultanecusly with the noise

rasponse of the detector. CSvery noise response of the detector corres-

sonds to a microdischarge current spike, the converse is,however, not true.
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The microparticle , having charge q = 9.6 x 10° '“C and velocity 60 m/s,
iraveied the 160 mm between the %0p 2lectirade and detactar in 1.5 ms
and thus was pulled ofF the top electrode at a veolzage of 50 kY. There
was no current discharce respcnse at this vcitage.

| For the data of Fig. 3.41,a voltage breakdown and associated cur-
rent discharge occu;red atter detection of the microparticle. The micro-
sarticla,wnich nas a charge of 1.2 x 1O°]4C and 2 velocity of 43 m/s was
aracducad 2% 15 «Y.

The microparticle detector response most often observed dur-

ing the simultaneous measurement of gap voltage, detactor respons2, and
jac currant,was a 3csitive noise signalsindicative of 2 microdischarge.
SmaIT’posi:ive and negative current spikes were saen on the current
trac2 with no Sreakdown 2nd anly large positive spikes were seen at
oreakdown. The small negative current spikes were not seen until peak

-

;ap voltages of anoroximately 5C k(56 kV for the 5 mm gap, and 66 kY

-

4
Q
(W)

r tne 10 ™m zap; were reached. It should be noted that the observed
negative polarity, for the posi;ive excitétion, is not presently explainable.

“he microparticle detector response, gap voltage, and gap current
were 3150 simuitanecusly viewed for negative excitations of a 5 mm gap.

The conditions were the same as for the 2o0sitive excitation case, and the

system pressure was 6 x 10'6Torr. The top electrode surface was not roughened

o
1 GEA 2N DR e SR SR AR S A

again. lo microparticles were saen for a total of 10 voltage 3ppii-
cations between 25 znd 53 kY, where breakdown occurred. The only de-

Tectar rasponse was positive noise signals that occurred simultaneously

F$ - o )

A41th small necative current soikes.

cestruction of the first stage amolifier 5y a gap voltage col-

lapse,which had teen an occasional oroblem Yefore the addition of <he
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current viawing resistor, Secame more 27 3 zrotlem a€4ar iws acaition.
The zischarge currant pnica is Timiced 2y a3 17 M series ~esistancs,

LY
i

«“ds zeliaved %30 smail T2 2xciaia this cnance, s& Ine remaining zata

w“@3s taxken withcu: the curvent viawing resistor,

Initial data, with no current viewing resistor, were taken for a
5 mm gap using an AD506 as the first stage amplifier. Cin was 4.8 pF

5Torr. The

and background noise was 1.74 mV. System pressure was 2 x 10~
first 34 positive voltages applications,between 16 kV and 72 kV,produced
only positive and negative microdischarge signals. The last voltage ap-
plication, which destroyed the AD 506, and the associated detector response,
is shown in Figure 3.42. At least two microparticle signals are seen.

-14 '14C, respectively, and their

Their charges are 8.2 x 10 " °C and 6.2 x 10
velocities are both approximately 400 m/s. The small positive signal,seen
before the first microparticle,precedes the particle arrival at the de-
tector by approximately .25 ms. If this signal is a microdischarge signal,
it would have been produced at approximately the same time as the micro-

particle.

b R -
[

2 ™m gqac using an DS

[9]]

daditional data taken for 1 15 the first

-
-
CTliv A

stage with sensitivity of 2 = 3.5 « 10 '77 gave only 20sitive noise

signals for 22 positive voltage excitaticns detween 31 </ and 3C &Y.

zao voltage coilapses at 72 <Y 294 nof narm tne “irst

~

stige J0-amp, Hut 3ne 2T 2T </ destroved . Zecause 0° tre repeatad

~h

failure 37 50Th stages 07 tne alactronics a1t 3ap Sreakdown, a2 arotac-

tion scneme was Zdevised 2 orotact tnhem from Targe transieft voltages.
This orotection scnheme is sn0wn incoroceritad fn tne 2lactranics

in Fi

(o]

3.23, Zioces 31 and 2, an¢ ~asistar ?1 vera iadded 0 crotec:

the inout of tne “irst stace J0-amp. AT zap Sreakdcwn, 2 Tirce 20si-

tive or negative inout voltage would “orward b>ias eizher I. sr 3,.
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The voltage at node 1, the op-amp input, would then be limited to ap-
proximately V minus the diode voltage drgp. The major portion of the
breakdown iﬁduced input voltage would then be dropped across R1.

A gap breakdown may raise the floating inner cylinder to a
high potential. In this case diodes D3 and D4 clamp the output of
the first stage to 2 V. .. (approximately 1.4 volts), and the output
of the second stage to approximately 14V. Both voltage magnitudes are
easily withstood by their respective op-amps.

A mis-match in the leakage currents of diodes D1 and D2 caused
a 5V offset at the output of the first stage amplifier. C1 was added
to prevent this offset from continually forward biasing D3 or D4. C2
was added to prevent saturation of the second stage output. Both C] and
C2 could be replaced by a single capacitor placed to the left of node 2
in Fig. 3.43, but the first stage board layout prevented this. One ad-
ditional circuit change, the addition of C3,was made for stability
purposes. System input conditions for the electronics as seen in Fig.
3.43 are Cin =4.8 oF and 1 mV background noise. A total of 92 positive
voltage applications, of magnitudes between 13 kV and 54 kV for a 10 mm
gap, have been applied after the addition of the protection circuitry.
These excitations produced many discharge noise signals but only two
definite microparticle signals. One of the signals is shown in Fig. 3.44.
This particle, which was pulled off the upper electrode at 40 kV, has a

1

charge of 2.4 x 10~ 4C, a velocity of approximately 21 m/s, and a calculated

radius of 5.14 um. Neither of the two particle responses were associated

with gap breakdown. Application of negative gap voltage followed immediately.
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N leqative zac voltage was aooliad a tatal of 73 times for voltage
Tacnitudes cetween 12 ¢/ and <4 V. The gonly detector resconse was

tne "icroparticle sicnal se2en in Tig, 3.13. Tais sarticle, which was
crocuced at 132 <Y, has a cnarge of 2.3 x 10 , & velocity of 30 m/s>»

anc 2 ~adfus oF 1.8 um. This particle was not associated with a gap

gé dreakdown. Further voltace apolications at hicher voltages preduced
éﬁ zischarge noise resoonses. The large noise responses prevented
;
w any arzducad 2articles “rom seing viewed.
- laturally occurring microparticles, oroduced 5y a 16 ms aulses
?ﬁf nava cesn Jatactad and tneir craracteristics have been determined. Ad-
‘.
g ti%icnaiiy, for scre data, tne vacuum 3Jap current 1as been measured with
0y tme intent of ralating vacuum Sreakdown <0 microvarticle araduction. It
by
:ﬂ has been concluded that,for the experimental conditions and detecting
sensitivities described:
,;Z {31) Positive microoarticies are orcduced for voltades between
=0
5&: = 15 </ and >3C0 kY for 2 53 ™m and 2 10 ™ qap.
& {3) These nositive microparticles have charges Setween
-15 -
S > 2.9 2C and 3.6 x 127 °C (.00%6 oC) and velocities which
o
?4 ~ange from =12 m/s to =400 m/s. Their radii range frem
'® 19 um to =1.2um.
Eé 12y Cniy a3 few 20sitive microcarticies are produced “or
o
N valtages =120 «V.
,
. -2} There is a z0ssidle corralation setween elactrode sur-
?{ face roughness and aracuction 5f microparticles.
K

W

Snis one necative micracarticle was detacted “or jap

. v0ltages tetween 13 </ and 23 «/. This micropcarticles
l
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which was produced at 18 kV, had a charge of 9.6 x 10-]5C,
a velocity of 50 m/s, and a radius of 1.6 m.
Breakdown occurred, consistently, at lower voltages for the
negatively excited gaps. Breakdown occurred at voltages lower
than values needed for substantial microparticle production.
(f) The measurement of gap current revealed microdischarges
which were sometimes associated with a detector "noise"
response. These microdischarges were seen with ard without
microparticle production.
A Marx generator has been constructed and is currently being used
to excite the vacuum gap. The Marx is capable of producing pulses
up to 150 kV with durations between 10 us and 50 ms. A typical Marx
generator output is shown in Figure 3.46.
Prelfminary data have been obtained using the Marx generator.
These data are shown in Figure 3.47. The top trace is the uncrowbared
voltage excitation and the lower trace is the amplifier output. The
detector output is seen to increase positively, upon application of the
excitation and to decay towards zero. This initial rise is due to exci-
tation coupling to the amplifier. Attempts are being made to eliminate
this initfal rise. What can be interpreted as microparticle signals
occurs at 4.3 cm on the grid shown. The trace shows three small micro-
particles followed by a larger microparticle at 5.8 cm. Additional, small
microparticles are seen at 5.6 cm and 7.7 cm. A microdischarge occurs
at 7.8 cm. The data shown in Figure 3.47 is preliminary but does indicate
the presence of microparticles for the Marx excited vacuum gap. It should,

however, be added that noise problems still exist and that the data or

Figure 3.47 is among the best yet obtained.
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Data similar to that shown in Figure 3.47 have been obtained for
crowbared Marx outputs. Noise, however, continues to be a major problem,
especially at the time of Marx output termination (see Figure 3.46).
Grounding and shielding are being improved to reduce the induced transient

noise levels,

- ) LA
- .J‘i"! 5£0‘|e.fl‘», L
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Marx output voltage
60 kV/cm

Detector output 5 V/cm

Horizontal scale
5 ms/cm

Figure 3.47. Marx Generator and Microparticle

Detector Output.
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CHAPTIR 4
SUMMARY AMD SUGGESTED FUTURE 4WORK

Microparticles generatad in a vacuum gao by positive and nega-
tive puised voltages have been detacted ind characterized ising 3 tech-
nique >ased on the orincioles of eslectrostatic charge inducticn. Tyoi-

- Cea s - . -15
cai cnharge sansitivity for the detector is = 10 °C.

The detactor response to 3 particle of a given dolarity as
sean zetarminac by drocoing charged 2 mm le2ad kalls through tre de-
taction system. The detector resconse to these hails had the correct
c0larity. ~Fositively charged balls gave rise %o negative signals, and
the reverse was true for neqatively charged halls. The detectar re-
sgensa had the 2xpected share as shown in Fig. 2.37h}. Additionally,
tne dall velacities were found to Se in agreement with calculatad values.
The detactor response to charged zinc particles of radii between
T um and 5 um has Seen determined. '"Square" microparticle signals have
been obtained for positive and negative excitations. The charge and
velocity ranges detarmined from these signals are .02nC to .2pC and
13 7/s t0 79 m/s. Fast risetime, exponentially decaying signals, microdis-
‘Charge noise ~esponses, nave been observed together with the micro-
sarticies. These responsas nave oeen shown not %o bYe detector responses
to microparticies. These signals were postulated to Se associatad with

3gao microdischarge activity. In some cases the apoearance of the noise

responses corresponds to the time at wnich the charged particles were re-

moved from :ne upger electrocde. The detector response to overvoltages




124

has been determined. Microparticles were produced before and after noise
responses which in turn occurred prior to, simultaneously with, and after
partial gap voltage collapse. Sufficient data have not been acquired to

permit correlation.

Naturally occurring microparticles have been generated from stain-
less steel electrodes subjected to positive and negative 16 ms pulsed
excitations. Positive and negative microparticles have been produced for
voltages between 16 kY and >100 kV for a 5mm and a 10mm gap, for the exper-
imental conditions described. Typical values of charge,velocity, and

'15C,

radius for these microparticles lie between >2.9pC and 9.6 x 10
= 10m/s and =400 m/s, and > 10um and = 1.2 um. The number of micro-
particles increased after roughening the electrode surface. This implies
that the surface condition does play a role in microparticle production.
Positive microparticles are easier to produce than negative microparticles.
This is consistent with the observations of Griffith, et a%%g Breakdown
occurred for negative excitations at lower voltages, before substantial
particle productions occurred. Most positive microparticles were produced
for voltages exceeding 100 kV.

Simultaneous gap voltage, current,and microparticle data have been
produced to determine the correlation between the microparticles and gap
breakdown. Microparticles have been observed which cause or are caused
by microdischarges in the gap. However, present data imply that the break-
down and microparticle production mechanisms are somewhat random. This
further implies that substantial data must be taken and statistically
analyzed.

A Marx generator, capable of producing 150 kV pulses of variable
duration, has been constructed and is currently being used to excite the

vacuum gap. The Marx works well, however, noise, induced by the high Marx
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" generator currents, preclude the acquisition of interpretable data.

Crounded and shielding are being improved to reduce the transient noise.
ll Work completed and reported here has developed techniques for

measuring microparticle activity in a vacuum gap. Techniques have also

P

ﬂ“r

been developed for measuring discharge current and gap voltage simultaneously

with microparticle activity. Preliminary data have been obtained which

8

show that microparticles are present in vacuum gaps and are related to
vacuum breakdown. The observed microparticle characteristics have been

determined.

Future tasks should concentrate on the extension of the present
work to short duration excitation pulses of length between 100 us and
5 ms with voltage magnitudes up to 300 kV. It is believed these exci-

tations will facilitate the production of microparticles and allow for a

FE m

temporal study of their evolution. Additional parameters which may daffect

-

either the generation of microparticles or their role in vacuum breakdown

need to be investigated. These parameters include: gap spacing, electrode

2%

surface condition, and pressure. The sensitivity of detection of micro-

particles must be improved or a radically new scheme developed so as to

g

determine the role, if any, of sub-micron sized particles in vacuum break-

2
g

down. The results of these future investigations should form a basis for

P

determining the role of microparticles in high voltage vacuum gap break-

down.
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Appendix A

Aigh Yoltage Source Trigger Circuit

The circuit used to trigger the nhign voitage ac source is seen
in Figure 1. The solid state switch is closed by a3 nesitive low
voltage pulse. The voltage-setting variable transformer has a 2000:1
turns ratio. 51 is a double-pole, double-throw switch wired so as to
21low 2ither gower supoly cperaticn ar voltage setting. The circuit
dreaker, main switch, solid state switch, the DPOT switch, and the
variable transtormer are contained within a control box. The main
swizch 2ilot light, and the voltage setting metar are mountad on the

central box front.
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Aprendix 3

1icroparticle Cetacticn System
The seqcnd section of tne 2ppendix contains additicnal pnotographs
37 zortions of the microparticle detaction sys*am.
rFigure 2 shcws the high voltage connection cup, and one of the vacuum
feedthrougns used for the electrical connection between the first and
second amplifier stages. The feedthrough was manufactured by replacing
the Jore of the conductor of a high current fsedthrough with a glass

-

tuce *through wnich two J3.040" diametar tungstan wires were passed. The
Sore was tnen sealed using a vacuum enoxy.

Sisure 3 shows one of the guard cylincders and the Delrin ring
an‘cn supports this ring within the. inner floating shield (cylinder).

Sigure 4 is a view of the floating inner shield. Each Delrin ring
is neld in place oy 3 positioning screws. The circumference of the
inner shiald is vertically calibrated to sase determination of guard
and detecting cylinder separation.

Figure 5 shows the mounting support for the microparticle detector.
Also shown is the collector electrode which is mounted beneath the guard
and detecting cylinders. The collector support is screwed into the base
of the microparticle detector. Barely visible above the detector bhase
plate is the inner shield insulating ring.

Figure 5 shows the inner floating shield mounted atop the detector
base and mounting support.

Figure 7 snows the outer ground cylinder which surrounds the inner
shielding cylinder. The first stage electronics are mounted on the
interior of the outer cylinder, and the test gap assembly (Figure 2.2)

is placed on tco of the outer cylinder. «hen currents are measured, a

thin "21rin ring separates the outer cylinder from the lower electrode
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"Fig. 3 Guard Cylinder and Mounting Delrin Ring.
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Fig. 5 Mounting Support and Collector Electrode.
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. ' Inner shield

Quter shield
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Fig. 7 Detector Assembly Showing Outer Cylinder.
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Plate.

Figure 8 shcws the “otal detactor assemdly. In <his case *ne Delrin
ring saparating the Tower 2lectroce and outar cylinder is not shown.
gure ? shcws the Tirst stage 2jectrenics copper 2nclosure and its
Lelrin mount. Connection 0 is the first stage input from the detacting
cylinder. Connection C bootstraps the detector cylinder %0 inner shield
cipacitanca. The dlack Tead is Tor the single noin% ground ccnrection,
and the two twisted pair cablas provide an input to the sacond stage and
sower to tne Tirst stage op-amp. Although not shown in this pnotograph,
the outer braid of these cables are clampad £o *he enclosure to ansure

shielding continuity.




')J

3Shield, e]egtronics'

are inside

’/‘

N e

Support - - -~

Fig. 8 Total Detector and Vacuum Gap Assembly.
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Fig. 9 First Stage Amplifer Enclosure and Electrical Leads.
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Appendix C
Analog isatime Measurements

ne affact oF groundad or ungrounded guard cylinders on the rise

-1,

h i
2

and time or the detactor rasccense ccould not >e conclusively deter-
wined Oy the charged ie2ad >all or the artificial zinc micrcparticle
data. aAnalcg measurements have therefore been ccnducted to determine
their affack,
esistive analogs can -e usad to measure fields arising from various
scatiai cnarge distributions. It can be shown that measured currents,
in the conductive medium, ara anaigous to 2lectric fields in dielectric
Tedium. Simiiarly, the anaicg for 3 cnarge distribution is a current
istrizutisn. Tne Tielids arising in 2 dielectric medium due to a given
narge distridbution can, therefore, be modelled by using a conductive
\rasistive; medium and a given currenﬁ source distribution.

The risetime analog of the microparticle system has been cocnstructed
using resistive pacer. Tne ceneral layout is shown in Figure 10. The
arrangement consists of resistive naper, onto which various 2lectrodes
and snields nhave Seen painted using conductive pnaint. The simulating
arrangement includes the detactor cylinder, two guard cylinders, an inner
shield, and an outar snield. All dimensions have been selected such that
the relative size and Tocations of the analog components are the same as
in the actual detactor sys+tam arrangement. A1l of the componerets
sncwn can Se grounded or can float. lires are used tc connect the two
de*tactor, guard cylinders, and inner shield sections together to simulate
¢ylindical ccmoonents., |

Trhe analog measurements lave Seen cocnducted by exciting the arrange-
ment 9f Figure 10 using a cons*ant current source and a moveable probe.

The probe is placed at the desired location and simulates the charged

PO YL JLACH XM
RO RIS




L

139

"Aquassy 403120330 J0 uopjeimits hopeuy aALIsLsay o Oy

pa———

B N O o BE 85 B2 &) G DS

e e e P s

MOLG H0LPYLIX )

e
' ’
. [
b PLOtYS J4aunj bupjeopy pojefnmg- - - »
1 1
pLoygs
a—- P10 )
. - .
dopup 149 .
10190150 » saaput |A)
qUUd —u P—d:—_ m\ T T \\ —J.- —wndm-
. - e pajenmg
g N
{ i
- -
yd
e
2.\
. 7
pIotys huryrog
0N05 Ny 0 ——————— @ .

B B2 B 3 =f 28




140

microparticle. The potential on the detector cylinder is measured using
a voitmeter. |

The measured detactor cylinder potantial, as 3 function of excita-

tion Jrobe location, is'shcwn in Figure 11, in normalized form.

Maasurements were made with seven different configurations. The

configurations ang the resulting seven curves are shown in Figure 11 and
are described as follows. Measurements were macde with:

(1) grounded outer shield, no guard cylinder, and no inner shield.
The results are sheown as curve 1. It can be s2en that the
response increases very slowly as the source,brcbe approaches
the detector cylinder. '

(2) grounded outer shield, only ore floating guard cylinder (on the
excitation probe side of the detector cylinder), no floating
‘inner shield. The results are shown by curve 2. This response
is also seen to increase slowly.

{3) grounded outer shield, two floating guard cnynders, floating
inner shiald. These rasulis are shown by curve 3. The
response again increases slowly. This configuration is most
relavant to simulation of the microparticle detector arrange-
ment with ungrounded guard rings;

{4) grounded outer shield, one guard cylinder only. (The guard
cylinder is grounded), no inner shield. Tnhe results are
shown as curve 4. The response is seen to be small until
the excitation probe begins to exit the grounded guard cylin-
der. The signal-response then gquickly increases as the probe

approaches the detector cylinder.

(5) grounded outer shield, one guard cylinder (grounded), floating
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inner shield. The results are shown as curve 5 and are 2ssen-

tially the same as cbtaired in (4).

-~
(&1}
~

grounded outer shield, two grounded guard cylinders, floating
inner shield. The resuilts are shown as curve 3.

Again the response is small until the probe exits the guard
cylinder. The response then quickly increasas. This arrange-
ment‘is most closely analogous to the actual experimental
arrangement, wnich consists of two grounced guard cylinders.
Comparison of curves 6 and 3, produced with grounded and
ungrounded guard cylinders, shows that the grounded guard
cyiinders shield the detactor cylinder from the probe and
effactively "sharpen" the response. This implias that grounded
guard cylinders should reduca the risatime and facilitate

the production of "square shaped" microparticle signals.

An addition curve, cﬁrve 7, is alsc shown. The conditions for this
curve are the same as for 6, with one exception. The data of 1-6 were
cotained with a2 simulated guard cylinger, to detector cylinder, spacing
of 5 mm. The data of 7 were.obtained with a simulated distance of 1 mm,
The results of 6§ and 7 are seen to differ very little. This implies
that the "squareness" of the microparticle response is not strongly
dependent upon this spacing, at least in the range of 1 mm to 5 mm.

i% should be noted that the effect of the "virtuaily" grounded
inner shield nas 'not been taken into account. It ig presently not
known how to resistively model (using analog naper) the "bootstrapped"

or actively maintained ground, The inner shield has, therefore, remained

floating for the results reported.
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