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ABSTRACT 
The partial discharge (PD) and breakdown (BD) characteristics in SFb gas under co~~uncrc~al  
and highcr frcqiiency (-600 Hzl ac voltage applicitions wcrc iiivcstigated wing  high-speed 
electrical and optical measuritig techniqucs with phase gate control mcthod. Experiineiital 
results revealed that 400 H i  H U  voltage at a ccrtain gas pressure range was highcr than that 
for 60 Az and PD characteristics especially at the positive PD iiiceytiori phase were much in- 
fluenced by the applied power frequeiicy. Prom these results, we clarified the dependence of 
space chargc behavior on the applied powcr freqiieiicy and discussed the physical mechanism 
of PO and ED in SFb gas with considcratinn of the space chargc bchavior generated by PD in 
thc prcvioas half cycle of ac voltage. 

1 INTRODUCTION 
Fb gas has excellent propcrtics for highrdtage (H\j) iusulatioii and S has been taed widely for clcctric power apparatus likc switchgear 

in gas-insulatcd system (GIs) and gas iiisulatcd transmission l i i ic (ClL) 
[1-3]. For the reliable operation of such apparatus, it is necessary to 
diagnosc the insulation perlormancc of the apparatus and thus the PO 
inea~urcmcnts are particularly important for the prediction of IID [4,5]. 

Although many I’D measuring mcthods have been proposcd so far 
and iiscd in practice [4,6,7], tlic fundamental mechanisms uf IW gal- 
oation in SFI, g a s  liavc not yct been fully understood. This might be 
bccausc the PD generation incchanism is so complicatcd that tlic pre- 
dominant factors like space charge bchavior are not quantitatively atla- 
lyzcd, so far  Therefure, it is csscntial to investi@e the IPU incchanism 
with ctiiisidcration of the spacc chargc bchnvinr, particularly undcr ac 
vtiltagc application in ordcr to clarify the mechanism froiu I’D inception 
to HI) for the BD prediction tcchniquc [RI. Moreover, 1’1) characteristics 
under ac voltage applicalion at higher frequency than the commercial 
power frequency bccome more iniportant for the discussion of CIS on- 
site testing with h i g h  frequency applications [9,10], 

From the above viewpoints, in this p p e r  wc investigate the inflii- 
cnce of the applicd powcr frequency on PI) and uu characteristics. \Vc 
describe thp mcasurcd results of phasc-rrsolved I’D generatiuii char- 
acteristics, r t ~  current pulscs, and light missitm characteristics using 

high-speed optical aiid clcctrical techniques. Rased on these experi- 
inental results, we discuss the physical InCChaniSm of TD and B11 in SPI, 
gas under ac vtiltngc application with considclation of the space chargc 
behavior. 

2 EXPERIMENTAL 
Figure 1 s h o w  thc expermental settip iii this study A high voltage 

(HV) source can providc ac voltage with ireqtiency range from 60 to 
600 liz. To gmcratc ac voltage with frequmciics ~ 5 0  Hz, a sinusuidal 
wave of n dcsignatcd frequency war; first gcncratcd by a signal gciicr- 
ator, The sinusoidal wave signal was amplifiud to I I V  to 75 kV,,,, by n 
power amplifier nnd n test transforiiier. 

As a PD sourcc, R stainless steel needle clcctwdc was fixed on thc HV 
conductor of a model GIS. Thc iiecdlc electrode had a Iciigth of 20 mm 
and licmispherical tip with a radius of 500 /mi, A planc clectrode with 
diameter of 30 mni ivns placed at 10 mm lsclow the needle tip. 

I’D ciirrent pulses wcrc mcasrired by a high-spccd digital oscillo- 
scope (sampling rate: 5 GS/s, aiiatog band width: 1 GHz) tlirough 
thc plnnc electrode and a matching circuit with widc frequency rangc; 
<1 MHz Lo >1 GHz [ll]. The sensitivity of the PD ciirrent pulse height 
was <1 mA. Since the typical risc and fall times of the PI )  current pulse 
were -1 lis, the sensitivity of thc I’D charge was calculated as 1 pC. 
On the other hand, a lighk mission image of 1’1) was observed by a still 
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Figure 1 .  Expcrimmtol sctuy for measuring 1’11 characteristics. (a) 
Mndcl CIS and [ [ v  circuit. (b) Mcasiircniciit system, 

camera through an imagc intensifier (11). We already have dovclopcd 
;1 simultaneous measurement technique of IT currcnt pulses and PD 
light emission images by using the ‘phase gatc control method’ [12J. In 
that method, a gate signal with a dcsignatd pulse width, synchronized 
with thc applicd ac voltagc phase, was  generated by a pulsc gcncrator 
and put into tlic uscillosc~~pc and thc 1 1 .  This, w e  c a n  obtnin thc CLIT- 

rent pulse and the corresponding light imagc of a single PD during the 
designated pliasc width controlled by the gate signal. 

The model GIs was filled with SF6 gas aiid all cxpcrimciits described 
in this paper were carried out a t  room tcmpcraturc. 

3 EXPERIMENTAL RESULTS 
3.1 PD INCEPTION AND 

BREAKDOWN VOLTAGE 

Figure2 shows thc positivc and negative PD inception vultagc (PUIV) 
([w]\!  +, I’II~\~ -1, and the breakdown volfage (UUV) as a function of 
flw gas pressure for the applied power frequencies f :-: 60 Hz and 
,f 7 400 Hz. As can be seen in Figure 2, I)I)IV- iiicrcascs with the 
gas prcssurc and is independent of the power frcqucncy. I’u[\‘+ also 
increases with the gas pressure; howavcr, ‘i t clearly decreases with in- 
creasing powcr frcqucncy from 611 to 400 Hz, and finally reachus thc 
level of I’IIlV-. On thc otlici’hand, IWV for 1 = (io IIz once iucreascs 
as ihc gas prcssurc P increases to at which IIDV rcnclics its max- 
imum valuc, hi dccrcascs suddcnly to thc vdtilge level of PI)IV+ at  

the pressure P... At P l$, buv increases again with thc gas prcs- 
sure, This nonlinearity of BDV ciirw also ayycnts for f :- 400 112. At 
1’ < P,,,, IIUV for j 7 - 4013 Hz has almost the sarne value as that for 
f = ti0 IIz, while at P 3 i t  kccps a highcr value than that for 
f = riOH2. 

-0.tO 0.15 0.uJ rm0.25 0.30‘” 0.35 0.40 
Pressure [MPa] 

Figure 2. PDIV and no\; cliaractcristics as a function of gns prcssnre for 
/’ = 80 H z  and j = 400 Iiz ac voltage application. Nccdlc clcctmde; 
I’ = 500 !mi, g - 10 mm, in  SPh gns. 

PDIY,, IWV- and INN as n function of the power frequency at  I’ = 
(1.1. hlPa are summarized in Figure 3. Thp dccreasing dependence of 
I ] I ) I V +  on thc frcqucncy i s  clcarly shown. 
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Figure 3. L’owcr frcqucncy dcpciidence nf positive ,uid iicgativc [’I) in- 
ccptioii voltagc IVIV ) and IWV. Needle clcctrodc; ‘I’ = 600 lim, 
y : 10 mm, i n  9 ’ 6  gas, 1’ = 0:l MPa. 

In the following Sectioiis, M’P will dcscribc I’D characteristics at 
1’ < P,,,, especially at P = 0.1 MI?? in order to conipare the I’ll char- 
acteristics at the identical values of thc applicd RC voltage for diffcrcnt 
power frequencies. This i s  ditc to thc similarities in BDV at P < l’,,, as 
shown in Figure 2. 

3.2 PD GENERATION 

Figures 4(a) atid @) show the phasc-rcsoli:cd IJU characteristics in 
SFh gas at 1-’ = 0.1 Ml’a and the applied voltagc I f ,  : : 30 kv,,,, for 
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Figure 4. Phase-resolved I’D cliaractcristics. Needle electrode; r = 

,500 Iim, Q = :IU mm, in SFh gas, I’ = Kl MPa, I”, : 30 kV,mj, 
superimposed fur 0.5 s. (a) f = RO HE, (b) f = 4UO Ilz. 

Time Imal 

40 

F 400 
20 5 

P 
o f  i.*: 

B 
-200 

-400 
-110 

0 5 10 15 10 

(W Tiinc lms] 

Figure 5. Time-restilrwd PLI chancteristics. Ncedlc electrode; 1’ = 
500 /i.m, !j = 10 inin, in SFE gas, P 7 0.1 Ml’a, I<, = 30 kV,,,,,. 
(a) f = (ill Hz, (b) +/’ ---I 4OU Hz. 

1 = 00 Hx and f = 100 IIz, rcsptctively. A single dot in thc Fig- 
ures shows an individual PD pulsc. All of the PD during 0.5 s are plotted 
along with the PDgeneration phasc. Figures 5(a) and (b) show the t h e -  
rcsolvcd IT characteristics under the same coilditionas Figurcs4(a) and 
(b), respectively As can bc seen in Piglire 4(a) for f = (io Hz, positkc 
IIIJ, a relatively large charge magnitude occiirs iicar thc positive PD in- 
ception phasc and is followed by having small chargc magnitude. 
On the other hand, in Figure 4(b) for .f = $00 Ffz, only PI) with small 
charge mngnitudc occur in thhc positive half cycle. I)II ill the negative 
half cycle, however, has relatively large charge inagnititdc at near neg- 

ative 1’11 inception phase for both f = DO Hz and f = 400 Hz. Note 
that the maximum charge magnitudc for ./ = 400 Hz is larger than 
that for J = li0 111, which i s  in invcrsc proportinn to the positive PD 
characteristics. 

0 100 200 300 400 so0 600 

(a) Applied power frequency [Hz] 

.......... ............. ............. ............. : ............. I 
j !  
i i 

i 
.......... 4 .............I ............ _i & ...... i 

! i i 
! 

i 
L... 

i 
i 

............. 
‘a 
b. 240- 

1 3  2 1 :  ~ 

m-j---  - - _  
180 

0 100 2 0  300 4 0  5W 6 

(W Applied power frequency [Hz] 

Figure 6. Power frequency dependence of rn inception phaw Needle 
Elcctrudc; r = 500 pin, 
(a) I’usitivc 1’11, (b)negative PD, 

These charactcristics can bc seen more clearly in Figurcs $a) and (b). 
PD with re lat idy  large charge niagnitude occurs first and is followed 
by PU with small charge magnitude in thc positive half cycle for J’ = 
liil HI. On thcothcr hand, only PDwith small chargc magnitude occurs 
in the positive half cycle for f = 400 Hz. 

= 10 inin, in S k  gas, I’ = 0:I. MPa. 

3.3 INSTANTANEOUS VOLTAGE AT 
PD INCEPTION PHASE 

In this Section, we defiiie thc voltage phasc at which a positive I’D 
pdsc first wasobsertred in each positive half cycle of applied ac voltage 
as the positive PD inception phasc, and also that in negative half cycle RS 

tlv negative PD inception phasc. Figures 6(a) and (b) show thc applied 
power frequency dcpciidme of the PD inception phase in each cycle 
of the applicd ac voltage for positive and iiegativc 1’11, rcspectively. In 
Figures 6(n)  and (b), the solid line shows the measuremcnt results at 
V, = 20 kVi,,,thc broken line shows those at I/, = 30 kV,,,. The 
cxpcriments were iteratcd at least 10 times to plot data undcrcach sct 
of conditions. As shown in Figure 6(a), positive PD inception phase at  
Vd, = 20 kV,,; for f = 60 Hz is -60“ to -70” and teiids to increase 
with the power frequency. Finally, PD tends to stnri in thc phasc reginn 
of the oositive aunlicd voltage peak. This phase shift for positive PD 
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Figure 7. Powcr Iruquency dependence of PD starting iiistnntancous 
voltage. Needlc Electrode; T = 500 Icm, g 7 :  10 mi, i n  SFs gas, P ~ 7 

0.1 MPa. (a) I'usilive PI), [b) negdtivc PD. 

I I L I  
....... ....... j .............. I ....... 

Znddiv 

2 d d i v  (e) 

Figure 8. Typical PD ciirrcnt pulse waveforms. Nccdlc 13lectrode; 1' 7 

500 pm, ,q = 10 Inin, in Sl'h gas, I '  = 0.1 IvWa, V, = 30 kV,,,. (a) 
j : : lio H z ,  q, = 300, (b) ./ =: oo Hl, + = 20130, IC) ,f = d u o  I~Z, 
4 = 4un, (a) f = 400 IIz ,  = 200". 

inception c m  also be seen at V, = 30 kV,,,,. On thc othcr hand, in 
Figure 6(b), ncgativc I'D inception phascs at  both 17, = 20 kV,,, and 
I/, = 30 kif,,,, arc almost indepcnduit of the power frcqncncy and 

Next, thc powcr frequency dcpcndeiicc of the instan tancous voltage 
at positive and negativc I'D inception phasos arc shown in Figures 7(a) 
aiid (b), respectively, As can be seen in Figurc 7(n), positive IT at both 
Ye = 2U kV,,,s and Vn = 30 kV,,,, starts near thc instantaneous 
voltage I.;,,,l : 20 kV fnr ,I = ti0 Hz. The instaiitaucous voltage at 

hold -205" for = 21) kV,,,, d -195" for Ifa = 20 kV,,,,. 

40 
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..... ........ ...... I ...... 

1 so 210 3w 

Phase [degree] 

Phue [degree] 

Figure 9. Phase depcndciicc of PI) currmt pulse height. Needlc lilcc- 
trodc; 7' = 500 jrm, g ; : 1.0 inm, iii SF6 gas, I' = 0.1 Mh, 
\CA = 30 kV,m3. (a) j' : 00 Hz, (b) f = 400 1.12. 

positive IW iitccptinit tends tn increase with thc frequency, atid then the 
yositivc I'D for j = ~~100  to 500 Hz starts new the peak valuc cif thc 
applied voltage; : 20 kV,,,, and K,,,,, = 40 to 
42 kV lor V, = 30 kV,,,,,, rcspectively. On the contrary, thc inrtanta- 
iieous voltage at negative PD iuccpliuii plinse shown in Figure 7(b) is 
almost iudeycndcnt of the applied voltage and frequency. 

= 28 kV for 

3.4 PD CURRENT PULSE 
WAVE FO R M 

Figures 8(4 to (d) show typical Pn  current pulse wavcfmns ob- 
served at30" and 2UO" for .f = til) 1-12, at 40" and 200" for f = 4OOHz, 
respuctivcly, iii the vicinities of the positive and ncgative PU iiiceptiuii 
phases for both applied porvcr ircqucncics. As wen in Figiiw 8, not 
only the pulse height but also the wavcforni of the PD ciirrcnt pulses 
x e  quite diifercnt at cach freqwicy. In positive PD, the pulsc height 
for J = li0 Hx i i i  Figure R(a) is larger than that for f 1 400 Hz inFiig- 
lire 8(c). In  iicptivc VI), the pulse height for f = MI Hz in Figure 8(b) 
is sillaller thaii that for .f = 4011 1-12 in Figure 8(dj. 

Similar exporiiiiciits twrc carried out for difkreiit phasc regions. We 
divided a single ac cyclc into 36 regions (every 10") and mmurcd the 
current pulse waveforms 3U times for each phase region. Figures 9(a) 
and (b) show the obtaiiicd phasc dcpendence of the PI) c u r i m t  pulse 
height for f = GO Hz and [ = d00 IIz, rcspcwtivcly. Mote that cach 
PD currcnt pulsc waveform achicvcd i n  the mcasnrcmcnt had a pulsc- 
like wavcform with a steep wave h m t .  As swn in Figures 9(a) and (b), 
thc I'U pulse height characteristics for j' = 60 117. sliows a similarity to 
that for J = 400 Hz except in the positive and ncgativc I'D inception 
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Figure IO, 
rj = U1 mn 
cycles. 
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-- 
Light emission images of positivc IT a t  the tip of il needle electrode for diffcrmt puwcr freqwicics and pliascs. Needle clectrode; I' = 5130 /"m, 
in SFa gas, I' -2 0.1 Ml'a, V,, = 30 kYrms, Gate width 10' (463.0 p.5 fur j' = 60 Hz, 69.44 11s fur f = ClUO Hz), supei.imposed for 6fl ac 

phascs. For f = G O  1-12, PD with lnrge ~ L I I S C  height occurs near the 
positive PD inceptiun p h m ,  followcd by P u  with siiiall pulse height, 
while for 1 = 400 HA, tlic I P U  pulsc height is kept small, even near 
the positive PD iucoptiou phasc, Ncar the negative PD inception phase, 
PD with relatively largc pulsc height occurs, with magnitude larger for 
f = 400 Hx than for j = fi0 Ilz. 

3.5 POSITIVE PD LIGHT EMISSION 
IMAGES 

Figure 10 shows the light emission images of positive PD fit l f ,  = 
30 kV,,,, for f = GO Hz and 1 = 100 Hz, a t  30", 90' and 150", 
rcspcctivcly. Note that the light emission in each iinagc was supcrim- 
posed within the pate width of IO" (463.0 / is  for f 7 Bfl Hz, 60.14 11s 
for j = 4011 Hz) near the dcsignatcd phase for 60 cycles of the applied 
ac voltage. As seen iu Pigurc lU, ['U occurring at 90" and 15Ooshnw 
brush-like luminous imagcs for both .f :.: 60 Hz arid J = ' I l l0  Hz. 
Hcrc, the 'streamer type' PD generally spreads out around the nccdlc 
tip, which is assumcd to look like a brush if the repetition rate is higher, 
and has a current pulse with steep wave front [13]. Thus, 1'13 at 90" and 
150" for both .f = BO Hz and j' = 400 I-Iz can be recugnizcd AS thc 
'strcamcr typc' 1'0, from viewpoints of both the light emissiun of brush- 
like image in Figure 10 and thc current pulsc with stccp MWC front in 
Figure 9. 

On the other hand, PD occurriiig at 30" for  f 7: (ifl Hz and f = 
400 Hz arc dot-like imagcs. I'D nt 30" for 1 = (io 1.1~ spreads out 
around the needle tip and has a piilsc-likc currciit waveform with largc 
amplttudc as shown in Figure X(a). Thus, ru at 30" for f = 60 Hz is 
also the 'streamer type' PD with small repetition rate. 011 thc contrary, 
PU at  30" for f = 100 Hz spreads over the needle tip surfacc, which 
looks like a thin film, and pulse-like current wavcforin has never been 

observed as shownin Figure 9 (b). Therefore, IT a t  30" for f = 400 Hs: 
might bc a 'glow' dischargp which is charactcriwd by the non-pulsive 
curront wavcforin and the himinous image covering the needle tip 1131. 

4 DISCUSSION 
4,l PD INCEPTION VOLTAGE AND 

ION DRIFT SIMULATION 
4.1.1 PD INCEPTION VOLTAGE 

In gciia.21, positivc I'L) is gcncratcd by an clcciron initiated by col- 
lision detachment of negativc ions in the high electric field region [SI, 
l'hus, positive PD generation depends on whether or not negative ions 
exist around the iicedlo tip, Undcr ac voltage application, tlic ncgativc 
ions at positivc 1'11 juccptioii phasc c a n  bc dcrivcd from i'u in thc previ- 
uus iieptivu half cyclc and/or cosmic rays. In thc c a w  of uccdlc-plane 
clcctrodc gconictry, thtl high field region initiating 1'0 is so restricted 
that, even under continuous ac voltage application, the generatioil of an 
initial clcctmi would be thc ncccssary condition for 1)D initiation, On 
thc other h d ,  negative PD is generated by an initial electron derived 
from the field emission fmm the electrnde surface. Illus, the genera- 
tion of an initial electron for negative PD depends only on the electric 
field strength on the electrode surface. Therefore, an initial electron can 
bc generated more easily for ncgativc PI) than for positivc PI), and thc 
resultant P U I V -  is cqml to o r  smallcr than [JDIV+, 

= 60 Hx, a t  PIIIL, thc ncgativc ions 
generated by 1'13 in the negativc ha l f  cyclc may bc swept away mtil thc 
applied voltage polarity was reversed from negative to positive. This 
is due to the drift and diffusion of the negative inns toward the plane 
electrode and the neiitralization at the electrode surface. As the applied 
voltage increases, the existing probability of residual n c ~ t i w  ions near 

For the low powcr frcqucncy 
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the ncedlc tip is increased, and the resultant gcncrntiou probability of 
initial clectrons for posi tivc I'D inception in the subsequent positive half 
cycle, also is increased, Thcrcforc, I'IIIV, bccoiiics higher than I'Dw 
for ,f = 60 Hz as shown in  Figures 2 a i d  3. 

I Set tho hundawconditions. 1 

11.v 
rJ 

I Ncedlc CIWImlc pr ,A Set the iniiid conditions. &... 
Plane electrcde 

& stop. 

Figure 1 1 .  L:Iow chart of the calcuhtioii ol ion drifl. Ion mobilily / . L  = 
o.(i,?~i.n [(m/s)/(~/m)], tip radius = WM(:I .Ii {m], gap Imgth 
g = 1 0 x . 1 ~ ~  [in], p s  prescurc P - 0.lx10" [I+], critical electric 
field &/I3 : 89 IV/m/l'n], charge: iwgativr ion, applied Ircq~iciicy 
f = 1.12 or 400 HE, applicd vullage \,{, = 12.7~10:' [V1llij], phasc 
step: ~ ( j  - . 0.001 1" I, time stcp: at = 4 6 . w n - 9  Is] (1 - 2  li[) H z ) ,  
6.94~10 -!' [SI (J  : : ,100 Hz). 0: applicd vollagc phase [" 1, 4 0 :  inilia1 
phase, (10 2 2711", 2:: distance between needle tip and Ihe iun [in], so: 
in i t ia l  pusititxi of the ion, :I:(, : 0 . 3 ~ 1 0 - ~  [nil, lilcctric field strength: 
~ ( x )  2 ( ~ T ~ ) / ( ~ c ! - ? . ) { I / x '  - 1 / ( 2 r l - 5 ) 2 } ~ " r t I V / ~ n ] , X  = 
r + z, rl = + .!', : @V, sin(2nrb/300) 

On the othcr h i d ,  for thc higher freqiieiicy at J = 400 HI, inost 
negative ions gciicratcd by I'D in the negative half cyclc can rcmain at 
thc polarity rcvcrsal. 'Iliiis, enough initial clcclrous cxist to gcneratc 
posilivc 1% in the subsequent positive halF cyclc. Thcrcforc, I'UIl' for 
the higher Ireqiiency is rcduccd and finally becomcs equal tu I'uIv-. 

4.1.2 ION DRIFT SIMULATION 
In order to qimilitativcly verify the existence of thc largcr residual 

ions in the gap spaccnt h i g h a  frcqucncy, wecalculated the ncgative ion 

drift from thc negative PD generation phase (270") to the polarity rever- 
sal (360") in cvory 0,001" phasc step. Figure 11 shows the flow chart of 
the cillcnlatioii, Wc calculatcd the static electric field wikh thc clcctric 
hiage method under the ionmobility / L  = O.MxlO-'* [(m/s)/(V/m)l 
[14] for a negative ion such as SFb-. The collision between the ion and 
other particles as well as the electric field formed by the spacc cliargcs 
wcrc ncglcctcd. Iiiitially the inn was assumed to bc located at (1.3 mm 
below thc iiccdlu tip, wlicrc thc oxtciisioii length of ncgativc I'D w a s  
maximum. Tho applicd i d t a g  w a s  sl't at 12.7 kV,,,,, which is just 
above 1 ' D w  for both f = GO Hz and J = 400 Hz. 

. .  o 1  ........... 

oi 2 e bb\ ~ - .  . . . . . . . . . . . .  

8 . ..hi .. . . .  ..:. . . . . . . . . . . . .  - 
.I ~. U -.;- ] , ) l - - I j l  - .d ...... 

I) 0.5 I 1.0 i ,5 2.11 
1111~111 l lbl l  - 

'Yiuic al1cI I icwtivc 1'11 cxliiirtim linrl 

(1)) 'Ti mc c 1111 r x t c  ri sti 2 s 

Figure 12. Cnlculaliou uf thc path of the ucgntivc ion drift. Neerllc. 
Electrode; P' = SO0 ~ I I ,  ;J - IO inm, in SFh gas, P = 0.1 MPa, V, = 
12.7 kV,,,,,. (a) Voltage phase characteristics, (b) time cliarcictcristics. 

Figuw 12 shows thc path of the ncgativc ion drifk along the gap axis 
calculatcld for  f = 60 H x  and f r: 400 H z  as functions of (a) voltage 
phase and (b) time after the ion generation. In Figure 12, wc dcfincd 
the time whcn the negative l'l) w a s  gcneratcd (270") as b ,  and the timu 
whcn thc applied voltagc polarity was reversed from negative to posi- 
tive for J = fin Hz a i d  J' = il()() IIz a5 lv[;(j and I , . ,~~)O,  respcctivcly. 
As can be seen in Figure 12, the negative ion for j = G O  Hz rcaclics 
the plane electrode at the polarity reversal / , T ( i ( l .  On the contrary, for 
J = 4UO Flx, the ncgativu iuil drifk 7,7 iilm bulow thc nccdk tip at 
ihc polarity rcvcrsal t 7 . L j n [ l ,  and docs not rcach thc plaiicclectrode. This 
simulation rcsult suggests that the amrmnt of the rcsiciunl negative ions 
at the polarity reversal for J = 400 [Iz is much larger than that for 
j' 7: GO Hi: at IWIL lhus, a larger iiiiinber of residual negative ions 
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