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Summary 

Recent experiments indicate that synchrcnous 
untriggered mul:ichannel switching in water will per- 
mit the development of relatively simple, ultra-lsw 
impedance, short pulse, relativistic electron beam 
(RUB) accelerators. These experizzents resulted in 
;he delivery sf a 1.5 XV, 3.75 l4A, 15 ns pulse into a 
2 0 line with a current risetine of 2 x 10IJ .4/set. 
The apparatus consisted of a 3 MV Marx generator and 
a series of three 17 cm wide strip water lines sepa- 
rated by 2 edge-plrne water-gap switches. The Marx 
generatsr charged the first line in < ilO ns. I"ne 
:i.rst switc‘h tner. formed 5 or more channels. The 
secor.3 line was charged in 60 ns and broke down with 
10 ts 25 cnacnels at a mean field of 1.6 ilw/cm. The 
zlosure time of each spark channel along bcth switches 
was measured with a streak camera and showed low 
jitter. The resulting fast pulse line cznstructioc is 
sirrpier and shol;ld provide considerable cost savlr.gs 
frm previmls designs. Mul:iples of tnese low impedance 
1lr.e~ in parallel can be emplcyed 50 obtain power 
levels in the 101' W range for R3B fusion stu1ies.q 

Insroductisn 

High cilrrent 
, . 1 j 11, . . electron, beams capable of delivering 
-i, tJ LO- W for 10 TV 2C ns will be required to 
icvestigate the feasibility of thermor,i;clear fusion 
peliets with intense electron beams. 1 The pulsed 
power ttchnalcgy requtred to produce these beams effi- 
ciently in>;olves swi:ching of 1:~ impedance lines wi:h 
~rry <mall inductive and resistive risetimes, 7~ and 
T1. , These paramezers are given by J, C. Martin as:* 

TL = Lmz 
(1) 

5 Tr = &3 ,1-/3 $/3 

tn ns with L the induztence per switch channel in nH, 
K %he nuzker of channels, Z the impedance of the line 
feeding ?he switch, ar,d 3 the mean electri'z field in 
tn5 sxitch in KV;cm. In the past, the switching prsb- 
lerr cas been alleviated by switchlcg a high impedance 
pulse forming lice and then LraSsformins the pulse 
~dzn tz a LX tipedance susput.->": 4n alternative 
;c.j,eme Is to use multicharnel switching ts obtain N 
~:!mxt:s acr~~ss the swi%ch. The number 3f channels 
N is <f-/en by the semi-empirical reietion* 

LG ?;a ;.I- ,?I,7,’ c; tut + O.CT trans (2) 
' BD 

‘.icere 0 1; zhe fractior,al standard de.fiation zf brear,- 
13'111 .-L.:a,e 'I- D3 ;n i;ke switch, ,Y!!rit Is the voltage 
'xar,~;.,;; ' 1-6:~ e~raltuz~d at tee ',ine tke swi+ch brenr,s, 
-;;t :; ;hc t;ts; risecimc 01' cite ~cirrdit ar,d EFprJXi- 

~r.a-,ei~ e.;uals $r 7 -L and ~~~~~~~ is the transit tirle 

t'rl;rr: ~ap~~rr,~i by the U.S. Energ/- Research and 
D,:,eiz~~en: Atiini-tratijn 

St;. y,::a;, c; ,I>, I;uc. p&ix, &, ii:,. , (1:17i). 

between channels given by 7 for a switch wid:h & 
in a dielectric constant er.C The speed of light in 
vacuum is c. 

A favorable dielectric for high power lines is 
water because of the large energy density and the slow 
wave velocity which results in very compact, low- 
impedance systems. Multichannel swizchicg in water 
has the disadvantage that the electric field breakdown 
strength EBD is less than that in oil, another good 
dielectric, for t3;pical charging times of 331; ns to 
2 ;Is. This fact causes the d.cratian of the resistive 
phase in Eq. (1) to be longer in water than ir ail. 
Experiments were reported4 on the characteristics sf 
-ater breakdown with a three charnel water switch. In 
those experiments the switch risesime was dominated by 
the inductive risetime 7L and the field enhanced elec- 
trode yas charged positively. Recent experiments a; 
SandiaO wit‘n edge-plane water dielectric gaps resulted 
in successful multi-channel switching at vsltages up 
to 1 iw. 

We report the results zf a new eqeriment called 
Ripple wkic‘n features self-breaking water switchicg of 
a 2 C transfer capacitor and of a 2 S; pulse fsrrr,ing 
line. Charging voitages range up to 3 MV wit‘! charging 
times of 200 to 500 ns and 10 Lo 60 ~1s for the transfer 
capacitor and pulse formicg line, respectively, on the 
112 cm long switches. In these experirrents, the rise- 
tittle ,-f tte current in the switch was always dominated 
by r;he resistive risetime. Both positive and negative 
charged edges were .Jsed in the gaps. 

Typically, five channels are obtained wir;h 
charging times 2f 200 to 500 ns or. the first switch, 
and 10 to 20 chacnels are obtained. on the second switch 
with the fast-charging pulse. The value of u in the 
second gap is measured with a stream; camera to be 3 ns 
which reflects the ictrinsic jitter in the breakdown 
and the effect of 10 ns jitter in the gap feedicg :he 
pulse-forming line. 0 

The results show that the electric field in the 
gap is sufficiently large zo rejcce the ~~ on the 
current's risetime. Pulses 3f 1.5 MV, fC.75 MA witt a 
risetime 31 2 cs and a ptilse width zf 13 ns have been 
achieved by this a?Froach -mith an overall efficiency 
of 50 percent (3dtFj;t energ;;;Marx energy). 

A pparatus 

A law tiJnFt:dance, 3 !~pj, 6.2 nF Marx generaszr 
charges a trarsfer capacitsr in 200 to :SO ns, as 
zhswn in F1c. 1. The transfer capacitor is switched 
t3 2 2 a7: pulse-fcrmirig li3e ty a 112 cm 1s~~ edge- 
Flane -witch in :dater. The Ripple lines -~~~ivei! as a 
jclint tffsrt sf the a;lthors and R. S. ClarK who ?ravi.- 
9ed the line design. The puise-forming iir.e is 
charged it-. & to 50 ns and is r ^ thm switched incz a : :; 
Output line ttroagh a secczd, X2 cm vide, &ice-flanr 
water switch. The field sr;baccement factor :f 5ile adge 
is -12. The cu;put Line is terminated in a laad resis- 
%Jr, which is traTsit time isolated from the ou:put 
nJr.i:or ,during the Ccxperinent. T:le vsltage ua~;efcr.ms 
<an the line are moni:ared by TI~.<~c~ +i.ic ;liT;iticrs l>catzd 
at the center -f c;ach lice '1s srzA:: :n Fig. 1. T'r.e 
cizs.ue time f;>r ench c‘rureiJ"rer ir, each cap ir ;r.>,r,i:ori:l 
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with a streak camera viewing space l/8 to l/4 inch in 
front of the plane electrode. The recorded iuminosity 
was time correlated with the rise of the current in the 
gap to within 1 ns. The jitter in the closure times 
of the streamers in each gap and in the total jitter 
in the time between the Marx’s erection and the output 
pulse is obtained from the streak records and the 
7”.oltage weveforms. Time integrated photographs are 
also taker. for comparison with the streak-camera 
records. 
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Figure 1. - Side View of Apparatus 
The lines extend I20 cm into the paper. 

A is the transfer capacitor section; E is the 
pulse-forming line; c is the output line termi- 
nated in a load resiszor D. E and F are edge- 
plane gaps and G represents resistive voltage 
monitors that are uniformly graded in the high 
field region between the lines. The gaps are 
viewed t,irough screens or slits in the upper 
line. 
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F&;Ure 2. - SampLe Data 
The output waveform at 1.6 MV/div corres- 

ponds tc ?OO .&/div in the 2 ;! line. The streak 
record f lrst records the streamers in the second 
sap (B). The open shutter ptonogralh of the 
slits is alsc shcwn for comparison with the 
str-an record. 

Results and Discussion 

Sample output waveforms, streak reccrds and open 
shutter photographs are shown in Fig. 2. This output 
pulse was 1.5 iW/ 750 k4, with a 10-w percent rise- 
time of 3 ns and a pulse width of 13 ns. The energy 
in the output pulse was L.3 kJ with 25 kJ inil;ially in 
the -Marx generator. The streak camera and the oFen 
shutter photograph &owed that 15 channels carried 
signif icant current in the second gap and the average 
breakdown field was 0.8 MV/cm. The calculated values 
of 7r and T 
from Eq. (1 Y. 

were 1.7 ns and 0.4 ns, respectively, 
The calculated 10-w percent risetime 

is =+ 2.2 7 r = 3.7 ns compared to 3 * 0.5 ns observed 
risetime. 

The fast risetime cf the pulse is thus related 
to the large values of PEW and P? that are obtainable 
in the second gap. 
in Fig. 3 where 

A plot of EBD vs. t,ff is shown 
EBD equals the voltage at breakdown 

divided by the gap spacing and teff is .the time dur- 
ing which “‘he gap voltage was above 63 percent of the 
breakdown volTage. Gap separations of 2.5 cm to 
1.25 cm and 5. 7 cm to 4.1 cm were used in the output 
and transfer gaps, respectively, and voltages of 
1 to 2 WI were used for this data. It is evident that 
the negative edge can hold off up to twice the break- 
down voltage of a positive edge. Although more 
channels were formed when the edge electrode was pcsi- 
tive at the same breakdown voltage, a negatively 
charged edge gave a better switching performance 
because of the larger electric fields in the gap with 
a negative edge. The superior performance of the gap 
with a negative edge, when the resistive phase domi- 
nates the risetime, means that the customary proce- 
dure of having the field enh 
electrode sho,,ld be change&~-ement On the ‘Ositive 
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Figure j. - Breakdcrfln Electric Field as a Function 
of the Effective Breakdown Time 
The data Taken .#ith a negative adge (-) 

and slitha positive edge (a) are shown. Ihe 
error bars represent the spread in the data 
over many shots , gap separations and voltages. 
The solid lines A and D are the relations in 
EC. (L) for the cegative and pcsiti;-e edges, 
respectively. The dashed lines E and C are 
the relations in 90. (3) for the positive and 
negative data, ressectively, 

Figure 3 also contains the predicted curves of 
zB3 vs. teff -.qhich ‘.?ere Lierived from the relatlon- 
ship for ;he average streamer veloci:y U given by 
J. C. jYartin5 for V r: 1 NV and are approximated by: 
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Negative Edge: EBD = 0.0525 ' 
p-p wjcm 

eff 
(3) 

Positive Edge: EBD = 
J .0*$-7 

t0.C!3 Mv/cm 

eff 

for a gap separation d and effective time ceff (the 
time during which the voltage on the gap is greater 
than 6; percent of the breakdown voltage V in W). 

Since the data in the recent experiments was 
taken in the regime, 1 iW < V s 3 MV, the relations 
need sot be valid in this regime. Nevertheless, the 
rela;ions for streamers originating on the negative 
electrodes prcvile a reasonable fi; to the data for 
t eff < 53 ns. For teff > 50 ns, the breakdown field 
is - 6?-%3 percent more than predicted. The positive 
relations, on the other hand, provide a reasonable 
descripticn of the data for tenf Z 200 ns. For 
shorter times, the relatLcns ocerestimate Em by as 
much as InO percent. Mere appropriate, empirical 
formulas for the present data were found to be: 

Negative Edge: 0.13 EBD = - to.5 
W/cm 

eff 
(4) 

Positive Edge: EBD 
3*11 bw~crr. =-Tz 
teff 

Af;er the s;reamer leaves the edge electrode, it 
propagates scross the gap with a velocity that 
increases with the applied voltage. The negative 
streamer remains at the edge electrode twice as long 
as the positi\riLL streamer for comparable waveforms 
:i - :J;tlW3 and, therefore, holds off twice the 
7roltage of Lhe positive stresmer. The negative 
streamer then crosses the gap at approximately 60 
percen; cf the .Jelo-- -'ty of the positive streamer with 
the same driving .\roltage V. The velocities of the 
streamers were $0 cm/ps and 140 cm/+s at Ve 2 M?I 
and d = 5.7 cm for the negative and positive stresm- 
2rs, respectively. This compares to t'ne average 
streamer Tzelocitg (the ratio cf the gap separation 
:o i&f? cf 32 and 55 cm/p, for the negative and 
positi-re streamers, respectively. 

1 .,,- “~<‘.r 

El-“- - 

< 
, r ,- 1, - I q r -. I.7 

Y 

\r, 
_.---... _ 

f 
‘-r 

---I 

c’ 
, -1 ‘. T , ,, b ? ‘1, 

Figure -1. - Streak Photcgraphs 
Crcssing the Gap 

or' a Si2yl.r; Skremer 

The luminosity from the rcunded edge of 
the blade is 7 lsible as an apparent "bachard" 
going streamer in both photographs. The vslo- 
city of the positp;e stresmz is F:di faster 
a: 7 = 1.L NY t&r. i,he negazive streamer at 
'J x 1 . '3 xv . 

The relationship between the numbmer of channels N 
and the intrinsic zit'cer o is given by Eq. (2). The 
value of N is the number of channels that carry 45 per- 
cent or more of the current carried by the channel 
with a maximum current. This corresponds to those 
channels that close when approximately 85 percent or 
more of the maximum voltage is still on the gap.2 It 
was not possible to monitor the current in each 
channel. In lieu of this information, the risetime 
of the current in the gap, the relative positions of 
;he streamers, and the relative closure times of the 
streamers were correlated with the brightness of the 
channels in open-shutter photographs. It was f’nund 
that: (1) when the voltage at the root of the 
stresmer had fallen to $0 percent of its maximum value, 
the two streamers were equally bright; (2) when the 
voltage had fallen to 80 percent of its maximum value, 
there was a clearly observable difference between the 
two images. Conseq-Jently, onQ t‘ne streamers with 
brightness approximately equal to the brightest 
streamer were counted as an approximate value of N. 
This was normally about half the total number of 
stremers that closed. 

For charge ;imes of 200 to 400 r3 (i.e., the 
data in the first gap), the value of U obtained from 
Eq. (2) was 1.4 percent with no significant difference 
for positive o* negative streamers. Consequently, 
the larger number of streamers obtained with a posi- 
tive edge arises from t‘fle shorter charging time 'C 
for positive streamers and not from the intrinsic 
szandard deviation of positive streamer breakdown. 

The wavcfcrm on the second gap (i.e.. the output 
gap with charge times of 4C to 30 ns) was not a 
linearly rising pulse. Since dV/dt was nearly zero 
or even negative, a valae of a was difficult to deter- 
mine accurately. Using Eq. (2) to give an upper 
limit of a, one finds u is s 3.3 percent for both 
positive and negative streamers in the second gap, 
These values of u given by Eq. (2) from N measured 
with open shutter photography can be compared to the 
u of the closure times of transit-time isolated 
streamers as measured with the streak camera. Sample 
data is shown in Table I. 

& 

22n 

220 

:5 

50 

TABLE I 
Time Integrated 

Data Time Resolved Data 

Iu 'Eq.(2) L 'isolated 

6 1.0% 5 3.2% 
6 1.2% 5 :.,yc 

9 3.0$ 6 6.2% 
; 3*c$l 5 4 .C$ 

The .;alue ofameasured with the streak camera 
iS ?do ;c thee tkes t:?.at h7er. by EC_. 4 (2). Tte 
discrepancy apparently lies in the asszzp;izn., implf- 
tit in Eq. (2)) that all c?acnels tkat clsse :&:it:lir. 
a time inter;al cf 2a '&/(dlJ,idt) cocfrib.:te to i'i, 
whj2.e the present exper.mer.7 indica;es that or.ly those 
that close within UTC contrib-te ',o G and determine 
the sditch risetime. 

The larger, fractional standard de.,Wie:isn o for 
streamers in the second gap is attrSw,;ted to the 
long ;imescale required for the voltage on the second 
gap ;o eq?Jili.brate along %e entire length of that 
km. Since tne single-transit time along the gap 
length is comparable to the charging CILme, The -:ol:- 
age -iaries along the gap. This -Joltage variation. 
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incr,:ased the apparent jitter' in the second gap over 
the intrinsic Sitter of r,he same gap with a uniform 
volTage along the length. 

For large accelerators, many lines would be 
fired simultace~us>~ s. For this scheme to be practical 
the total jitr;er b&:veen the Marx's erection and the 
closure cf the second gap must be much less than the 
desired SO pulse-length. The charge time of the 
transfer capacitor was -.raried by 2dding an inductor 
b?zween the Marx an. the capacitor 2nd the total 
time between Marx's erecti'on and the output pulse was 
ns2sure-i for : to 7 sllo;s for each charge t5me. Since 
t:;e reference ttit:e t = 0 was taken fram the time at 
u1:ich tne erecting Marx waveform reac:?ed 2 set volt- 
age ) 7.". 'e value al 0 includes the variation in t = 5 
caused by transients in t:he Merx. Thus, U is an 
upper limit to the intrinsic jitter in the gaps. 

TABLE II 
Charge Tixe V 

ns) output 
u ns 

- - Gap #l 

260 

3.. ‘L? 

630 

530 

1.0 Mv 

1.4 Mv 

0.7 Mv 

1.13 Mv 

10 

id 

21 

20 

edge/plane 
,, 

11 

II 

Apparentljr, the jitter for a slow ,:harge time 
;,izh &ge-plane gaps increases sld&enly when the 
fcr,arge time is more tnan 30 ns. Kevertneless, even 
for a ch2r?e time of. 263 iis, ihe overall jitter was 
t-0 lar;c to allow the unsync hronized operation of 
:::ar.y xit s 50 form a 20 ns pulse. Therefore, either 
the r'irzt &ep will hare to be triggered or the trans- 
ft:r capacitor must be charged in N 100 ns for a 20 cs 
3utp;; pulse. 

C@tlClUSlX! 

We ha/c examined multicharnel switching in 
~?ter and found that the standard deviation in break- 
22bn 1;llr.e is 2-j percent of the charging time for a 
linearly rising ioltage wa;eforrn. The generally 
-:;e;i rela'ion for calculating the number of channels 
II sho:ALi ‘c.2 mollfied to reflect thaT oniy streamers 
tr.2: close -~il;hin c~,, of iach other carry significant 
xrr en ; . li;:,t ~;ilile ‘of N so zi;r,ained cm tt nrasured 
~scj~all;- :.reil :,,ith ;pen sh-Jtter photography or streak 
psotc,:raph;~. For 1; > ', on a IL2 cm long edge-plane 
,;ip, 3:: 7‘;~etL:TY u‘l ' t.ie ~current, is ad*c,uatel.y 
descrl>cd i;:i 5-c xual relation of Eq. (1). When 
the :mif*-c.i.;t ,.l,;~ztr~,~~: il: rrljati~/tly ~harge~l, the 

breakdown fields for 1 MV < V < 3 NV are adequate* 
described by tine empirical relation based on data 
for V < 1 MV for short charging time. Xhen the knife 
electrode is charged positively, the corresponding 
relation overestimates the breakdown voltage by as 
much as 100 percent. Alternative empiricai relitions 
are presented, In general, better shiitching perform- 
ance is obzained with a knife-edge electrode charged 
negatively. 
2 x iOI' A' 

Current risetimes of dI/dt in excess of 
,sec have been achieved. 

Acknowledgements 

We wish to acknowledge fruitful discussions Eith 
J. C. Martin on self-breaking water switches 2nd 
William Moore for technical assistance in performing 
and assembling the experiments. Special acknowledge- 
ment is due R. S. Clark for developing the pulse 
lines between the inception period thrcugh the 
delivery. The low-inductance Marx generatsr was 
provided by Pnysics International, San Leandro, 
California, under a development contract to Sandia 
Laboratories which was monitored by D. L. Johnson. 

1. 

2. 

3. 

4. 

>. 

6. 

References 

G. Yonas, J. W. Pokey, K. R. Prestwich, 
J. R. Freeman, A. J. Toepfer and M. J. Clauser, 
Proceedings of the Sixth European Conference 
on Controlled Fusion and Plasma Ihysics (Joint 
Institute for Nuclear Research, I~OSCW), I, L-63 
(1373). 

J. C. Martin, "Multiclrannel Gaps." Internal 
ton, Report SSWA/JCM/703/27, AWRE, kldermas 

England (1970). 

T. H. Martin, IEEE Trans. on iYuc1. Sci 
30. j, p. 229 (1973). 

. , xs-2’J 

;. K. Burton, D. Conte, X. H. Lupton, 
J. D. Shipman, Jr., and I. 14. Vitkovits,iy, 
Fifth Symposium on Engineering Problems of 
Fusion Research, Princeton, Mew Jersey, 
p. 679-683 (1373). 

J. C. Martin, "Nanosecond Pulse Techniques," 
Internal Report SSWA,/JCM/704/19, AWRE, dlder- 
maston, England (1970). 

D. H. McDaniel, "Studies of a Multi-Channel 
Self-Break Water Swizcli," proposed lor presen- 
tation at the 1975 IEEE International Conference 
on Plasma Science, May 11-16 , 1'175, Ann Arbor, 
Michigan . 

982 


