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Abstraot 

He Invest iga ted the propagation of MY 
e l e c t r i c a l pulses along coax ia l transmission l i n e s 
(TL) in vacuum with network simulat ions and 
experiments. One goal was to e s t a b l i s h how w e l l a 
3 a - long TL would sharpen the output pulse of a 
r e l a t i v l s t i c e l e c t r o n beam a c c e l e r a t o r . 
Sharpening occurs as the cathode of the TL emits 
e lect rons and the current f low forces the TL in to 
magnetic c u t - o f f . The other goal was to determine 
how w e l l f i e l d emission must be suppressed i n a TL 
t o avoid d i s t o r t i o n of a propagating pulse. 
Simulat ions predict a f o u r - f o l d r l s e t l o e 
improvement (8 ns to 2 ns) through magnetic 
i n s u l a t i o n i n a TL wi th an e l e c t r i c a l length (10 
ns) comparable to the rtset lrae of the Input 
pu lse . I n the laboratory we have shown a 
f i v e - f o l d improvement [15 t o 3 ns) wi th a ve lve t 
covered 3-m l i n e and a 7 .5 f o l d improvement (2 ns) 
when a vacuum f lashover switch was Incorporated 
between the f i r s t t h i r d and the l a s t two t h i r d s of 
the TL. Simple arguments and TL simulat ions 
suggest that even a small f r a c t i o n (1 or 2 %) of 
Child-Langmuir (CL) space charge l i m i t e d emission 
w i l l d i s t o r t a propagating voltage pu lse . This 
r e s u l t , I s of p a r t i c u l a r importance when t h e TL i s 
part of a voltage diagnost ic system. 

Introduction 
This paper describes invest iga t ions of 

non-stat ionary pulse propagation [ 1 ] i n vacuum 
transmission l i n e s (TL) wi th f i e l d emission. I n 
the non-sta t ionary regime, the r l s e t i m e of the 
pulse i n j e c t e d a t the input of t h e TL i s shorter 
than the e l e c t r i c a l length of the TL. I f the 
f i e l d s at the cathode are large enough, current 
drawn by f i e l d emission i n Che TL can be 
s u f f i c i e n t to magnet ica l ly i n s u l a t e the cathode. 
I n t h i s operat ing regime, TLs are commonly known 
as MITLs (magnet ica l ly insulated transmission 
l i n e s ) . 

The non-s ta t lunary behavior or long (5 -10 at), 
high Impedance ( 2 > 30 n) MITLs .-ire w e l l 
understood exper imenta l ly 12,3,H] and comparisons 
of p a r t i c l e s imulat ions and experimental 
measurements have appeared i n the l i t e r a t u r e [ 5 ] . 

The bulk of the experience wi th lower 
impedance MITLs has been obtained w i t h short MITLs 
(vacuum feeds, < 1 m-long) t h a t d r ive Imploding 
plasma loads [ 6 , 7 , 8 ] . The r l s e t l m e of the d r i v i n g 
pulses f o r these feeds i s , i n genera l , longer than 
the e l e c t r i c a l length of the MITL. Consequently, 
one would expect non-stat ionary behavior a t the 
very beginning o f the pulse o n l y . ExDerlmental 
r e s u l t s w i th these feeds do show some sharpening 
of the lead ing edge of the pu lse . 

Data i s a lso a v a i l a b l e w i t h 1 and 2 m-long 
MITLs. An experiment wi th a i-m long, 4 .7 Q cold 
impedance coax [ 9 , 1 0 ] at megavolt l e v e l s showed a 
small degree or pulse sharpening. Exoeriments 
wi th a 2-m, 1.7 fl coax at 0.9 MV [ 1 0 ] showed & 
larger degree of pulse sharpening. The emphasis 
of these experiments, however, was to demonstrate 
e f f i c i e n t ourrent t ranspor t so tha t the pulse 
sharpening propert ies or the MITLs were not 
exp lo i ted nor opt imized. A 2 ft-long, 56 ft MITL in 
a f l a s h radiography acce lera tor operat ing at 7 HV 
[ 1 1 ] a lso sharpened a 50 ns r l set I tie pulse 
s l i g h t l y . I n t h i s experiment, the emphasis was on 
prepulse suppression and e f f i c i e n t current 
t ransport rather t i a n pulse sharpening. 

A recent development in MITL technology Is 
the use of ve lve t as a cathode m a t e r i a l [ 1 2 ] t o 
reduce the threshold of f i e l d emission ( from 250 
kV/co [ 2 ] t o 50 kV/cra). A 1 0 - f o l d pulse 
sharpening (20 ns t o 2 ns) w i t h a 2 .5 m-long 38 0 
MITL operat ing at 1 MV with a ve lve t cathode has 
been reported In the l i t e r a t u r e [ 1 3 ] . The most 
important observat ion of Rer. 13 i s the absence of 
pulse sharpening with bare or carbon coated 
cathodes s ince the f i e l d s are not s u f f i c i e n t l y 
high to turn-on the cathode uni formly. This 
confirms that uniform f i e l d emission, as described 
i n Ref. 12, plays a fundamental r o l e I n the proper 
operat ion of a MITL. The lack of uniform H e l d 
emission, i n s p i t e of carbon coated metal 
cathodes, may exp la in the marginal performance of 
the MITL feeds described i n Refs. 6 through 10. 
I t also explains why, the c i r c u i t s imulat ions 
described i n Ref. 6 requ i red only 10 % cf the 
Child-Langrauir (CL) spae* charge l i m i t e d current 
t o y i e l d agreement w i th experiment. 

Transmission Line Simulation Techniques 
The c i r c u i t s imulat ions we describe below 

fo l low the approach of Rer. H . Tixe model Tor the 
TL i s a cascade o f sect ions composed o f a s e r i e s 
inductance L, a shunt capacitance C and a shunt 
conductance G. A t y p i c a l TL sect ion appears i n 
F i g . 6 of Ref. 1 , The Inductance and capacitance 
of a coaxia l sect ions i s : 

u r t£ l n ( r / r . 
L . - * — - - . 

2 v 

2nc 9. 

£n7rSr( ) 

(1 ) 

( 2 ) 

where £ is the length of the a e c t i c n , r Q Ja the 
outer radius and r^ 13 the inner r a d i u s . 

The conductance G is the product of the CL 
conductance G and the magnetic c i t - o f r funct ion 
F, The conductance allows e lec t ron flow across 
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the conducting cylinders tnat form the electrodes 
i-/* the capacitor in the section. To derive the 
conductance associated with CL apace change 
limited flow across coaxial cylinders we divide 
thi space cnarg« limited current I--, C15] by the 
voltage V to obtain: 

i?) 
,.l / 2 -

2 e i i / 2 8» 

the second establ ishes the shortest length the 
propagating f ront can a t t a i n . 

To guarantee that the f i e l d emission currents 
are much smaller than the vacuum currents : 

8« / 2 f e i i / 2 I 
9 V 2 

where r is the cathode radius and r Is the anode 
radius. Reference 15 tabulates B (p. 178) as a 
function of f^Q for geometries where the inner 
conductor can be either the cathode or the anode. 

The cutoff function F that appears In Fig. 1 
is a funotion of the ratio t/Tc and models the 
process of magnetic insulation. This function ta 

r I ^ E o 

The constant a<1 represents the degree to 
which CL f i e l d emission can be suppressed. 
S impl i fy ing t h i s expression we o b t a i n : 

U/2 ° i" t^l -*-; H-

Figure 
I / I . . 

Cutof f funct ion F as a funct ion of 

un i ty for zero current (undisturbed e lec t ron 
t r a j e c t o r i e s ) and zero for a current greater than 
or equal to t w t c r i t i c a l current (e lec t rons can no 
longer raa/'n the anode and magnetic i n s u l a t i o n has 
been f u l l y a t t a i n e d ) . The c r i t i c a l current 1Q [ 1 ] 
depends on the voltage and the geometry: 

Jl C 0 ^ 1 / 2 
(1) 

m(^) 

I n the equation above,Y is the r e l a t i v l s t i c 
f a c t o r , V Is the voltage appearing across C, and 
m ?̂ is the rest energy of the e l e c t r o n . 

A non-dimensional analysis [16] i s very 
useful to e s t a b l i s h two distance sca les . One is a 
distance over which f i e l d emission can draw 
currents comparable to the displacement currents 
and the other la a distance over which the cuto f f 
current is reached. The f i r s t dimension 
estab l ishes a bound on the longest TL that could 
be used to t ransmit pulses without d i s t o r t i o n and 

To obta in the distance (._, required to draw 
the c u t - o f f current we compare the CL current to 
the c r i t i c a l current : 

8n/2 f e * 1 / 2 V (8) 

2it ( y* 1) 
1/2 

E o 1 
S i m p l i f y i n g t h i s expression we o b t a i n : 

r 8 r Y - I 

r i 

Transmission Line Calculations 

For pulse sharpening, the r e s u l t s of a 10 
segment c a l c u l a t i o n o f a 3 m-long NITL wi th 
r - 9.52 en, P « 8.25 en, appear In F i g . 2 . The 
r e s u l t s show tha t a HITL Is very e f f e c t i v e at 
sharpening the r l se t lme of a propagating pulse 
even when the e l e c t r i c a l length of the HITL is 
comparable to the r l se t ime of the pulse . Waveform 
F in the f i g u r e I s the 10 ns r i s e t i m e Input pulse, 
waveform A la the voltage on the f L r s t element and 
waveforms B, C, D, and E are the voltage 1 / 1 , 1/2, 
3 / " and 1/1 of the way along the HITL. The 
r ise t imes of these voltages are 8, 5 . 1 . 3 . 9 , 3*0 
and 2.1 ns r e s p e c t i v e l y . A c a l c u l a t i o n for a 2 
m-long HITL wi th a 5 ns l i n e a r ramp Input shows a 
1 , 2 . 3 , 1 .8 , 1 .5 , and 1.2 r:s r l se t i t i es at the same 
l o c a t i o n s . 

He ca lcu la te the minimum length of 
transmission l i n e necessary to accommodate the 
r l se t ime of the pulse using Eq. 9. -For the above 
r a d i i ( p o s i t i v e outer conductor) . 0 - 0 .02186, 
Therefore , a t 1 HV, l p / r - 0.216 for a • 1 . In 
p rac t i ce the distance w i l l be somewhat longer 
because the c u t o f f condi t ion gradual ly suppresses 
f i e l d emission. This distance may a lso determine 
the minimum segment length f o r s t a b l e simulat ions 
( c i r c u i t as wel l as p a r t i c l e in c e l l ) . 
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I 
F i g u r e 2. Vo l tage 3 t aucce. id ive p o s i t i o n s i n 
m- long MITL. 

a 3 

For f a s t , h i g h vo l t age pu l se t r a n s m i s s i o n , 
l i m i t a t i o n s o f c o a x i a l s t r u c t u r e s are w e l l 
known. For c o n v e n t i o n a l a p p l i c a t i o n s , those 
l i m i t a t i o n s a r i s e f r o m : sK in e f f e c t 3 e r l e s 
r e s i s t a n c e o f the conduc to rs t h a t a t t e n u a t e s the 
h igh f requency components o f the pu lse t ' 7 ] , 
p ropaga t i on o f non-TEM modes t h a t i n t r o d u c e s 
d i s p e r s i o n [ 1 8 ] , and a f i n i t e d i e l e c t r i c s t r e n g t h 
o f the i n s u l a t i o n U n i t s the magnitude o f the 
p ropaga t i ng p u l s e . I n s u l a t o r conductances a re so 
sma l l t n i t t hey do not p l a y any r o l e i n o r d i n a r y 
p r a c t i c e . 

•GO 
F igu re 3. Vo l tage at 1.5 m I n a t r a n s m i s s i o n l i n e 
w i t h i n c r e a s i n g Leveis o f f i e l d e m i s s i o n . 

a t t e n u a t e s the pu lse but does not I n t r oduce seve re 
d i s t o r t i o n . For a above 0 . 0 5 , the pu lse l a so 
s e v e r e l y d i s t o r t e d t h a t a l l I n f o r m a t i o n about the 
l e a d i n g edge has been l o s t . 

The c u r r e n t s d i s p l a y e d I n F i g . 1 a re o f even 
more I n t e r e s t . For a - .001 and .01 t h e c u r r e n t 
i n the TL corresponds t o the vacuum v a l u e . For 
a - .05 and above, however, the c u r r e n t reaches I c 

I n d i c a t i n g t h a t emiss ion i s s u f f i c i e n t t o a l l o w 
c u t - o f f o f the e l e c t r o n f l o w i n t h e TL , 

We are i n t e r e s t e d i n us ing a vacuum TL t o 
t r a n s m i t a 1 MV pu lse t o a d i a g n o s t i c probe [ 1 9 ] 
w i t h a minimum of d i s t o r t i o n . S ince we can show 
t h a t f o r a 1 or 2 ns r i s e t l m e p u l s e , t h e s k i n 
e f f e c t i n TLs o f a few cm diameter i s n e g l i g i b l e 
and h igher o rder modns a re not e x c i t e d , t h e o n l y 
source o f pu l se d i s t o r t i o n i s the conductance 
a s s o c i a t e d w i t h space charge f l ow f rom one 
e l e c t r o d e t o the o t h e r . The genera l t heo ry o f 
l o s s y TLs t r e a t s the e f f e c t o f shunt conductance 
on pu l se p r o p a g a t i o n . However, a n a l y t i c a l 
s o l u t i o n s , even f o r the s i u p l e eases, sro q u i t e 
comp l i ca ted [ 2 0 ] . 

5 = .00t 

We can e s t i m a t e t h e e f f e c t s o f shunt 
conductance us ing Eq. 7 developed above. Let us 
cons ider a «.5 m- long vacuum TL w i t h 

3.615 cm and 1.429 cm. For V • 
l MV» tne CL c u r r e n t becomes equal t o the 
d isp lacement c u r r e n t when the m u l t i p l i e r .* f o r the 
CL c u r r e n t i s 0 .017 . Consequen t l y , I f we want t o 
propagate a pu lse w i t h o u t d i s t o r t i o n and 
a t t e n u a t i o n , e l e c t r o n emiss ion shou ld be kept we l l 
below t h i s l e v e l . 

C-J 
F i g u r e 4. Cur ren t a t 4.5 m i n a t r a n s m i s s i o n l i n e 
w i t h i n c r e a s i n g l e v e l s o f f i e l d e m i s s i o n . 

S i m i l a r l y we can ask t h e q u e s t i o n : what va lue 
of a w i l l cause t h e t r a n s m i s s i o n l i n e to behave as 
a MITL? Equat ion 9 y i e l d s a - 0 .026 , 

To check these s imp le e s t i m a t e s , we 
c a l c u l a t e d the e f f e c t of shunt conductance f o r the 
" . 5 m-long TL us ing t h e same netwo-** model as f o r 
the MITL c a l c u l a t i o n s . F i g . 3 d i s p l a y s the 
vo l t age a t the i npu t and the vo i t / i ge a t u.̂ > m f o r 
v a r y i n g l e v e l s of f i e l d emiss ion (D.0O1 < a _< 
1 ) . a I n the range between 0.0C1 and 0.01 

Conc lus ions 

We have demonstrated t h a t i s i s p o s s i b l e t o 
decrease the r i s e t l m e o f a p ropaga t i ng pu lse u s i n g 
a t r a n s m i s s i o n l i n e w i t h f i e l d emi3s lon and 
magnet ic c u t - o f f even when the l e n g t h o f the 
t r a n s m i s s i o n l i n e i s s h o r t e r than the r i s e t i m e o f 
the i npu t p u l s e . We have a l so demonstrated t h a t 
even sma l ; L^veLs of f i e l d em iss ion w i i L f o r c e a 
t r a n s m i s s i o n l i n e i n t o magnet ic c u t o f f . We have 
presented s imp le r e l a t i o n s h i p s t ha t p rov ide 



estimates of the effects of field emission on 
transmission line operation. Finally, laboratory 
experiments 12\ j show that a five fold risetiT.e 
improvement without 3 vacuum switch and a 7.5 fold 
improvement with a switch are indeed possiDle. 
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