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Control led gas - f i l l ed  o r  liquid .d i scha rge r s  [1-3] a r e u s e d a s  s w i t c h e s  in the ma jo r i t y  of  exis t ing nanosec -  
onds a c c e l e r a t o r s  and x - r a y  gene ra to r s .  T h e  u s e  of  gas  d i s c h a r g e r s  is  convenient  at  vol tages  up to  2-3 MV, 
while liquid d i s c h a r g e r s  c a n b e  used a t p r a c t i c a l t y  any vul tages  [ 1 ] .  

One of  the mos t  p r o m i s i n g  liquid d i s c h a r g e r s  being used  in nanosecond a c c e l e r a t o r s  [4, 5] is  the t h r e e -  
e lec t rode  d i s c h a r g e r  control led by an additional gas - f i l l ed  switch. However ,  the lack  of suff icient ly comple te  
data  on the c h a r a c t e r i s t i c s  and cons t ruc t iona l  p r inc ip les  of  such discha_rgers has  r e s t r i c t e d t h e i r u s e ,  while t h e  
low s tabi l i ty  of  t he i r  opera t ion  compared  with gas - f i l l ed  swi tches  has  s t imula ted  a fu r the r  s ea r ch  for  op t imum 
modes  of  opera t ion ,  cons t ruc t ions ,  and methods of t r i g g e r i n g  the d i s cha rge r swi th  liquid insulation. 

In this inves t igat ion we used two di f ferent  methods of  t r i gge r ing  control led d i s c h a r g e r s ,  which switch a 
coaxial  s t o rage  line with a wave impedance  Zw=4.6  12. The insulat ion of the line is  wa te r  with a vo lume r e s i s -  
t iv i ty  p =2.108 ~ -  c m  (Fig. 1). The double e l ec t r i c a l  length of the shaping and t r a n s m i s s i o n  l ines a re  40 nsec  
and 25 nsec ,  r e s p e c t i v e l y  [6]; the d i a m e t e r  of  the inner  cy l inder  (the body of the s tore)  i s  0.4 m. The shaping 
line is  charged  f r o m  a Marx g e n e r a t o r  up to an ampli tude of 0.6-1.0 MV in a t ime  of ~0.75 #sec .  In the ex -  
p e r i m e n t s  we r eco rded  the following: the cha rge  vol tage and the delay t ime  of the opera t ion  of the d i s c h a r g e r s  
with a r e s i s t i v e  d iv ider  D l and a capaci ty  d iv ider  D3, the d i scha rge  cu r r en t  f r o m  the shunt (Rsh =0.022 12), 
buil t  into a cut in the ou te r  cy l inder  of  the t r a n s m i s s i o n  line, and also the opt ica l  phenomena in the d i scharge  
gap using two ZIM-2 e l ec t ron -op t i ca l  shu t t e r s  (exposure  - 10 nsec;  t ime  between f r a m e s  - 40 nsec) while 
s imul taneous ly  photographing the d i scha rge  channels with a s ta t ic  c a m e r a .  The div ider  D l is  made of  Nichrome 
wire ,  wound b i f i l a r ly  on a PVC tube 0.16 m in d i a m e t e r  and 1.6 m long (R 1 =18 k~, R~. =20.5 ~2). The div ider  
D 3 cons is t s  of  a low-vol tage cy l indr ica l  capac i to r  C2, embedded in the body of the s to re ,  and a h igh-vol tage  
capac i to r  C l fo rmed  by the inner  e lec t rode  of  C~ and the inner  cy l inder  of  the s to re .  The ca lcula ted  va lues  of 
C 1 and C 2 a r e  10 pF and 500 pF,  respecti_vely, and the t i m e  constant  of the d iv ider  is < 5 n sec .  

We inves t iga ted  the following fundamental  c h a r a c t e r i s t i c s  of  the d i scha rge r :  1) the delay t ime  of the op-  
e ra t ion  of the d i s c h a r g e r  t d m e a s u r e d  f r o m  the ins tant  when the ini t iat ing agent  acts  until breakdown of the main 
gap; 2) the opera t ing  s tabi l i ty  ~o, Viz., the m e a n - s q u a r e  deviat ion of  the value of td; 3) the switching t ime  t s o r  
the r i s e  t ime  of  the c u r r e n t  pulse,  de te rmined  by a s tandard  method; 4) the ef fec t ive  value of the switched 
cu r r en t  I at the level  of  the ca lcula ted  pulse lengths.  

T h r e e - E l e c t r o d e  Discharge r .  The main  e l emen t s  of  the switch, which a re  component  e l ements  of  the 
shaping and t r a n s m i s s i o n  l ines (see Fig. 1), a re  made of  s ta in less  s tee l  in the f o r m  of r ings  with an ex te rna l  
d i a m e t e r  of  12 c m  and th ickness  3 cm. The control l ing e lec t rode ,  which is a d isk  with a sha rp  edge of d i a m e t e r  
of  10 c m  and th ickness  0.4 cm,  is  made in the shape of a c i r c u l a r  knife of  Khl8N10T s ta in less  s teel ,  placed 
c lose  to the t r a n s m i s s i o n  line and at tached to a caprolon insu la to r  (the body of the pro tec t ive  res i s tance) .  The 
ra t io  of  the gaps was kept constant  at 7 : 1 [1] with an ove ra l l  i n t e r e l ec t rode  spacing d = 5 cm. The control  
e l ec t rode  was  connected to the gas - f i l l ed  d i s c h a r g e r  P2 through a liquid p ro tec t ive  r e s i s t a n c e  (~1 k~). The 
d i s c h a r g e r  P2 was t r i g g e r e d  f r o m  a t r i g g e r - p u l s e  g e n e r a t o r  0.55 # s e c  a f te r  the s t a r t  of  the charging of the 
shaping line, i .e . ,  snd the ins tant  when the ampli tude of  the line charging  vol tage r eaches  0 . 8 U r e a  x .  The a m -  
plitude of  the t r i g g e r  s ignal  U t is  35 kV and the r i s e  t ime  is  3 nsec.  The t r i g g e r  t ime  was chosen on the bas i s  
of  expe r imen ta l  data  on the r a t e  of  deve lopment  of  the d i scharge .  

F igure  2 shows t d and ao as a function of  the ampli tude of  the working voltage.  The t ime  t d was found by 
m e a s u r i n g  the s ignals  f r o m  D s and D 2 on an osc i l loscope .  The min imum values  t d =200 nsec  and (r o =15 nsec  
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were  obtained for  U =1000 kV (0.9Ut ini t ia ted f r o m  the anode). A reduct ion in the working vol tage by 15% leads 
to an i n c r e a s e  in ~0 by a fac tor  of  two. F o r  vol tages  close to the se l f -b reakdown voltage (0.95-1.0)Ut, % in-  
c r e a s e s  by 10--20% due to spontaneous t r igger ing .  The voltage range  over  which, as a r e su l t  of control led in-  
i t iat ion,  mul t iehannel  switching (a d i scharge  with r e s p e c t  to two or  m o r e  channels) occurs  with a probabi l i ty  of 
0.9 is  (0.85-0.95)U t. The fact  that  switching o c c u r r e d  ove r  s e v e r a l  channels follows f r o m  the f r a m e  photo- 
g raphs  (Figs.  3a and b) and the s ta t ic  photographs of the d i scharge  (Fig. 3c), and also f r o m  a compar i son  of the 
cu r r en t  o s c i l l o g r a m s  c h a r a c t e r i s t i c  for  single and mult ichannel  switching (Figs. 4a and b, respec t ive ly ;  U = 
860 kV, c a l i b r a t i o n  f requency 108 Hz). The osci l la t ions  on the leading edge of the pulse a re  due to t r ans i en t s  
in the line. 

With the aid of  the f r a m e  photographs ,  we followed the development  of  the d ischarge  channels at  different  
ins tants  of  t ime.  Fo r  example ,  for  U = 880 kV, 50 nsec  a f t e r  t r igge r ing  of  the gas d i s c h a r g e r  P2 numerous  
channels (20-30) a re  fo rmed  in the region of the sha rp  edge of the control  e lec t rode ,  which propagate  towards  
the potential  e l ec t rode  at an average  speed of (2-4) �9 10 ~ c m ~ e c  (Fig. 3a). Some 100 nsec  af ter  the d i s c h a r g e r  
P2 t r i g g e r s  a p r e f e r r e d  development  of 3-6 channels is observed  (Fig. 3b), the ve}ocity of  which ove r  the s ec -  
tion (0.2-0.3)d exceeds  the speed of development  of the ma jo r i ty  of  channels by approx imate ly  an o r d e r  of 
magnitude.  As they pene t ra te  fu r the r  (the (0.8-1)d section) the mean  speed i n c r e a s e s  to (6-8) �9 107 cm/sec .  
Af ter  breakdown of the f i r s t  gap the total  vol tage is applied to the second gap, which ensures  shor t  f i r ing  t imes  
and the development  of  d i scharge  channels in the second gap. I r r e s p e c t i v e  of  the dependence on the number  of 
channels  in the f i r s t  gap,swi tching occu r s  in the second gap o v e r  4-6 channels .  In the case  when a gap is 
s imul taneous ly  covered  b y  s e v e r a l  channels the b r igh tness  and d i a m e t e r  of the i l lumination of the d i scharge  
channels  a re  approx ima te ly  the same ;  then the reduct ion in the cur ren t  amplitude compared  with the calculated 
value does not exceed 20-25%, whereas  fo r  switching in a single channel it  may be as high as 30-40%. 

Damage  of the e lec t rode  by e ros ion  and shock waves produced by the spa rk  cons iderably  i n c r e a s e s  the 
sp read  in the f i r ing of the d i scharge ,  and reduces  the probabi l i ty  of switching in s e v e r a l  channels only af ter  
~800-1000 "sho ts . "  After  ~1000 opera t ions  of the d i s c h a r g e r  for  a charging voltage of (0.85-0.95)Ut, the 
m e a n - s q u a r e  deviation ~ o i n c r e a s e s  by 30-40%, while the probabi l i ty  of s imul taneous switching over  2-3 
channels becomes  50%. The opera t iona l  r e s e r v e  of the d i scha rges  under  mult ichannel  conditions can be in-  
c r ea sed  by fu r the r  inc reas ing  the num ber  of  effect ive channels and the length of the working edge of the control  
e lec t rode .  

T r iga t ron  Di scha rge r s .  The high t r i gge r ing  s tabi l i ty  of a wa te r  t r i ga t ron  can be achieved by init iating a 
d i scha rge  with an "intensif ied f ield" in the region of the anode, when the main gap breaks  down e a r l i e r  than the 
"keep -a l ive"  e lec t rode ,  and the t r i gge r ing  pulse has  a nanosecond r i s e  t ime  [7], 
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Three-Channel  Trigatron.  The d i scha rge r  consis ts  of  two plane electrodes  of d iamete r  20 cm and a radius 
of curvature  of 6 ram, in one of which there are  three keep-al ive e lectrodes  t raced  symmet r i ca l ly  on a d iameter  
of 12.5 cm. Each electrode is in the fo rm of a hemisphere  6 cm in d iameter  (with a wall thickness of 0.4 cm), 
protruding 3 cm over  the common surface.  A control  e lec t rode 0.5 cm in d iameter  is placed in an opening 1.4 
cm in d iameter  in the hemisphere .  In this construct ion of the d i scharger  the self-breakdown voltage is 0.9 
MV and 1.0 MV for  in tere lec t rode  dis tances of 5 and 6 cm, respect ively.  Taking the data given in [7] into 
account, the amplitude of the t r igge r  pulse can be taken as +160 *kV. In this case the rate of variat ion of the 
potential on the t r igger  e lec t rodes  is 10 kV/nsec. The t r i gge r  pulse was applied simultaneously to all the con- 
t rol  e lectrodes  0.55 #sec  f rom the beginning of  the charging of the shaping line. 

Figure 5 shows the delay t ime of d i scha rge r  t r igger ing  as a function of the amplitude of  the voltage for  
in tere lec t rode spacings of  5 em and 6 cm (curves 1 and 2, respect ively) .  Comparing them we see that for  the 
same voltages the t ime t d dec reases  on average by 25-30% when the in tere lec t rode  distance is changed by 1 em, 
i.e., it i nc reases  rapidly as the overvol tage ac ross  the main gap of the d i scharger  is reduced. A n increase  in 
d (a reduction in the overvoltage) leads to an inc rease  in ao also: for  d = 5 cm,  qo = 8 nsec and for  d = 6 era, ~o = 
10 nsec. The more  pronounced dependence of  td on the overvol tage for a t r iga t ron  compared with a th ree-  
e lectrode d i scha rge r  is due to the g rea te r  nonuniformity of the field produced by the keep-al ive electrode in the 
t r igat ron.  

The d i scha rge r  t r igge r s  fair ly rel iably in the range (0.6-0.95)U t. However, sa t i s fac tory  switching cha r -  
ac te r i s t ics  are  only obtained for U = (0.8-0.95)Ut, when switching occurs  over  three channels with a probabili ty 
of 0.92 (Fig. 3e, the il lumination was recorded  with an e lec t ron-opt ica l  conver te r  170 nsec  after  applying the 
t r igger ing  pulse to the control  electrode).  It follows f rom the pictures obtained f rom the e lec t ron-opt ica l  con- 
v e r t e r  and the static photographs that all the channels which a re  developed at the s tar t  of switching (i.e., at the 
instant  when the gap covers  at least  one channel) at a distance of ~0.6d part icipate in the t r ansmiss ion  of  the 
c u r r e n t .  The current  in these channels at the instant when the switching is completed is ~5-10% of the cur rent  
in the main channel. In those channels whose length at the s ta r t  of switching was 0.8d or  more,  the cur rent  is 
~80~ of the cur ren t  in the channel f i rs t  connected to the gap [the cur ren t  in each channel was est imated using the 
method descr ibed in [8], based on the fact that the total output of light (determined f rom the illumination of the 
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photograph) is proport ional  to the energy  dissipated in the channel (or the cur rent  flowing in the channel), for 
a constant pulse length]. For  opt imum values of  the charging voltage of (0.8-0.95)Ut, the cur rent  pulse r i se  
t ime under th ree-channe l  switching conditions is ~16 nsec (I =160 kA). Thanks to the current  distr ibution over  
the individual channels (50-55 kA per  channel) the erosion of  the e lec t rodes  is reduced considerably,  which en- 
sures  more  than a thousandfold operat ion of the d i scha rge r  without any appreciable deter iorat ion in the switch-  
ing cha rac te r i s t i c s .  

Using the e lec t ron-opt ica l  conver ter ,  we determined the average volocity r ay  of increase  of the d ischarge  
channels at different par ts  of the in tere lec t rode  gap. When seve ra l  d ischarge  channels are f i red s imultaneously 
they all propagate with the same velocity,  continuously increas ing  as they extend into the gap. In the section 
(0.1-0.3)d the average veloci ty of increase  of  the channels is (0.8-3) �9 107 cm/sec.  This part  is distinguished 
by the s t r ic t  d i rect ional i ty  of the channels and thei r  only slight branching. In the following section of  the path 
(0.3-0.7)d branching of the channels is observed and a distribution with respec t  to their  ra te  of inc rease  (Fig. 
3d, U = 800 kV, the il lumination was recorded  using an e lec t ron-opt ica l  conver ter  120 nsec  after  applying the 
t r igger ing  pulse to the control  electrode).  A preferent ia l  development with a velocity of (3-5) �9 107 cm/sec  
occurs  in those channels which propagate over  the shor tes t  path. Over the remaining part of the in tere lec t rode 
gap r ay  i nc r ea se s  up to (5-8) �9 107 cm/sec .  The data given here  was obtained for d =5-6 cm and an average 
field s trength Eav - 160 kV/cm. 

We als0 measured  the average rate  of inc rease  of the d ischarge  ch.nnels  for different field s trengths 
for  the same value of d =5 cm; Fig. 6 shows the relat ion between Vav and Ear  , which can be represented  in 
the fo rm of the empi r ica l  equation 

(Vav is in cm/sec ,  and Eav is in kV/cm). 

The resu l t s  show that  in switches with a more -un i fo rm field one can produce bet tercondi t ions  which en-  
sure  a high rate  of development of  the d ischarge  p rocesses ,  and consequently, the range of t r igger ing  of the 
d i scha rge r  can be broadened with a minimum change in the value of t d and ao. This can be achieved to a cer tain 
extent in a t r iga t ron  with a r ing keep-al ive electrode.  

A "Ring" Tr iga t ron .  The main e lec t rodes  in the d i scha rge r  ensure  that a close to uniform field is ob- 
tained. The cathode (a plane disk of d iameter  20 cm and radius of  curvature  0.6 cm) is a constructional  element 
in the shaping line. The main (anode) and controll ing e lect rodes  are  connected to the end surface of the t r ans -  
miss ion line. The main e lect rode consis ts  of a body made in the fo rm of a hollow disk (wall thickness 0.8 cm) 
with an internal  d iameter  of 13 cm and and external  d iameter  of  20 cm (radius of curvature  3 cm), and an in- 
te rna l  disk 11 cm in d iameter ,  placed at the same level as the sur face  of  the body. The control  e lec t rode ,  
made in the fo rm of a r ing with a sharp edge (radius of  curvature  0.01 cm) of d iameter  12 era, is fastened to 
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polyethylene insulators inthe internal cavity between the body and the inner disk and protrudes over the surface 
of the main electrode by 0.2 cm. Hence, between the control and main electrodes there are two gaps of width 
0.5 cm. The distance between the main electrodes is 5 cm. This discharger  construction enables one, firstly,  
to obtain multicbannel switching with a high triggering stability, and secondly, enables one to increase the num.- 
be t  of connections of the discharger  due to the extended edge of the control electrode. 

As is seen from Fig. 7, unlike the three-channel  tr igatron (see Fig. 5), in the "ring" trigntron (d--5 cm) 
t d depends to a much lesser  extent on U, which indicates the high efficiency with which the discharge is ini- 
t i a t e d b y t h e  "intensification of the field" in switches with this kind of electrode geometry. Thus, in the range 
(0.75-0.95)Ut (U t =950 kV) the variation in t d was 3%, while the switching probability over  three or  more 
channels (Fig. 7b, curves 3-1 - the switching over one, two and three channels, respectively) is 0.95 ( a t r ig-  
gering pulse of amplitude +160 kV was applied to the control electrode 0.55 ~sec after the beginning of the 
line charging). In this case, as in the previous dischargers ,  an increase in the amplitude of the switched cur-  
rent by 10-15% is observed (Fig. 7b, curve 1) compared with the single-channel switching mode 3. The in- 
stability in the current  amplitude is 3-5%�9 

The results obtained show that by an appropriate choice of the construction and the tr iggering mode, 
one can produce water discharges with nanosecond triggering stability, as a result  of which multichannel op- 
eration can be achieved, which enables the switching time and the electrode erosion to be reduced (thereby in- 
creasing the lifetime of dischargers) ,  and enables the efficiency of the circuit  to be increased, 
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