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Abstract:

The L~1PV is a mercury—cathode, triggered . closing
switch which employs a small area mercury pool and a
cooled (—30 C) condensing surface to maintain the
conditions for vacuum arc operation. These conditions
result in high—voltage capability, fast recovery and
high current operation with negligible cathode wear.
Therefore, the L~~V was considered to have potentialas a high average power closing switch for modulator
applications. An LMPV closing switch (L~IPVCS) was
built at Hughes Research Laboratories and evaluated
at ER.~DC0M at voltages up to 150 kV, currents up to
8 kA peak and 7.5 A average, pulse lengths up to
50 us, and repetition rates up to 250 Hz. The device
failed as a result of excessive anode dissipation
caused by a long anode fall time on the order of 5 ~js.
Subsequent experimentation has indicated that the fall
time is reduced at increased mercury vapor pressures,
however, experiments are required to define the
relation between the fall P ime and voltage hold—off
capability.
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PIQSE MODU LATOR BEHAV IOR OF THE 
*1D ME TAL PLASt4A~~~~~~~~~ l~

by

W . Wri ght , Jr.
U.S. Army Electronics Technology and Devices Laboratory

(ERADCOM)
Fort Monmouth , ‘~ow Jersey

and

J.R . Ilayless
Hughes Research Laboratory
3011 Mal ibu Canyon Road

Malibu , Cal i f ornia 90265

/ Abs t rac t  ,
~~~~~ Table 1. LMPVCS Operating Goals

‘\ The L?~ff’Y is a mercury—cathode , triggered , closing .
I Parameter Values

~. switch whic7 employs a small area mercury pooi and a s~ - _____________________________ ________

• cooled (—30 C) condensing surface to maintain the
conditions for vacuum arc operation. These conditions .. Peak Charging Voltage (kV) 50 100 200

result in high—voltage capability, fast recovery and .- Pulse Width (a) 20 50 50
~) high cu rent operation with negligible cathode wear.

Therefore , the LMPV was considered to have potential • sJ Peak Current (kA ) 8 8 4

as a high average power closing switch for modulator ~ Repetition Rate (Hz) 250 50 50

~\ applications. An LMP V closing switch (LMPVCS)~ was3 built at Hugh&s ResTearch Laboratories and evaluated \ Average Current (A) 40 20 10

at ERAbCOM at voltages up to 150 kV, currents up to 
- Aver age Power Deliver ed 1 1 1

8 k.A peak and 7.5 A average , pulse lengths up to - to Load (MW)
50 ’,~s, and repetition rates up to 250 Hz. The device

-~~ fai l e’d as a result of excessive anode dissi pation ~~ Run Time (mm ) 1 1 1

caused by a long anode fall time on the order of 5 psi. Minimum Off Time (mm ) 10 10 10
Subsequent experimentation has indicated that the fall ______________________________

time is reduced at increased mercury vapor pressures ,
however , experiments are required to define the
relation between the fall time and voltage hold—off The major portion of the test program was under—

— 
capability. 

t~
-’ taken at ERADCOM , Ft. Monmouth , New Jersey with the

- 
_ _ _ ) following conclusions:

Introduction and Summary
1. A maximum average load power of 0.3 MW , which

The increasing size and complexity of pulsed was limited by arc over in the PFN and current limita—

• / power systems is leading to the requirement for closing tion of the high—voltage power supply, was achieved at
f swi tche s ca pable o f h igher average powers , peak cur— a PFN charging voltage of 149 kV in 50 5s pulsed oper—

rents and voltages while maintaining high reliability ation . No misfires , electrical breakdown or current
and compactness. There are , however , few candidate conduction in the reverse direction was observed under
closing switches which hold the pronrise for reliable , these conditions ; and
long—life operation at average load powers in excess
of 1 MW. 2. The anode fall time was typ ically 5 sec.

This led to severe power dissi pation in the anode and to
The objective of the liquid metal p lasma valve its eventual fail u re. Hi gher average powers would not

closing switch (l.~~VCS) program ** disu’ uio sed hu’r,’in has he possible unless the fall time can be reduced .
been to develop a new type of closing switch capable

• . of meeting future requirements. This cx u” ted capa— Following failure of the 1,i’~ VCS , single pulse
hility has been based on over  ten years of development experiments were performed with a similar 1 Ml’V at HRL
of the l iWV~~~ as a high-vo l tage dc converter valve in an effort to reduce the anode fall tice . A fall
and as a c o mmu t a t e d  dc I n t e r r u p t e r .  in  the se  p r o g r e s s  time of 200 osec was a clu i * ~d i ~~ ituckeasiu g the coit—

• ope r a t i o n  has been a c h iev e d  it  volio~’es over 200 k\’ , denser  and ca thode  t empera tu re s  and thereby the press ure

• pea k c u r r e n t s  up to 40 k,\ and ave rugu- c u r r e n t s  over of m e r c u r y  v a p o r .  Althoug h the  v o l t a g e  h o l d — o f f  , u p a —
600 A;  t h i s  p r o v i d e d  c o n f i d e n c e  t h a t  h i g h •uvera g~ h i l i t y  is t h e r e b y  reduced , it is possi b l e  t h a t  a r e l a —
powers could  a lso  he a c h i e v e d  In r e l u  i ive l  v s h o r t  pu l  so t ion c x i  s t s  bets- u ’ n fa ll t i m e  and v i  t a 0e  h o l d — o f f
ope r a t i o n .  w h i c h  w o u l d  o f f e r  i - - u j . iiili t v f r  )uig iu— uvt r acu . —~~ s- ’r .

h i g h — v o l  t g o p  r u t  ion . ‘k’r~ e x p u t i m e n t a t  ion i s
The oh~ ect 1ve was p u r su e ! by t o t  r u i e t i n g  nd r e q u i  red to ev a l u a t e  th i s p o s s i h il  I

test ing the Ml vi S shown in F I g u r e  1. The t e s t
ob j e c t  ives , w h i c h  ar ,  o u t !  m e d  in T ab l e  I , we re  i i s  The LMPV ( S
the  I,~~ VCS t u  connec t  ii PPM t o  a ma t -h i’ ! r,s st  ye
load at In u v . ’ r . i g ’ ’ load di ‘s  pat  i i i  of I ML’ unde r  a A b l o c k  d iagr ur of t h e  I ‘!I’V S s’ S t  -r~ is shown in
number  of combinat ions ol v o l t a g e , c u r r u ’ t t  a n t  r u p et  I— F i g u r e  2 .  The I M1’V , w h i ch i s  t h e  e u ’ u t  r u !  u I , - ” efl t ‘I
tion r a t e . This power l eve l  v i s  chosen L u  h ’ o i i —  t h i s  sy st  too , is shown in Fl -or , - I s  i t ’ s ‘eing prt’—
sis ten t w i t h e x i s t  ing  t e s t  uu 1’ , u h i l  i t  i t s  at H~A Oi 0~ ‘ite d f u r  h u ~~e ’ u u t

w h i le p r o v i d i n g  i n f ’ r ’ o i t i u , n  c un ,-e rt u uu u - t h ~r u l  hi ! t v
I the M P H  S.
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The LMP V consists of a liquid metal cathode , an E~p~ rimental Evaluation

anod e, and a condenser. The cathode is fabricated
f r om moly bdenum and contains a narrow annular groove The LMPVCS was in itiall y operated at tOil . u ri u.u r ll y
into which mercury is fed. When any combination of the to condition the cathode by wetting it wit ! 01cr try hilt
three igniter electrodes , which are located at the also to verif y its high voltage and t- :Mi integrity.
periphery of the mercury surface , is pulsed , arc spots Conditioning was achieved bv operat lug with l v  dc and
form on the inner and Outer periphery of th e cathode ac voltages at average cu rrents up to 350 A for an
groove such that the arc power is distributed and cool— accured time of about 30 miii .
ing is maximized. The moibdenum is wetted by the
mercury and the arc spots are anchored at the mercury— Testing at ERADCOM was performed using tile circuit
molybdenum interface , theleby eliminating drop let shown schematically in Figure 4. The hi gh voltag,

ejection and providing gravity independence. ‘i’he power suppl y, c-b arging resistor R~ , and the i ’ i °M char t ’ - —
cath ode is water—cooled at a temperature of 20—30°C teristica were changed during the test pr ugr ;un~ in orde r
for which mercury vaporization from the small mercury to match tu e range of operating parameters . rite luau !

surface area is minimal , and the anode temperature is resistor , which emp loys a recirculating co;u;s’r sulphate
maintained at s~ 50° C in order that mercury does not and acid solution , was matched to the PPM impedance
condense on it. The condenser is cooled to —30°C so to within 101 except when the effects of mismatch ing
that mercury vapor released from the cath ode will were investi gated . The capactive voltage divider w a .
condense on it. Thus , a low pressure is maintained used to measure the rapidly vary ing vo lt uge at turn—on
and the valve operates in the vacuum arc mode. This and the resistive divider to measure the more sl wiu
results in a low voltage drop during conduction (~ 3O V) varying waveforms. Current waveforms were measured
combined with high recovery rates and excellent insu la— by means of the current transformer.
tion integrity. The use of this liquid metal cathode
in which the arc spots are anchored and mercury evapo— The operating levels are summarized in chrono-
ration is controlled eliminates the main problems logical order in Table 2 where V is the I’FN charging
associated with the conventional use of mercury as a voltage , I is the peak current conducted to the marched
discharge cathode . load , t is the current pulse width , f is the repetition

rate , 1AV is the average current delivered to the load ,
Anode temperature control is provided by a liquid and T is the running time . The average current , which

loop which recirculates Dowtherm at nominally 50°C is calculated as r~~ = I f  T , is within 10% o f the v a l u e
tiurutug h the anode at approximately 5 gal/mm . High measured using the power supply current meter.
vol tage isolation of the bulk of this subsystem , whi ch
is near ground potential , from the anode is provided The Sets 1—3 represent operation at up t o  100 k~
by dielectric hoses and the excellent dielectric prop— with the PFN and load resistance configured for imped-
erties of the Dowtherm coolant. Instrumentation ii° ances of 25 , 12.5 and 6.25 , respectivel y . h u e
provided to calorimetricall y measure the therma l input repetition rate was adjusted such as not to exceed the
to the anode, nominal maximum power supply current of “ - 5.0 A . In

these tests , no misfires (failure to fire when tri g—
The condenser temperature control system employs gered), pref Ices (breakdown in the absence of a

a 1—1/2 hp refri geration unit and a recirculating R 1 1  trigger pulse) or current reversals (reverse current
liquid loop operating at 4 gal/tnun to maintain the when t he  voltage swings negative) were o b s e r v e d . During
condenser at approximately —35°C during off periods, testing at a PFN impedance of 6.25 • a load resi st ucee
The heat capacity of the condenser and cooling system
is relied upon to absorb the short—term load during
operation such that the temperature of the inner wall fable 2. !.MPVCS Operating Levels
of the condenser rises to no more than —10°C; this
cor responds  to a mercu ry  vapor pressure  of i~~—~ Torr.
I n s t r u m e n t a t i o n  is provided to p e r m i t  c a l o r i m e t r i c
measu rements  of power inpu t  to the condense r .  DATA

SET V . kV I , kA SEC I Hi A T SEC
Two r e d u n d a n t  8 i/sec V a r i a n  vac ion pumps are  NO

provided to exhaust outgassing products released —

dur ing  LI’WVCS operat ion . 1 100 2 0  50 50 I, 0 60

The cat hode tern - o r a L  l u r e  c o n t r o l  sY s tem se r ve s  to  2 100 4 0 50 29 50 60regu l a t e  t he  ter- ’’erui ures  uf the  c i  t h o t , ’ , su r f i  es
w h i c h  surround the cathode , and th e ignits ’rs . 3 100 /2 hO 13 47  60

Th e I gnition subsystem supp lies volt ugu’ pulses 4 202 0 cli 0 120
t o  the three semiconductor type ig nit cr5 as well as to
a mechanically actuated igniter which Is u~~euI in the 5 12? 24 dl  i i ,  4 3  (~0
eve n t  t h a t  t h e  semlco nuiuc  t or  I g n  I t e r s  ,io not  ‘ ‘ ‘c r a t e
p r o p e r l y  ( t h i s  never o ccu r r e d  • 6 138 2 7 50 .12 4 3  60

The ncu’ r’ n c r ’ ,- supply system cont .1 i n s  an e x t e r n a l  l v  7 149 2 1 50 ((I  4 -1 15
ur e a scu r ized Ic! i u i w s — t  s u e  re-;’ ryu ’ h r  w h i c h  r e l  e , c s ,’s  -8 53 38 20 50 38 60mercur y tu’ t i e  cathode by manual command . Rec,uuu se t h e
amount ‘f olervul ry ev o l v e d  during onv ”;’eriting p~~r i’ul i~ 0 20 250 50  60is small in r c-Iuiti . ’ cc to the s’’hime ‘ ‘tut u m e d  u the

at ltod e , f e e d i n g  iq u ’ c i i y r u -c ut [red !‘, t w, n r u i n s .  10 53 18 20 100 7 6  35

• A u ut r u  I cy st  “ ‘ui- rvu’cu  to  j u t ! ! ,  I t t ’  - u i  F ‘us- _ t u r n

st i L ts anti  t o  c ji ’ .alul, - t he M1’V( S i f  a n y  of h u t  1 ) 10

5.-st ems rc . i l  I u n c i  ion .

- -  
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of 5.2 i i  (20% mismatch) resulted in current reversals breakdown of the interelectrode space occured afterin  only 20—30% of the  conduct ion  pu lses .  Figures 5 
~ 30 sec . The misfire rate was also sporadicallyand 6 illustrate characteristic waveforms for the high , however , no p r e f i r es or reve rse curren t was50 ~u~oc , 6 . 2 5  0 PFN configuration. The current rise 
observed . On the third attempt to operate at thisa r l l v  t i m e  ( r e f e r  to middle t race  in Figure  5) of ~5 sec is level , the anode f a i l e d  c a t a s t r op h i c a l l y  and anode

ry hut de te rmined  p r i m a r i l y  by c i r c u i t  p a r a m e t e r s .  The j i t t e r  coolant  was released i n t o  u h e  un t e r el ec t ro d e  space.was  4 .scc , however , it is expected t h at this is 
This terminated the testing.

c and associated with the relatively slow rise time of the
ig n i t e r  cur rent  pulse .  The anode fall time , the time The anode was subsequently removed from the
for the voltage across the LMPV to drop from 90i to LMPV for inspection . A spot a p p r o x i m a t el y  1 cm inl i i  of its ori ginal value , was t y p i c a l l y  5 ,us as shown d i a m e t e r , wh ich was lo c a t e d  on t h e anod e face almosti r c u i t  i n  the lower trace of Figure 5 (it ranged from 3 to d i r e c t l y  above the  i g nit e r  in use at the t ime ofI ) )  s ec ) .  This  t ime , which is determined by the failure , appeared to have been heated to its melting

hara - ph y s i c a l  processes w i t h i n  t I e LMP V , is much longer than point. A narrow crack approximately 5 cm long passingo r der  had been a n t i c i p a t e d  on the  basis  of e x p e r i m e n t s  under  thurough this spot was the source of coolant leakage.
load d i t l e r e i i t  condi t ions  performed at HRL.  As a r e s u l t  The high power concentration was probabl y due to the
lph i t ’ of t h e  long fall time , the anode dissipation was large ; prescence of an electron beam during the anode fall
ice i t  w,ìx 6.6  kW fo r  Data Set No. 3. As seen from Fig— time which is emitted from arc spots l o c a l i z e d  near
ch in g  Oc t C , the vo l tage  r a t e — o f — r i s e  a f t e r  donduction is t h e igniter; presumabl y the arc spots do not spread

was a p p r o x i m a t e l y  2.2 kV/msec for the operating voltage of significantl y during the fall time.
m m — on 50 iv .
allY . Alth ough brief attempts at ERADCOM to reduce
‘ed The voltage withstand tests outlined in Table - t h e fall time met with little success , single pulsewere performed with a current limiting resistance of tests were subsequently undertaken with an identical

200 i-i in series with t h e  high voltage power supp ly . 
~~~~ at  HR L with the objective of reducing the fall

,\ s’i ’i t age of 202 kV was reached within 80 miii . act,! 
time. These tests were performed using a series L—C

j ing held  u ’r 2 m i i i .  w i t h  no a c t i v i t y ,  circuit which provided a current pulse waveform
~~tch ed 

. similar to that existing in the  damaging  ERADCOM t e s t s .
~t i t i on  Da t a Sets 5—7 represent the progression of oper— 

For the same LMP V parameters  as used in the  ERADCOM
i loa m u t  icug c o n d i t i o n s  d i r e c t e d  toward a c h i e v i n g  high power tests the fall time was, as be fo re , -5 r sec.
wlul-ii operation at 200 kV. P e r f o r m a n c e  of these  t e s t s  was
value I i m u t , J  to 4.5A average by the h i g h  voltage power 

However , as the condenser temperature was variedsui ;up l v . to 149 kV by a r c — o v e r  of the  PFII, and to s h o r t  from —40°C t o  room temperature , the anode fall timerun times by R
~
. The L5~ VCS operated at the ‘iigher dc ’,- re.us,-d for temperatures above about 0°C. With hotli

~~ kV 
.‘u l t , u t u ’ s  simil a rl y to i t s  o p e r a t i o n  at  100 kV ;  w i t h  

t h e  cucnd uisc’ r and cathode at room temperature , f al l
L.ped— i i ,’ t’ ,.c, c’’tion s there were no prefires , misfires or times of typ ically 0.2 sec were measured at voltages

current reversals, The maximum average load power 
~~ to 38 kV , peak cotiduction currents up t ,s 12 k\ ,

~d t h e  reached in t h e s e  t e s t s  v’,is 0. huh M W; t h e pea k powe r was cu r r en t  r a t e s — o f — r i s e  up to 7 hA /  .uec . The ‘ :1-u , l e n
In 0.3 l .. ~~. breakdown voltage under these conditions was 4 5 k U . F

rig— . - - This r e s u l t  i l l , ! i u , l t e ’ , a s i g n i f i c a n t c e l a t  u n s F u i ;
0 , i t u  ;., t s  s — I l  sc- rt oht l i n e d  ,usung a I’! y — I h , c , ’er  ! ce tw e  u - I l  ‘u e r c u c r ’ ;  valo r d e ; i s i t v  a n !  t u e  a n o de  f a l l  t l y . e

rent ‘ - ‘ 1 .. ass~ - r u I u  I v  ca1uah,le of s u c h ! 1 i ng  70 kV , 10 kA peak Furt her u’x;’er i i i l e l c t  i t ion is necessary t o  . 1 -  t i - r i ’ -  i l l  t 1 le
0 - ~~~~~ 5)1 A average in 10 or 20 . x c i- pulses. The ud- i~ c t ive d e L i  F l u  u t  t h e  cola t Ionshc i~~s l’, ’ t u.s’eci e r ;u e r - i  Luc re ,

Iatan ’e -f these tests was to reach the operating levels 
• . 1  tjmt• , cod vi ti ustat ud -.- o l t u g e .

- I , - u-r iiut d In the first column of Table 1. For repet i—
- ‘n r a t e s  close t i  50 i l , , the test results were 

F u ’ , ’ t n u u t t ’s
su-l i !ar to those oht aitu uo d previousl y . A t  50 kV and a

~e,ik conduct ion c l u r r i n t  u uf 4 ku , Li c e anode f a l l  time 
* -was 4 s~~ t u s u I s us 1 5 u t  5 were occasion’~l 1’ h i s  s, r s u s r I i I I ui  I \ a ’~ u l “u t f i i  it  i i ’,

cu t i s e rved . C a l o r i m e t r i u - m e a s u r e m e n t s  of t h e  power i n p u t  l t ’ f l t e r  ‘ I i  : ‘ r u ’ t u  . , u ! - , r O t n r v  ) o c t t x ~~c l  Ni’ : N h l u Y l —  ,

t i c  on denst  r i t  50 k~ 3 8 kA peak a n !  7 5 5 avrragi ( — f l i  I WI  t I c  u p r t r I Sir i r
c c i i i  c i t ed  t h a t  less  t h a n  4 % of the  t o t a l  MT’ S power TFT p u u l  ‘ i n  I t b - r u ‘r i  , D el  i n se  -\ ,tv,ccc, e R e s e a r c h
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