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FOREWORD 

This  t e c h n i c a l  r e p o r t  w a s  prepared by t h e  Avcc, Corporation, Systems 

Divis ion,  Wilmington, Massachusetts,  on Contract  No. NAS1-9298 f o r  t h e  NASA/ 

Langley Research Center ,  Langley S t a t i o n ,  Hampton, V i rg in i a .  The work reported 

w a s  accomplished under t h e  t e c h n i c a l  cognizance of M r .  J .  Hoel l ,  M r .  J .  Burlock 

and M r .  R .  Hess. The au tho r s  express  apprec i a t ion  t o  t h e s e  i n d i v i d u a l s  €or  

t h e i r  a c t i v e  i n t e r e s t  i n  t h e  p re sen t  work and f o r  t h e i r  many h e l p f u l  suggest ions.  





ABSTRACT 

The f i r s t  p a r t  of t h i s  r e p o r t  documents an i n v e s t i g a t i o n  of ion-neut ra l  

coupling i n  plasma a c c e l e r a t i o n .  

by electromagnet ic  means is considered. This  might be q u i t e  i n e f f i c i e n t  i f  t h e  

coupling between t h e  ions  and t h e  n e u t r a l s  f o r  momentum t r a n s f e r  i s  weak. I n  

t h e  present  work, t h e  absence o r  presence of a s u f f i c i e n t l y  s t rong  coupling is  

genera l ly  revea led  by v e l o c i t y  d i s p a r i t i e s  determined s p e c t r o s c o p i c a l l y ,  f o r  

s e v e r a l  s p e c i e s ,  both i o n i c  and n e u t r a l .  

s h i f t  measurements of s e l e c t e d  s p e c t r a l  l ines .  Resul t s  regarding two d i f f e r e n t  

s i t u a t i o n s  are presented from experiments where two b a s i c a l l y  s i m i l a r  axisymmet- 

The a c c e l e r a t i o n  of a p a r t i a l l y  ionized gas 

V e l o c i t i e s  a r e  determined by Doppler 

r i c  conf igura t ions  o p e r a t e  under s i g n i f i c a n t l y  d i f f e r e n t  condi t ions.  I n  t h e  

f i r s t  case,  a l a r g e  d i s p a r i t y  i n  ion-neut ra l  v e l o c i t i e s  i s  observed. I n  t h e  

second case ,  t h e  s a i d  d i s p a r i t y  disappears  and t h e  common ion-neutral  v e l o c i t i e s  

are i n  good agreement wi th  t h e  center-of-mass v e l o c i t y ,  as determined independ- 

e n t l y  from measurements of motional ly  induced p o t e n t i a l s  i n  t h e  flow. A s a t i s -  

f a c t o r y  i n t e r p r e t a t i o n  of t h e  r e s u l t s  is  obtained when t h e  ca lcu la ted  mean f r e e  

pa th  f o r  momentum exchange i s  compared wi th  a t y p i c a l  dimension of the  e l e c t r o -  

magnetic a c c e l e r a t i o n  reg ion .  

The second p a r t  of t h e  r e p o r t  documents t h e  prepara t ion  of a high power 

quasi-steady MF'D f o r  r e p e t i t i v e  opera t ion  i n  t h e  labora tory .  Two t o p i c s  re- 

ceive p a r t i c u l a r  cons idera t ion :  (a )  The genera t ion  of d e s i r a b l e  m a s s  f low 

pulses  on a r e p e t i t i v e  b a s i s ,  and t h e  d i a g n o s t i c s  of such pulses  by t r a n s i e n t  

probing; and (b) The development of a r e p e t i t i v e l y  opera t ing  s h u t t e r  wi th  ex- 

posure d u r a t i o n s  between a few hundred microseconds and a few mi l l i seconds .  
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This  s h u t t e r  may o p e r a t e  i n  synchronizat ion wi th  t h e  MPD a c t i v a t i o n  sequence, 

and i s  u s e f u l  i n  i s o l a t i n g  t h e  r a d i a t i o n  from any d e s i r a b l e  t i m e  phase of t h e  

MPD pulse .  
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I. INVESTIGATION OF ION-NEUTRAL COUPLING I N  PLASMA ACCELERATION 

A. INTRODUCTION 

Consider a propuls ion device ope ra t ing  a t  any d e s i r a b l e  values  of t h r u s t  

and m a s s  flow rate.  It i s  w e l l  known t h a t  i n  such a device the  t h r u s t  power 

(and t h e r e f o r e  t h e  inpu t  power) i s  a f f e c t e d  by t h e  s ta te  of uniformity of t he  

p r o p e l l a n t  v e l o c i t y .  S p e c i f i c a l l y ,  s p a t i a l  and/or temporal p r o f i l e s  of t h e  

p r o p e l l a n t  v e l o c i t y  have been considered i n  t h e  l i t e r a t u r e  as sources  of non- 

uniformity l o s s e s .  S t r i c t l y  speaking, t h e  mentioned l o s s e s  are n o t  a s soc ia t ed  

with any kind of power d i s s i p a t i o n .  Actual ly  t h e  l o s s e s  r e f l e c t  t h e  f a c t  t h a t  

t h e  power r equ i r ed  f o r  a given t h r u s t ,  a t  a given flow rate, becomes i n c r e a s i n g l y  

l a r g e r ,  when t h e  v e l o c i t y  non-uniformities become s t ronge r .  

Q u a n t i t a t i v e  estimates of non-uniformity e f f e c t s  may be obtained from t h e  

fol lowing s imple a n a l y s i s .  Consider two cases : 

Case I. A m a s s  flow ra te  ziI is  uniformly acce le ra t ed  t o  a v e l o c i t y  u , 

producing a t h r u s t  F = hu, a t  t h e  expense of a t h r u s t  power 

P = F2/2ziI. 

Case 11. I n  t h i s  case, t h e  same t o t a l  mass flow rate  ziI has two components, 

h1 and f i2 .  

v e l o c i t i e s  u1 and u2 , t h r u s t  components F1 = A1u1 and F2 = zi12u2, 

and t h r u s t  powers PI = F1 /2ziIl and P2 = F: /2fi2. 

These components are r e s p e c t i v e l y  a s soc ia t ed  wi th  

2 

The mentioned cases have been constructed s o  t h a t  ziI = h1 + 61 Moreover, 

I n  o t h e r  words, assume t h a t  t h e  t o t a l  mass flow rate ,  

2' 

assume t h a t  F = F~ + F ~  

t he  t o t a l  t h r u s t ,  and thus ,  t h e  average s p e c i f i c  impulse i s  the  same i n  both 

cases. Under such cond i t ions ,  i t  i s  s t r a igh t fo rward  t o  see t h a t  

p1 + p2 2 P 



where t h e  e q u a l i t y  s i g n  ho lds  when u1 = u2.  

than u n i t y ,  t h e  t o t a l  t h r u s t  power of Case I1 is  always l a r g e r  than t h e  t h r u s t  

power of Case I. The r e l a t i v e  t h r u s t  power d i f f e r e n c e  is  found t o  be: 

Otherwise,  when u2/u1 is  d i f f e r e n t  

where a 2  is  t h e  m a s s  f low f r a c t i o n  

a 2  = SI,/& = &,/(&, + m2) (3)  

assoc ia t ed  wi th  v e l o c i t y  u2 i n  Case 11. Equation (2 )  shows t h a t  t h e  r e l a t i v e  

power d i f f e r e n c e  is always a p o s i t i v e  number, except i t  i s  zero ,  when u2 = u l .  

It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  a given v e l o c i t y  d i s p a r i t y  r a t i o ,  

u 2 / u I ,  t h e  relative power d i f f e r e n c e  given by Eq. (2) has a maximum, when a 2  = 

uI/(ul + u 2 ) '  This  maximum i s  given by: 

[(PI + P2 - 

The aforementioned r e l a t i o n s  are conveniently i l l u s t r a t e d  i n  Figure 1. 

H e r e  w e  p l o t  t h e  r e l a t i v e  t h r u s t  power d i f f e r e n c e ,  designated as r e l a t i v e  excess  

power, versus  t h e  mass flow r a t i o k 2 / & ,  f o r  t h r e e  d i f f e r e n t  values  of t he  veloc- 

i t y  d i s p a r i t y  r a t i o .  Note, i n  a l l  cases of t h i s  f i g u r e ,  t h e  t o t a l  t h r u s t ,  t o t a l  

mass flow rate, and t h e  average s p e c i f i c  impulse are, by d e f i n i t i o n ,  t he  same 

and are equa l  t o  the  corresponding q u a n t i t i e s  of a flow wi th  no v e l o c i t y  d i s -  

p a r i t i e s .  However, i f  a f r a c t i o n ,  say  10 pe rcen t ,  of t h e  flow has a v e l o c i t y  

d i s p a r i t y  r a t i o  equa l  t o  3,  10 or  30, then t h e  excess  t h r u s t  power correspondingly 

would be  25, 200 o r  550 pe rcen t ,  of t h e  t h r u s t  power r equ i r ed  i n  t h e  case of a 

uniform flow. 

2 
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Figure 1 RELATIVE EXCESS POWER DUE TO NON-UNIFORMITIES VERSUS THE 
MASS FLOW FRACTION FOR THREE DIFFERENT RATIOS OF 

VELOCITY DlSPARlTl ES 

It is a l s o  r e a l i z e d  t h a t  over and above t h e  s p a t i a l  and temporal non- 

uni formi t ies  mentioned, similar e f f e c t s  a r i s i n g  from v e l o c i t y  d i s p a r i t i e s  i n  

plasma flows where t h e  p r o p e l l a n t  is  a multi-component f l u i d  must be considered,  

This is  e s p e c i a l l y  t r u e  i n  t h e  a c c e l e r a t i o n  of a p a r t i a l l y  ionized gas  by elec- 

tromagnetic means. 

s p e c i e s  of t h e  flow. 

and t h e  n e u t r a l s  may arise, i f  t h e  coupling f o r  momentum t r a n s f e r  i s  weak. 

Here t h e  t h r u s t  power is  o r i g i n a l l y  inves ted  i n  t h e  i o n i c  

Consequently, l a r g e  v e l o c i t y  d i s p a r i t i e s  between t h e  ions  

The present  work is  concerned p r i m a r i l y  wi th  t h e  i n v e s t i g a t i o n  of ion- 

n e u t r a l  v e l o c i t y  d i s p a r i t i e s  i n  plasma flows of propuls ion i n t e r e s t .  

B. BACKGROUND 

It i s  d e s i r a b l e  t o  o b t a i n  a c e r t a i n  t h r u s t  from an  MPD t h r u s t o r ,  i d e a l l y  

and most e f f i c i e n t l y ,  by a c c e l e r a t i n g  a l l  t h e  components of t h e  p r o p e l l a n t  t o  a 

s i n g l e  a x i a l  v e l o c i t y ,  with n e g l i g i b l e  r a d i a l  g r a d i e n t s .  I n  p r a c t i c e  however, 

3 



t h e  observed p i c t u r e  is d i s t r e s s i n g l y  d i f f e r e n t .  This  is  e s p e c i a l l y  s o  i n  t h e  

most usua l ,  s teady  state MPD t h r u s t o r ,  opera t ing  a t  c u r r e n t s  i n  t h e  range of a 

few hundred amperes, e x t e r n a l  magnetic f i e l d s  up t o  a few thousand gauss ,  and 

u s u a l l y ,  wi th  ammonia p r o p e l l a n t  a t  rates of t h e  order  of 10 mgmlsec. 

Under such condi t ions ,  several i n v e s t i g a t o r s  r e c e n t l y  have observed and 

repor ted  s t r o n g  depar tures  from a uniform a x i a l  flow v e l o c i t y .  These f ind ings  

may be summarized as fol lows:  

(a)  The i o n i c  s p e c i e s  of t h e  p r o p e l l a n t  have s u b s t a n t i a l  r o t a t i o n a l  

v e l o c i t i e s  (Refs. 1 and 2).  This has  been most r e a d i l y  demonstrated by t h e  

f a m i l i a r  s l a n t i n g  of i o n i c  s p e c t r a l  l i n e s ,  observed when t h e  MPD flow i s  

side-viewed (see  Figure 2a) .  I n  t h i s  case ,  a s  would be expected from a 

r o t a t i n g  p r o p e l l a n t ,  t h e  p a r t  of t h e  spectral  l i n e s  o r i g i n a t i n g  from above 

t h e  c e n t e r  l i n e  of t h e  flow i s  Doppler s h i f t e d  i n  one d i r e c t i o n ,  while  t h e  

oppos i te  i s  t r u e  at  t h e  o t h e r  end of t h e  flow diameter.  General ly ,  t h e  

mentioned r o t a t i o n a l  v e l o c i t i e s  i n c r e a s e  wi th  increas ing  MPD cur ren t  and 

magnetic f i e l d .  Comparison of Figure 2a wi th  2b, shows values  comparable t o  

t h e  a x i a l  v e l o c i t y  of t h e  p r o p e l l a n t .  S i m i l a r l y ,  s u b s t a n t i a l  r o t a t i o n a l  

v e l o c i t i e s  have been measured and repor ted  (Ref. 3 )  f o r  ionized argon i n  

an argon MPD flow. 

(b) The presence of s u b s t a n t i a l  r o t a t i o n a l  v e l o c i t i e s  of t h e  i o n i c  

s p e c i e s ,  u n j u s t i f i e d  on gasdynamic grounds, leaves no doubt about the  com- 

bined a c t i o n  of t h e  e lec t r ic  and magnetic f i e l d s  on t h e  ionized p a r t  of t h e  

p r o p e l l a n t .  I n  t h i s  case, r a d i a l  c u r r e n t s  and a x i a l  B f i e l d s ,  and/or 

conversely,  may combine t o  produce azimuthal a c c e l e r a t i o n .  However, i t  is 

q u i t e  important t o  note  (Refs. 1 and 2) t h a t  no evidence has  been found 
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i n d i c a t i n g  t h e  n e u t r a l  s p e c i e s  i n  t h e  same MPD flow have d e t e c t a b l e  ro ta -  

t i o n a l  v e l o c i t i e s .  The f a m i l i a r  s l a n t i n g  e f f e c t  of t h e  i o n i c  s p e c t r a l  l i n e s  

is  absent  i n  t h e  case of n e u t r a l  l i n e s .  This  is  a d e f i n i t e  i n d i c a t i o n  of 

poor ion-neut ra l  coupling, f o r  momentum t r a n s f e r .  

(c)  The s i t u a t i o n  of t h e  observed a x i a l  v e l o c i t i e s  i s  more important ,  

under t h e  mentioned experimental  condi t ions .  Here again,  very s u b s t a n t i a l  

d i s p a r i t i e s  between i o n i c  and n e u t r a l  v e l o c i t i e s  have been reported (Refs. 1, 

2, and 4 ) .  General ly ,  t h e  n e u t r a l  s p e c i e s  have d e t e c t a b l e  v e l o c i t i e s  wi th  

values  j u s t i f i e d  on gasdynamic grounds ( thermal  expansion) ,  while  t h e  ions  

have v e l o c i t i e s  s e v e r a l  t i m e s  h igher ,  j u s t i f i a b l e  only by v i r t u e  of e l e c t r o -  

magnetic a c c e l e r a t i o n .  Other i n v e s t i g a t o r s  (Ref. 5) have a l s o  observed 

r e l a t i v e l y  modest ion-neut ra l  v e l o c i t y  d i s p a r i t i e s .  However, t h e  same inves- 

t i g a t o r s  have repor ted  (Ref. 6 )  a r a t h e r  complicated dependence of v e l o c i t y  

d i s p a r i t i e s  on t h e  environmental  p ressure  of an MPD flow. 

(d) Fur ther  evidence, regarding t h e  weak coupling of t h e  p r o p e l l a n t  

s p e c i e s ,  was found (Ref. 1) i n  terms of t h e  r e l a t i v e l y  s t r o n g  dependence of 

t h e  p a r t i c l e  v e l o c i t i e s  (both i o n i c  and n e u t r a l )  on t h e  p a r t i c l e  mass. I n  

t h e s e  experiments,  smal l  amounts of var ious  noble  gases  were added i n  t h e  

r e g u l a r  p r o p e l l a n t .  It w a s  found t h a t  t h e  p a r t i c l e  v e l o c i t i e s  depend, no t  

only on t h e  i o n i c  o r  n e u t r a l  s ta te  of a p a r t i c l e ,  bu t  a l s o  on i t s  m a s s .  

C lear ly ,  t h e  h e a v i e s t  p a r t i c l e s  were found t o  have t h e  lowest v e l o c i t i e s .  

Such a s i t u a t i o n  could not  arise i f  t h e  p a r t i c l e s  were s t r o n g l y  coupled f o r  

momentum t r a n s f e r .  

I n  conclusion,  t h e  f i n d i n g s  i n d i c a t e  t h a t  t h e  v e l o c i t y  f i e l d  i n  t y p i c a l ,  

s teady  MPD flows is  r a t h e r  complicated and very  non-uniform. S p e c i f i c a l l y ,  t h e  
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i o n i c  s p e c i e s  of t h e  p r o p e l l a n t  appear t o  g a i n  n o t  only a x i a l ,  b u t  a l s o  r o t a t i o n a l  

k i n e t i c  energy from electromagnet ic  f o r c e s .  Conversely, t h e  n e u t r a l s  have much 

lower v e l o c i t i e s ,  mostly of gasdynamic o r i g i n .  Moreover, f o r  a l l  p r a c t i c a l  

purposes,  t h e  n e u t r a l s  are weakly coupled t o  t h e  i o n s ,  and s h a r e  l i t t l e  of t h e  

momentum e lec t romagnet ica l ly  gained by t h e  ions.  

C. EXPERIMENTAL ARRANGEMENTS 

I n  a d d i t i o n  t o  information discussed i n  t h e  previous s e c t i o n ,  f u r t h e r  

experimental  work is repor ted  h e r e ,  regarding t h e  determinat ion of ion-neut ra l  

v e l o c i t y  d i s p a r i t i e s  i n  MPD flows. I n  t h e s e  more recent  experiments,  two MPD 

conf igura t ions  were employed as shown i n  Figures  3a and b.  

t 
I .  2 5  inch 

29-2978 

0.5 inch 

t 

Figure 3 TWO MPD CONFIGURATIONS EMPLOYED IN THE EXPERIMENTS 
(A : Anode, C : Cathode) 

The corresponding ranges of experimental  condi t ions  are summarized i n  

Table I. A comparison of t h e  present  arrangements and condi t ions  wi th  t y p i c a l  

(Refs. 1 through 6 )  MPD condi t ions  b a s i c a l l y  shows t h e  m a s s  flow rate  has  
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been increased  by one t o  two orders  of magnitude, t h e  c u r r e n t  has  been increased  

by a f a c t o r  as l a r g e  as 5,  t h e  e x t e r n a l l y  appl ied B f i e l d  has  been made e i t h e r  

very s m a l l  o r  zero,  and t h e  input  power has  been increased by roughly an order  

of magnitude. 

TABLE I 

EXPE R I M E NTA L CON D IT I ONS R EG A R D I N G TH E CON F I G U RAT I ONS 

Gas : 

Flow Rate: 

Chamber Pressure  : 

Environmental Pressure:  

B f i e l d  

MPD Current 

Power Input :  

Addit ives ,  ( i n  very small 

f r a c t i o n s )  : 

OF FIGURE 3 

Configurat ion (a)  

Ammonia and/or Nitrogen 

10 t o  100 mgm/sec 

2 t o  4 mm Hg 

10 t o  100 microns Hg 

< 300 gauss 

1000 t o  2000 A 

50 t o  120 kW 

Helium, Argon, Neon and 

Krypton 

~ 

Configuration (b) 

Nitrogen 

100 t o  500 mgm/sec 

30 t o  100 mm Hg 

40 t o  80 microns Hg 

zero 

1000 t o  2000 A 

40 t o  100 kW 

Helium, Argon, Neon and 

Kryp ton  

These experimental  condi t ions  are by no means sugges t ive  of more a t t r a c t i v e  

MPD condi t ions  f o r  p r a c t i c a l  a p p l i c a t i o n s .  The condi t ions  are simply employed 

f o r  t h e  i n v e s t i g a t i o n  of t h e  problem of ion-neut ra l  coupling i n  MPD flows. The 

following motivat ion is  r e l e v a n t .  F i r s t ,  t h e  d r a s t i c  i n c r e a s e  of t h e  mass flow 

r a t e  is  i n t u i t i v e l y  c l e a r .  As w i l l  be  explained la ter ,  t h e  absence of s t r o n g  

ion-neutral  coupling i n  t y p i c a l  MPD devices  can be assigned t o  i n s u f f i c i e n t  

p a r t i c l e  d e n s i t i e s  i n  t h e  a c c e l e r a t i o n  region.  Obviously then,  a l a r g e  i n c r e a s e  

of t h e  flow r a t e ,  without  correspondingly l a r g e  i n c r e a s e s  i n  flow cross-sect ion 

and a x i a l  v e l o c i t y ,  could h e l p  i n  s t rengthening  t h e  coupling i n  quest ion.  How- 

ever, i t  i s  a l s o  understood t h a t  a d r a s t i c  i n c r e a s e  of t h e  p a r t i c l e  d e n s i t y  does 
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n o t  n e c e s s a r i l y  promote good ion-neut ra l  coupling, un less  accompanied by adequate 

i o n i z a t i o n .  

Thus, i n t u i t i v e l y  speaking, a s t r o n g e r  ion-neutral  coupling when an in-  

creased mass flow rate is  accompanied by an i n c r e a s e  of t h e  power input  can be 

expected. The power i n c r e a s e ,  i n  t h e  present  experiments,  w a s  obtained mostly 

by an i n c r e a s e  of t h e  MPD curren t .  This w a s  no t  only necessary,  b u t  a l s o  very 

d e s i r a b l e .  A t  h igh c u r r e n t s ,  t h e  self- induced magnetic f i e l d  (-1000 gauss a t  

2000 Amperes) may be a s  adequate as t y p i c a l  e x t e r n a l l y  appl ied B f i e l d s .  A t  t h e  

same t i m e ,  t h e  azimuthal s e l f - f i e l d  i s  more p r e f e r a b l e ,  because,  u n l i k e  an 

e x t e r n a l l y  appl ied B f i e l d ,  i t  does not  promote t h e  f a m i l i a r  spoke formation and 

r o t a t i o n  (Ref. 7 ) .  The formation and r o t a t i o n  of spokes i n  MPD arcs is  undesir-  

a b l e  f o r  s e v e r a l  reasons.  The most important reason i s  t h a t  a spoke may engage 

only a s m a l l  f r a c t i o n  of t h e  p r o p e l l a n t  i n  t h e  electromagnet ic  i n t e r a c t i o n  reg ion ,  

which concludes t h e  motivat ion f o r  conducting t h e  present  MPD experiments under 

t h e  condi t ions  of Table I. 

I n i t i a l l y ,  experiments were performed with conf igura t ion  (a )  of Figure 3 

and Table I. A s  w i l l  be seen  i n  t h e  d e t a i l e d  r e s u l t s  of Sec t ion  11, no evidence 

of s t r o n g  ion-neut ra l  coupling w a s  found, even a t  flow rates a s  high a s  100 mgm/ 

sec. The m a s s  flow rate could not  be increased above t h i s  l e v e l ,  i n  conf igura t ion  

( a ) ,  without  t h e  onse t  of gross  i n s t a b i l i t i e s  i n  t h e  MPD a c c e l e r a t o r .  I n  f a c t ,  

even a t  lower flow rates, a smal l  external B f i e l d  ( <  300 gauss) had t o  be appl ied  

t o  prevent  gross  i n s t a b i l i t i e s .  Configurat ion (b) of Figure 3 and Table I w a s  

then adopted as a d e s i r a b l e  a l t e r n a t i v e  f o r  opera t ing  a t  h igher  flow rates. It 

was known from previous experiments (Ref. 8) ,  t h a t  t h i s  conf igura t ion  could 

o p e r a t e  without  major problems at  h igh  flow rates, high c u r r e n t s ,  and zero  
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e x t e r n a l  B f i e l d .  It is a l s o  important t o  note  t h a t ,  i n  conf igura t ion  (b) ,  

advantage may be taken not  only of h igher  flow rates, b u t  a l s o  of h igher  values  

of the  mass f l u x  through t h e  energy a d d i t i o n  region.  This  is evident  by inspec t -  

ing  the  two geometries of Figure 3. 

The v e l o c i t i e s  and v e l o c i t y  d i s p a r i t i e s  under cons idera t ion  were determined 

spec t roscopica l ly  by measurements of t h e  Doppler s h i f t s  of s e l e c t e d  s p e c t r a l  

l i n e s ,  f o r  s e v e r a l  species both i o n i c  and n e u t r a l .  Also, as shown i n  Table I ,  

several a d d i t i v e s  i n  s m a l l *  f r a c t i o n s  w e r e  used t o  s tudy t h e  dependence of 

v e l o c i t i e s  and v e l o c i t y  d i s p a r i t i e s  on t h e  p a r t i c l e  m a s s .  

The experimental  arrangement f o r  t h e  Doppler s h i f t  measurements has  been 

descr ibed i n  d e t a i l  (Ref. 1). The e s s e n t i a l  aspec ts  are summarized schemat ica l ly  

i n  Figure 4 .  

-1-s 

I 

M4 .c ------- T T  --- 

I ,  

WI I+ 
I 

89-246 

Figure 4 EXPERIMENTAL ARRANGEMENT FOR THE DETERMINATION OF DOPPLER 
SHIFTS DUE TO A X I A L  MOTION 

(A: Accelerator, W: Environmental Tank Windows, M: Mirrors, L: Lens, 
S: Spectrograph Entrance Slit, C: Chopper) 

*Generally few percent or l e s s  of the main propellant flow, which was either ammonia or nitrogen. 
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The chopper s u b s t a n t i a l l y  improves t h e  s e n s i t i v i t y  and r e l i a b i l i t y  of t h i s  

arrangement. 

whi le  t h e  o t h e r  is  blocked. 

many t i m e s ,  dur ing any s i n g l e  scan of a s p e c t r a l  l i n e .  A s  a r e s u l t  of t h i s ,  the  

It i s  used i n  such a way t h a t  e i t h e r  of t h e  o p t i c a l  pa ths  may pass  

This i s  done a l t e r n a t i v e l y  and r e p e t i t i v e l y ,  very 

r a d i a t i o n  from both o p t i c a l  pa ths  under comparison has  one and t h e  same wavelength 

scale, whi le  i n d i v i d u a l  scales can be conveniently maintained f o r  t h e  r e l a t i v e  

i n t e n s i t i e s .  

Examples of Doppler s h i f t s  , measured p h o t o e l e c t r i c a l l y  and recorded on 

Polaro id  p i c t u r e s ,  are given i n  Figures  5a and b.  The experimental  arrangement 

i s  f r e q u e n t l y  t e s t e d  a g a i n s t  s h i f t s  of non-Doppler o r i g i n ,  by t h e  use of a 

s t a t i o n a r y  source of r a d i a t i o n .  The r e s u l t s  of such a test are given i n  

F igure  5c,  where an expected zero s h i f t  is  observed. Also, as a tes t ,  t h e  s i d e  

pa th  of Figure 4 ,  which provides  t h e  unshi f ted  wavelength, has been replaced i n  

s e v e r a l  cases by a p a t h  o r i g i n a t i n g  from a s t a t i o n a r y  source,  independent of t h e  

MPD flow. Such test  measurements d i f f e r  from ord inary  measurements by less 

than 210 percent .  

S t r i c t l y  speaking, t h e  Doppler s h i f t  measurements reported h e r e  a r e  not  

s p a t i a l l y  resolved.  Most of t h e  measurements r e f e r  t o  t h e  core ,  (1/2 t o  3 / 4  

inch)  of t h e  MPD flow and have been obtained wi th  l i n e  i n t e n s i t i e s  and s h i f t s  

i n t e g r a t e d  along l i n e s  of s i g h t ,  pass ing  through t h e  c e n t e r l i n e  of the  flow. 

However, t h e  Doppler s h i f t  c o n t r i b u t i o n s ,  from t h e  t h i c k e r  and much slower gas 

l a y e r s  surrounding t h e  core,  were e f f e c t i v e l y  r e j e c t e d .  This w a s  done by 

c a r e f u l l y  s e l e c t i n g  s p e c t r a l  l i n e s  which have s t r o n g  i n t e n s i t i e s  i n  t h e  core ,  

bu t  much weaker i n t e n s i t i e s  ou ts ide  t h e  core .  Radial  p r o f i l e  estimates of t h e  

a x i a l  v e l o c i t i e s  w e r e  obtained from a u x i l i a r y  measurements, i n  which t h e  Doppler 

s h i f t s  were observed along l ines-of-s ight  off  t h e  c e n t e r  of t h e  flow. 

11 
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The most f r e q u e n t l y  used s p e c t r a l  l i n e s ,  which q u a l i f i e d  f o r  t h e  measure- 

ments repor ted  h e r e ,  are i d e n t i f i e d  i n  Table 11. It is  noted t h a t  f o r  one and 

t h e  same p a r t i c l e ,  several wavelengths could be used. This w a s  done f r e q u e n t l y ,  

a s  a test ,  i n  t h e  determinat ion of one and t h e  same v e l o c i t y ,  by using s e v e r a l  

d i f f e r e n t  wavelengths. I t  i s  a l s o  noted t h a t  no s p e c t r a l  l i n e s  are a v a i l a b l e  

f o r  t h e  ions  of hydrogen, helium and neon. I n  t h e  case of hydrogen, n a t u r a l l y ,  

no i o n i c  l ines  e x i s t ,  whi le  t h e  i o n i c  spectral  l ines  of helium and neon could 

n o t  be e x c i t e d ,  under t h e  present  condi t ions ,  because of t h e i r  r e l a t i v e l y  high 

e x c i t a t i o n  p o t e n t i a l s .  

TABLE II 

MOST FREQUENTLY USED SPECTRAL LINES 

Species 

Hydrogen Atom 

Helium Atom 

Nitrogen Atom 

Nitrogen Ion 

Neon Atom 

Argon Atom 

Argon Ion 

Krypton Ion 

0 
Wavelength, A 

6562 
486 1 
4340 

6678 
5875 

7469 
7443 

5680 
5005 
3995 

6402 
5852 

6965 
7067 

4806 

4659 
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D. EXPERIMENTAL RESULTS 

Neutrals  

mm Hg 105 cm/sec 
Po UO I V 

Amperes Vol t s  

1,000 50 5 5.9 

1,500 55 4 5.6 

2,000 60 4 5.5 

B r i e f l y  and e s s e n t i a l l y ,  t h e  r e s u l t s  of t h i s  work show no evidence of s t r o n g  

ion-neutral  coupling i n  t h e  case of conf igura t ion  (a ) ,  (Figure 3 and Table I) .  

Moreover, ample evidence of. s t r o n g  coupling i s  found i n  t h e  experiments wi th  con- 

f i g u r a t i o n  ( b ) ,  (Figure 3 and Table I). 

Ions 

105 cm/sec 
+ U 

20 

20 

19.5 

1. Weak Ion-Neutral Coupling 

Typical  r e s u l t s  regarding t h e  weak coupling cases  are i l l u s t r a t e d  i n  

Figures  6 and 7 and i n  Table 111. 

core (112 t o  314 inch)  of t h e  flow. 

The v e l o c i t i e s  of Figure 6 r e f e r  t o  the  

TABLE Ill 

WEAK ION-NEUTRAL COUPLING 
Dependence of Ion and Neutral Velocities, MPD Voltage and Plenum Pressure on the 

Accelerator Current, a t  m = 100 rngmhec. Ammonia, and B < 300 gauss 

I o n i c  v e l o c i t i e s  are based mostly on n i t r o g e n  i o n s  which occur n a t u r a l l y  i n  

an ammonia flow, whi le  atomic hydrogen, a l s o  n a t u r a l l y  occurr ing i n  t h e  same 

flow, h a s  provided t h e  n e u t r a l  v e l o c i t i e s .  Each p o i n t  represents  a s t r a i g h t  

average of many measurements, a t  l e a s t  four  o r  more, and t h e  b a r s  i n d i c a t e  

t h e  t y p i c a l  spread of t h e s e  measurements. It i s  c l e a r l y  seen t h a t  t h e  ions  

a r e  acce lera ted  from r e l a t i v e l y  low v e l o c i t i e s ,  i n  t h e  v i c i n i t y  of t h e  
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1500 Amperes, with B (300 Gauss) 
(Data Regarding Configuration of Figure 3a. Ammonia Flow a t  100 mgm/sec, 
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Figure 7 WEAK COUPLING 

1500 Amperes, with B 1300 Gauss) 
(Data Regarding Configuration ul: Figure 3a. Ammonia Flow at 100 mgm/sec, 
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cathode,* t o  v e l o c i t i e s  j u s t  over 2 x lo6 cm/sec. 

decay r a t h e r  slowly as t h e  ions  travel a x i a l  d i s tances  of many flow diameters  

downstream of t h e  a c c e l e r a t o r  e x i t .  A t  t h e  same t i m e  t h e  much slower 

n e u t r a l s  show no evidence e i t h e r  of o r i g i n a l  a c c e l e r a t i o n  o r  of momentum 

ga in  a t  t h e  expense of i o n i c  momentum, f u r t h e r  downstream. Apparently,  the  

slow decay of i o n i c  v e l o c i t i e s  a t  l a r g e  axial d i s t a n c e s  r e f l e c t s  t h e  core  

decay of t h e  MPD flow, by mixing. I n  t h i s  case, t h e  i o n i c  momentum l o s s  i s  

t r a n s f e r r e d  t o  much l a r g e r  amounts of gas.  

v e l o c i t y  gains  which are hard ly  de tec tab le .  Regardless of these  considera- 

t i o n s ,  t h e  very  l a r g e  d i s p a r i t i e s  between i o n i c  and n e u t r a l  v e l o c i t i e s  c l e a r l y  

These i o n i c  v e l o c i t i e s  

The n e u t r a l s  might have s m a l l  

i n d i c a t e  t h e  absence of good coupling. 

A s  mentioned, the  i o n i c  v e l o c i t i e s  of Figure 6 r e f e r  t o  n i t rogen  i o n s ,  

whi le  hydrogen atoms have provided t h e  n e u t r a l  v e l o c i t i e s .  However, t h e  

v e l o c i t y  d i s p a r i t i e s  between ions  and n e u t r a l s ,  of t h e  same p a r t i c l e  mass, 

are more s e r i o u s  than those  r e f l e c t e d  i n  Figure 6. This may b e  seen i n  the  

d a t a  of Figure 7,  where i o n i c  and n e u t r a l  v e l o c i t i e s  a r e  given versus  t h e  

p a r t i c l e  mass. Hydrogen, helium, n i t rogen ,  neon, argon and krypton s p e c i e s  

a r e  found a t  molecular weights  equal  t o  1, 4 ,  14,  20, 40 and 80, r e s p e c t i v e l y .  

I n  t h e s e  experiments,  s m a l l  a d d i t i v e  f r a c t i o n s  of noble  gases have been used 

i n  the  main, ammonia, p r o p e l l a n t .  The v e l o c i t i e s  repor ted  h e r e  r e f e r ,  as 

always, t o  the  f low core and have been obtained a t  an axial d i s t a n c e ,  - 3 cm, 

corresponding t o  t h e  appearance of the  board maximum i n  the  i o n i c  v e l o c i t i e s ,  

of Figure 6. 

re fe rence  t o  Figure 7 ,  a t  a molecular weight equal  t o  1 4 ,  n i t rogen ,  and a t  

The ion-neut ra l  v e l o c i t y  d i s p a r i t i e s  may be appreciated by 

*Axial dis tances  closer to the cathode could not be covered because of interference from the continuum radiation of the 
hot cathode. 
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40,  argon. 

s t a n t i a l  dependence of t h e  p a r t i c l e  v e l o c i t y  on t h e  p a r t i c l e  m a s s .  

e f f e c t  is  e s p e c i a l l y  s t r o n g  f o r  t h e  n e u t r a l s  and could not arise i f  a flow 

v e l o c i t y  common f o r  a l l  p a r t i c l e s  ex is ted .  

The d a t a  of Figure 7 a l s o  provide evidence showing a very sub- 

This  

The d a t a  of Figures  6 and 7 do not  change s u b s t a n t i a l l y  f o r  condi t ions  

o t h e r  than those s p e c i f i e d  i n  t h e  aforementioned f i g u r e s ,  bu t  wi th in  t h e  

ranges def ined in Table I f o r  conf igura t ion  (a ) .  Refer t o  Table 111, which 

presents  t h e  dependence on t h e  MPD c u r r e n t ,  S i m i l a r l y ,  a v a r i a t i o n  of t h e  

mass flow from 10 t o  100 mgm/sec does n o t  a l t e r  t h e  presented d a t a  s i g n i f i -  

can t ly .  F i n a l l y ,  a s  mentioned before ,  t h e  e x t e r n a l  a p p l i c a t i o n  of s t rong  B 

f i e l d s  in t roduces  a d d i t i o n a l  evidence of weak ion-neutral  coupling, because 

i n  t h i s  case t h e  ions  acqui re  s u b s t a n t i a l  r o t a t i o n a l  v e l o c i t i e s ,  while  t h e  

n e u t r a l s  do not .  

Before concluding t h i s  t o p i c ,  i t  i s  worth not ing  t h a t  t h e  n e u t r a l  

v e l o c i t i e s  of Table I11 a r e  j u s t i f i a b l e  by gasdynamic cons idera t ions ,  while  

t h e  i o n i c  v e l o c i t i e s  a r e  s e v e r a l  t i m e s  h igher  than average gasdynamic 

estimates. 

l i n e d  in Table 111, and from t h e  - 8 cm2 cross-sect ion of t h e  MPD t h r o a t  

shown i n  Figure 3a. For s i m p l i c i t y ,  a t h r u s t  c o e f f i c i e n t  equal  t o  u n i t y  

may be assumed, Then a t  5 mm Hg plenum pressure  and a t  100 mgm/sec flow 

rate, w e  f i n d  an average gasdynamic v e l o c i t y  of 5.2 x lo5  cm/sec, f o r  t h e  

d a t a  of Table  111. 

2. Strong Ion-neutral  Coupling 

Such estimates may be obtained from t h e  plenum pressures  out- 

Typical  r e s u l t s ,  i l l u s t r a t i n g  t h e  s t r o n g  coupling cases  are given i n  

Figures  8 and 9 and i n  Table IV, which a l l  r e f e r  t o  conf igura t ion  (b) of 

Figure 3 and Table I. 

otherwise s p e c i f i e d .  

Again, a l l  v e l o c i t i e s  r e f e r  t o  t h e  flow core  unless  

1 7  
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Figure 8 STRONG COUPLING 
(Data Regarding Configuration of Figure 3b. Nitrogen Flow at  400 mgm/sec, 

1500 Amperes B = 0) 

I O  

Molecu la r  Weight 

100 

Figure 9 STRONG COUPLING 
(Data Regarding Configuration of Figure 3b. Nitrogen Flow at  400 mgm/sec, 

1500 Amperes and €3 = 0. A l l  data at about 3 cm from the 
Accelerator Exit.) 
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TAB- 

I V 
Amperes Volts  

1,000 40 25 

1,500 43 25 

2,000 47 +5 

STRONG ION-NEUTRAL COUPLING 
Dependence of Ion, Neutral, and Bulk Velocities on the Accelerator Current. 

Also, MPD Voltage and Plenum Pressure, a t  m = 400 mgm/sec, Nitrogen and B = 0 

Neutra l s  Ions Bulk 

UO . u+ < U >  
P O  

mm Hg 105 cm/sec 105 cm/sec 105 cm/sec 

60 25 16 1 7  15 

70 25 21 20 19 

85 25 23 23 24 

The ion  v e l o c i t i e s  of Figure 8 are determined by Doppler s h i f t  measure- 

ments and they are averages of many measurements made f o r  n i t r o g e n ,  argon and 

krypton ions.  S i m i l a r l y ,  t h e  n e u t r a l  v e l o c i t i e s  are averages obtained from 

many measurements with helium, n i t r o g e n ,  neon, and argon n e u t r a l s .  This 

averaging process  is  allowed h e r e ,  both f o r  ions  and f o r  n e u t r a l s ,  because 

t h e  p a r t i c l e  v e l o c i t i e s  are v i r t u a l l y  independent of t h e  p a r t i c l e  mass, as 

may be seen  i n  t h e  d a t a  of Figure 9.  

and t h a t  a l l  t h e  noble gasses  a r e  small f r a c t i o n  a d d i t i v e s .  According t o  t h i s  

evidence, a l l  p a r t i c l e s  have a common v e l o c i t y  r e g a r d l e s s  of t h e i r  i o n i c  o r  

n e u t r a l  s t a t e  and r e g a r d l e s s  of t h e i r  mass. This  common v e l o c i t y  i n c r e a s e s  

r a p i d l y  i n  t h e  a c c e l e r a t i o n  reg ion ,  c l o s e  t o  t h e  e l e c t r o d e s .  It reaches 

va lues  j u s t  over 2 x l o 6  cmlsec and i t  decays slowly a t  l a r g e  a x i a l  d i s t a n c e s ,  

where copious mixing wi th  t h e  environmental  gas  may be t a k i n g  place.  

Note t h a t  n i t rogen  is t h e  main p r o p e l l a n t  

Two a d d i t i o n a l  and independent v e l o c i t y  determinat ions have been super- 

imposed on t h e  i o n i c  and n e u t r a l  v e l o c i t i e s  of Figure 8. They a r e  t h e  bulk  

plasma v e l o c i t y  as determined by a u x B probe (Ref 8),  and t h e  bulk  
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E. 

gasdynamic v e l o c i t y ,  determined by combined momentum f l u x  and m a s s  f l u x  

probing (Refs. 8 and 9 ) .  I n  both cases ,  s u f f i c i e n t  r a d i a l  r e s o l u t i o n  w a s  

a v a i l a b l e  f o r  an average v e l o c i t y  determinat ion i n  t h e  flow c o r e  (112 t o  

314 inch) .  It is  clear t h a t  a l l  p a r t i c l e  and bulk v e l o c i t i e s  p l o t t e d  i n  

Figure 8 are b a s i c a l l y  i n  agreement, as would be expected i n  a case of 

s t rong  coupling between any two components of a f l u i d .  

The discussed evidence of s t rong  ion-neutral  coupling is  n o t  de tec tab ly  

a f f e c t e d  by a v a r i a t i o n  of t h e  experimental  condi t ions ,  as def ined i n  

Table I ,  f o r  conf igura t ion  (b). A l l  v e l o c i t i e s  ( n e u t r a l ,  i o n i c ,  and bulk)  

i n c r e a s e  appreciably when t h e  MPD c u r r e n t  increases  and/or  when the  f low 

r a t e  decreases .  However, a common v e l o c i t y  always remains i n  evidence, a s  

may be seen  i n  the  d a t a  of Table I V .  

ANALYTICAL CONSIDERATIONS 

It is  considered h e l p f u l  t o  formulate  a simple a n a l y s i s  f o r  t h e  i n t e r p r e t a -  

t i o n  and eva lua t ion  of t h e  r e s u l t s  regarding the  ion-neutral  coupling under the  

present  experimental  condi t ions  a s  w e l l  a s  under more t y p i c a l  MPD condi t ions.  

The present  experimental  da ta ,  Figures  6 and 8 ,  c l e a r l y  show t h a t  most of 

the  a c c e l e r a t i o n  ( e i t h e r  f o r  the  ions  o r  both f o r  t h e  ions  and f o r  the n e u t r a l s )  

occurs mainly between the  cathode t i p  and t h e  a c c e l e r a t o r  e x i t .  This i s  n o t  

unexpected because t h e  a x i a l  c u r r e n t  d e n s i t y  d e c l i n e s  r a p i d l y  and becomes 

n e g l i g i b l e  o u t s i d e  the  a c c e l e r a t o r  e x i t  (Ref. 9).  It must a l s o  be taken i n t o  

account t h a t  t h e  magnetic f i e l d  is mostly self-magnetic. Thus, very l i t t l e  

a c c e l e r a t i o n  would be expected downstream of t h e  a c c e l e r a t o r  exit.  

s t u d i e s  (Refs. 1, 2 ,  and 6)  under most t y p i c a l  MPD condi t ions  (s t rong e x t e r n a l  B 

f i e l d s ,  much lower flow r a t e s )  

I n  o t h e r  

s u b s t a n t i a l  i o n i c  a c c e l e r a t i o n  takes  p lace  i n  
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t h e  region immediately downstream of t h e  a c c e l e r a t o r  e x i t .  This i s  a l s o  under- 

s tood ,  because $ under such condi t ions ,  s u b s t a n t i a l  c u r r e n t  d e n s i t i e s  a r e  de- 

t e c t e d  (Ref. 10) downstream of t h e  a c c e l e r a t o r  e x i t ,  where s u b s t a n t i a l  appl ied  B 

f i e l d s  a l s o  e x i s t .  I n  e i t h e r  case, t h e  a x i a l l y  i d e n t i f i e d  a c c e l e r a t i o n  region 

a l s o  has  been i d e n t i f i e d  r a d i a l l y  as a r e l a t i v e l y  s m a l l  tube,  confinEd i n  t h e  

core  of t h e  MPD flow. 

probing (Ref .  l o ) ,  and, i n  t h e  p r e s e n t  work, by a u x i l i a r y  Doppler s h i f t  meas- 

urements a 

Such observat ions have been provided by c u r r e n t  dens i ty  

The ques t ion  of ion-neut ra l  coupl ing is obviously meaningless when a 

t o t a l l y  ion ized  gas i s  considered. However, here  we a r e  i n t e r e s t e d  i n  p a r t i a l l y  

ion ized  f lows,  where ions  are o r i g i n a l l y  a c c e l e r a t e d ,  and where any s e r i o u s  

d i s p a r i t i e s  between ion  and n e u t r a l  v e l o c i t i e s  are undesirable .  Therefore ,  

i t  is important  t o  formulate  a c r i t e r i o n ,  r e l e v a n t  t o  t h e  s t r e n g t h  of t h e  

coupling f o r  momentum t r a n s f e r  from t h e  i o n s  t o  t h e  n e u t r a l s .  

Define, f i r s t ,  a rad ius  R w i t h i n  which t h e  plasma i s  confined and accel-  

e r a t e d .  This rad ius  w i l l  be i d e n t i f i e d  more p r e c i s e l y  i n  t h e  fol lowing a n a l y s i s .  

However, it is  a l ready  c l e a r  t h a t  R is  not  n e c e s s a r i l y  r e l a t e d  t o  any hardware 

r a d i u s  of t h e  a c c e l e r a t o r .  This is e s p e c i a l l y  s o  i n  t h e  cases where t h e  a x i a l  

a c c e l e r a t i o n  has  been observed t o  take  p lace ,  e i t h e r  downstream of t h e  hardware 

e x i t  of t h e  a c c e l e r a t o r ,  o r  a t  most w i t h i n  a flow core ,  with a s m a l l  r ad ius  

compared t o  a r a p i d l y  diverging hardware nozzle.  

With t h e  r a d i u s  R so def ined w e  suggest :  

A, << R (5) 
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as a c r i t e r i o n  f o r  s t r o n g  ion-neutral  coupl ing,  where 

A, = ( l / n + Q e x )  (6) 

is  t h e  mean f r e e  pa th  of a n e u t r a l  between c o l l i s i o n s  wi th  i o n s ,  f o r  momentum 

exchange. I n  Eq. ( 6 ) ,  w e  consider  n+ , t h e  ion  dens i ty ,  because only t h e  i o n s  

are o r i g i n a l l y  s u b j e c t  t o  confinement and a c c e l e r a t i o n  f o r c e s .  The momentum 

exchange c r o s s s e c t i o n ,  Q,, appearing i n  Eq. (6) has  values  (Ref. 11) g e n e r a l l y  

between 5 x 

t h e i r  r e l a t i v e  v e l o c i t y .  The h i g h e s t  values  are appl icable  i n  cases of resonant  

charge exchange, i n  c o l l i s i o n s  between ions  and n e u t r a l s  of the  same atom. 

and 5 x lO-l5 cm2, depending on t h e  c o l l i d i n g  p a r t i c l e s  and 

The i o n  d e n s i t y  is  r e l a t e d  t o  t h e  t o t a l  p a r t i c l e  dens i ty  i n  t h e  plasma, n , 
by t h e  r e l a t i o n :  

n+ = an  (7) 

where a is t h e  degree of i o n i z a t i o n .  A combination of Equation (5) ,  (6) and (7)  

g ives  : 

n R >> ( l / aQ , , )  ( 8 )  

When t h i s  c r i t e r i o n  i s  s a t i s f i e d ,  a s t rong  coupling w i l l  be  e s t a b l i s h e d  between 

the ions  and n e u t r a l s  i n  t h e  important  region of t h e  a c c e l e r a t o r .  Otherwise, 

t h e  n e u t r a l s  would l e a k  o u t ,  while  shar ing  very  l i t t l e  of t h e  momentum e l e c t r o -  

magnet ical ly  gained by t h e  ions.  An equal ly  simple c r i t e r i o n  could be appl ied  

f o r  t h e  a x i a l  a c c e l e r a t i o n  of the  n e u t r a l s .  I n  t h i s  case, t h e  r a d i u s  R should 

be replaced by t h e  axial dimension, L , of t h e  a c c e l e r a t i o n  region. However, 

from experimental  s t u d i e s  w e  know t h a t  L > R  , i n  most cases of i n t e r e s t .  Thus, 

i f  c r i t e r i o n  (8) is  s a t i s f i e d ,  then t h e  condi t ion  f o r  good ion-neutral  coupling, 

i n  t h e  a x i a l  d i r e c t i o n ,  w i l l  a l s o  be s a t i s f i e d .  

For t h e  eva lua t ion  of 

and t h e  confinement r a d i u s  
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Equation (8), w e  c l e a r l y  need t h e  p a r t i c l e  d e n s i t y  

of t h e  plasma i n  t h e  a c c e l e r a t i o n  region. The 



fol lowing a n a l y s i s  appears t o  be re levant .  F i r s t ,  i t  is noted t h a t ,  no m a t t e r  

how s t rong  t h e  confining B f i e l d  i s ,  and how high the  plasma conduct iv i ty  i s ,  

t h e r e  w i l l  always b e  a r a d i a l  d i f f u s i o n  of the  plasma across  t h e  B f i e l d .  This  

a l s o  w i l l  be  s o  r e g a r d l e s s  of t h e  B f i e l d  o r i g i n ,  e x t e r n a l  o r  self- induced,  L e t  

UD b e  t h e  d i f f u s i o n  v e l o c i t y  of t h e  plasma. Clear ly ,  i f  t h e  plasma i s  accel-  

e r a t e d  over an axial length L , with  an average v e l o c i t y  u z  , t h e  confinement 

r a d i u s  R w i l l  be augmented by: 

A R Z U D  ( L / u , )  

I n  g e n e r a l  w e  wish A R / R  t o  be a s  s m a l l  as p o s s i b l e ,  i n  t h e  confinement and 

a c c e l e r a t i o n  region of i n t e r e s t .  Otherwise, t h e  m a s s  c o n t i n u i t y  w i l l  reduce 

the  p a r t i c l e  d e n s i t y ,  which is undes i rab le .  

which means an augmentation of t h e  flow cross-sect ion by about 50 percent ,  along 

t h e  a c c e l e r a t i o n  channel. Thus, r e l a t i o n  (9) becomes: 

A r b i t r a r i l y  w e  set:  A R I R Z  0.2,  

U ~ z ( u ~  R / 5 L )  (10) 

The r a d i a l  d i f f u s i o n  v e l o c i t y  of the  plasma may be r e l a t e d  t o  o ther  im-  

p o r t a n t  parameters, as fol lows:  The phys ica l  consequence of r a d i a l  plasma 

d i f f u s i o n  a g a i n s t  an orthogonal B f i e l d ,  ( e i t h e r  a x i a l  and/or azimuthal) ,  i s  the  

genera t ion  of an induced c u r r e n t  d e n s i t y ,  j , given by: 

j = C U D B  (11) 

which is  a l s o  or thogonal  t o  both uD and B . The plasma conduct iv i ty  h e r e ,  i s  

represented by U. I n  t u r n ,  the  induced c u r r e n t  dens i ty  combines with t h e  B 

f i e l d  t o  provide a r a d i a l  f o r c e ,  jB which opposes and, i n  the  s teady  s ta te ,  

balances t h e  pressure  g r a d i e n t ,  V p  , i n  t h e  r a d i a l  d i r e c t i o n .  This grad ien t  may 

be approximated by p / R  , where p = nkT i s  t h e  average plasma pressure ,  a t  an 

average plasma temperature T ,  i n s i d e  R .  When a l l  r e l a t i o n s ,  fol lowing Eq.  ( I O ) ,  

are combined, i t  is  found t h a t :  
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n / R 2  = (u B 2 / k T )  ( u z / s  L )  

This r e l a t i o n  alone is  no t  adequate f o r  t h e  eva lua t ion  of Equation (8). 

Obviously, a second r e l a t i o n  between n and R is  needed. I n t u i t i v e l y ,  w e  f e e l  

t h a t  t h e  mass c o n t i n u i t y  through the a c c e l e r a t i o n  tube must be considered, be- 

cause t h e  m a s s  f low rate has  n o t  appeared i n  t h e  p re sen t  analys,is .  

w e  w r i t e  simply: 

For t h i s ,  

n m u z n R 2  = h 

o r  

nR2 = ( m / r m u , )  (13) 

where m i s  t h e  mass f low rate* through the region of i n t e r e s t ,  and m i s  t h e  

average p a r t i c l e  mass. 

The p a r t i c l e  dens i ty  and t h e  confinement r ad ius  i n  t h e  a c c e l e r a t i o n  region 

may be obtained from Equations (12) and (13) i n  t e r m s  of t h e  q u a n t i t i e s  appear- 

i ng  on t h e  right-hand s i d e s .  More important h e r e  is  t h e  product n R  appearing i n  

c r i t e r i o n  (8). It is found t h a t  

A numerical eva lua t ion  of c r i t e r i o n  (8) i s  now i n  order .  W e  s h a l l  u se  

Eq. (14) a s s ign ing  v a l u e s  t o  t h e  q u a n t i t i e s  of t h e  right-hand s i d e ,  as suggested 

by r e l e v a n t  experimental  observat ions.  Typical  MPD cond i t ions  are considered 

f i r s t ,  

v e l o c i t y  over an a c c e l e r a t i o n  l eng th  L z  2 inches.  A magnetic f i e l d  of 1000 

It appears reasonable  t o  t ake  uz 2 106 cm/sec as an average plasma 

gauss appears appropr i a t e ,  and f o r  a flow rate of 10 mgm/sec, ammonia o r  n i t rogen ,  

* 
Not necessarily the metered flow rate. 
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20 f o r  example w e  f i n d :  (&/rn) ~ _ 5  x 1 0  . F i n a l l y  wi th  a t y p i c a l  temperature of 

l o 4  

p a r t i c l e s / c m  . 
a confinement r a d i u s  R" 0.8 cm,  as may be found by independently using 

14 K and f o r  a conduct iv i ty  of l o 3  mhos/rn, w e  obta in :  nR" 1 .6  x 10 

2 This  r e s u l t s  from a combination o f  2 x 1014 par t ic les /cm3 with 

E q s .  (12) and (13).  

So f a r ,  t h e r e  i s  nothing i n c r e d i b l e  i n  t h e  v a l u e s ,  es t imated f o r  n and R . 
However, throughout t h i s  a n a l y s i s ,  t h e  plasma has  been treated as a s i n g l e  com- 

ponent f l u i d ,  and t h i s  may be p h y s i c a l l y  acceptab le ,  only i f  Equation (8) i s  

s a t i s f i e d .  Reference t o  t h i s  r e l a t i o n  shows t h a t  i t  i s  not  s a t i s f i e d ,  under 

the  aforementioned MPD condi t ions.  The right-hand s i d e  of Eq. (8) assumes t h e  

lowest  va lue ,  of about 4 x 1014 cm-2, when a degree of i o n i z a t i o n  i s  high+< a s  

50 percent  is combined with t h e  upper l i m i t  of t h e  exchange cross-sect ion range, 

i.e., Q~ 5 x 10-15 cm2. 

I n  summary then,  t y p i c a l  MPD condi t ions  r e q u i r e  n R 2 :  1.6 x cm-2 while  

t h e  right-hand of c r i t e r i o n  (8) could not  poss ib ly  have a value lower than 

4 x lO-I4 cm-2. 

ion-neutral  coupling may be expected. Natura l ly ,  lower degrees of i o n i z a t i o n  

imply an even weaker coupling. Otherwise, t h e  s e n s i t i v i t y  of c r i t e r i o n  (8) t o  

the  p a r t i c u l a r  experimental  condi t ions  may be evaluated when t h e  right-hand s i d e  

of Eq. (14) is  inspected.  Note t h a t  L ,  (i and T ,  which cannot be d r a s t i c a l l y  

Thus the  c r i t e r i o n  i n  quest ion is not  s a t i s f i e d ,  and no s t rong  

a l t e r e d  i n  favor  of s t ronger  i o n  n e u t r a l  coupling, have a r a t h e r  wear in-  

f l u e n c e  (1/4 power), on nR * S i m i l a r l y ,  B and uz have a s t r o n g e r  inf luence ,  

1 / 2  power, b u t  pract ical  cons idera t ion  would n o t  allow much h igher  values  f o r  B 

or.much lower va lues  f o r  uZ than assumed here .  

* 
Much higher degrees of ionization would not h e  relevant in a problem of ion.neutra1 coupling. 
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Thus, i t  appears t h a t  rh as a parameter could a f f e c t  nR , most s i g n i f i c a n t l y .  

This is  s o ,  n o t  only because of the  3/4 power dependence i n  Eq. (14) ,  bu t  a l s o  

because 

o t h e r  parameter.  A few comments are i n  order  h e r e ,  regarding t h e  va lue  of rh 

which appears i n  Eq. (141, and i s  t h e  a c t u a l  flow rate through t h e  a c c e l e r a t i o n  

region. A s  noted i n  connection wi th  Eq. (13) ,  m is not  n e c e s s a r i l y  the  metered 

va lue  of the m a s s  f low r a t e .  This happens because t h e  a c t u a l  mass flow rate 

through the a c c e l e r a t i o n  region may be s e r i o u s l y  a f f e c t e d  by two opposing in-  

f luences .  One i s  t h a t  a s u b s t a n t i a l  f r a c t i o n  of t h e  metered flow rate may 

a l t o g e t h e r  bypass the  a c c e l e r a t i o n  region,  and the  o t h e r  i s  an environmental  

in f luence ,  namely, entrainment of gas  from t h e  environmental tank. I n  t h e  con- 

cluding remarks, the  aforementioned cons idera t ions  are appl ied  i n  t h e  eva lua t ion  

of t h r e e  s i t u a t i o n s :  

may i n  p r i n c i p l e  be v a r i e d  over a range much wider than t h a t  of any 

(a)  The evidence of weak coupling (Refs. 1, 2 and 4) f o r  t y p i c a l  MPD condi- 

t i o n s ,  assoc ia ted  wi th  previous work (Refs. 1 through 6 ) .  

(b) The evidence of weak coupling, assoc ia ted  with t h e  d a t a  and condi t ions  

of Figure 6. 

(c)  The evidence of s t r o n g  coupling assoc ia ted  wi th  t h e  d a t a  and condi t ions  

of Figure 8. 

F. CONCLUDING REMARKS AND INTERPRETATION OF THE RESULTS 

(a)  Experimental work h e r e  (and i n  References 1, 2 and 4 )  shows no 

evidence of s t rong  ion-neutral  coupling i n  the  case of t y p i c a l  MPD condi- 

t i o n s ,  as def ined i n  t h e  d iscuss ion  fol lowing Eq. (14). It i s  q u i t e  p o s s i b l e  

t h a t ,  i n  these  s i t u a t i o n s ,  a very s u b s t a n t i a l  f r a c t i o n  of t h e  metered flow 

r a t e  bypasses t h e  a c c e l e r a t i o n  region. I f  t h i s  is  a f a c t ,  then it i s  i m -  

p o r t a n t  t o  ask whether a s t rong  coupling would be expected i f  a l l  the  
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metered f low rate w e r e  passing through t h e  a c c e l e r a t i o n  region? 

t o  t h i s  ques t ion  appears t o  be nega t ive ,  as shown by t h e  d i scuss ion  which 

fo l lows  Eq. (14). Regardless of t h i s  nega t ive  answer, one more outs tanding 

ques t ion  exis ts ,  namely, what determines and in f luences  t h e  f r a c t i o n  of t h e  

The answer 

metered f low rate which i s  =gaged i n  t h e  a c c e l e r a t i o n  region? 

(b) The presence of weak coupling, under t h e  condi t ions of Figure 6,  

is  experimental ly  obvious. The ques t ion  i s  wtether t h i s  i s  a n a l y t i c a l l y  

expected. The answer h e r e  is  t h a t  t h e  coupling i s  a n a l y t i c a l l y  expected t o  

b e  weak, o r  a t  b e s t  marginal.  This may be seen by r epea t ing  t h e  procedure 

following Eq. (14). I n  t h e  p re sen t  case, t h e  flow r a t e  is  100 ins t ead  of 

10 mgm/sec, ammonia, and t h e  e x t e r n a l  B f i e l d  is  replaced by a comparable 

self-induced B f i e l d .  Otherwise, t he  same gene ra l  condi t ions are app l i cab le .  

When Eq. (14) is  used, i t  i s  found t h a t  n R H  9 x 1014 cm-2, which must be  

compared wi th  4 x 1014 

t h e  s i t u a t i o n  appears t o  be a t  b e s t  marginal ,  even when t h e  f u l l  va lue  of 

t h e  metered flow ra te  i s  used i n  Eq. ( 1 4 ) .  

on t h e  r i g h t  hand s i d e  of Equation (8). Thus, 

(c) F i n a l l y ,  t he  s t rong  coupling of Figure 8 i s  both experimental ly  

obvious and easier t o  j u s t i f y  a n a l y t i c a l l y .  Here, n o t  only t h e  flow ra te  

is  fou r  times h ighe r  than i n  t h e  last  case ,  b u t  a l s o ,  t he  conf igu ra t ion  i s  

less favorab le  t o  t h e  p r o p e l l a n t  bypassing t h e  a c c e l e r a t i o n  region. I n  t h i s  

case, an a p p l i c a t i o n  of Eq. (14) y i e l d s  n R E  26 x 1014 cm-2, which must be 

compared wi th  4 x 1014 cm-2 on t h e  right-hand s i d e  of c r i t e r i o n  (8). 

A few more comments are s t i l l  necessary regarding t h e  environmental i n t e r -  

f e r e n c e  known as entrainment.  Regarding cases (b) ,  and ( c )  above, i t  has  been 

determined experimental ly  (Ref. 12) t h a t ,  under t h e  s p e c i f i e d  experimental  con- 

d i t i o n s ,  entrainment is  f r a c t i o n a l l y  small. Quan t i t a t ive  experiments (Ref.. 1 2 ) ,  
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with tracer gases  i n  t h e  environmental  tank and sample t ak ing  from s e v e r a l  f low 

s t a t i o n s ,  have shown t h a t  t h e  f r a c t i o n a l  amount of t h e  environmental gas i n  t h e  

MPD flow, v a r i e s  between a few and t e n  pe rcen t ,  depending on axial  and r a d i a l  

s t a t i o n .  

Entrainment d a t a ,  on a q u a n t i t a t i v e  b a s i s ,  are n o t  a v a i l a b l e  f o r  case ( a ) .  

However, q u a l i t a t i v e  evidence shows t h a t  s u b s t a n t i a l  entrainment could be  t ak ing  

p lace .  F r a c t i o n a l l y ,  i t  could be w e l l  above t en  percent ,  e s p e c i a l l y  s i n c e  the  

p rope l l an t  f low rates are lower i n  t h i s  case. Nevertheless ,  i t  is  important t o  

no te  t h a t  copious entrainment could f a l s i f y  t h e  experimental  evidence, only when 

such evidence i n d i c a t e s  good coupling. I f ,  as the  case is  h e r e ,  t he  experimental  

evidence i n d i c a t e s  poor coupling, i n  s p i t e  of t h e  f a c t  t h a t  environmental gas 

might e n t e r  copiously i n t o  t h e  a c c e l e r a t i o n  region,  then t h e  coupling could n o t  

become any s t r o n g e r  i n  the  absence of entrainment.  
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11. HIGH POWER QUASI-STEADY MPD ACCELERATION 

A. GENERAL INFORMATION 

The u l t i m a t e  o b j e c t i v e  of t h e  program under cons idera t ion  i s  the over- 

a l l  system e v a l u a t i o n  of quasi-steady MPD a c c e l e r a t o r s ,  opera t ing  with power 

pulses  of t h e  o r d e r  of 10 megawatts and dura t ions  of the  order  of 1 m i l l i -  

second, a t  r e p e t i t i o n  rates of t h e  order  of 1 p u l s e  per second. A substan- 

t i a l  amount of information regarding quasi-steady plasma a c c e l e r a t i o n ,  on a 

s i n g l e  pulse  b a s i s ,  is  a l ready  a v a i l a b l e  (Ref. 13) .  This  information is  

considered as t h e  s t a r t i n g  poin t .  Thus, t h e  t y p i c a l  t h r u s t e r  conf igura t ion  

of Reference 1 3  is  adapted f o r  our  purposes and is shown i n  F igure  10. The 

a c c e l e r a t o r  plenum i s  fed wi th  argon, o r  any o t h e r  gas,  through s e v e r a l  ho les  

d r i l l e d  on t h e  i n s u l a t o r  back-plate. A s h o r t  drum behind the  back-plate i s  

fed  d i r e c t l y  by t h e  pulsed valve.  

G a s  

Gas 
__pL 

m 

insulated Plenum Anode Plate 

Figure 10 SCHEMATIC OF THE HIGH POWER ACCELERATOR 
(Cathode: 3/4 inch Rod, Tungsten Tipped; Anode: Copper 

Plate, 2.5 inch Orifice; Cylindrical Insulated Plenum: 
3 inch Diameter, 1.5 inch Deep) 
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Furthermore,  f o r  o r i e n t a t i o n  purposes,  Figures  11 and 12 p resen t  rele- 

vant  information,  a l s o  ex t r ac t ed  from Reference 13. A v i r t u a l l y  cons tan t  

MPD impedance i n  t h e  near v i c i n i t y  of 10  milliohms is evident  from the  d a t a  

of F igure  11, The dependence of t h i s  impedance on e i t h e r  t h e  MPD c u r r e n t  

o r  on t h e  m a s s  f low rate is apparent ly  very weak. 

F igure  12 p resen t s  t h e  cu r ren t  requi red  f o r  ope ra t ion  a t  a given power 

l e v e l .  Again a very  weak dependence on t h e  mass flow rate i s  noted. More- 

over ,  i t  is  evident  t h a t  MPD ope ra t ion  a t  pulse  powers of t h e  o rde r  of 

10 megawatts w i l l  r e q u i r e  c u r r e n t s  w e l l  above 10 ki loamperes ,  r ega rd le s s  of 

t h e  flow rate. 

The t h r e e  d i f f e r e n t  va lues  of t h e  mass flow rate,  ind ica t ed  i n  Fig- 

u re s  11 and 12  are simply parameters.  

of t h e  flow rate, f o r  MPD ope ra t ion  a t  a c e r t a i n  power o r  cu r ren t  l e v e l ,  has  

been a matter of s e r i o u s  controversy f o r  a long t i m e .  I n  ou r  case, f o r  

re ference  purposes,  w e  may e s t ima te  t h e  requi red  va lues  of t h e  flow r a t e  on 

t h e  b a s i s  of t h e  expected t h r u s t  and of t h e  des i r ed  s p e c i f i c  impulse. The 

f a m i l i a r  express ion  r e l a t i n g  t h e  t h r u s t  t o  t h e  square  of t h e  MPD cu r ren t ,  

F = bI2,  is  app l i ed  €or  a rough estimate of t h e  expected t h r u s t .  

t h e  r a t i o  of anode t o  cathode cu r ren t  r a d i i ,  is assigned a reasonable  va lue ,  

say 3, then t h e  expected t h r u s t  v a r i e s  from 2 x l o 3  t o  4 x l o 4  gm of t h r u s t ,  

f o r  MPD c u r r e n t s  between 10  and 50 kiloamperes.  Furthermore, i f  va lues  of 

t h e  s p e c i f i c  impulse i n  t h e  v i c i n i t y  of a few thousand seconds are speci-  

f i e d ,  i t  is seen t h a t  t h e  appropr i a t e  mass flow r a t e s  should vary i n  t h e  

range of 1 t o  20 gmlsec, dur ing  each pulse .  

The choice of an appropr i a t e  va lue  

I f  ( r A / r c ) ,  
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With t h i s  genera l  information i n  mind, w e  have proceeded t o  i d e n t i f y  a 

pulsed valve assembly which could provide t h e  mentioned flow rates a t  a 

r e p e t i t i v e  rate of t h e  order  of 1 p e r  second. 

B. PULSED QUASI-STEADY MASS FLOW RATE 

1. Pulsed Valve 

No provis ion  e x i s t s  i n  t h e  present  program f o r  t h e  development of a 

pulsed valve.  Accordingly, commercially a v a i l a b l e  va lves  w e r e  examined 

and evaluated f o r  p o s s i b l e  a p p l i c a t i o n  t o  our  problem. The c r i t e r i a  of 

t h i s  e v a l u a t i o n  were genera l ly  those j u s t  descr ibed.  One family of 

va lves ,  by no means unique, s a t i s f y i n g  most of our genera l  requirements 

is commercially a v a i l a b l e  and manufactured by Skinner Electr ic  Valve 

Divis ion,  Skinner P r e c i s i o n  I n d u s t r i e s  Inc. ,  New B r i t a i n ,  Connecticut.  

A va lve  model, used q u i t e  ex tens ive ly  i n  our  work, is  i d e n t i f i e d  as:  

Skinner Miniature  Shut-Off, Two-way Solenoid Valve, Normally Closed, 

Model No. CZLB1062. It i s  r a t e d  t o  o p e r a t e  cont inuously a t  8 w a t t s ,  

8 vac, 60 cps,  and has  a 5132-inch o r i f i c e .  Although r a t e d  a t  60 S P I  

p ressure ,  t h e  va lve  has  operated up t o  150 P S I  without  obvious problems. 

The most important modi f ica t ion  i n  t h e  opera t ion  of t h e  afore-  

mentioned va lve  is t h e  a p p l i c a t i o n  of square vol tage  pulse  wi th  a few 

mi l l i second dura t ion ,  and an amplitude much h igher  (up t o  100 v o l t s )  

than t h e  s teady  state v o l t a g e  recommended by t h e  manufacturer.  Such 

opera t ion  i s  e a s i l y  t o l e r a t e d  by t h e  va lve  solenoid a t  rep  rates of 

1 pps, while  t h e  onse t  of t h e  in p u l s e  i n  t h e  a c c e l e r a t o r  region is very 

s u b s t a n t i a l l y  sharpened e 
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The pulsed va lve  is a c t i v a t e d  by a simple power f l i p - f l o p  c i r c u i t ,  

sketched i n  Figure 13, wi th  du ra t ions  ranging from a few t o  10 m i l l i -  

seconds. Generally speaking, t h e  a c t i v a t i o n  pu l ses  have rise and f a l l  

t i m e s  of t h e  o r d e r  of 100 microseconds, so  they p resen t  no problem f o r  

t he  intended gene ra t ion  of mil l isecond in pulses .  

0 t o  100 V o l t s  Valve Solenoid, R =  2 to  200 Ohms 

100 M i c r o f a r a d s  

1 

7 

/ 

R 

SCR2 

SCR,,SCR,, 
- 
: Rated a t  5 0 0 V o l t s  
I l O A m p s  R M S  

Figure 13 CIRCUITRY FOR PULSED VALVE ACTIVATION 

2 .  Trans ien t  P res su re  Gauge 

The d i a g n o s t i c s  of t h e  h pu l ses  were c a r r i e d  ou t  with the  he lp  of a 

p re s su re  gauge suggested by NASAILangley. This is t h e  M i l l i t o r r  Ioniza-  

t i o n  Gauge manufactured by Varian Associates  and operated under the  con- 

d i t i o n s  recommended by t h e  manufacturer. A c a l i b r a t i o n  of t h i s  gauge is 

presented as Figure 14. 

I n  our  experiments, t h e  ambient p re s su re  is i n  t h e  range 10  t o  

30 microns Hg, depending on t h e  average mass flow rate. However, t h e  
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pu l se  p re s su res  could vary from t h e  ambient p re s su re  up t o  s e v e r a l  m i l l i -  

meters Hg, depending on t h e  va lues  of in and on t h e  probed s t a t i o n .  Con- 

v e r s e l y ,  i t  must be  noted t h a t  t h e  t r a n s i e n t  p re s su re  gauge has a l i n e a r  

response only up t o  500 microns Hg. For our geometry and probing, see 

Figure 15, t h e  p re s su re ,  even i n  t h e  chamber, does n o t  exceed t h i s  l i m i t  

f o r m a s s  flows as h igh  as 10 gm/sec. Thus, the 61 pu l se  p r o f i l e s ,  as 

diagnosed by t h e  gauge, are n o t  s a t u r a t e d  f o r  in va lues  up t o  10  gm/sec 

even i n  t h e  a c c e l e r a t o r  chamber. Na tu ra l ly ,  as t h e  probing moves down- 

stream, s a t u r a t i o n  is  observed a t  p rogres s ive ly  h ighe r  values  of &. 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

x X 

x 
Figure 15 GENERAL GEOMETRY AND MATRIX OF POINTS PROBED BY TRANSIENT 

PRESSURE GAUGE 
3. Addit ional  Diagnost ic  Techniques 

Over and above t h e  use of t h e  t r a n s i e n t  p re s su re  gauge, one must use 

a d d i t i o n a l  techniques f o r  t h e  d i agnos t i c s  of t h e  & pu l ses  and f o r  t h e  

c a l i b r a t i o n  of t h e  pulsed valve.  A very u s e f u l  q u a n t i t y ,  f o r  example, is  

t h e  t o t a l  mass expe l l ed  by the  pulsed va lve  i n  a s i n g l e  pulse ,  namely the  

i n t e g r a l  of hd t .  This  q u a n t i t y  is e a s i l y  measured when one o r  s e v e r a l  
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mass flow pulses  are f e d  i n t o  a r e l a t i v e l y  s m a l l  tank, of known volume, 

and t h e  p r e s s u r e  rise i s  measured. This  has been done, as a funct ion 

of t h e  a c t i v a t i o n  t i m e  of a valve,  i n  Figure 16 ,  a s t r a i g h t  l i n e  wi th  a 

w e l l  def ined shape is  superimposed on a very s u b s t a n t i a l  amount of ex- 

p e l l e d  mass. This  behavior i n d i c a t e s  t h a t  t h e  va lve  remains open ( e i t h e r  

i n  t r a n s i e n t s  and/or  i n  s teady  s t a t e )  f o r  dura t ions  s u b s t a n t i a l l y  longer  

than t h e  e x t e r n a l l y  imposed a c t i v a t i o n  t i m e s .  However, i t  is a l s o  evi- 

dent  t h a t  a s teady  61 is  e s t a b l i s h e d  f o r  a c t i v a t i o n  t i m e s  above 2 m i l l i -  

seconds, because t h e  s lope  of t h e  p l o t  i n  Figure 16  remains cons tan t .  

I n  f a c t ,  t h i s  s l o p e  is a measure of t h e  pulsed h. The same s l o p e  is a l s o  

l i n e a r l y  dependent on t h e  r e s e r v o i r  pressure  which, as expected, c o n t r o l s  

t h e  magnitude of t h e  pulsed ho 

where, f o r  comparison, flow rates determined by flow-meters, i n  s teady  

tests of t h e  same va lve  a r e  presented.  

Relevant d a t a  are p l o t t e d  i n  Figure 1 7 ,  

A s  seen i n  Figure 1 7 ,  t h e  aforementioned va lve  covers magnitudes 

between 3 and 25 gm/sec f o r  argon r e s e r v o i r  pressures  between 20 and 

150 ps ia .  

smaller o r i f i c e  valve.  

l a r g e r  o r i f i c e  is  appropr ia te .  

Lower flow r a t e s  may be covered more conveniently with a 

Simi la r ly  f o r  h magnitudes above 20 gm/sec, a 

Relevant d a t a  are presented i n  Figure 18. 

F i n a l l y ,  it i s  worth not ing  t h a t  t h e  v a l v e ( s )  under cons idera t ion ,  

pass  a s imple r e p r o d u c i b i l i t y  test  as shown i n  Figure 19,  where t h e  ex- 

p e l l e d  mass p e r  pulse  is  p l o t t e d  f o r  1 0  consecut ive pulses ,  both a t  the  

s t a r t i n g  and ending phase of a s e v e r a l  minute long opera t ion ,  a t  1 pps. 
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Figure 18 PULSED rh VERSUS RESERVOIR PRESSURE FOR THREE 
DIFFERENT VALUES 

(Middle Plot Refers to Data and Value of Figures 16 and 17) 
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Figure 19 REPRODUCIBILITY TEST FOR THE VALVE OF FIGURE 16 

41 



4 .  T- 

The i pulses  are now i n v e s t i g a t e d  temporally and s p a t i a l l y  wi th  t h e  

h e l p  of t h e  Varian,  M i l l i t o r r  Gauge. The gauge output  is n a t u r a l l y  re- 

l a t e d  (by c a l i b r a t i o n )  t o  t h e  pressure  magnitude a t  any given t i m e  and 

s p a t i a l  s t a t i o n .  

( f o r  given flow condi t ions)  t o  h magnitude. 

In t u r n ,  p ressure  may be r e l a t e d  t o  gas dens i ty  and 

Two very important parameters are obviously t h e  onse t  delay of t h e  

in pulse  a t  any given s t a t i o n  and t h e  rise t i m e  of t h e  in magnitude, say 

from t h e  10 t o  t h e  90 percent  l eve l  of t h e  s teady  state magnitude. These 

q u a n t i t i e s  depend on s e v e r a l  parameters of t h e  o v e r a l l  system. Most i m -  

p o r t a n t  are: 

(a)  electrical i n e r t i a  f o r  va lve  a c t i v a t i o n ,  

(b) mechanical i n e r t i a  of t h e  va lve ,  

(c)  flow r e s i s t a n c e  between valve and a c c e l e r a t o r ,  

(d) volume t o  be f i l l e d  wi th  gas before  s teady  flow i s  e s t a b l i s h e d ,  

and 

(e)  response t i m e  of t h e  sensor .  

Natura l ly ,  t h e  d e t a i l e d  flow p a t t e r n  must a l s o  be considered and ex- 

amined, i f  probing is des i red  a t  flow s t a t i o n s  w e l l  downstream of t h e  

a c c e l e r a t o r  e x i t .  

In t h e  work repor ted  here ,  reasonable  e f f o r t s  were made t o  minimize 

t h e  mentioned f a c t o r s ,  without  undertaking a major development program. 

In t h e  repor ted  experimental  r e s u l t s ,  t h e  i l l u s t r a t e d  onse t  delay and 

rise t i m e s  r e s u l t  from t h e  c o l l e c t i v e  a c t i o n  of a l l  mentioned f a c t o r s .  
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Refer t o  Figure 20, which p r e s e n t s  examples of  onset  de lay  and rise t i m e s .  

It is e a s i l y  seen t h a t ,  by i n c r e a s i n g  t h e  p u l s e  v o l t a g e  which a c t i v a t e s  

t h e  va lve ,  both t h e  onse t  delay and t h e  rise t i m e s  are very s u b s t a n t i a l l y  

improved a 

Before f u r t h e r  d i scuss ion ,  i t  must be noted t h a t  such r e s u l t s  are re- 

markably reproducib le ,  as shown by t h e  i l l u s t r a t i o n s  of  F igure  21. Next, 

w e  consider  t h e  c a l i b r a t i o n  of p u l s e  amplitudes i n  terms of m a s s  flow rate. 

I n  essence,  t h e  output  of t h e  M i l l i t o r r  Gauge ( i n  microamperes, o r  m i l l i -  

v o l t s  corresponding t o  a known load r e s i s t a n c e )  may be r e l a t e d  t o  t h e  

s t a t i c  pressure  wi th  t h e  h e l p  of the  gauge c a l i b r a t i o n  shown i n  Figure 14. 

For example, i n  t h e  d a t a  of Figures  20 and 21, t h e  s teady  s ta te  amplitude 

is  about 5 microamps which, according t o  Figure 14, impl ies  a pressure  of 

0.5 t o r r .  Up t o  t h i s  pressure ,  a l inear  response may be expected (Fig- 

u r e  14) .  

shapes,  w e  expect  t h e  pressure  a t  a given s t a t i o n  t o  be propor t iona l  t o  

i, w e  may a l s o  expect t h e  gauge output  t o  be propor t iona l  t o  t h e  h. 

has  been v e r i f i e d ,  and w i l l  be  discussed.  

Because f o r  one and t h e  same geometry, and f o r  i d e n t i c a l  pu lse  

This 

An example of b c a l i b r a t i o n  is now discussed.  Refer t o  Figure 22a 

which shows t h e  complete pulse ,  as diagnosed a t  t h e  a c c e l e r a t o r  e x i t .  

The experimental  condi t ions  as w e l l  a s  t h e  onse t  and rise t i m e  of t h i s  

p u l s e  were i l l u s t r a t e d  i n  Figure 20c. The intended a c t i v a t i o n  t i m e  of 

t h e  valve is about 4 mi l l i seconds ,  although t h e  s teady  s t a t e  of h lasts 

a t  least 10 mil l iseconds.  However, t h i s  is of secondary importance com- 

. pared wi th  t h e  f a c t  t h a t  t h e  onse t  de lay  t i m e  is  about 1.5 mi l l i seconds  

and t h e  rise t i m e  about 0.5 mil l isecond,  both of which a r e  reproducib le  
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a 

C d 

Figure 20 EXAMPLES OF ONSET DELAY AND RISE TIMES OF A 10 gm/sec PULSE AS 
DETERMINED BY THE TRANSIENT PRESSURE GAUGE AT THE EXIT PLANE OF 

THE ACCELERATOR, ON THE CENTERLINE 
(MilliTorr Gauge Output, 1.7 MicroAmps/cm, versus Time, 500 Microseconds/cm. The 

Sweep is  Initiated a t  the Extreme Right of Each Frame, by the Same Pulse Which 
Activates the Valve to Open. The Four Examples (a), (b), (c) and (d) Refer 

Correspondingly to 13, 20,40 and 60 Volts, for the Electrical Pulse 
Activating the Valve.) 
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An 
a t  

overlay of IO consecutive pulses of  the example of F i g . 2 0 ~  
a r a t e  of 1 per second 

A similar overlay of IO consecutive pulses, a f t e r  several minutes 
of continuous pulsing at I pps  

Figure 21 REPRODUCIBILITY TEST 
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a. 

Complete pulse for  which the onset and r ise are shown on the 
expanded sweep o f  Fig. 2Oc 

An overlay of IO consecutive pulses under approximately the 
same conditions, as in the upper frame 

Figure 22 EXAMPLES OF h PULSES, WITH AN AMPLITUDE OF ABOUT 10 gmhec, 
PROBED AT THE ACCELERATOR EXIT AND ON THE CENTERLINE 

(Elapsed Time from Right to  Left at 2 milliseconds/cm) 
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as discussed previously.  The genera l  shape of the  pulse ,  as shown i n  

F igure  22b is  a l s o  reproducible .  

The gauge output  i n  Figure 22a is n o t  s a t u r a t e d .  This is  experi-  

mental ly  confirmed a n d . i s  so f o r  fi up t o  10 gmlcm,  a t  t h e  a c c e l e r a t o r  

exit (higher  flow rates a t  f u r t h e r  downstream s t a t i o n s ) ,  Consequently, 

t h e  gauge output  may be considered propor t iona l  t o  &, and t h e  i n t e g r a l  

of hd t  under t h e  pulse  is propor t iona l  t o  the  mass expel led by the  va lve ,  

during t h i s  pulse .  As discussed earlier i n  t h i s  r e p o r t ,  t h e  expel led 

m a s s  per  pu lse  is  e a s i l y  and independently measured, which provides t h e  

information necessary f o r  c a l i b r a t i o n .  

A s  expected, t h e  pulses  become sharper  o r  b l u n t e r  a t  s t a t i o n s  i n s i d e  

o r  downstream of t h e  a c c e l e r a t o r  e x i t ,  respec t ive ly .  The e f f e c t  is  r a t h e r  

marginal f o r  s t a t i o n s  i n s i d e  t h e  chamber. However, downstream of t h e  

exit ,  t h e  pulses  become s u b s t a n t i a l l y  b l u n t e r  as may be seen by comparing 

t h e  shapes of Figures  20b and 20d with those  of Figures  23a and 23b, 

correspondingly.  The only d i f f e r e n c e  h e r e  i s  t h a t  t h e  probed s t a t i o n  

has  moved from t h e  a c c e l e r a t o r  e x i t  t o  about 2.5 inches (one e x i t  di-  

ameter) downstream. Longer onse t  de lays  and longer  rise t i m e s  are ev ident ,  

Fur ther  examples of & pulses  a r e  presented i n  Figure 24, which 

correspond t o  a probing s t a t i o n  2.5 inches downstream of t h e  e x i t .  The 

va lve  is a c t i v a t e d  with 40 v o l t s ,  4 mi l l i seconds  e lectr ical  pulses .  Be- 

cause a t  t h i s  downstream s t a t i o n  t h e  gauge output  s a t u r a t e s  w e l l  above 

20 gm/sec, a l i n e a r i t y  test is p o s s i b l e  over a f a i r l y  wide range of rh. 

To a f a i r  approximation, w e  f i n d  both t h e  6 pulse  amplitudes and t h e  i d t  

i n t e g r a l s ,  f o r  each pulse ,  p ropor t iona l  t o  t h e  intended flow rates. 
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b. 

Figure 23 EXAMPLES OF ONSET DELAY AND RISE TIMES FOR A 10 gmhec PULSE 
AS DETERMINED AT 2.5 inches DOWNSTREAM OF THE ACCELERATOR EXIT, 

ON THE CENTERLINE 
(Cases a and b are Recorded under Conditions Identical to Those of Figure 20b and d, 

Including the Same Sweep Rates and Vertical Sensitivities) 
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Figure 24 EXAMPLES OF t6 PULSES RECORDED AT 2.5 inches DOWNSTREAM OF 
THE ACCELERATOR EXIT, AT 2 millisecondslim 

(The m Amplitude is Progressively Increased: 4,8, IO, and 21 gmlsec. The Total Mass 
Contained in Each Pulse is about 50,95, 120, and 250 Milligrams, Respectively.) 
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F i n a l l y ,  an  idea  of t h e  gas dens i ty  d i s t r i b u t i o n ,  a x i a l l y  and r ad i -  

a l l y ,  may be obta ined  from t h e  d a t a  of Figures  25 and 26, where t h e  

M i l l i t o r r  Gauge output  has  been converted i n t o  pressure .  I n  Figure 25, 

2 = 0 corresponds t o  t h e  a c c e l e r a t o r  e x i t .  For r e l a t i v e l y  high f low 

rates, e.g., 10  gm/sec o r  h igher ,  no p res su re  d a t a  i n s i d e  t h e  chamber are 

p o s s i b l e  because of gauge sa tu ra t ion .  

C. PULSED POWER 

High power pulses  w e r e  provided by d ischarg ing  energy s to red  i n  a bank 

of e l e c t r o l y t i c  capac i to r s  i n t o  t h e  MPD acce le ra to r .  A t o t a l  of 36 e l e c t r o -  

l y t i c  capac i to r s  (each about 3000 microfarads,  r a t e d  a t  350 v o l t s )  was used. 

This is a t o t a l  of about 10-1 f a rads  with an u l t ima te  c a p a b i l i t y  of s t o r i n g  

6000 j o u l e s .  This  capac i tance ,  p lus  a t o t a l  inductance of about 10 micro- 

hen r i e s ,  w e r e  d iv ided  i n t o  fou r  nea r ly  equal  s e c t i o n s ,  and a pu l se  forming 

network w a s  obtained.  

o r  about 10  milliohms which is i n  t h e  v i c i n i t y  of t h e  expected a c c e l e r a t o r  

impedance. 

2 mi l l i seconds ,  

This  network has  a c h a r a c t e r i s t i c  impedance of L/C4, 

The expected pu l se  du ra t ion  from t h i s  network is 2 (LC)%, o r  about 

An apprec iab le  d i s t o r t i o n  of t h e  mentioned parameters  i s  genera l ly  ex- 

pected because of s u b s t a n t i a l  ohmic impedance a s soc ia t ed  wi th  e l e c t r o l y t i c  

capac i tors .  I n  our case, t h e  ohmic impedance (per  each of t h e  four  s e c t i o n s  

of t h e  pu l se  forming network) w a s  found comparable t o  t h e  MPD impedance. 

Evidence of t h i s  is found i n  t h e  f a c t  t h a t  approximately one h a l f  of t h e  

energy s t o r e d  i n  t h e  capac i to r s  does not  reach t h e  MPD load.  

50 



'4 
0 

d: 
0 

m Q 
.K 
0 
c .- 
4) 
V c 
0 
m c .- 
a 
0 
X 

- 
.- 
a 

51 



0.E 

I 
L .  
0 

0.4 
2 

2 a 

3 in u) 

0.2 

e x i t  d iamete r  

e x i t ,  Z = O  

Z = I inch 

2.5 inches 

1.0 0 

R a d i a l  D is tance ,  inches 

I .o 

Figure 26 PRESSURE VERSUS RADIAL DISTANCE AT THREE DIFFERENT AXIAL 
STATIONS AND AT APPROXIMATELY 10 gm/sec 
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Electrical  energy from an ord inary  power supply w a s  s t o r e d  i n  t h e  

c a p a c i t o r  bank a t  vol tages  up t o  300 v o l t s .  The MPD a c c e l e r a t o r  could very 

e a s i l y  s tand  t h i s  v o l t a g e  without  breakdown even a t  t h e  presence of an argon 

mass flow rate. Thus, t h e  need of a switch w a s  e l iminated.  In our present  

arrangement, MPD breakdown and power pulse  d e l i v e r y  is i n i t i a t e d  a t  xi11 by 

a h igh  v o l t a g e  pulse ,  coupled t o  t h e  MPD as shown i n  Figure 27. 

t ransformer i s  formed simply by a few t u r n s  around t h e  las t  inductor  of t h e  

MPD pulse  forming network. 

The coupl ing 

The t r i g g e r  module i n  Figure 27 is fed  by a p u l s e  delayed by any de- 

s i r a b l e  delay re la t ive t o  t h e  pulse  which a c t i v a t e s  t h e  va lve  t o  open. 

SCRl,  i n  F igure  13.) 

(See 

A delay  of 3 t o  4 mil l i seconds  is found convenient,  

because t h i s  is  u s u a l l y  t h e  time between va lve  a c t i v a t i o n  and t h e  e s t a b l i s h -  

ment of a s teady  flow rate. 

A c a l i b r a t e d  Rogowski c o i l  and a v o l t a g e  probe a r e  used t o  record t h e  

c u r r e n t  and v o l t a g e  waveforms a t  t h e  MPD. Two examples a r e  i l l u s t r a t e d  i n  

F igure  28. The v o l t a g e  t o  c u r r e n t  r a t i o s  i n  t h e s e  d a t a  imply an  MPD im-  

pendance i n  t h e  v i c i n i t y  of 4 milliohms which is s u b s t a n t i a l l y  smaller than 

t h e  10 milliohms v a l u e  used f o r  genera l  design. Superimposed on t h i s  m i s -  

match is  t h e  f a c t  t h a t  the  capaci tance,  i n  each of  t h e  s e c t i o n s  of the  pulse  

forming network, has  an i n t e r n a l  impedance of t h e  order  of few milliohms. 

This ,  i n  essence,  means t h a t  a s u b s t a n t i a l  f r a c t i o n  of t h e  s t o r e d  energy is 

d i s s i p a t e d  i n  t h e  pulse  forming network during each pulse .  

may be found i n  t h e  f a c t  that: t h e  pulse  energy ( t ime i n t e g r a t e d  products  of 

c u r r e n t  vo l tage)  i n  t h e  examples of Figure 28 accounts  f o r  approximately 

2000 j o u l e s  which is  only h a l f  of t h e  4000 j o u l e s  s t o r e d  energy. 

Evidence of t h i s  
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Figure 27 INDUCTIVE COUPLING OF A HIGHER VOLTAGE PULSE FOR 
MPD BREAKDOWN 
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Figure 28 CURRENT AND VOLTAGE WAVEFORMS AT THE MPD STORED ENERGY: 
4000 Joules 
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A l l  t h e s e  e f f e c t s  are c l e a r l y  undes i rab le ,  however, t h e  pulses  of Fig- 

u r e  28 are considered acceptab le  f o r  t h e  purpose of i n i t i a t i n g  t h e  d i a g n o s t i c s  

of t h e  motional s ta te  o f  t h e  p r o p e l l a n t  i n  high power quasi-steady MPD oper- 

a t i o n .  

D. DIAGNOSTIC ARRANGEMENTS FOR DOPPLER SHIFT MEASUREMENTS 

It i s  e a s i l y  r e a l i z e d  t h a t  t h e  experimental  arrangements f o r  Doppler s h i f t  

measurements, i n  t h e  high power pulsed MPD, a r e  not  as s i m p l e  and s t r a i g h t f o r -  

ward as i n  t h e  s teady  state case. One s e r i o u s  d i f f i c u l t y  a r i s e s  from t h e  f a c t  

t h a t  r a d i a t i o n  i s  not  cont inuously a v a i l a b l e .  Thus, even i n  t h e  case of  a 

r e g u l a r l y  and r e p e t i t i v e l y  pulsed MPD, t h e  p h o t o e l e c t r i c  scanning of s p e c t r a l  

l i n e s  is very cumbersome and a very l a r g e  number of pu lses  may be requi red  f o r  

a s i n g l e  s h i f t  determinat ion.  Thus, w e  must r e s o r t  t o  photographic recording 

of s p e c t r a  which, f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n  under cons idera t ion  h e r e ,  is 

less convenient. 

1. Need f o r  T i m e  Resolut ion 

The c u r r e n t  pu lses  de l ivered  t o  t h e  MPD are not  i d e a l l y  rec tangular .  

Moreover, t h e  i n t e n s i t y  of l i n e  r a d i a t i o n  is not  n e c e s s a r i l y  i n  s t e p  with 

theampl i tude  of theMPD curren t  pulse .  Refer t o  Figure 29 which shows 

t h a t  s u b s t a n t i a l  r a d i a t i o n  may be emit ted a f t e r  t h e  MPD c u r r e n t  has  de- 

cayed t o  values  which are unimportant from t h e  a c c e l e r a t i o n  poin t  of view. 

Thus, an appropr ia te  s h u t t e r  arrangement must be made t o  prevent t h e  un- 

d e s i r a b l e  r a d i a t i o n  from f a l s i f y i n g  t h e  Doppler s h i f t  measurements. 
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Figure 29 EXAMPLES OF SIMULTANEOUS RECORDINGS OF ARGON LINE 
INTENSITIES AND MPD CURRENT 
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2 .  S h u t t e r  

A s h u t t e r  is d e s i r a b l e  i n  f r o n t  of t h e  s l i t  of t h e  spectrograph,  used 

f o r  t h e  Doppler s h i f t  measurements. 

t i m e s  between a few hundred microseconds and a few mi l l i seconds ,  a t  any 

This  s h u t t e r  should remain open f o r  

d e s i r a b l e  s tage ,  during the  d e l i v e r y  of a power pulse  t o  t h e  MPD. 

I n  t h e  l a b o r a t o r y ,  s h u t t e r  a c t i o n  is  provided by a. d i s c  r o t a t i n g  i n  

The d i s c  blocks t h e  spectrograph a t  a l l  f r o n t  of t h e  spectrograph sl i t .  

t i m e s ,  except when a s l o t  on t h e  per iphery of t h e  d i s c  passes  by t h e  

spectrograph sl i t .  

a r a d i a l  d i s t a n c e  rs 

e f f e c t i v e l y  open during a t i m e  i n t e r v a l  

I f  t h e  s h u t t e r  s l o t  has a width wS and is  l o c a t e d  a t  

from the  a x i s  of r o t a t i o n ,  then t h e  s h u t t e r  is 

where f is  t h e  r o t a t i o n  frequency of t h e  d i s c .  In a c t u a l  practice,  f o r  

t h e  s h u t t e r  w e  may u s e  a s l o t  width of 1 nun a t  a r a d i u s  of about 1 7  c m  

wi th  a d i s c  r o t a t i n g  a t  150 rpm. 

is about 350 microseconds, which is  q u i t e  adequate f o r  t h e  t i m e  r e s o l u t i o n  

d e s i r e d  i n  our experiments. 

quency of t h e  d i s c  may be used f o r  a d j u s t i n g  the  exposure t i m e .  

The r e s u l t i n g  i n t e r v a l  of open s h u t t e r  

Both t h e  s l o t  width and t h e  r o t a t i o n  f r e -  

3. S h u t t e r  Synchronization and Repet i t ion  Rate 

It i s  understood t h a t  t h e  s h u t t e r  should open a t  any d e s i r a b l e  s t a g e ,  

p r e f e r a b l y  immediately fol lowing t h e  i n i t i a t i o n  of a power p u l s e  t o  t h e  

MPD. Moreover, t h i s  should be done a t  any d e s i r a b l e  rep  rate. P r e s e n t l y ,  

i t  is  found more convenient t o  synchronize t h e  MPD a c t i v a t i o n  events  t o  

t h e  s h u t t e r ,  r a t h e r  than the  o t h e r  way around. 
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A s i g n a l  f o r  r e p e t i t i v e  o p e r a t i o n  could,  i n  p r i n c i p l e ,  be provided by 

t h e  s a m e  d i s c  which opera tes  t h e  s h u t t e r .  

venien t  because t h e  r e p  rate would have t o  be coupled wi th  t h e  r o t a t i o n  

frequency which appears  i n  Eq. (15). To maintain a rep ra te  independent 

of t h e  s h u t t e r  r o t a t i o n  frequency, a smaller secondary d i s c  is employed. 

However, t h i s  would be incon- 

This  secondary d i s c  i s  coupled t o  t h e  same, (150 rpm), motor as t h e  s h u t t e r  

d i s c ,  however its coupling is geared down by a f a c t o r  of t h r e e ,  s o  i t  ro- 

tates a t  50 rpm o r  about once every 1 . 2  seconds. I n  p r a c t i c e ,  a small 

h o l e  on t h e  d i s c  a l lows an  ord inary  l i g h t  beam t o  a c t i v a t e  an a u x i l i a r y  

photomul t ip l ie r ,  a t  t h e  s p e c i f i e d  qep rate. Moreover, it is  e a s i l y  

arranged so t h a t  t h e  s h u t t e r  s l o t  is  found a t  any d e s i r a b l e  angular  d i s -  

tance from t h e  spectrograph s l i t ,  when t h e  a u x i l i a r y  photomul t ip l ie r  is 

a c t i v a t e d .  This  angular  d i s t a n c e ,  divided by t h e  angular  v e l o c i t y  of t h e  

s h u t t e r  d i s c ,  gives  t h e  t i m e  delay between photomul t ip l ie r  a c t i v a t i o n  and 

the  beginning of spectrograph s l i t  exposure. The dura t ion  of t h e  exposure 

is  determined by Eq. (15). 

I n  a c t u a l  p r a c t i c e ,  t h e  r e p e t i t i v e l y  a v a i l a b l e  s i g n a l  from t h e  

a u x i l i a r y  photomul t ip l ie r  i s  used t o  t r i g g e r  t h e  complete MPD sequence 

as shown i n  Figure 30. Variable  Delay Generator 1 i s  used t o  de lay  t h e  

i n i t i a t i o n  of t h e  MPD cyc le  by any l e n g t h  of t i m e  necessary f o r  t h e  coin- 

c idence of t h e  s p e c t r a l  exposure with any d e s i r a b l e  phase of the  MPD 

cycle .  The output  of Delay Generator 1 is s p l i t  i n t o  t h r e e  s i g n a l s .  

One of these  i s  used d i r e c t l y  t o  a c t i v a t e  t h e  i n i t i a t i o n  of the  mass 

flow pulse.  

delayed, u s u a l l y  by 4 mil l i seconds ,  which is s u f f i c i e n t l y  long f o r  t h e  

h pulse  t o  a r r i v e  a t  t h e  i n t e r e l e c t r o d e  reg ion  and t o  reach s teady  state. 

The second s i g n a l  i s  fed  i n t o  Delay Generator 2 where i t  is 
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The delayed pulse ,  under cons idera t ion  here ,  t r i g g e r s  t h e  t r i g g e r  module 

of Figure 27 and i n i t i a t e s  t h e  d e l i v e r y  of t h e  power pulse.  F i n a l l y ,  a 

t h i r d  s i g n a l  from Delay Generator 1 is fed  i n t o  Delay Generator 3. Here, 

w i t h  a usua l  de lay  of 7 mi l l i seconds ,  a pulse  is provided f o r  c l o s i n g  t h e  

valve.  It is  understood t h a t  t h i s  de lay  should be equal ,  a t  least ,  t o  

t h e  sum of Delay 2 p l u s  t h e  power p u l s e  dura t ion .  

To SCR2 Figure 13 
(Shut Valve 1 

Variable Delay 
Generator 3 

Var iable  Delay 
Activated PM Generotor I 

I I 

To SCRl ,Figure 13 
(Open Valve) (Tr igger Power Pulse) 

To Trigger Module, Figure 27 

Figure 30 SCHEMATIC OF TRiGGER ARRANGEMENTS FOR A 
COMPLETE PULSED MPD CYCLE 

An a p p l i c a t i o n  of t h e  s h u t t e r  i n  opera t ion  is  i l l u s t r a t e d  i n  Fig- 

u r e  31. The fol lowing a d d i t i o n a l  information is relevant. The param- 

eters, appearing i n  Eq. (15),  have t h e  values:  ws = 5 m, rs = 17 cm, 

and f = 150 rpm. It fol lows t h a t  t h e  exposure d u r a t i o n  is  approximately 

equal  t o  2 mil l i seconds .  This  i s  genera l ly  d e s i r a b l e  because t h e  MPD 

. power pulse  h a s  about t h e  same dura t ion .  (See Figure 29.) 
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The s a m e  power p u l s e  is  used i n  t h e  examples of F igure  31. I n  

Figure 31a an  argon l i n e  i n t e n s i t y  is  recorded, without  s h u t t e r  a c t i o n ,  

i n  a fash ion  similar t o  t h a t  of Figure 29. 

u res  31b, c and d ,  t h e  s h u t t e r  is used with a n  approximate exposure of 

I n  t h e  examples of Fig- 

2 mil l iseconds.  This exposure is  synchronized t o  begin: (a )  immediately 

fol lowing t h e  i n i t i a t i o n  of t h e  2 mi l l i second power pulse ,  (b)  3 m i l l i -  

seconds later and (c) 4 mill iseconds later.  

Thus, a 2 mil l isecond window, exposing t h e  spectrograph s l i t  t o  MPD 

r a d i a t i o n ,  may be arranged t o  coincide with any d e s i r a b l e  phase of t h e  

MPD pulse .  

s l o t  narrower and/or  by increas ing  t h e  r o t a t i o n a l  rate of t h e  s h u t t e r  d i sc .  

Much s h o r t e r  exposures may be arranged by making t h e  s h u t t e r  
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I rnsecicrn ( A l l  frames) I--- 

Figure 31 ARGON LINE INTENSITY 
(a: Corresponding to a 2 millisecond Power Pulse (See Figure 29.) b, c. and d: 

illustration of Shutter Operation with a 2 millisecond Window, Immediately 
Following Power Pulse Initiation, 3 milliseconds and 

4 milliseconds Later.) 
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