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SHO(=K TUBE SPECTROSCOPY 

AT CHROMOSPHERIC TEMPERATURES 

Abstract 

Results of recent spectroscopic experiments with 

a gas-driven shock tube are described, including tech- 

n i c a l  developments, progress i n  redundant measurements 

of plasma s t a t e ,  and data on atomic l i n e  strengths f o r  

neutral carbon. 



1. In t roduc t ion  

. 
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I n  company wi th  o the r  research  groups i n  "experimental  

as t rophys ics" ,  w e  b e l i e v e  t h a t  thermal l i g h t  sources  should cont inue 

t o  be used and improved f o r  l i ne - s t r eng th  measurements, 

methods, used i n c r e a s i n g l y  i n  r ecen t  yea r s ,  do n o t  depend on thermal  

e x c i t a t i o n  r e l a t i o n s ;  however, they  r e q u i r e  unambiguous i n t e r p r e t a -  

t i o n  of r a d i a t i v e  decay t i m e s  ( o r  d i s t ance )  o r  e x c i t a t i o n - r a d i a t i o n  

phase l ags .  Because of d i f f i c u l t i e s  i n  both  the thermal diid iion- 

thermal  methods, t h e  two approaches o f t e n  show comparable accurac ies .  

Both w i l l  remain important  f o r  many yea r s ,  in o r d e r  t h a t  sys t ema t i c  

e r r o r s  may be avoided. 

Other 

I n  t h e  p a s t  few months, t h e  thermal  l i g h t  source  of  i n t e r e s t  

t o  us  -- namely a 3'' x 4" gas-driven shock tube  -- has been s t u d i e d  

by several d i a g n o s t i c  procedures which are s t i l l  being r e f ined .  

gene ra l  r e s u l t  is  t h a t  da t a  on l i n e  s t r e n g t h s  of l i g h t  elements are 

a c c e s s i b l e  through t h e  obse rva t iona l  techniques and t h e  methods of 

d a t a  r educ t ion  w e  have used. For t h e  l i g h t e r  elements and t h e i r  

i ons ,  temperatures  of 1 0 , O O O o  K and upward must u sua l ly  be  employed. 

The g e n e r a l  philosophy is  t o  determine atomic l i n e  s t r e n g t h s  us ing  

as many redundant measurements as p o s s i b l e  on t h e  thermodynamic vari- 

a b l e s  such as temperature ,  p re s su re  and number dens i ty  of e l ec t rons .  

While our  work goes ahead t o  o t h e r  elements and t o  more thorough 

measurements on carbon, we want t o  r e p o r t  h e r e  t h e  carbon r e s u l t s  

r e c e n t l y  obta ined ,  t h e  spec t roscopic  methods y i e l d i n g  t h e  cu r ren t  

l e v e l  of p r e c i s i o n ,  and some of t h e  ope ra t ing  techniques now adopted 

€or t h i s  work. 

The 
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I n  what fol lows,  w e  w i l l  assume t h e  reader is f a m i l i a r  

w i th  c e r t a i n  s a l i e n t  f e a t u r e s  of shock tube  opera t ion :  

( a )  The i n c i d e n t  and r e f l e c t e d  ehock waves compress a 
gas  oample of known composition, so  t h a t  i t s  p res su re  i s  
a few hundred t imes (and t h e  temperature  s e v e r a l  t e n s  of  
t imes)  t h e  i n i t i a l  value.  Typica l ly  w e  ob ta in :  p re s su re  
?, 6 atmos., temperature  2, l l , O O O o  K behind r e f l e c t e d  
shocks i n  such mixtures  as 99,5% neon p lus  0.5% methane 
( C H 4 )  

(b) 
c a l c u l a t e d  from t h e  i n i t i a l  composition, p re s su re  and 
temperature  and the  i n c i d e n t  shock v e l o c i t y  -- assuming 
non-d iss ipa t ive ,  one-dimensional f low and t h e  conserva t ion  
r e l a t i o n s  appropr i a t e  t he re to .  I n  f a c t ,  d i s s i p a t i v e  de- 
partiiraii f rom t h i o  "idezl flnw" are o f t e n  seen  which are 
of o rde r  10-20%. I n  o rde r ,  t h e r e f o r e ,  t o  a v a i l  onese l f  
of t h e  very  a t t r a c t i v e  degree of hea t ing  i n  shock waves, 
p r e c i s e  measurements of thermal  (and r a d i a t i v e )  s ta te  are 
requi red ,  

The thermal  s ta te  of t h i s  gas  can, i n  p r i n c i p l e ,  be  

(c) Any shock tube s ta te  l a s t s  only a s h o r t  t i m e  i n  or- 
d inary  terms, due t o  t h e  h igh  shock v e l o c i t i e s  necessary  
f o r  gene ra t ing  high temperatures  and reasonable  l i m i t s  
on appara tus  size.  Our t i m e s  are of o r d e r  50-100 micro- 
seconds behind the  r e f l e c t e d  shock, w i th  a degree of 
t r ans i ency  s t i l l  p r e s e n t ,  so our  a i m  is  t o  c o l l e c t  data 
during 2-10 microsecond per iods  when s t e a d i n e s s  can be 
assumed. Each shock tube  "shot" i s  t r e a t e d  as a s e p a r a t e  
experiment,  while  t h e  t ime-evolution w i t h i n  each s h o t  
a l lows  a range of v a r i a b l e s  t o  be covered. The ope ra t ing  
range f o r  each sho t  is  e a s i l y  v a r i e d  by changing t h e  d r iv ing  
p res su re  o r  o t h e r  i n i t i a l  condi t ions.  Accuracy of compo- 
s i t i o n ,  l ine-of -s ight  un i formi ty  and p l e n t y  of  t i m e  f o r  
e q u i l i b r a t i o n  are a l l  p o i n t s  in favor  of t h e  gas-driven 
shock tube  as a spec t roscop ic  source.  

(d) Atomic l i n e  s t r e n g t h s  are deduced from measured l i n e  
i n t e n s i t i e s  (emiseion o r  absorp t ion)  coupled t o  knowledge 
of abundance of t h e  s p e c i e s  (e.g.; carbon i n  t h e  QI - neon 
sho ta )  and t h e  r e l a t e d  ion iza t ion -exc i t a t ion  e q u i l i k r i a  
(e.g., t h e  Boltzmann f a c t o r  f o r  t h e  upper o r  lower l e v e l  
of t h e  l i n e  i n  ques t ion) .  Accuracy of a l l  t he  thermal  
methods is t h e r e f o r e  determined by t h e  accu rac i e s  wi th  
which l i n e - i n t e n s i t y  and l e v e l  populat ion are known. 
a h igh-exc i ta t ion  l i n e  of a given element,  a temperature  
e r r o r  can b e  magnified by t h e  r a t i o  of level  energy t o  
temperature ,  un less  more than t h e  ba re  minimum of types  
of obse rva t ion  is made. Complementary, even redundant,  
measurements are c a l l e d  f o r .  

For 
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Sec t ion  2 treats c a l c u l a t i o n s  of shock tube s t a t e s ,  both 

from t h e  Rankine-Hugoniot po in t  of view (based on i n c i d e n t  shock v e l o c i t y )  

and from t h e  more gene ra l  s p e c i f i c a t i o n  of t h e  v a r i a b l e s  p ,  T (pres-  

s u r e  and temperature)  which t a c i t l y  assumes they  w i l l  be  measured; 

f o r  measurements see Sec t ions  3 and 4. 

t i a l  image d i s s e c t o r  and i t s  use  i n  measuring e l e c t r o n  d e n s i t i e s .  

Line s t r e n g t h s  f o r  v i s i b l e  carbon l i n e s  are given i n  Sec t ion  6 ,  and 

direitions zf c c r r m t  renearch are ind ica t ed  i n  Sec t ion  7. 

Sec t ion  5 d i scusses  a sequen- 

2. Calcula t ion*  of Thermodynamic S t a t e s  and Shock Conditions (Koopman) 

Two t ypes  of machine c a l c u l a t i o n s  have been developed and 

are employed i n  r educ t ion  and a n a l y s i s  of experimental  da t a :  

c a l c u l a t i o n  of t h e  degrees  of i o n i z a t i o n  and e x c i t a t i o n  of t h e  var ious  

t o t a l '  atomic and i o n i c  s p e c i e s ,  where two thermodynamic v a r i a b l e s  (T-N 

T-Ne, T-p, e t c . )  and i n i t i a l  molecular  composition are known q u a n t i t i e s  

and (b) c a l c u l a t i o n  of t h e  thermal s ta te  and of t h e  atomic and i o n i c  

abundances and e x c i t a t i o n  populat ions,  i n  both t h e  primary and re- 

f l e c t e d  shock reg ions ,  as a func t ion  of  i n i t i a l  shock speed and z n s  

composition. 

( a )  

As t h e  experimental  appara tus  has  been developed t o  y i e l d  

a c c u r a t e  measurements of the plasma s ta te  d i r e c t l y ,  c a l c u l a t i o n s  of 

type  (a )  are employed as the  primary means of reducing measured 

o p t i c a l  i n t e n s i t i e s  t o  y i e l d  f -values ,  whi le  t h e  shock c a l c u l a t i o n s  

(b) are used t o  c a l c u l a t e  t he  cond i t ions  expected on t h e  b a s i s  of 

t h e  measured shock speed and t o  p r e d i c t  t h e  r e s u l t s  of proposed 

%zqxEing services were provided by t h e  Univers i ty  of Maryland Com- 
p u t e r  Science Center. 
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s tud ie s .  

t i o n s  w i l l  form t h e  b a s i s  f o r  o t h e r  s t u d i e s ,  p r imar i ly  t o  see whether 

d i sc repanc ie s  arise from hydrodynamic imperfec t ions  o r  some more 

i n t e r e s t i n g  phenomena. 

The agreement between p red ic t ed  and measured shock condi- 

The p resen t  c a l c u l a t i o n s  are con t inua t ions  of earlier 

t rea tments  of h igh  temperature  equi l ibr ium and shock phenomena; 1,2 

t h e  s o l u t i o n  of t h e  problem of s imultaneous m u l t i p l e  i o n i z a t i o n  

processes  f o r  a mixture  of elements is based on a publ ished itera- 

3 t i v e  procedure which has been modified f o r  more r ap id  convergence. 

So lu t ions  of t h e  shock equat ions  f o r  a real gas  are based on a gra- 

p h i c a l  technique which has  been developed t o  inc lude  k i n e t i c ,  d i s -  

s o c i a t i v e  and i o n i z a t i o n a l  energy terms c a l c u l a t e d  on an atomic 

b a s i s ,  and has  been i n t e r p r e t e d  i n  an a l g e b r a i c  form f o r  numerical  

i t e r a t i o n a 4  

func t ions ,  lowered i o n i z a t i o n  p o t e n t i a l s ,  and a cons idera t ion  of  

n e u t r a l ,  s i n g l e  and double ion ized  s p e c i e s  are included i n  t h e  analy- 

sis. Both types  of c a l c u l a t i o n s  have been coded i n  t h e  Michigan 

Algorithm Decoder (MAD) language; c u r r e n t  programs w i l l  so lve  f o r  

A d e t a i l e d  c a l c u l a t i o n  of  atomic and i o n i c  p a r t i t i o n  

i n i t i a l  mix tures  of neon p lus  t h e  a d d i t i v e s  H2, A r ,  N2, 02, cH4’ H*S 

and CS2 i n  a r b i t r a r y  concent ra t ions .  

expanded t o  inc lude  a wider range of add i t ives .  

The programs can r e a d i l y  be  

F igu re  1 is an example of t h e  a p p l i c a t i o n  of t he  type (a) 

c a l c u l a t i o n ,  y i e l d i n g  number d e n s i t i e s  f o r  va r ious  spec ie s  i n  a 

plasma of f i x e d  composition and t o t a l  number d e n s i t y  as  a func t ion  

of temperature;  Figure 2 demonstrates t h e  r e s u l t s  ob ta ined  from 

t h e  type  (b) c a l c u l a t i o n ,  where shock condi t ions  as w e l l  as number 

d e n s i t i e s  are p r e d i c t e d  as a func t ion  of shock speed. 
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3. Temperature Measurements v i a  Line Reversal  and Absolute Line 

I n t e n s i t y  (Chara t i s )  

Of s e v e r a l  methods employed f o r  temperature  measurement, 

Both are made s imultaneously two are descr ibed  and compared here.  

w i th  t h e  same Bauech and Lomb spec t rograph  ( f /18)  viewing t h e  shock 

tube  perpendicular  t o  t h e  flow axis. 

a polychromator w i t h  t h r e e  p a i r s  of channels l oca t ed  a t  t h e  Balmer 

l i n e  He (X6563), a s t r o n g  N e i  l i n e  (X%52), a C I l i se  (A.5052) and 

t h e i r  nearby,  l i n e - f r e e  continua. The channels  are cons t ruc ted  s i m i -  

l a r l y  t o  t h e  elements of  t h e  multi-channel "squid" d iscussed  i n  Sec- 

t i o n  5 below; i.e. g l a s s  cover s l i d e s  j o i n e d  t o  f i b r e  bundles which 

c a r r y  l i g h t  t o  photomul t ip l ie rs .  A l l  channels are abso lu te ly  C a l i -  

b r a t e d  w i t h  a carbon a rc  anode, 5 s 6  c a r e  being taken t h a t  t h e  i l lum- 

i n a t i o n  of t h e  o p t i c  elements is  always t h e  same. The recording of 

a l l  channels is  made on t r i g g e r e d  o s c i l l o s c o p e  sweeps; t r i g g e r i n g  

is  der ived  from p res su re  t ransducers  i n  t h e  shock tube ,  so t h a t  l i g h t  

from a l l  flow reg ions  can be observed. 

The spec t rograph  i s  used as 

(a) Line Reversal  temperatures  are measured p r imar i ly  

wi th  t h e  Hot channels ,  s i n c e  t h e  r e l a t i v e l y  high o p t i c a l  depth of 

t h i s  l i n e  l ends  g r e a t  e e n s i t i v i t y  t o  t h e  method. The f l a s h  lamp 

which s h i n e s  through t h e  shock tube  has  been descr ibed  elsewhere , 
and a more r ecen t  a r t i c l e  on t h i s  type  of d i scharge  

f u l  t o  t h e  i n t e r e s t e d  reader.  The f l a s h  lamp d ischarge  i s  usua l ly  

t r i g g e r e d  about  35 microseconds a f t e r  t h e  t i m e  (t  ) when t h e  f i r s t  

r e f l e c t e d  shockwave crosses  t h e  o p t i c  ax i s .  Peak b r igh tness  temp- 

e r a t u r e  of t h e  lamp i s  t y p i c a l l y  22,000° K i n  t h e  v i s i b l e  spectrum, 

7 

8 w i l l  prove use- 

0 
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and abso rp t ion  by t h e  coo le r  gas i n  t h e  shock tube  i s  q u i t e  ev ident  

on those  channels centered  on s t r o n g  l i n e s .  

9 We f i r s t  t r i e d  t o  measure N e 1  l i n e  reversal d i r e c t l y ,  encount- 

e r i n g  low p r e c i s i o n  due t o  low o p t i c a l  depth,  and have s i n c e  concen- 

t r a t e d  on Ha f o r  b e s t  r e s u l t s .  Curren t ly  t h e  p r e c i s i o n  i n  spec i fy ing  

t h e  "cross  over" between emission and abso rp t ion  spectra is  about 12. 

Reversal  temperatures f o r  Ha are compared t o  Rankine-liu- 

goiiiot predictions i n  p a r t  (a) of Figure 3. S ince  t h e  dashed l i n e  

r e p r e s e n t s  i d e n t i c a l  temperatures,  t h e  r e v e r s a l  va lues  are about 

10% h ighe r  than t h e  i d e a l  p r e d i c t i o n  when t h e  l a t te r  is  n e a r  10,OOOo K. 

Agreement w i t h i n  t h e  expected e r r o r s  is  observed from 12,000 t o  13,0OO0IC. 

The e r r o r  a t t ached  t o  t h e  p red ic t ed  temperature arises from f luc tua -  

t i o n s  i n  t h e  t iming c i r c u i t r y  used t o  measure primary shock speed. 

All s p e c t r a l  l i n e s  (Ha , N e I ,  C I) demonstrate a 2% rise i n  tempera- 

t u r e  between t and to + 35 psec, so  some d i s p a r i t y  between t h e  re- 

versa1 and p red ic t ed  va lues  is  n o t  s u r p r i s i n g .  That both t h e  temp- 

e r a t u r e  and p r e s s u r e  show n o t i c e a b l e  i n c r e a s e s  behind t h e  r e f l e c t e d  

shock wave i n d i c a t e s  t h a t  the shock tube  flow d e p a r t s  somewhat from 

t h e  constancy one assumes i n  Rankine-Hugoniot c a l c u l a t i o n s ,  

0 

The Ha r e v e r s a l  da t a  show t h a t  t h e  popula t ion  r a t i o  of t h e  

n = 3 and n = 2 levels of n e u t r a l  hydrogen i s  given by a temperature 

which roughly ag rees  w i t h  hydrodynamic expec ta t ions  and which can 

b e  determined w i t h  p r e c i s i o n s  of o rde r  200 - 300' K. 

(b) Absolute l i n e  i n t e n s i t y  measurements, u t i l i z i n g  l i n e s  

of known o s c i l l a t o r  s t r e n g t h ,  se t t le  the  ques t ion  of whether t h e  

energy l e v e l s  of t h e  element i n  ques t ion  are populated according 

t o  the same temperature one deduces from hydrogen l i ne - r eve r sa l .  
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This  i s  a demanding check on l o c a l  thermal equi l ibr ium,  i f  one uses  

an element such as neon f o r  which t h e  abundance and energy l e v e l  

spac ings  are q u i t e  d i f f e r e n t  than  f o r  t he  hydrogen. 

l i n e  s t r e n g t h s  now seem w e l l  known from a series of measurements 

us ing  thermal  sources  and, in  later y e a r s ,  r a d i a t i v e  l i f e t i m e  

techniques.  

w e  adopted t h e  va lue  A * 0.75 x 10 s e c  f o r  N e 1  X5852.49. Since 

t h e  accuracy of t h i s  va lue  is of  o r d e r  lo%, t h e  l i n e  is  s u i t a b l e  f o r  

temperature  de te rmina t ions  to a p r e c i s i o n  of o rde r  1%. 

The d e n s i t y  of n e u t r a l  neon atoms i n  t h e  ground s ta te  w a s  

For NeI, many 

10 From the  recent  Nat iona l  Bureau of Standards conp i l a t ion ,  

8 -1 

determined f o r  each experiment by means of t h e  p,  T program (Sec t ion  2) 

t oge the r  wi th  measured p res su res  (Sec t ion  4) and r e v e r s a l  tempera- 

t u r e s  (above). Though i t  might seem c i r c u l a r ,  t h e r e f o r e ,  t o  compare 

t h e  f i n a l  N e 1  temperatures  wi th  reversal temperatures ,  i t  is e a s i l y  

shown t h a t  t h i s  i s  n o t  t h e  case. 

e r a t u r e  appears  m u l t i p l i c a t i v e l y  i n  f r o n t  of t h e  Boltzmann f a c t o r  

one is t r y i n g  t o  determine - and no t  w i th in  t h e  exponent ia l  where i t  

would confuse t h e  i ssue .  

I n  t h i s  method, t h e  r e v e r s a l  temp- 

Using d e n s i t i e s  i n f e r r e d  i n  t h i s  manner and t h e  t r a n s i t i o n  

p r o b a b i l i t y  f o r  N e 1  g iven  above, Boltzmann f a c t o r s  - and t h e r e f o r e  

e x c i t a t i o n  temperatures  -were found f o r  t he  upper neon level which 

l ies n e a r l y  19  e V  above the ground state. The r e s u l t s  are shown i n  

p a r t  (b) of F igure  3, compared wi th  r e v e r s a l  temperatures  measured 

f o r  t h e  same plasmas. 

t h e  temperature  range s tud ied  (10,500 - 11,500° K) 

The two methods are i n  good agreement over  

Thus, measurements on t h e  re la t ive  l e v e l  popula t ions  of 
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one atomic s p e c i e s  and t h e  abso lu te  l e v e l  popula t ions  of another  

y i e l d  t h e  same temperature ,  and g i v e  s t r o n g  support  t o  assumptions 

of l o c a l  thermal  equi l ibr ium i n  f u r t h e r  experiments wi th  t h i s  shock 

tube  plasma. 

4. Pressu re  and Shock Veloci ty  Measurements wi th  Quar t z  Transducers 

(Murphy) 

Osc i l l o scop ic  records  of p re s su re  h i s t o r i e s  are made a t  

two shock tube  p o s i t i o n s  by means of t h e  Kistler qua r t z  g u a p  (Model 

K I A )  mc! chirge a m p l i f i e r  (!.Iode1 568). For t h e  experiments culmina- 

t i n g  i n  t h e  d a t a  g iven  i n  Sect ion 6, two t r ansduce r -ampl i f i e r  sta- 

t i o n s  were l o c a t e d  i n  t h e  top w a l l  of t h e  shock tube. 

t o  t h e  spec t roscop ic  l i n e  of s i g h t ,  so t h a t  w e  could ( a )  record t h e  

abso lu te  p re s su re  behind the r e f l e c t e d  shock appropr i a t e  f o r  spec- 

t ro scop ic  d a t a  reduct ion ,  and (b) observe t h e  t imes-of-arr ival  of 

both t h e  i n c i d e n t  and r e f l e c t e d  shock waves. The o t h e r  t ransducer  

was 20 crn f u r t h e r  upstream where the  a r r i v a l  of t h e  i n c i d e n t  shock 

w a s  t h e  p r i n c i p a l  observable ,  so t h a t  t he  v e l o c i t y  of t h a t  shock 

could be determined on a 60 microsecond time-base. 

One was c l o s e  

Delay c i r c u i t s  were employed t o  g e t  both p re s su re  h i s t o r i e s  

on t h e  same CRO p i c t u r e  with good t i m e  r e so lu t ion .  

t iming f l u c t u a t i o n s  of order  1.0 - 1.5 microsecond which rendered 

t h e  shock v e l o c i t y  measurements imprec ise  t o  a level of 2%. This  

is t h e  sou rce  of t h e  4% unce r t a in ty  i n  temperature  as c a l c u l a t e d  

from t h e  Rankine-Hugoniot equat ions  (Sec t ion  3a and Figure 3a). 

Fur the r  work i e  under way t o  reduce these  f l u c t u a t i o n s  a n d t o  i n s u r e  

t h a t  no sys t ema t i c  e r r o r  is in t roduced  by convert ing one p res su re  

We encountered 
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rise i n t o  an e l e c t r o n i c  t r i g g e r  p u l s e  whi le  us ing  t h e  o t h e r  p re s su re  

trace i n  i ts  f u l l y  d isp layed  form. 
* 

Absolute p re s su res ,  measured behind the  r e f l e c t e d  shock 

wave, provide t h e  companion da ta  t o  r e v e r s a l  temperatures ,  i n  o rde r  

t h a t  t h e  thermal s ta te  of  the gas  is completely s p e c i f i e d  a t  t h e  

t i m e  when atomic l i n e  i n t e n s i t i e s  are being observed p h o t o e l e c t r i c a l l y  

and photographica l ly .  

the manufscturer, A r e -ca l ib ra t ion  by us ,  using a dead-weight tester, 

agreed wi th  t h e  manufacturer ' s  c a l i b r a t i o n  t o  1.5%. The n e t  p rec i s ion  

of shock tube  p res su re  measurements is 4% - 5%. 

e r a t u r e  d a t a  are t h e  i n p u t s  f o r  t h e  (p,T) program (Sec t ion  2 ) ,  whi le  

p re s su res  themselves ( a t  to + 35vsec) are 25% higher  than  t h e  Rankine- 

Hugoniot p red ic t ions .  This  comparison desc r ibes  t h e  ma jo r i ty  of  

s h o t s  which were made wi th  i n i t i a l  p re s su res  of 10 Tor r  (neon p lus  

0.5% CH4). 

much c lose r .  

shock scatters between 6 and 8, which is  t o  be  compared t o  t h e  theo- 

re t ical  l i m i t  of  6 f o r  s t rong  shocks i n  permanent gases  having t h r e e  

t r a n s l a t i o n a l  degrees  of freedom. 

to-shot scatter,  t h e  pressure  h i s t o r i e s  show a s t eady  rise behind 

every r e f l e c t e d  shock, providing f u r t h e r  evidence f o r  a degree of 

t r ans i ency  i n  t h e  i n c i d e n t  flow f i e l d .  Experience i n d i c a t e s  t h a t  

The p res su re  t ransducers  were c a l i b r a t e d  by 

The p res su re  and temp- 

For t h e  few s h o t s  a t  14 Torr  and above, t h e  agreement is  

The p res su re  r a t i o  immediately ac ross  t h e  r e f l e c t e d  

As w e l l  as demonstrating a shot- 

* 
A t  a t h i r d  shock tube  s t a t i o n ,  upstream of b o t h . t r a n s -  

ducers ,  a r e e i s t i v e  f i lm-s t r ip  plug has  been i n s t a l l e d  i n  t h e  
s i d e  w a l l ,  enabl ing  us  t o  d i s p l a y  t h e  f u l l  wave forms from both 
t r ansduce r s  on t h e  same CRO p i c t u r e .  
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. 
t h e  r e p r o d u c i b i l i t y  and uniformity r i i l l  be  improved by tlie use  of 

more r a p i d l y  opening shock tube diaphragms. 

A s  w e l l  as d i r e c t l y  providing t h e  va lues  of p re s su re  needed 

f o r  thermodynamic and spec t roscop ic  a n a l y s i s ,  t h e  qua r t z  t r ansduce r s  

confirm t h a t  t h e  shock tube p res su res  f a l l  approximately i n  t h e  range 

expected from simple theory. This  range i s  5 - 10 atmospheres i n  our  

case . 
5. Line P r o f i l e  and E lec t ron  Density Measurements (Miller) 

h:iiier l i ~ c  p r ~ f i l e s  ( p r i n c i p a l l y  H-) are observed photo- 
U' 

e l e c t r i c a l l y  and photographica l ly ,  i n  o r d e r  t o  determine e l e c t r o n  

d e n s i t y  i n  tlie shock tube  p lasma.  This  provides  another  check on 

(p,T) c a l c u l a t i o n s ,  namely t h e  accumulated e f f e c t s  of all i o n i z a t i o n  

r e a c t i o n s .  S i m i l a r  techniques w i l l  be app l i ed  t o  o t h e r  l i n e s ,  so  

t h a t  e x i s t i n g  c a l c u l a t i o n s  of S t a r k  broadening can be  checked f o r  

s e v e r a l  elements. 

( a )  P h o t o e l e c t r i c  Measurements - i\ s e q u e n t i a l  irnarze di- 

sec tor '  ("squid") has  been r e f i n e d  t o  t h e  p o i n t  t h a t  i t  can be rou- 

t i n e l y  used w i t h  t h e  shock tube. The p r i i i c i p l e  of t h i s  device  is 

shown i n  F igure  4 ,  where we have i n d i c a t e d  a wide ii 

segmented by  a squ id  placed i n  t h e  image p l ane  of a syec t rozraph .  

We have r epor t ed  t h e  u l t r a v i o l e t  ex tens ion  of t h i s  tecliriique by 

means of a sodium s a l i c y l a t e  coating.12 

a microscopic cover s l i d e ,  overcoated wi th  rIgF 

vent  c ros s - t a lk  between channels,  and j o i n e d  on to  an o p t i c a l  f i b r e  

bundle which carries l i g h t  t o  a pho tomul t ip l i e r ,  The Appendix con- 

t a i n s  t h e  a b s t r a c t  of r e fe rence  12, wherein f e a t u r e s  of tile image- 

p r o f i l e  being 
B 

The p r i n c i p a l  element is  

and aluminum t o  pre- 2 
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d i s s e c t i o n  method are given and compared t o  o t h e r  methods f o r  photo- 

electric record ing  of l i n e  p r o f i l e s .  . 
Current ly  a twelve-channel squid  d i s s e c t s  1i 

segments, each of which is  recorded on a p r e c a l i b r a t e d  osc i l l o scope  

i n t o  1 A-wide B 

channel. This  arrangement provides continuous recording i n  a l l  wave- 

l eng th  bands wi th  a t i m e  r e s o l u t i o n  of o rde r  1 microsecond. F igure  

6 shows s e v e r a l  €I 

i nc lu t i i i g  the :~fnlc!ing of the  monochromator s l i t  func t ion .  Also 

shown are t h e o r e t i c a l  p r o f i l e s  from G r i e m ,  Kolb and Shen,13 chosen 

p r o f i l e s  reduced from one shock tube  experiment,  
B 

f o r  t h e  b e s t  f i t s  t o  t h e  da ta ,  and t h e  corresponding e l e c t r o n  densi-  

ties which w e  determine wi th  10% p r e c i s i o n  by t h i s  method. The elec- 

t r o n  d e n s i t y  a t  to + 42 microseconds ag rees  t o  w i t h i n  10% wi th  t h e  

e l e c t r o n  d e n s i t y  c a l c u l a t e d  from t h e  (p,T) program and t h e  observed 

p r e s s u r e  and temperature  a t  t h a t  t i m e .  

Two s t a g e s  of improvement f o r  t h e  "squid technique" are ( i )  

computer reduct ion  of d a t a  of t h e  p re sen t  type,  using a s t o r e d  tabu- 

l a t i o n  of t h e o r e t i c a l  c a l c u l a t i o n s  ,I3 and ( i i )  magnetic t a p e  recording 

of t h e  squ id  channels  f o r  d i r e c t  computer input .  The program f o r  stage 

( i )  i s  being w r i t t e n .  Stage (ii) awaits t h e  necessary  funding f o r  a 

t a p e  r eco rde r  of t h e  te lemet ry  type.  

(b)  Photographic Measurements: For t h e  experiments d i scussed  

i n  Sec t ion  6 ,  H p r o f i l e s  were photographica l ly  recorded on t h e  same C a l i -  

b r a t e d  f i l m s  as were used f o r  carbon l i n e s .  E lec t ron  d e n s i t i e s  were aga in  

obta ined  from the  half-width of H 

d e n s i t y  t o  i n t e n s i t y  and the unfolding of t h e  spectrograph s l i t  func t ion ,  

B 

fol lowing t h e  r educ t ion  of photographic 6'  

The e l e c t r o n  d e n s i t i e s  80 measured agreed wi th  those  c a l c u l a t e d  from 



t h e  (p,T) program, t o  w i t h i n  t h e  measurement p r e c i s i o n  of 10 - 15% 

which v a r i e d  wi th  f i l m  qual i ty .  

i n  t h i s  p a r t i c u l a r  set of measurements because of breakdowns i n  some 

of t h e  r e q u i s i t e  o sc i l l o scope  channels.  Future  d a t a  runs w i l l  em- 

ploy both techniques s imultaneously u n t i l  w e  f u l l y  v e r i f y  t h a t  t h e  

mult ichannel ,  p h o t o e l e c t r i c  observa t ions  are s u f f i c i e n t  by themselves 

f o r  measuring e l e c t r o n  dens i ty  over  s u i t a b l y  wide ranges of e l e c t r o n  

d e n s i t y  and l i g h t  i n t e n s i t y .  Continued a p p l i c a t i o n s  of both methods 

toge the r  may al low us  t o  improve t h e  p r e c i s i o n  of e l e c t r o n  dens i ty  

The "squid technique" w a s  no t  app l i ed  

measurements t o  5%. 

16  

pe r  cc have t h e r e f o r e  been v e r i f i e d  t o  a p r e c i s i o n  of o rde r  lo%, 
P red ic t ed  e l e c t r o n  d e n s i t i e s  i n  t h e  range 1 - 5 x 10 

by means of p h o t o e l e c t r i c  and photographic  records  of t h e  Balmer 

l i n e  H Thus w e  have f u r t h e r  evidence f o r  good understanding of 

t h e  shock tube  plasma; i n  p a r t i c u l a r ,  what one might cal l  t h e  "ion- 
s 

i z a t i o n  temperature" (assuming zero e r r o r  i n  p re s su re  de te rmina t ions)  

is w i t h i n  2% b f  temperatures determined by o t h e r  means. 

6. Absolute T r a n s i t i o n  P r o b a b i l i t i e s  f o r  Lines  of Neut ra l  Carbon 

(Wilkerson) 

A series of  experiments has  been run t o  determine t h e  ab- 

s o l u t e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  l i n e s  of n e u t r a l  carbon between 

4600 and 5400A. 
0 

The shock tube  plasma was observed by most of t h e  

methods descr ibed  i n  foregoing s e c t i o n s ,  and t h e  d a t a  reduced wi th  

t h e  a i d  of (p,T) programs. C I  A5052 w a s  recorded p h o t o e l e c t r i c a l l y  

i n  t h e  manner given a t  the beginning of Sec t ion  3, and o t h e r  carbon 

l i n e  i n t e n s i t i e s  ( r e l a t i v e  t o  A5052) were measured wi th  t h e  moving, 
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I . 
f i l m  spec t rograph  a l luded  t o  i n  Sec t ion  5 ( Jar re l l -Ash ,  f /6 .3)  il- 

luminated by itleans of a h u s c h  and Lomb f i b r e  o p t i c  buridle. 

Absolute l i n e  i n t e n s i t i e s  ( p h o t o e l e c t r i c )  f o r  CI A5052 

were reduced t o  a b s o l u t e  t r a n s i t i o n  p r o b a b i l i t i e s  by c a l c u l a t i n g  

t h e  a p p r o p r i a t e  number of carbon atoms i n  t h e  l i n e  of s i z h t  v& t h e  

(p,T) program and measured p res su res  and temperatures;  t h e  r e s u l t  is: 

8 -1 sec A ( C I  X5052) - 0.026 - + .007 (27%) x 10 

R e l a t i v e  i n t e n s i t i e s  f o r  o t h e r  l i n e s  r e l a t i v e  t o  A5052 were measured 

photographica l ly  wi th  a p r e c i s i o n  of 20%; compounding both  e r r o r s  

i n  t h e s e  l ines  leads then  t o  a p r e c i s i o n  of 34% i n  a b s o l u t e  value.  

A l l  ou r  r e s u l t s  f o r  t h i s  t r a n s i t i o n  a r r a y  are summarized i n  F igure  6 ,  

where our  shock tube  va lues  are p l o t t e d  a g a i n s t  t h e  50% estimates 

made by Wiese et a l l 0  from previous s t u d i e s  of t h e s e  l i n e s .  

I n  e f f e c t ,  then ,  we f i n d  t h e  same p a t t e r n  of r e l a t i v e  

t r a n s i t i o n  p r o b a b i l i t i e s  w i th in  t h i s  a r r a y ,  i n  agreement wi th  LS coup- 

l i n g ,  b u t  arrive a t  a somewhat h ighe r  a b s o l u t e  va lue .  

va lue  f o r  X5052, f o r  example, is  double t h a t  of Richter , f ive -  

e i g h t h s  t h a t  of Dohertyl' and 1.5 t i m e s  t h a t  of Wiese e t  a l ,  O f  

course ,  t h e  p r e c i s i o n s  are not  y e t  so good as t o  choose between d i f -  

f e r e n t  r a d i a l  matr ix  elements f o r  t h i s  t r a n s i t i o n  a r r a y ;  ou r  p re sen t  

l i n e  of work is t o  (a) improve t h e  p r e c i s i o n  of our  mixing and in- 

t e n s i t y  measurement procedures and (b) t o  vary  t h e  shock tube  condi- 

t i o n s  and add t o  t h e  complement of data-taking procedures,  so as t o  

avoid s y s t e m a t i c  e r r o r s .  

Our a b s o l u t e  

1 4  
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7 . Conclusions 

A set of d i r e c t  measurements of t h e  s t a t e  of t h e  shock 

tube plasma has  y i e lded  absolu te  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  several 

l i n e s  of n e u t r a l  carbon. 

n o s t i c  measurements, and t h e  r e l a t i v e  l i n e  s t r e n g t h s  agree  wi th  LS 

coupl ing f o r  t h e  t r a n s i t i o n  a r r ay  under study. 

are h ighe r  than most of t h e  p r i o r  de te rmina t ions ,  b u t  s i g n i f i c a n t l y  

less than an earlier ehock tube r e s u l t .  

N o  i ncons i s t enc ie s  were found i n  t h e  diag- 

Absolute l i n e  s t r e n g t h s  

Improved l i n e  s t r e n g t h  measurements are coming o u t  of pre- 

s e n t  d i a g n o s t i c  procedures which inc lude  several more independent 

de te rmina t ions  of temperature  and a more p r e c i s e  measurement of elec- 

t r o n  dens i ty .  Absolute t r a n s i t i o n  p r o b a b i l i t i e s  are being remeasured 

f o r  carbon, and new va lues  measured f o r  sulphur .  Exploratory f i l m s  

are being taken f o r  l ines  of t h e  rare gases  and t h e  halogens. Coni- 

p l e t i o n  of some of t h i s  work must await t h e  l a b o r a t o r y ' s  r e l o c a t i o n  

i n  t h e  Space Sciences Building, a new f a c i l i t y  provided by NASA on 

the  College Park campus. 

tube  i n  t h e  manner w e  have descr ibed w i l l  y i e l d  copious d a t a  of 

i n t e r e s t  i n  atomic phys ics  and a s t rophys ic s  a l i k e .  

We expect  t h a t  continued u s e  of t h e  shock 
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FIGURX CAPTIONS 

Figure  1. Number dens i ty  of s p e c i e s  as a func t ion  of temperature  

f o r  a quasi-equi l ibr ium plasma i n i t i a l l y  composed of 

neon p l u s  0.2% CB a t  a t o t a l  atomic number dens i ty  

18 3 of 3.7 x 10 / c m  . 
4' 

Figure  2. Temperature, p ressure ,  and spec ie s  dens i ty  ca l cu la t ed  

f o r  r e f l e c t e d  shock reg ion  as a func t ion  of i n i t i a l  

shock speed. I n i t i a l  gas condi t ions :  To = 3UOo K, 

4' - 10 t o r r ,  composed of neon p l u s  0.25% CH 
PO 

Figure  3 Comparisons of temperatures  f o r  r e f l e c t e d  shock region. 

(a) T as obtained from l i n e  r e v e r s a l  measurement 35psec 

a f t e r  passage of r e f l e c t e d  shock E. 
behind r e f l e c t e d  shock as c a l c u l a t e d  from measured shock 

speed; (b) r e v e r s a l  temperature  a t  35psec - VS. T a t  

35peec 

T immediately 

obtained from abso lu te  N e 1  l i n e  i n t e n s i t y  (A5852 8). 
Figure  4. Sequen t i a l  i m a g e  d i s s e c t o r  (squid)  f o r  p r e c i s e  p a r t i t i o n  

of s p e c t r a l  l i n e  p r o f i l e s  i n t o  narrow wavelength bands. 

P a r t i c u l a r  u se  f o r  11 

B 

p r o f i l e s  is ind ica t ed  schematical ly .  
0 

Figure  5. Seve ra l  H p r o f i l e s  i n  one experiment,  reduced from 

squ id  d a t a  recorded as func t ions  of  t i m e .  

p r o f i l e s  and e l ec t ron  d e n s i t i e s  according t o  G r i e m ,  Kolb 

Shen ( r e f .  13). 

Neut ra l  carbon t r a n s i t i o n  p r o b a b i l i t i e s  (shock tube) 

compared wi th  compilat ion of prev ious  work. 

Theore t i ca l  

F igure  6.  
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APPENDIX (Summary, Reference 12) 

PAPER 55: CULHAM CONFEFZNCE ON ULTRA-VIOLET A'JD X-PAY 

SPECTROSCOPY OF LABORATORY AND ASTROPHYSICAL PLASYAS 

29 March - 1 Apr i l ,  1966 

Spec t roscopic  image d i s sec to r*  
by !I. II,  Miller and T, D. Wilkerson (Univers i ty  of Maryland) and 
.J. R. W. Hunter (IJniversity of Edinburgh). 

A method of image d i s s e c t i o n  is  descr ibed  f o r  p h o t o e l e c t r i c  

spectroscopy of plasmas which extends techniques prev ious ly  used o r  

suggested.' The me+!ioa in e a s i l y  and inexpensively a p p l i e d ,  and i s  

p a r t i c u l a r l y  u s e f u l  f o r  ob ta in in2  time-resolved l i n e  p r o f i l e s  and in- 

t e n s i t i e s  i n  a s i n g l e  experiment . 
t h e  image d i s s e c t o r  is  gene ra l ly  advantageous f o r  avoiding e r r o r s  in- 

troduced by t h e  s i g n a l  having s i g n i f i c a n t  Four ie r  any l i tudes  near  

t h e  scanning frequency. Multi-channel devices  w i l l  become even more 

a t t r a c t i v e  f o r  l abora to ry  u s e  as high frequency t ape  r eco rde r s  be- 

come more ava i l ab le .  

Compared t o  scanriing spec t rometers ,  

Our image d i s s e c t o r s  are l i n e a r  arrays of microscope cover- 

g l a s s  s l i d e s  i n  t h e  th ickness  ranze 50-100 p ,  Ten o r  more channels 

are e a s i l y  incorpora ted  i n  a s i n g l e  device  (Sc?UIn) which sits i n  t h e  

image p lane  of a spectrograph. Each cliannel conducts l i g h t  i n  i t s  

bandpass (<18) t o  a separate pho tomul t ip l i e r  and CRO. 

are ad jacen t  i n  wavelength o r  separa ted  by space r s ,  c r o s s t a l k  having 

been e l imina ted  by 3-5 p steel shims o r  by vacuum-deposited l a y e r s  

of f l o u r i d e s  and aluminum. The choice of o p t i c a l  connection between 

each glass s l i d e  and i ts  photomul t ip l ie r  depends on d i e t h e r  ease  of 

handl ing o r  t r a n s m i s s i v i t y  i s  the  more important cons idera t ion .  I n  

t h e  former caee, ord inary  f i b r e  o p t i c s  form t h e  connection, g iv ing  

o v e r a l l  e f f i c i e n c i e s  of 10% - 30%, depending on l eng th  (10-30 cm) 

and care i n  o p t i c a l l y  j o i n i n g  t h e  f i b r e  bundle wi th  i ts  g l a s s  s l i d e  

and photomul t ip l ie r .  

which can suppor t  a 90' bend are d i r e c t l y  bonded t o  small photomulti- 

The channels 

I n  the  la t ter  caee ,  lonp, cover g l a s s e s  (8-12 cm) 
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p l i e r s  i n  a close-packed ar ray ;  e f f i c i e n c i e s  he re  a r e  of o r d e r  602- 

80% . 
Host of our development has  been i n  t h e  v i s i b l e ,  where w e  

use a 12-channel squid  having 0.8 8 r e s o l u t i o n  t o  record  Stark-broadened 

!IB p r o f i l e s  emi t ted  from a gas-driven shock tube. 

f u l l  ha l fwid th  of H 1110-20 8).  
l i n e  p r o f i l e  segments w i th  microsecond t i m e  r e s o l u t i o n  during t h e  1 0 0 ~  

sec per iod  following shock r e f l e c t i o n .  

(T ~11,000-14,000°K; 

Seve ra l  inexpensive CROs record  t h e  D 

Ne have extended t h i s  technique  i n t o  t h e  u l t r a v i o l e t  by 

coa t ing  t h e  ends o f  t h e  cover g l a s s e s  wi th  sodium s o l i c y l a t e ,  r a t h e r  

than by us ing  qua r t z  s l i d e s  as prev ious ly  suggested.' 

latter rtiethod may prove more e f f i c i e n t ,  t h e  phosphor method o f f e r s  

wider s p e c t r a l  range, g r e a t e r  ease of f a b r i c a t i o n  and less expensive 

r e so lu t ion .  

s a l i c y l a t e  gave s i g n a l s  roughly 30X - 80% of thoee obta ined  wi th  equa l  

a p e r t u r e s  cover ing  a sodium s a l i c y l a t e  s c reen  i n  f r o n t  of t h e  photo- 

m u l t i p l i e r .  J u s t  as wi th  ord inary  phosphor assembl ies ,  a squid  de- 

vice can be  e a s i l y  f i l t e r e d  f o r  more s e l e c t i v e  response t o  vacuum 
2 u l t r a - v i o l e t  r a d i a t i o n .  

Though t h e  

A t  253751, g l a s s  g l i d e s  simply end-coated wi th  sodium 

* This r e sea rch  w a s  supported i n  p a r t  by Nat iona l  Aeronautics and 
Space Adminis t ra t ion  Grant NsG-359 
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