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Absolute e m i s s i v i t i e s  of uranium plasmas (3000-8800 A) were 
measurgd us ing  a gas-driven shock tube. Temperatures (7500- 
12,000 K) and uranium p a r t i a l  p re s su re s  (1/30-1/3 atmos . ) 
approach those a n t i c i p a t e d  a t  the  hydrogen-uranium i n t e r f a c e  
of  proposed gas-core nuc lea r  r eac to r s .  A t  t he se  condi t ions ,  
uranium (UI, U I I ,  UII I )  is  e s s e n t i a l l y  t h e  only spec t roscopi -  
c a l l y  a c t i v e  c o n s t i t u e n t  of shock tube  t e s t  gases  corn osed of 
0.2-2.0% UFg i n  aeon. Absolute e m i s s i v i t i e s  a t  5000 % a r e  
measured p h o t o e l e c t r i c a l l y  both i n  emission and i n  absorpt ion.  
The v a r i a t i o n  of e m i s s i v i t y  wi th  wavelength was obtained from 
time-resolved photographic recordings.  Measured v i s i b l e  
e m i s s i v i t i e s  are 2-5 t i m e s  sma l l e r  than t h e o r e t i c a l  predic-  
t i o n s ,  depending on t h e  plasma's s t a t e .  Emiss iv i ty  (and 
opac i ty )  decrease  w i t h  inc reas ing  temperature s l i g h t l y  more 
r a p i d l y  than theory p r e d i c t s .  The dependence of emis s iv i ty  
on uranium d e n s i t y  is an o r d e r  of magnitude g r e a t e r  than 
expected t h e o r e t i c a l l y .  The d a t a  suggest  t h a t  the  continuum 
is moze important  than previous ly  supposed. Between 4000- 
8800 A, e m i s s i v i t y  v a r i e s  wi th  wavelength i n  e s s e n t i a l l y  t h e  
p r e d i c t e d  way; however, a p red ic t ed  su rge  i n  u l t r a v i o l e t  
(3000-4000 x) emis s iv i  t i e s  was n o t  observed. 
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s 
I .  In t roduc t ion  \- 

? 

The f e a s i b i l i t y  of proposed gaseous core  nuc lea r  reactors' ') depends 

c r i t i c a l l y  upon t h e  o p t i c a l  p r o p e r t i e s  of uranium gas a t  temperatures of 

order  10,000 - 5 0 , 0 0 0 ° ~ .  Radia t ive  t r a n s f e r  out  of t h i s  ho t  gas  simultaneous- 

l y  o f f e r s  an e f f i c i e n t  means of e x t r a c t i n g  the  a v a i l a b l e  energy, and p re sen t s  

b a s i c  problems wi th  r e s p e c t  t o  confinement p re s su re  ba lance  and system weight .  

A sample of uranium gas a t  a  given temperature and p re s su re  w i l l  emit a  c e r t a i n  

amount of energy, d i s t r i b u t e d  over wavelength i n  a  complicated way. Both t h i s  

t o t a l  f l u x  and i t s  s p e c t r a l  d i s t r i b u t i o n  must be known i n  o rde r  t o  o b t a i n  op- 

t ima l  coupling between t h e  core  and working f l u i d  of t h e  r e a c t o r .  (2,3941 Good 

1 coupling,  i n  t u r n ,  i s  necessary i f  advanced concept rocke t  motors , such a s  

t h e  one shown schemat ica l ly  i n  Figure 1, a r e  t o  a t t a i n  d e s i r a b l e  l e v e l s  of 

t h r u s t  and s p e c i f i c  impulse,  o r  i f  MHD power gene ra to r s (5 )  a r e  t o  become 

economically compet i t ive .  Moreover, t h e  r ap id ly  flowing working f l u i d ,  u sua l ly  

seeded h igh  p re s su re  hydrogen, must e f f e c t i v e l y  absorb a l l  t h e  r a d i a t i o n ,  so  

t h a t  t h e  r e a c t o r  w a l l s  w i l l  n o t  evaporate  under a n t i c i p a t e d  h e a t  loads of 

2 
orde r  100 kW/cm . 

Opt i ca l  c o e f f i c i e n t s  of uranium plasmas have been ca l cu la t ed  f o r  wide 

ranges of p re s su re  and temperature.  Because of t h e  extremely complex atomic 

s t r u c t u r e  of uranium ( 6  ' 7, , t h e  r e q u i s i t e  t h e o r e t i c a l  models involve more than 

t h e  u s u a l  assumptions. ( 8 3 9 )  Opac i t i e s  pred ic ted  by t h i s  model have been com- 

pared w i t h  a  numerical  s y n t h e s i s  of experimental  r e s u l t s  from a free-burning 

a r c . ( 8 ) ~ h e  theory appears  t o  be  t ransformable i n t o  the  one a v a i l a b l e  experimental  

r e s u l t ,  by means of a  parameter adjustment;  how gene ra l  t h i s  may be i s  not  known. 

Because t h e  a r c  (T = 5100°K) e x c i t e s  i n  f a c t  r e l a t i v e l y  few of t he  l i n e s  expect- 

ed a t ,  f i s s i o n i n g  core  cond i t i ons ,  s t a t i s t i c a l  assumptions i n  t h e  model a r e  l i k e l y  

t o  be  l e s s  a p p l i c a b l e  then f o r  plasmas a t  higher  temperature.  Moreover, 
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Figure 1 .  Principle of the gas-core f i s s ion  reactor .  



e l ec t ron - ion  d e n s i t i e s  i n  t h e  a r c  a r e  g e n e r a l l y  too sma l l  t o  provide  much d a t a  

on t h e  recombination s p e c t r a  of uranium 

The c u r r e n t  experiment is  in tended ,  i n  p a r t ,  t o  tes t  t h e  r e l i a b i l i t y  

of t h e  s o p h i s t i c a t e d  p r e d i c t i o n s  t h a t  have been made. The experimental  condi- 

t i o n s  cover  a  r e s t r i c t e d  p o r t i o n  (8,000 - 12,000°K, 0 .03 - 0.30 atmos.) of  t h e  

pressure- tempera ture  domains (8,000 - 50,000°K, 0 .01 - 500 atmos.) t h a t  must be 

cons idered  f o r  an o v e r a l l  p i c t u r e  of gaseous-core ope ra t i on .  Tes t ing  over  even 

a  l i m i t e d  range may h e l p  t o  i d e n t i f y  t h e  good and bad f e a t u r e s  of t h e  t h e o r e t i -  

c a l  model. I n s o f a r  as our  shock tube  plasmas do approach t h e  temperatures  and 

I uranium p a r t i a l  p r e s s u r e s  a n t i c i p a t e d  a t  t h e  hydrogen-uranium i n t e r f a c e  of 

open-cycle r e a c t o r s ,  t h e  p r e s e n t  d a t a  should  d i r e c t l y  b e n e f i t  c a l c u l a t i o n s  of 

r a d i a t i v e  t r a n s f e r  i n  t h i s  important  reg ion .  

The gas d r i v e n  shock tube  i s  w e l l  s u i t e d  t o  abso lu t e  e m i s s i v i t y  

s tud ies .  'I3 ' 16)The r e l a t i v e l y  l a r g e  (1-2 l i t e r )  , s t a t i o n a r y  plasma generated 

behind r e f l e c t e d  shocks p e r s i s t s  i n  a  s t e a d y  s t a t e  f o r  pe r iods  of 50-200 psec. 

This d u r a t i o n  i s  adequate  t o  e s t a b l i s h  l o c a l  thermodynamic equ i l i b r ium (LTE) 

and provide  ample test t i m e  f o r  spec t ro scop ic  sampling techniques.  I t  i s  too  

s h o r t ,  however, t o  pe rmi t  plasma c o n s t i t u e n t s  of d i f f e r e n t  masses t o  demix. 

I n  consequence, o p t i c a l  p r o p e r t i e s  ( emis s iv i t y  o r  o p t i c a l  depth)  can be  d i r e c t l y  

With zoned l i g h t  sou rces  such as  t h e  DC a r c ,  (17918) t h e  p o s s i b i l i t y  of demixing 

a long  s t r o n g  thermal  g rad i en t s  does n o t  permi t  such a  s imple  c o r r e l a t i o n .  

11. 

A, D e f i n i t i o n s  and Review of Rad ia t i ve  T rans fe r  

The s p e c i f i c  i n  t e n s i t y  of l i g h t  emerging normally from a homogeneous 

s l a b  of plasma i s  
(19-22) 



where T i s  t h e  o p t i c a l  depth ( a t  a given wavelength),  B ( T )  is  the  Planck 

func t ion  (Black body i n t e n s i t y )  a t  t h i s  wavelength, and 
I is  the  s p e c i f i c  

i n t e n s i t y  of l i g h t  e n t e r i n g  t h e  oppos i t e  s i d e  of t h e  plasma. The a b s o r p t i v i t y  

K f o r  t h i s  wavelength i s  K = -r/R , where R i s  t h e  th ickness  of the  plasma. 

O p t i c a l  depth is  commonly converted i n t o  some i n t e n s i v e  c o e f f i c i e n t  

which i s  l e s s  geometry dependent, o r  l e s s  dependent on o t h e r  i n c i d e n t a l  f a c t o r s .  

For a multicomponent gas ,  a convenient parameter  i s  the  mass-absorption c o e f f i c i e n t  

\ which f o r  any source ,  when m u l t i p l i e d  by t h e  number of %rams /cm2 i n  t h e  l i n e  

of s i g h t ,  w i l l  g ive  the  dimensionless  o p t i c a l  depth and a l l  d e r i v a t i v e  q u a n t i t i e s .  

L e t t i n g  p ( U )  be  t h e  mass d e n s i t y  of uranium, 

The l o c a l  Plank means of 'c , K , and % a r e  def ined  a s  l i n e a r  averages of 

t hese  q u a n t i t i e s  over  t h e  reso lved  bandwidth. 
(8) 

B. Determinat ion of Op t i ca l  Depth and Temperature y& Emission and Ab- 

s o r p t i o n  Measurements 

O p t i c a l  depths of shock tube plasmas a r e  measured by two independent 

techniques. The u t i l i z e s  a pho tomul t ip l i e r  t h a t  has  been 

c a l i b r a t e d  a g a i n s t  t h e  known (abso lu t e )  s p e c t r a l  i r r a d i a n c e  of a r egu la t ed  

carbon a rc .  (23) This  i s  used t o  record t h e  plasma i n t e n s i t y  I emi t t ed  i n  some 

bandpass. I f  t h e  plasma i s  n o t  backl ighted  ( I o  = O), and a measured plasma 

temperature i s  a v a i l a b l e  f o r  computation of B (T) , then t h e  o p t i c a l  depth 

i s  obta ined  equat ion  (1) 
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i . e . ,  t h e  o p t i c a l  depth a t  every wavelength fol lows d i r e c t l y  from the  measured 

i n t e n s i t y  I a t  t h a t  wavelength and the  known temperature of the  gas i n  t h e  shock 

tube.  

Op t i ca l  depth can a l s o  b e  measured by us ing  a  s h o r t  dura t ion  f  lashlamp (24-26) 

whose l o c a l l y  grey emission a t  any i n s t a n t  can be  cha rac t e r i zed  by an e f f e c t i v e  

b r i g h t n e s s  B(T( t ) ) .  The lamp i s  discharged at an appropr i a t e  time t o  b a c k l i g h t  

t h e  shock tube plasma. For some po r t ion  of i t s  d ischarge  (half-durat ion % 3 vsec) ,  

t h e  lamp's b r i g h t n e s s  exceeds t h e  b lack  body i n t e n s i t y  of t h e  shock tube. A 

-T 
d e t e c t o r  which records  a  shock tube i n t e n s i t y  of B(T) [l - e ] be fo re  t h e  on- 

set of t h e  f lashlamp,  w i l l  i n  t h e  course of t h e  d ischarge ,  record 

-T 
B(T) [ l  - emT] + B(T( t ) )e  . I f  t h e  flashlamp i s  subsequent ly f i r e d  i n  t he  

absence of an a t t e n u a t i n g  shock tube plasma, t h e  recorded s i g n a l  w i l l  c ross  

over  t h e  previous ly  (shock tube  + f lashlamp) recorded s i g n a l  a t  two po in t s  

( r e v e r s a l  po in ts*) .  The i n t e n s i t y  corresponding t o  t h e s e  c ros s ing  p o i n t s  i s  

descr ibed  by (26) 

o r  equ iva l en t ly  , by 

That i s ,  t h e  i n t e n s i t y  a t  t h e  r e v e r s a l  p o i n t s  i s  the  b lack  body i n t e n s i t y  f o r  

t h e  shock tube plasma. The o p t i c a l  depth can t h e r e f o r e  be obtained d i r e c t l y  

from t h e  r a t i o  of two s i g n a l s  s e q u e n t i a l l y  recorded on t h e  same photomul t ip l ie r :  
P 

shock tube  i n t e n s i t y  

- - ( 1  - e = - e - ~ )  r e v e r s a l  i n t e n s i t y  B 0) ( 3 )  

* 
The name de r ives  from t h e  vanishing of t h e  s p e c t r a l  f e a t u r e s  and the  r e v e r s a l  
from a n  emission (absorp t ion)  spectrum t o  an absorp t ion  (emission) spect.rurn a t  
t h a t  t ime, the choice  depending on i nc reas ing  (decreas ina)  s p e c i f i c  i n t e n s i t y  

0 

of t h e  background i l l u m i n a t i o n .  



A n  obvious advantage of t h i s  technique i s  t h a t  no  abso lu t e  i n t e n s i t y  c a l i -  

b r a t i o n  i s  r equ i r ed  i f  an e m i s s i v i t y  i s  the  only des i r ed  r e s u l t .  I f  t he  

d e t e c t o r  i s  c a l i b r a t e d  abso lu t e ly ,  t h e  r e v e r s a l  i n t e n s i t y  (Planck func t ion )  

can b e  so lved  t o  f i n d  t h e  plasma temperature.  

C. Complications Due t o  Limited Resolut ion 

O p t i c a l  depth is  a concept s t r i c t l y  app l i cab le  t o  i n f i n i t e s i m a l  

wavelength i n t e r v a l s .  (19-22927)~pectrographs, however, c o l l e c t  l i g h t  through 

s l i ts  of  f i n i t e  wid th ,  thereby impressing some bandpass Ah upon the  da ta .  

I f  t h e  s p e c t r a l  f e a t u r e s  of i n t e r e s t  a r e  cons iderably  broader  than A h  , 

convolut ion i n t e g r a l s  can be  used t o  un fo ld  t h e  in s t rumen ta l  p r o f i l e .  (28) 

This i s  n o t  f e a s i b l e  i n  t he  p re sen t  s tudy  because uranium l i n e  widths a r e  

much narrower than  o u r  b e s t  r e so lu t ion .  Pe r fo rce ,  we measure 

and consequent ly 

-r Ah 6 I- d-r . 
avg I-Ah/2 

The e q u a l i t y  ho lds  only i n  t h e  l i m i t  -r -t 0 . The e x t e n t  of the i n e q u a l i t y  

depends on both  the  mean va lue  of T and i s  v a r i a t i o n  wi th  wavelength i n  t he  

i n t e r v a l  A X  . There would b e  l i t t l e  o r  n o  s i g n i f i c a n t  e r r o r  f o r  a  continuum, 

while  a spectrum composed of a l t e r n a t e l y  spaced gaps and s t r o n g ,  narrow l i n e s  

could p r e s e n t  a  s e r i o u s  problem, 



I n  t h e  absence of any r e l i a b l e  e s t ima te s  f o r  t he  S tark-ef fec t  (29-31) 

broadening of U I  and UlCE l i n e s ,  i t  w i l l  be assumed t h a t  l i n e  widths a r e  

due exc lus ive ly  t o  thermal  broadening; t h i s  is  the  wors t  p o s s i b l e  case from 

the  s t andpo in t  of conver t ing  e m i s s i v i t y  d a t a  t o  o p a c i t i e s .  I n  t h i s  assumption 

l i n e  p r o f i l e s  have Gaussian shape,  and t h e  ( f u l l )  Doppler ha l fwid ths  of a l l  
0 

l i n e s  w i l l  be  @ 0.03 A . The in s t rumen ta l  p r o f i l e  a t  the  wavelength of opt imal  
0 

focus has  a  f u l l  width of 0.20 A and a  shape which r a t h e r  c l o s e l y  approaches 

pure Gaussian. The spec t rograph  s l i t  t h e r e f o r e  r e d i s t r i b u t e s  the  l i n e ' s  energy 

over  a  s ix- t imes  wider wavelength i n t e r v a l ,  whi le  reducing t h e  apparent peak 

-T * -' b r i g h t n e s s ,  B (T) (1 - e max) , t o  116 of the  t r u e  va lue  B(T) ( 1  - e max) . 
I n  F igure  2 we i n d i c a t e  the  l o s s  of recorded ( i n t e g r a t e d )  l i n e  i n t e n s i t y  due t o  

r a d i a t i v e  t rapping ,  [ [ l  - e-']r-ldh , as  a  func t ion  of t he  apparent o p t i c a l  

depth T* a t  t he  l i n e  cen te r .  While t h i s  l o s s  occurs  r ega rd l e s s  of the  in-  

s t rument  p r o f i l e ,  i t  could be  s t r i c t l y  accounted f o r  w i th  the  a i d  of temperature 

and abso lu t e  i n t e n s i t y  d a t a  - i f  t h e  p r o f i l e s  were w e l l  resolved.  Because the  

t o t a l  wid th  of two convoluted Gaussian p r o f i l e s  i s  the  RMS sum of the  in-  

d i v i d u a l  wid ths(28) ,  a s t r o n g  uranium l i n e  could g e t  very b r i g h t  indeed 

( 'max -t 6 )  be fo re  apparent  broadening due t o  s a t u r a t i o n  would be  de t ec t ab le .  

I n  a  t y p i c a l  experiment (112% UP6 i n  neon; 1 0 , 5 0 0 ° ~ )  t he  b r i g h t e r  uranium 

l i n e s  (mostly UII )  a t t a i n  'hmax values of 0.2 - 0.4 , s o  t h a t  by the  

p e s s i m e s t i c  a n a l y s i s  of Figure 2 we could underest imate t h e  l i n e s '  o v e r a l l  

c o n t r i b u t i o n  t o  t h e  opac i ty  by a  f a c t o r  of 4 - 8 . However, t h e  most 

prominent l i n e s  a r e  n o t  very  densely spaced,  occurr ing  on the  average with 
0 0 0 

i n t e r v a l s  of 5 A i n  the  v i o l e t ,  10 A i n  t he  green and 20 A i n  t he  red. 
0 

Considering the  0.04 A width of t hese  l i n e s ,  t oge the r  wi th  the  f a c t  t h a t  

apparent  continuum e m i s s i v i t i e s  a t  the  assumed plasma cond i t i ons  range 

between 0.05 - 0.20 , our i n a b i l i t y  t o  r e so lve  t h e  l i n e s  may cause measured 



Figure 2. Dependence of uranium 1 ine strengths, recorded with insuff icient  resolution, upon measured 

(apparent) optical depths a t  the l i ne  centers,  $,ax- When instrument widths are (0.17)-I times the 

l ine  halfwidths, only the fraction ~ [ l - e - ~ ] / r d h  of the l i n e ' s  total  energy i s  recorded. Rigorous 
corrections for  radiative trapping could be made i f  re1 evant Stark broadening parameters were available 
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l o c a l  o p a c i t i e s  t o  e r r  by a t ,  most 30% ( i n  t h e  v i o l e t ) ,  A t  h i g h e r ,  and 

lower,  wavelengths,  t h e  e r r o r  w i l l  be  sma l l e r ,  p a r t i c u l a r l y  f o r  shocks 

where uranium concent ra t ions  enhance t h e  continuous spectrum, 

111. 

A ,  Apparatus 

Our convent iona l  shock tube has  a  r ec t angu la r  c ross -sec t ion  (6.7 x 9.3 cm) 

and an expansion s e c t i o n  l eng th  of 315 cm . I n t e r i o r  s u r f a c e s  a r e  chromium 

p l a t e d  mi ld  s t e e l .  Normally, 40-75 atmos. of co ld  hydrogen i s  used t o  d r i v e  

the  shocks. By c o n t r o l l i n g  the  depth of an X-shaped r e l i e f ,  b reaking  p r e s s u r e  

of t h e  s o f t  aluminum diaphragms, can b e  r egu la t ed  t o  w i t h i n  23% . (32) * 
l i q u i d  n i t rogen-ba f f l ed  4" d i f f u s i o n  pump used i n  conjunct ion  w i t h  dry-ni t rogen 

b a c k f i l l i n g  and s p e c i a l  h igh  conductance va lues ,  (32) evacuates  t h e  shock tube 

t o  base  p re s su res  of 1-5 x t o r r  a t  a  cyc l ing  r a t e  of one experiment p e r  hour.  

White- l ight ,  s t r e a k  (x  - t )  photographs taken w i t h  a  r o t a t i n g  drum 

camera showed i n c i d e n t  and r e f l e c t e d  shocks t o  be w e l l  formed and t h e  o p t i c a l l y  

t h i n  plasmas behind them t o  be  f r e e  from s t r o n g  v o r t i c e s  o r  d iagonal  waves. 

Sometimes weak d i s tu rbances  could b e  de t ec t ed  i n  t h e  n e a r l y  s t a t i o n a r y  1 - 2 

l i t e r  s p e c t r o s c o p i c  sou rce  reg ion  behind f i r s t  r e f l e c t e d  shocks. These per-  

t u r b a t i o n s  t o  plasma homogeneity could n o t  be made t o  r epea t  i n  e i t h e r  s t r e n g t h  

o r  t ime behavior ,  s o  wh i l e  they probably c o n t r i b u t e  somewhat t o  t h e  s c a t t e r  

i n  s p e c t r o s c o p i c  d a t a ,  (32) w e  f e e l  t h a t  t h e r e  i s  no way they can in t roduce  

(32-35) 
s y s t e m a t i c  b i a s .  A v a r i e t y  of spec t roscop ic  t e s t s  , descr ibed  elsewhere,  

f a i l e d  t o  d i s c l o s e  any of t he  more common £ o m s  of b i a s .  

P re sen t  i n s t rumen ta t ion  i s  shown schemat ica l ly  i n  F igure  3. The two 

v e r s i o n s  used f o r  t h e  work r epor t ed  he re  d i f f e r  from t h e  i l l u s t r a t i o n  i n  t h a t  

( i )  i n i t i a l l y  t h e  spec t rograph  ( c )  employed a  r o t a t i n g  drum camera 
r a t h e r  than  a f a s t  s h u t t e r ,  and spectrograph (d) had n o t  y e t  been 
ob ta i i ied ,  



F i g u r e  3. Schematic diagram o f  p r e s e n t  i n s t r u m e n t a t i o n :  a. shock tube t e s t  s e c t i o n ,  
nominal i n t e r n a l  dimensions 2.7" x 3.7"; b. q u a r t z  p ressure  t ransducers ,  one 
mounted i n  t h e  end w a l l ,  and t h e  second i n  t h e  t g p  w a l l ,  o f  t h e  shock tube; c. 3/4 
meter  pho tograph ic  s p e c t r o  raph (f . /6.3) w i t h  2 A r e s o l u t i o n ;  d. 1  meter  photo-. 
g r a p h i c  spec t rograph  ( f . /83  w i t h  0.25 8 r e s o l u t i o n ,  e. 2-channel po lychromato r  
f o r  r e v e r s a l  measurements; f. 12-channel po lychromato r  f o r  abso lu te  i n t e n s i t y  
measurements; g. 4-channel po lychromato r  f o r  view i n g  s e l e c t e d  l i n e s  (e.  g. 
N e I ~ 5 8 5 2 )  and t h e i r  nearby con t inua ;  h. r e v e r s a l  f l a s h  lamp; i. t i m e  de lay  genera to rs ;  
j. f a s t  s h u t t e r  a c t u a t e d  by an e x p l o d i n g  w i re .  



( i i )  i n  l a t e r  phases of t h e  work, e i t h e r  spectrograph ( c )  o r  (d) could 
be employed w i t h  the  f a s t  s h u t t e r  (j), b u t  n o t  bo th  s imul taneous ly ,  
a s  i s  now poss ib l e .  

Three (18 p h o t o e l e c t r i c  channels)  and two spec t rographs  (t ime 

reso lved  photographic record ings)  view t h e  h o t  gases  i n  a  s i n g l e  p lane  2 cm 

upstream from t h e  r e f l e c t i n g  wa l l .  The polychromator (e )  viewing along a  
0 

v e r t i c a l  a x i s  moni tors  t h e  wavelength band around 5,000 A wi th  2 channels of 
0 

4 A wid th ,  f i r s t  i n  emission,  and then  i n  absorp t ion  a g a i n s t  t h e  continuum of  

t h e  TRW f  lashlamp (h)  which b a c k l i g h t s  t he  shock tube. P a i r s  of channels (spectro-  

graph g )  sample the  spectrum a t  s e l e c t e d  wavelengths t o  measure, f o r  example, 

t h e  i n t e g r a t e d  i n t e n s i t i e s  ( f o r  s h o t s  where T > ll,OOO°K) of t h e  neon l i n e  

NeX5852 and i t s  background. A twelve channel  image d i s s e c t o r  composed of 50 p 
0 

t h i c k  microscope cover  s l i d e s  jo ined  t o  f i b e r  o p t i c  bundles samples 1 A wide 

s l i c e s  of t h e  spectrum (32945) (monochromator f ) .  Spectrographs (d)  and ( c ) ,  
0 0 

have r e s o l u t i o n s  of  0.27 and 2.0 A , and v igne t t i ng - f r ee  bandpasses of 1800 A 
0 

and 3000 A , r e spec t ive ly .  The mechanical s h u t t e r  (j) i s  dr iven  by an exploding 

w i r e  and i s  l o c a t e d  a t  an in t e rmed ia t e  f o c a l  pos i t i on .  

F igure  4 shows a  cut-away diagram of t h e  s h u t t e r ,  which was developed 

f o r  t h i s  work. I ts use  provides event - t r iggered  emission and (absorp t ion)  

11 snapshots"  over  wide wavelength ranges. S impl i c i ty  and r e l i a b i l i t y  a r e  two 

impor tan t  advantages of t h i s  design. (36) Af t e r  a  60 psec i n i t i a l  a c c e l e r a t i o n  

p e r i o d ,  t h e  moving s l i d e r  a t t a i n s  speeds of 60 - 80 meters  p e r  second, 

depending on t h e  s i z e  of t h e  v o l t a g e  p u l s e  used t o  explode t h e  wire:  t h e  

s l i d e r  i s  massive enough (1.1 g) t o  keep these  speeds n e a r l y  cons t an t  f o r  

approximately 150 p s  . Ji t ter  i n  t h e  de lay  be fo re  sampling ( f o r  a  c lose-  

open-close mode of ope ra t ion )  i s  t y p i c a l l y  6 -. 87;. Because of t he  h igh  

v e l o c i t y  of t h e  s l i d e r ,  t h e  moving s l i t s  can be  made wide enough t o  prevent  

stopping-down of h igh  ape r tu re  o p t i c s  occurs.  S l i t s  of 0.9 - 3.6 mm width 

were employed t o  g ive  sampling times of 1 8  - 72 p s  . Generally, t h e  

random v a r i a t i o n  i n  sampling times was 6-lo%, Ra la t ive ly  wide (3.6md 



F i g u r e  4. Cut-away view o f  t h e  f a s t  s h u t t e r  p r e p a r a t o r y  t o  f i r i n g :  1. S l i d e r  b e a r i n g  
a p a i r  o f  windows f o r  s e q u e n t i a l l y  f raming  t h e  s p e c t r o s c o p i c  plasmas beh ind  t h e  f i r s t  
and m u l t i p l y  r e f l e c t e d  shocks; 2.  s t a t i c  s l i t  assembly used f o r  a l ignment  o f  t h e  
s h u t t e r ;  3. breech assembly through which t h e  s l i d e r ,  I., t r a v e l s  ; 4. e l e c t r o d e s  f o r  
s e c u r i n g  t h e  e x p l o d i n g  w i r e ;  5. h i g h  v o l t a g e  connect ions;  6. mounting b r a c k e t  and 
s t o p  t o  a r r e s t  t h e  moving s i i d e r .  



slits provided opt imal  exposures  f o r  w e a k  u rmium shocks of long dura t ion ,  Much 

s h o r t e r  sampling t i m e s  would be p o s s i b l e  i f  t he  s h u t t e r  were pos i t i oned  

very  c l o s e  t o  t h e  spec t rograph  s l i t  s o  t h a t ,  s a y ,  0.3 rnrn wide s l i t s  could 

be  used on t h e  s l i d e r ,  

The s h u t t e r  i s  now pos i t i oned  a t  a  common in t e rmed ia t e  focus 

of two spec t rographs ,  s o  i t  can s e r v e  bo th  s imultaneously.  The h igh  r e s o l u t i o n  

ins t rument  (d) i s  reasonably s t i gma t i c ,  s o  t h a t  a  framing mode i s  obta ined  by 

employing a  p a i r  of s l i d e r  s l i t s  which are o f f - s e t  bo th  v e r t i c a l l y  and hor- 

i z o n t a l l y .  Pho tomul t i p l i e r s  w i t h i n  spec t rographs  (c )  and (d) were used t o  

c o r r e l a t e  photographic  sampling t i m e s  w i th  d a t a  from polychormators and 

p r e s s u r e  t ransducers .  Quartz p re s su re  t r ansduce r s  a r e  flush-mounted i n  t h e  

s i d e  and end wa l l s .  A series of spa rk  gaps i s  used t o  measure t h e  i n c i d e n t  

shock speed and t o  s t a r t  de lay  gene ra to r s  f o r  t r i g g e r i n g  the  f lashlamp,  t h e  

f a s t  s h u t t e r  a d  t h e  va r ious  CRO sweeps. 
0 

Absolute c a l i b r a t i o n  of pho tomul t i p l i e r s  a t  A = 6563 A was performed 

both  i n  t h e  convent iona l  way, using t h e  anode c r a t e r  of a  wel l - regula ted  DC carbon 

a r ~ , ( ' ~ ) a n d  by a  new method which u t i l i z e s  t h e  A-value and S t a r k  p r o f i l e  of Ha 

a s  fundamental s t anda rds .  ( 2 6 )  These two sets of c a l i b r a t i o n s  agreed t o  5% , which 

was f e l t  t o  b e  t h e  t o l e r a n c e  of e i t h e r  method s e p a r a t e l y .  Pho tomul t i p l i e r s  a t  

o t h e r  wavelengths were c a l i b r a t e d  w i t h  t he  carbon a rc .  Op t i ca l l y  t h i c k ,  " gray 

body" r a d i a t i o n  from shocks i n  argon-xenon mixtures  was employed f o r  checking 

t h a t  a l l  p h o t o e l e c t r i c  channels  on t h e  va r ious  spec t rographs  were r e g i s t e r e d  

on t h e  same a b s o l u t e  s e n s i t i v i t y  s c a l e .  Films (Kodak 2475, 103-0, HSIR)  were 

c a l i b r a t e d  f o r  s p e c t r a l  response w i th  t he  carbon a r c ,  and t h e i r  c h a r a c t e r i s t i c  

curves  ( d e n s i t y  loglO exposure) were determined w i t h  t he  carbon a r c .  

Various b r i g h t ,  t r m s i e n t  l i g h t  so ruses  were a l s o  used f o r  t h i s  purpose, a s  a  

p r ecau t ion  a g a i n s t  r e c i p r o c i t y  f a i l u r e .  Absolute s e n s i t i v i t i e s  were determined 

f o r  each exper imenta l  run by f i t t i n g  t h e  s i g n a l s  from 8 - 12 c a l i b r a t e d  

pho tomul t i p l i e r s  ( spec t rograph  e j  t o  t h e  corresponding p h o t o e l e c t r i c  s i g n a l s .  (32,331 



B. Test  Gas p r e p a r t a t i o n  

Methods f o r  prepar ing  and handl ing t h e  t e s t  gases appear , in  r e t r o -  

s p e c t ,  t o  have l e f t  composi t ional  nonuniformit ies  i n  t h e  mixtures of UF and 6 

neon. Severa l  ref inements  have been made, and more improvements a r e  underway. 

I n i t i a l l y ,  2 - 20 t o r r  of UF6 were admit ted t o  a 0 .2 l i t e r  Monel 

tank,  t o  which was added 1000 t o r r  of Research Grade neon. Af te r  s e v e r a l  

minutes,  t h e  mixture  was drawn i n t o  t h e  evacuated shock tube, which was f i r e d  

1 - 2 minutes t h e r e a f t e r .  The inadequacy of t h i s  technique was soon apparent  

because, a t  e s s e n t i a l l y  cons t an t  i n c i d e n t  shock speed,  t h e  spec t roscop ic  

v a r i a b l e s  were n o t  reproducib le  func t ions  of t h e  supposed i n i t i a l  
UF6 

concent ra t ions .  Analysis  of t h e  d a t a  showed a f a c t o r  of 2.2 s c a t t e r  

i n  measured abso lu t e  mass absorp t ion  c o e f f i c i e n t .  Prel iminary checks had 

given no i n d i c a t i o n  t h a t  20 t o r r  of UF6 would e i t h e r  decompose o r  be  

absorbed i n  pe r iods  ranging up t o  s e v e r a l  hours.  (37)  Therefore,  i t  appeared 

t h a t  incomplete mixing of t h e  t e s t  gas c o n s t i t u e n t s  might be at f a u l t .  

Working on t h i s  assumption, t h e  mixing and meter ing apparatus  

was modified t o  e l i m i n a t e  the  most obvious sources  of poss ib l e  t e s t  gas 

inhomogeniety. Valves w e r e  i n s t a l l e d  s o  t h a t  t h e  two Wallace and Tiernan 

abso lu t e  p re s su re  gauges could be i s o l a t e d  from t h e  mixing chamber. t he 

i n l e t s  t o  t hese  gauges a r e  f i t t e d  with sma l l  c o n s t r i c t i o n s  as surge  pro- 

t e c t i o n ,  Since the  combined volume of t he  two gauges was comparable t o  

t h a t  of t h e  mixing chamber i t s e l f ,  i t  appeared p l a u s i b l e  t h a t ,  depending 

on how t h e  neon flowed i n t o  t h e  f l a s k  con ta in ing  uranium hexa f lou r ide ,  

t h e r e  could be d i f f e r e n t  UF6 concent ra t ions  i n  t h e  gauges and t h e  

mixing chamber proper .  I n  a d d i t i o n ,  l a r g e  po l i shed  s t e e 1  b a l l s ,  which 

could r o l l  f r e e l y  i n  t h e  chamber, were used t o  s t i r  the  mixtures.  These 

modest precaut ions  e f f e c t e d  a three- fo ld  reduct ion  i n  s c a t t e r  f o r  t h e  

measured abso lu t e  mass absorp t ion  c o e f f i c i e n t s .  



S c a t t e r  f o r  t h e  d a t a  r epo r t ed  h e r e  i s  40 - 50% (equiva len t  

t o  a f a c t o r  of 2 between extremes) .  It i s  f e l t  t h a t  f u r t h e r  ref inements  

i n  mixing procedures a r e  f e a s i b l e  and these  a r e  expected t o  f u r t h e r  reduce the  s c a t t e r .  

C. Plasma Pressure  

Pressures  measured by t h e  s i d e  w a l l  t ransducer  agreed w i t h i n  e s t i -  

mated to l e rances  wi th  those  from t h e  end w a l l  t ransducer* These d a t a  a r e  shown 

i n  F igure  5 .  The 8% s c a t t e r  ( 0 )  between t h e  two measurements can be a t t r i b u t e d  

t o  r i n g i n g  i n  t he  p i e z o e l e c t r i c  c r y s t a l s  and t o  t h e  reading  e r r o r .  h e  gauge 

read  s y s t e m a t i c a l l y  8% h ighe r  than  t h e  o t h e r .  The same gauge continued t o  read 

high when p o s i t i o n s  of The gauges i n  t he  tube were interchanged.  This  s l i g h t  in -  

cons is tency  p e r s i s t e d  when t h e  gauges were r e c a l i b r a t e d .  The average of 

t he  two measured p re s su res  should be good t o  +6% i n  a t y p i c a l  experiment. 

D, Temperature Measurement 

Two independent de te rmina t ions  of temperature were made us ing  

the  " r eve r sa l "  technique. The same two pho tomul t ip l i e r s  used t o  determine 
0 0 

the plasma e m i s s i v i t y  a t  5,000 A and 5,200 A v i a  equat ion  ( 3 ) ,  were used - 
f o r  thermometric purposes. Each of t he  abso lu t e  c a l i b r a t e d  photomul t ip l ie rs  

0 

has a bandpass of 4 A and records  the  r e v e r s a l  (black body) i n t e n s i t y  a t  

i t s  own wavelength. The Planck func t ion  

3 2 hv/kT-1 B(h ,T)  = 2hv / c  l / e  

i s  then so lved  f o r  temperature.  So long a s  the  shock tube plasma i s  homo- 

geneous, t h e  v a l i d i t y  of t h i s  equat ion  r equ i r e s  only t h a t  the  
0 

r a d i a t i o n  be l o c a l l y  gray over t h e  4 A bandpass. From equat ion  (2)  i t  

can b e  deduced t h a t  t h e  s t r u c t u r e  of the  shock tube spectrum emission 

does n o t  e f f e c t  the  v a l i d i t y  of t he  method, In  p r a c t i c e ,  the  mean value 

of El - e-T] should be g r e a t e r  than  0 , 3  f o r  good p r e c i s i o n  i n  observing 

the  r e v e r s a l  on a s t a n d a r d  CRO. Temperatures measured by the two photo- 
0 0 

m u l t i p l i e r s ,  me at 5000 A and t h e  o t h e r  a t  5020 A, a r e  eom- 

pared  i n  F igure  6, For t h e  ma jo r i t y  of experiments ,  t h e  two determinat ions 



END-WALL TRANSDUCER 
PRESSURE (lo6 d ~ r n - ~ )  

Figure 5. Comparison of plasma pressures obtained from the side-wall and end-wall 
transducers. 



REVERSAL TEMPERATURE ( O K )  via 
4 i  WIDE CHANNEL AT 5000 i 

Figure 6 .  Comparison of r eve r s a l  temperatures measured simultaneously a t  5000 and 5020 i% . 



agreed wi th in  5% . An ' es t ima te  of t he  p rec i s ion  f o r  e i t h e r  

measurement s e p a r a t e l y  i s  4% .* 
Temperatures der ived  from t h e  theory of shock tube opera t ion  

(Rankine-Hugoniot r e l a t i o n s )  and t h e  measured i n c i d e n t  shock speed (10-13) 

proved t o  be of q u a l i t a t i v e  va lue  only. By applying t h e  conservat ion 

laws f o r  mass, momentum and energy t o  t h e  jump-conditions across  the  

shock f r o n t ,  i t  is poss ib l e  t o  p r e d i c t  the  thermodynamic condi t ions  

behind shocks of known speed - s u b j e c t ,  of course ,  t o  t h e  v a l i d i t y  of a  

one-dimensional model f o r  t h e  shock tube. Such p r e d i c t i o n s  have been 

(34,38,39i 
t e s t e d  on s e v e r a l  occasions. t has gene ra l ly  been found t h a t  

t he  p red ic t ed  temperature was p a r t i c u l a r l y  s e n s i t i v e  t o  non-ideal shock 

tube behavior  such a s  boundary l a y e r  growth, weak d iagonal  shocks, and 

* 
In  t he  s t r o n g e s t ,  lowest uranium content  shocks, t h e  neon l i n e  NeX5852 

a t t a i n e d  s u f f i c i e n t  b r igh tnes s  t o  allow good record ing  and t o  make 
i n s i g n i f i c a n t  p o s s i b l e  con t r ibu t ions  from overlapping uranium l i n e s .  Using 
the  abso lu t e  i n t e g r a t e d  l i n e  i n t e n s i t y  I ,  (recorded p h o t o e l e c t r i c a l l y  and, 
i n  a  few i n s t a n c e s ,  photographica l ly  a s  we l l )  and measured p re s su re ,  w e  
o b t a i n  a temperature 

where N(p,T) i s  t h e  number dens i ty  of neon atoms i n  t h e  r e l evan t  exc i t ed  s t a t e ,  
A i s  t h e  t r a n s i t i o n  p r o b a b i l i t y  and R i s  the  th ickness  of t h e  emi t t ing  gas.  
Because of  t h e  s t a t i s t i c s  of Boltzmann equi l ibr ium N(p,T) % e-E/kt , where E 

i s  t h e  e x c i t a t i o n  energy of t h e  l i n e .  Calculated S ta rk  broadening parameters a r e  
used t o  make smal l  c o r r e c t i o n s  f o r  o p t i c a l  depth and t h e  e f f e c t s  of both f i n i t e  
s l i t  width and t h e  proximity of t h e  l i n e  and near-continuum channels.  (44) 
However, t hese  c o r r e c t i o n s  a r e  of marginal  s i g n i f i c a n c e ,  a s  i s  the  10-20% uncertain-  
t y  i n  t h e  A-value of Ne15852 because, wi th  E/kT % 20 , t h e  l i n e  b r igh tnes s  i s  
very s e n s i t i v e  and p r imar i ly  s o  t o  temperature.  Reduction of t hese  neon exc i t a -  

t i o n  temperatures ,  which w i l l  be  a v a i l a b l e  f o r  approximately 5 - 10% 
of t h e  experiments,  is s t i l l  i n  progress ,  When completed, t h i s  temperature 
w i l l  b e  compared wi th  r e v e r s a l  temperatures  a s  a  t e s t  f o r  se l f -cons is tency .  
Because r e l a t i v e l y  few qeon temperatures  w i l l  be  a v a i l a b l e ,  and because 

$32-34)  numerous p r i o r  s t u d i e s  have shown neon and r e v e r s a l  temperatures 
t o  be  of equiva len t  accuracy, no s i g n i f i c a n t  changes a r e  a n t i c i p a t e d  i n  t he  
mass absorp t ion  c o e f f i c i e n t s  a l r eady  reduced, 



poor i n i t i a l  shock formation. Typica l ly ,  p r ed i c t i ons  based on shock speed 

tend t o  f a l l  1 - 6% lower than d i r e c t l y  measured temperatures ,  depending 

upon t h e  performance of a p a r t i c u l a r  shock tube and t h e  type of t e s t  gas used. 

The comparison made i n  Figure 7 between t h e  measured (2  r e v e r s a l )  

t empera ture  and temperatures p red i c t ed  £ran shock speeds i nd i ca t ed  t h a t  the  

l a t t e r  a r e  n o t  r e l i a b l e  enough f o r  q u a n t i t a t i v e  spec t roscopic  use,  b u t  may 

be h e l p f u l  f o r  understanding t h e  r a d i a t i v e  gas-dynamic aspec ts  of t he se  

o p t i c a l l y  t h i c k  plasmas. The tendancy f o r  t h e  p red i c t i ons  t o  underest imate  

temperatures i s  due i n  p a r t  t o  t h e  i n f luence  of boundary layers .  However, 

t h e  same apparatus  was used i n  s t u d i e s  of l i g h t  elements (eg. CH4, CH3Br, SiH4) , 

over  a s i m i l a r  range of spec t ro scop ic  a d d i t i v e  concentrat ions,  and these  ( o p t i c a l l y  

th in)  plasmas do no t  depar t  s o  d r a s t i c a l l y  from p red i c t i ons  a s  does uranium. 

Radia t ive  cool ing i s  probably respons ib le  f o r  much of t he  f a i l u r e  of the  p red i c t i ons  fo r  

t h e  o p t i c a l l y  th ick ,  uranium plasmas. It w i l l  be  seen l a t e r  t h a t  the 

emis s iv i t y  of uranium plasmas i nc reases  approximately as  t h e  concent ra t ion  

toztke-3f2 pmer; Therefore ,  i f  the  temperature remains cons tan t ,  a 

2% UF6 mix should coo l  8 t imes f a s t e r  than a 112% mix. However, due 

t o  g r e a t e r  amounts of energy requi red  f o r  d i s s o c i a t i o n ,  t h e  r i c h  

mixture i s  t y p i c a l l y  2,500°K cooler  than t h e  lean  one. 

Therefore ,  w e  expect t h e  2% mix t o  cool  about 8 x (10,500/8,000)-4 % 2 .7  

f a s t e r  t han  the  lean  one. Figure 7 indeed shows t h a t  t h e  temperature 

discrepancy inc reases  from 15% t o  32% i n  going from .5% t o  2.0% con- 

c e n t r a t i o n s  of UF6 . The l o s s  r a t e s  cannot be  ca l cu l a t ed  a n a l y t i c a l l y  

wi thout  d e t a i l e d  knowledge of w a l l  r e f l e c t i v i t y  versus  wavelength and 
0 

good e s t ima te s  of t h e  emis s iv i t y  below 2800 A . Addi t iona l  evidence f o r  

p rog re s s ive  cool ing  of sho,cks i n  a 1.6% UF6 mixture i s  given i n  d i scuss ion  

of F igure  11. 



0 UF6 IS SOLE ADDITIVE 

TYPICAL DATA FOR LIGHT 

I N I T I A L  CONCENTRATION OF UF6 

F igu re  7. Ra t i o ,  measured temperature l temperature  p r e d i c t e d  from measured i n c i d e n t  shock speed, as a  func t i on  
o f  t he  t e s t  gas UF6 concen t ra t i on .  The p r e d i c t i o n s  i g n o r e  r a d i a t i v e  coo l i ng .  The t r e n d  f o r  t h e  p r e d i c t e d  

temperatures t o  be g r o s s l y  t oo  smal l  f o r  r i c h  UF6 concen t ra t i ons  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g  (Sec t i on  I V )  

t h a t  t he  plasma e m i s s i v i  ty has a  s t r o n g e r  than l i n e a r  dependence on t h e  d e n s i t y  o f  uranium atoms. 



E. E l ec t ron  Density 

E lec t ron  dens i ty  was measured f o r  a  r e l a t i v e l y  few experiments 

which o f f e r e d  t h e  b e s t  chance of observing S ta rk  broadening of U I  l i n e s .  

For t hese  runs ,  114% CH4 was added t o  0.2 - 0.3% UF6 i n  neon. Low 

UF6 
concent ra t ions  were used f o r  t h e  fol lowing reasons: 

( i )  t o  avoid complicat ions from high  o p t i c a l  depth, 

( i i )  t o  keep t h e  continuum low enough s o  t h a t  p r o f i l e s  of H 
could be measured wi th  reasonable accuracy, 

B 

( i i i )  t o  maintain the  temperature requi red  t o  give good o v e r a l l  
b r i g h t n e s s  t o  HB * 

The e l e c t r o n  d e n s i t y  is obtained by f i t t i n g  t h e  observed H p r o f i l e s ,  
B 

t o  t h e  t h e o r e t i c a l  ( 40) Sta rk  p r o f i l e s .  Previous experience (29 9 41  9 32) has shown 

t h a t  t he  p r e c i s i o n  of t he  method is  t y p i c a l l y  15% , and t h a t  e l e c t r o n  

d e n s i t i e s  deduced i n  t h i s  way a r e  n o t  r e a d i l y  prone t o  s e r i o u s  sys t ema t i c  

b i a s .  

F, I n t e n s i t y  and Emissivi ty  Measurements 

Before cons ider ing  t h e  emis s iv i ty  d a t a  obtained by the  emission and 

abso rp t ion  techniques ,  i t  should be s t r e s s e d  t h a t  t h e  observed r a d i a t i o n  i s  due 

almost e n t i r e l y  t o  uranium (u I  , U I I  , UIII )  and f r e e  e l e c t r o n s .  P r i o r  s t u d i e s  

wi th  t h i s  appara tus  have shown t h a t  t he  l i n e s  of f l o u r i n e  a r e  n o t  

e x c i t e d  t o  d e t e c t a b l e  b r igh tnes s  when temperatures  a r e  less than 1 2 , 0 0 0 ° ~ .  (33) 

The emission spectrum of neon becomes d i s c e m a b l e  above 10,500°K , b u t  i t  

i s  l i m i t e d  t o  a  few narrow, well-known (43244)  l i n e s  i n  t he  red  and n e a r  i n f r a r e d .  

It a l s o  bea r s  mentioning t h a t  t h e  resonance l i n e s  of n e u t r a l  uranium 

cannot r e a d i l y  be  s t u d i e d  with the  shock tube because of t h e  problem of re-  

abso rp t ion  i n  coo le r  boundary l a y e r s .  Depending on how f a r  boundary l a y e r  grow- 

t h  has  progressed  be fo re  photographic exposures a r e  made, t hese  l i n e s  can be 



seen  e i t h e r  i n  emission o r  i n  absorp t ion  a g a i n s t  t h e  continuum. From t h e  stand- 

po in t  of t h e  p re sen t  emis s iv i ty  s t u d i e s ,  i t  i s  t h e r e f o r e  f o r t u n a t e  t h a t  t h e  U I  

resonance l i n e s  c o n s t i t u t e  only a  very small  f r a c t i o n  of t h e  i d e n t i f i a b l e  l i n e s  
0 

i n  t h e  wavelength r eg ion  3000 - 9000 A . 
0 

Emission da t a  from a s i n g l e  sho t  f o r  t h e  reg ion  4960 - 5000 A a r e  

shown i n  F igure  8. The s c a t t e r  between t h e  6-9 pho tomul t ip l i e r s ,  each viewing 
0 

a d i f f e r e n t  1 A  wide p o r t i o n  of t h e  spectrum, i n d i c a t e s  t h e  "gapiness" of t h e  

spectrum seen  wi th  t h i s  bandpass. The r e l a t i v e  s c a t t e r  decreases  wi th  increas-  

i ng  a b s o l u t e  i n t e n s i t y  because s l i t - ave raged  e m i s s i v i t i e s  approach a  common l i m i t  

of un i ty .  The emis s iv i ty  f o r  each run shown i n  F igure  9 i s  determined by divid-  

-T ing  t h e  s l i t - ave raged  i n t e n s i t y ,  B (T ) [1  - e I avg 
by B(T), t h e  Planck 

avg 

func t ion  computed from t h e  measured temperatures .  I n  F igure  9 ,  t he  d a t a  from 

one pho tomul t ip l i e r  (#3) a r e  sys t ema t i ca l ly  l a r g e r  than from t h e  o t h e r s .  Data 

from t h i s  channel a r e  suspec t  because a s  e m i s s i v i t i e s  approach un i ty ,  t h i s  

channel  measures b l ack  body i n t e n s i t i e s  t h a t  a r e  s i g n i f i c a n t l y  h igher  than  those  

obta ined  by a l l  o t h e r  channels .  

9 

Sl i t -averaged  e m i s s i v i t i e s  a t  5000 and 5020 A , obtained by 
0 

the p a i r  of 4 A wide r e v e r s a l  i n t e n s i t y  channels ,  a r e  compared i n  Figure 9. 

Inasnuch a s  the  r e v e r s a l  temperatures  measured by these  channels have been 

shown t o  agree  w e l l ,  any d i f f e rences  i n  t h e  plasma b r igh tnes s  a t  the  two 

--r 
wavelengths can b e  a s c r i b e d  t o  d i f f e r ences  i n  l o c a l  va lues  of [ l  - e 1. 

The two s e t s  of e m i s s i v i t i e s  i n  Figure 10 f i t  r a t h e r  convincingly t o  t he  
0 

agreement obta ined  i f  s l i t - ave rage  o p t i c a l  depths a t  5000 A a r e  1.3 
0 

g r e a t e r  than a t  5020 A . 
- 'r 

Figure  10 compares e m i s s i v i t y ,  I /B(T)  = [ %  - e lavg ' obta ined  

emission measurements a g a i n s t  t h e  (average) emis s iv i  t y  measured by the two 



Figure 8. Comparison of absolute in tens i t ies  ( i n  units of local carbon arc  intensi ty)  
measured by 9 independent photoelectric channels with the average of the measured 
in t ens i t i e s .  



] FOR 4% WIDE CHANNEL 
B A avg. 
AT 5000 a,  PATH LENGTH 9.3cm 

I X Figure 9.  Comparison o f  s l  i t-averaged emi s s i  vi t i e s  avg .  , from simultaneous 
0 0 

reversal  measurements a t  5000 A and 5020 A . 
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Figure 10. Comparison of emissivi t i e s ,  IAIBA , a t  5000 A measured in  abso 
emission and by the l i n e  reversal technique. 

1 ute 
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r e v e r s a l  channels.  Agreement i s  e x c e l l e n t  over most of the  range, once 

one takes  i n t o  account t he  d i f f e r e n t  pa th  lengths  viewed by the  r e v e r s a l  and 

the  emission channels.  

The s t r u c t u r e  s f  t he  uranium spectrum, and t h e  v a r i a t i o n  of e m i s s i v i t y  

wi th  wavelength, w a s  i n v e s t i g a t e d  us ing  photographic recording.  I n i t i a l l y ,  

we used 70 mm wide rotating-drum f i l m s ,  such as the  one shown i n  Figure 1L  

I n  l a t e r  phases of t h e  experiments ,  r e g u l a r  4" x 10" spec t roscop ic  p l a t e s  

( a s  i n  F igure  12 ) were employed wi th  the  a i d  of t h e  f a s t  s h u t t e r .  I f  t he  

plasmas were everywhere o p t i c a l l y  t h i n ,  then  the  v a r i a t i o n  of t he  absorpt ion 

c o e f f i c i e n t  wi th  wavelength would be  p ropor t iona l  t o  t he  d i s t r i b u t i o n  of 

s p e c t r a l  i n t e n s i t i e s .  I f  abso lu t e  i n t e n s i t i e s  I and t h e  temperature T  

a r e  known, one can r econs t ruc t  a  spectrum t o  i t s  appearance i n  t h e  
. . . . . . . . 

o p t i c a l l y  t h i n  l i m i t ,  p r o v i d e d  t h a t  the  in s t rumen ta l  width i s  smal l  

compared t o  t h e  widths of a l l  s p e c t r a l  f ea tu re s .  This  i s  accomplished 

by t r e a t i n g  t h e  apparent  i n t e n s i t y  a t  a l l  wavelengths t o  t h e  co r r ec t ion  

Although the cond i t i on  of good r e s o l u t i o n  is  no t  s a t i s f i e d  i n  t he  p re sen t  

experiment ,  w e  s t i l l  use equat ion  (5).  This provides o p a c i t i e s  f o r  the  

cont inuous and semi-continuous po r t ions  of t he  spectrum and a t  l e a s t  

p a r t i a l l y  compensates f o r  s e l f  absorp t ion  i n  t he  l i n e s .  The t h r e e  drum- 

camera spectrograms shown i n  F igure  11 cover the  same wavelength reg ion ,  
0 

5000-6050 A, b u t  corresponds t o  d i f f e r e n t  UF6 concentrat ions.  
0 0 

Dispersion and r e s o l u t i o n  a r e  20 A/mm and 1,2 A , r e spec t ive ly .  

Wri t ing  speed i s  approximately 0.09 m m / u s  . Evidence f o r  progress ive  

cool ing  by r a d i a t i o n  can be seen i n  spectrogram C, The four  spec t ro-  

grams shown i n  ' ~ i ~ u r e  12 were obtained wi th  the  f a s t  s h u t t e r  f o r  shocks 
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F i g u r e  11. Sample uranium s p e c t r a  ob ta ined  w i t h  t h e  rota t ing-drum camera. The 
0 

v i g n e t t i n g - f r e e  wavelength coverage o f  t h e  70 mm f i l m  (Kodak 2475) i s  1050 A.  
The o r i g i n s  of t h e  t ime axes  a r e  t h e  i n s t a n t s  when t h e  r e f l e c t e d  shock wave 
p a s s e s  i n t o  t h e  s p e c t r o s c o p i c  l i n e  o f  s i g h t .  These t h r e e  spect rograms show t h e  
e f f e c t  o f  p r o g r e s s i v e l y  i n c r e a s i n g  t h e  uranium c o n c e n t r a t i o n :  f o r  a . ,  b . ,  and c . ,  

4 -1 
uranium p a r t i a l  p r e s s u r e s  a r e  2 .8  , 4.9 and 8.6 X 1 0  d cm , r e s p e c t i v e l y .  
L a t e  i n  t h e  f i r s t  r e f l e c t e d  shock r e g i o n  o f  c . ,  t h e  spect rum becomes f e a t u r e l e s s .  
This  i s  a t t r i b u t e d  t o  r a d i a t i v e  coo l ing .  By 1 )  i n c r e a s i n g  t h e  mass a b s o r p t i o n ,  
2 )  i n c r e a s i n g  t h e  d e n s i t y  of uranium ( a t  c o n s t a n t  ~ r e s s u r e ) ,  and lowering t h e  
l o c a l  Planck i n t e n s i t y ,  t h i s  causes  e m i s s i v i t i e s  t o  t end  towards u n i t y .  





i n  va r ious  mixtures of UF6 i n  neon. Exposure times were 40-46 ps . 
0 

Resolut ion i s  s l i g h t l y  b e t t e r  than 0.3 A a t  t he  low wavelength end of t h e  

spectrograms. 

The CRO d a t a  from a s i n g l e  shock tube run,  along with p e r t i n e n t  

annota t ions  a r e  given i n  F igure  13. 

I V .  Resul t s  and Discussion 

a. Absolute Emiss iv i ty  (and Opacity) 

The d a t a  i n  Figure 14 a r e  s l i t  i n t e g r a t e d  e m i s s i v i t i e s ,  

ob ta ined  by averaging  the  emission and r e v e r s a l  determinat ions f o r  t he  
0 

range 4,960 - 5000 A . I n  l i e u  of a  t h r e e  dimensional p l o t  showing 

these  d a t a  a s  func t ions  of both number of uranium atoms and temperature,  - 
Figure 15 c o l l e c t s  r e s u l t s  from wi th in  1 0 0 0 ° ~  i n t e r v a l s  and denotes them 

by d i f f e r e n t  p l o t t i n g  symbols. I n  s p i t e  of t h e  bothersome s c a t t e r ,  i t  can 

be seen  t h a t  t he  d a t a  from t h e  va r ious  temperature ranges behave i n  

d i s t i n c t i v e  ways. (The thermal  dependence of e m i s s i v i t y  i s  seen more c l e a r l y  

i n  r e p r e s e n t a t i o n s  such a s  Figure 16 .) 

S c a t t e r  (0 )  i n  t h e  d a t a  f o r  a  given temperature range i s  

t y p i c a l l y  40% . Seve ra l  previous experiments involv ing  absolu te  photometry 

of l i g h t  e lements  has  condi t ioned  us t o  expec t  less than 112 t h i s  much 

s c a t t e r .  Random e r r o r  of + 4% i n  temperature i s  expected t o  genera te  10 - 

12% f l u c t u a t i o n s  i n  t h e  Planck func t ion  B(T) . However, t h i s  i s  of 

secondary importance i n  comparison wi th  t h e  s c a t t e r  from some unspec i f ied  

source .  We b e l i e v e  t h e  random genera tor  t o  be t e s t  gases  inhomogeniety. 

A s k e p t i c a l  i n t e r p r e t a t i o n  would be t h a t  one can only e r r  sys t ema t i ca l ly  

downward, i , ~ ,  , g e t  l e s s  gF6 t h m  m e  EGppASes. .!& i n d i c a t e d  previouslj . ,  



0 

UPPER BEAM: Reversal  channel  a t  5000 A. The 
i n t e n s i t y  t r a c e  from t h e  shock tube  p l u s  t h e  
f l a sh lamp i s  superimposed upon a  t r a c e  o f  t h e  

-1 
f lash lamp a l o n e  (20 p s e c  cm ). 

LOWER BEAM: Reversa l  channel  a t  5020 A. I n v e r t e d  
i n t e n s i t y  t r a c e  o f  t h e  shock tube  p l u s  t h e  f l a s h -  
lamp i s  superimposed upon a  t r a c e  o f  t h e  f l a sh lamp 

-1 
a l o n e  (20 s e c  cm ) .  

S i g n a l s  from f o u r  p h o t o e l e c t r i c  channe l s ,  c e n t e r e d  
D 0 0 

a t  (top-to-bottom): 4960 A ,  4961 A ,  4962 A ,  4964 A. 
0 

Bandpass o f  each channel  is  1 . 0  A. The two lowes t  
t r a c e s  a r e  i n v e r t e d .  Common sweep speed i s  

- 1 
50 p s e c  cm , 

UPPER BEAPl: P h o t o e l e c t r i c  channel  (1 .0  A bandpass)  
0 

c e n t e r e d  a t  4959 A. 

LOWER BEAM: Output from p r e s s u r e  t r a n s d u c e r  mounted 
i n  shock t u b e ' s  end w a l l .  Apparent d e c r e a s e  o f  
p r e s s u r e  w i t h  t ime i s  i n s t r u m e n t a l  - plasma e l e c t r o n  
d e n s i t i e s  cause  charge l eakage  from t h e  p i e z o e l e c t r i c  

- 1 c r y s t a l .  Sweep speed f o r  b o t h  beams is  50 u s  cm . 

Figure  13. CRO d a t a  from a  s i n g l e  shock tube  exper iment .  Measure$ plasma c o n d i t i o n s  behind f i r s t  r e f l e c t e d  
shock a r e ;  T = 8300 + 300 O K ,  uranium p a r t i a l  p r e s s u r e  = 7.6 X 10  d  cme2. 



0 

UPPER BEAM: I n t e n s i t y  from a  2  A wide p h o t o e l e c t r i c  

channe l ,  c e n t e r e d  on 5852 A t o  r ecord  t h e  i n t e g r a t e d  
i n t e n s i t y  of NeIX5852 ( t o g e t h e r  w i t h  t h e  continuum 
a t  t h a t  wavelength. )  

LOWER BEAM: I n t e n s i t y  from a  2  A wide p h o t o e l e c t r i c  
0 

channel ,  c e n t e r e d  on 5846 A t o  r e c o r d  t h e  l o c a l  
continuum of  t h e  l i n e  NeIX5852. Sweep speed  f o r  

- 1 
both  beams is  50 p s e c  cm . 

UPPER BEAM: I n t e n s i t y  from 

channel  c e n t e r e d  on 4968 A . 
LOWER BEAM: I n t e n s i t y  from 

0 

channel  c e n t e r e d  a t  4200 A. 
experiment t h i s  d a t a  i s  n o t  
because t h e  p h o t o m u l t i p l i e r  

0 

a 1 A wide p h o t o e l e c t r i c  

4 A wide p h o t o e l e c t r i c  

For  t h e d e p i c t e d  
o f  q u a n t i t a t i v e  v a l u e  
has  begun t o  s a t u r a t e .  

UPPER BEAM: Output  from t h e  p r e s s u r e  t r a n s d u c e r  
mounted i n  t h e  t o p  w a l l  of t h e  shock tube .  

0 

LOWER BEAMS: I n t e n s i t y  from two 1 . 0  A wide photo- 
0 

e l e c t r i c  channe l s ,  c e n t e r e d  a t  4955 A , and 
0 

( i n v e r t e d  t r a c e )  a t  4957 A . 

Figure  13.  (cont inued)  



Figure 14.  Uranium ell i issivity a t  5000 A a s  a funct ion of t h e  number of  uranium atoms i n  the  l i n e  of s i g h t .  
0 

Plasma temperature i s  shown as a parameter by grouping t h e  da ta  i n t o  four  1000" K i n t e r v a l s .  Erniss iv i t ies  
( i n t e n s i t i e s  re1 a t i  ve t o  a bl ack body) r ep resen t  an averaging of r e s u l t s  from reversa l  measurements (two 

c l~annels  of 4 A bandpass) with those from absolute  i n t e n s i t y  measurements (6-9  channels of 1 A bandpass j .  
0 



however, we b e l i e v e  t h a t  inadequate  p repa ra t ion  can l e a d  t o  gases which 

may be r i c h e r  o r  poorer  i n  UF6 than one would c a l c u l a t e  using 

measured i n i t i a l  p a r t i a l  p ressures .  Bremss t rah lung  con t r ibu t ions  - being  due 

t o  t h e  mutual a c t i o n  of e l e c t r o n s  and ions  - w i l l  s c a t t e r  by 20% i f  t h e  

uranium concen t r a t ion  reproduces t o  10% , Taking account of the  to l e rance  

i n  B(T) and t h e  sp read  i n  d a t a  due t o  lumping i n t o  1 0 0 0 ° ~  i n t e r v a l s ,  

w e  e s t i m a t e  t h a t  random f l u c t u a t i o n s  of 15% i n  UF6 concent ra t ions  

could f u l l y  account f o r  t h e  s c a t t e r  shown i n  F igure  15. Photometry 

would n o t  appear t o  c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  s c a t t e r  s i n c e  t h e  

two independent techniques f o r  measuring abso lu t e  e m i s s i v i t y  were seen 

t o  g ive  s a t i s f a c t o r i l y  s e l f - c o n s i s t e n t  r e s u l t s .  Because UF6 conta ins  

no hydrogen, t h e  s p s c t r o s c o p i c  techniques we have used t h e  p a s t  t o  t e s t  

assumptions concerning t h e  composition and thermodynamic s t a t e  of t he  

plasmas (32935) could n c t  be  app l i ed  t o  t h e  -uranium data.  

The "mean o p t i c a l  depths" shown i n  Figure 15 were der ived  from 

t h e  measured e m i s s i v i t i e s  (Figure 1 4 )  by applying equat ion  (6 ) . Small 

c o r r e c t i o n s  (5 - 10%) have been given t o  t hese  d a t a  t o  p a r t i a l l y  c o r r e c t  

f o r  t h e  s e l f  absorp t ion  of s t r o n g  l i n e s  (Sect ion I I C ) .  A logar i thmic  

r e p r e s e n t a t i o n  of T versus  number of uranium atoms, NU , i s  shown i n  
avg 

Figure 16. I f  the  opac i ty  were due exc lus ive ly  t o  d i s c r e t e  t r a n s i t i o n s ,  then 

T would have a l i n e a r ,  o r  weaker, (46'47) dependence upon NU . I f ,  on 
avg 

t h e  o t h e r  hand, Bremsstrahlung and recombination emission a r e  t h e  dominant 

c o n t r i b u t o r s ,  T should s c a l e  as NU . (19220) Data from w i t h i n  a l l  
avg 

f o u r  temperature regimes a r e  seen  t o  f a l l  between t h e  curves ( s lopes  of 

1.0 and 2.0, r e s p e c t i v e l y )  f o r  t h e s e  i d e a l i z e d  cases .  That i s ,  cont ra ry  to 

t h e o r e t i c a l  p r e d i c t i o n s ,  l i n e  and continuum r a d i a t i o n  appear t o  account 

f o r  comparable f r a c t i o n s  of t he  t o t a l  opaci ty.  I n  t h e  n e x t  s e c t i o n  i t  

w i l l  b e  seen t h a t  photographic d a t a  a l s o  i n d i c a t e s  t h a t  continuum and 



- 
F igure  15. Mean o p t i c a l  depth T of  uranium a t  5000 A as a f u n c t i o n  o f  t h e  number 
o f  uranium atoms i n  t h e  l i n e  o f  s i g h t .  Temperature i s  shown as a parameter by 
grouping t h e  da ta  i n t o  1000' K i n t e r v a l s .  Curves i n d i c a t e  t h e  behav io r  expected i f  
t h e  - plasma r a d i a t i o n  were o p t i c a l l y  t h i n  and due e x c l u s i v e l y  t o  e i t h e r  l i n e s  - 2 
( T  .: NU) o r  con t inua  (T a NU) . 



- 35 - 
l i n e  r a d i a t i o n  a r e  of s i m i l a r  importance, Data f o r  T > 2 a r e  

avg 

r e l a t i v e l y  r e l i a b l e  because s m a l l  e r r o r s  i n  t h e  measured v a r i a b l e  

-T -T 
( 1  - e ) l e a d  t o  l a r g e  e r r o r s  i n  T a s  ( 1  - e ) approaches 1.0 . 

avg 

The t h e o r e t i c a l l y  p r e d i c t e d  t r e n d  f o r  T t o  decrease  w i t h  i n c r e a s i n g  
avg 

temperature  ( a t  f i x e d  N ) i s  c l e a r l y  d i s ce rnab le .  U 

Absolute r e s u l t s  t o  d a t e  a r e  summarized and compared t o  theory 

0 

i n  F igure  16. P r e d i c t e d  contours  of e q u a l  opac i ty  ( a t  5000 A) a r e  

p l o t t e d  a s  func t ions  of temperature  and uranium p a r t i a l  p ressure .  The 

hatched-in a r ea s  r e p r e s e n t  t h e  c u r r e n t  d a t a  and inco rpo ra t e  2 45% 

t o l e r a n c e  limits. The dep ic t ed  d a t a  span most of t h e  p-T domain t h a t  

i s  c o n s i s t e n t  wi th  bo th  reasonable  spec t ro scop ic  s i g n a l  l e v e l s  and normal gas 

d r iven  shock tube ope ra t i on .  Agreement wi th  theory improves w i th  i n c r e a s i n g  

uranium p a r t i a l  p r e s s u r e ,  and t o  a  l e s s e r  e x t e n t ,  w i t h  i n c r e a s i n g  temperature. 

Because t he  theory  i s  p a r t i a l l y  s t a t i i j t i c a l  i n  n a t u r e ,  i t  i s  expected t o  

do b e t t e r  under t h e s e  cond i t i ons  (h igher  T  and uranium p a r t i a l  p r e s su re )  

t h a t  e x c i t e  t h e  l i n e s  of U I  , U I I  and U I I I .  Experimental d a t a  i s  a l s o  

more r e l i a b l e  a t  h igh  uranium p a r t i a l  p r e s su re  because u n c e r t a i n t i e s  due 

t o  s e l f  abso rp t ion  of narrow l i n e s  become r e l a t i v e l y  less important  i n  

t h e  presence  of i n c r e a s i n g  continuum a c t i v i t y .  

B e  Var i a t i on  of Emiss iv i ty  w i t h  Wavelength 

The gross  v a r i a t i o n  of opac i ty  wi th  wavelength, a s  w e l l  a s  the 

d e t a i l e d  appearance of t h e  spectrum i n  any s m a l l  wavelength reg ion ,  depends 

on bo th  t h e  temperature  and t h e  uranium p a r t i a l  p r e s su re .  I n  c o r r e l a t i n g  

t h e  s p e c t r a l  d i s t r i b u t i o n  of energy w i t h  t he  abso lu t e  d e n s i t y  of uranium, 

i t  i s  reasonable  t o  expec t  no  less s c a t t e r  than encountered f o r  t h e  abso lu t e  
0 

e m i s s i v i t y  d a t a  a t  5000 A . R e l a t i v e  opac i ty  d a t a ,  however, is very 

reproducib le  when normalized a g a i n s t  That i s ,  

t h e  r e l a t i v e  and abso lu t e  photomet r ic  v a r i a b l e s  c o r r e l a t e  w i th  each o the r  

very we11: s c a t t e r  appears  only when one a t tempts  t o  work back t o  i n i t i  A; 

- 
UF6 concent ra t ion .  Ln Figure 17 ,  we p laced  spectrograms from t h r e e  

experiments  onto a  common s c a l e  of photographic  t ransmiss ions  



URANIUM PRESSURE IC~ATMOS. 
0 

Figure 16. Measured and predicted absolute optical  absorption coeff ic ients  (5000 A )  f o r  uranium as functions 
of temperature and urani um pressure. Curves are  theoretical  ly predicted contours of constant P l  anck mean 
opacity. Shaded areas represent measured mass absorption coeff ic ients .  
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t o  show how the appearance of t he  spectrum v a r i e s  between plasmas having 

n e a r l y  t he  same measured temperature and uranium p a r t i a l  p ressure .  The 

v a r i a t i o n  of ( s l i t -averaged)  o p t i c a l  depth wi th  wavelength and t h e  

(apparent)  l i n e  t o  continuum r a t i o s  do r epea t  moderately we l l ,  

0 

Measured mass absorp t ion  f o r  t h e  reg ion  3000-8000 A i s  shown i n  
0 

Figure 18, Mean r e s o l u t i o n  f o r  t h e  d a t a  between 3000 and 6800 A i s  reduced 
0 0 

t o  0.3 A : f o r  t h e  d a t a  between 6800-3000 A , t he  r e s o l u t i o n  i a  reduced 
0 

t o  1.2 A because i t  was necessary  t o  open t h e  spectrograph s l i t s  t o  achieve 

u s e f u l  d e n s i t i e s  on the  s lower  i n f r a r e d  (HSIR) f i lm.  The depic ted  d a t a  was 
0 

obtained ' from t h r e e  s e p a r a t e  experiments ,  each covering 1800 A i n  wave- 
0 

length.  Tolerance (30%) f o r  wavelengths below 3600 A a r e  somewhat l a r g e r  

than  elsewhere (15-20%), owing t o  a  g r e a t e r  u n c e r t a i n t y  i n  photometr ic  

working curves f o r  wavelengths where the  s e n s i t i v i t y  i s  i n h e r e n t l y  low. 

The d a t a  of F igure  18  have been f i t t e d  t o  t h e o r e t i c a l  p r e d i c t i o n s  
(8) 

of Planck mean opac i ty  by normalizing t h e  measured abso lu t e  mass absorp t ion  
0 

c o e f f i c i e n t  a t  5000 A t o  t h e  c a l c u l a t e d  va lues .  A most s t r i k i n g  f e a t u r e  

i s  the  abrupt  divergence of t h e o r e t i c a l  and exper imenta l  curves which 
0 

commences a t  4200 A and grows s t e a d i l y  more pronounced toward lower wave- 
0 

l engths .  A t  3000 A t he  discrepancy i n  r e l a t i v e  o p a c i t i e s  has  grown t o  

g r e a t e r  than a  f a c t o r  of 10 . 
0 0 

The "bumps" a t  4200 A and 5200 A a r e  prominent f e a t u r e s  of 

t he  uranium s p e c t r a  obta ined  under a l l  shock tube condit ions.  The d e n s i t y  
0 

of l i n e s  w i t h i n  t h e  4000 - 4500 A reg ions  i s  s o  g r e a t  t h a t  we cannot dis-  

c r imina te  between l i n e  and continuum s p e c t r a  t o  m a r l y  t h e  e x t e n t  t h a t  

was p o s s i b l e  a t  o t h e r  wavelengths. A t  t h i s  t ime, we cannot d i sc r imina te  

between two p o s s i b l e  o r i g i n s  f o r  t hese  peaks : t r a n s i t i o n s  wi th in  favored 

atomic a r r a y s  ( p a r t i c u l a r l y  UII) , o r  s t r o n g  ion-continuum i n t e r a c t i o n s .  



T =10.000 OK 

PP,= 0.06 atmos.  

T h e o r e t i c a l  
P l a n c k  M e a n  

IRelative Mass  
15k / A b s o r p t i o n  Coef.  

via Shock  Tube  

5 Norma l i zed  

WAVELENGTH. A 
0 

Figure 18. Comparison of experimental and t heo re t i c a l  absorption coe f f i c i en t s  (3000-8000 A )  
plasma temperature of 10,OOO°K and a uranium p a r t i a l  pressure of 0.06 atmospheres. 

0 

f o r  a 



The wavelength s c a l e  of Figure 18 i s  too compressed t o  a f f o r d  

much information on t h e  r e l a t i o n  between l i n e  and apparent  continuum 

i n t e n s i t i e s .  Therefore,  an expanded s c a l e  i s  shown i n  Figure 19. !The 
0 

depic ted  spectrum, measured wi th  0.3 A s l i t s ,  i s  f o r  plasma condi t ions :  

4 -2 T  = 10,050°K , p = 2.8 x 10 dcm . The computer code ( 4 7 j  which reduces 

photographic d e n s i t i e s  t o  r e l a t i v e  i n t e n s i t i e s ,  i nco rpora t e s  t he  afore- 

mentioned (Sec t ion  I11 F) c o r r e c t i o n  f o r  r a d i a t i v e  t rapping .  The t e n t a t i v e  

l i n e  i d e n t i f i c a t i o n  was made wi th  the  a i d  of r e l a t i v e  i n t e n s i t y  s c a l e s  

i n  t h e  Handbook of Chemistry and Physics.  

C o  Work i n  Progress  

Fu r the r  reduct ion  of t he  d a t a  i s  cont inuing  i n  t h e  s e v e r a l  

a r eas  descr ibed  below. Pending t h e  outcome of t h i s  r educ t ion ,  r e s u l t s  

w i l l  b e  s e l e c t e d  a s  s u b j e c t s  of a  f u r t h e r  r epo r t .  

More p o s i t i v e  s e p a r a t i o n  of l i n e  and continuum o p a c i t i e s  

appears  f e a s i b l e  by ex tens ive  reduct ion  of t he  d a t a  a l r eady  obtained.  

That i s ,  s e l f  absorp t ion  can be assessed  by n o t i n g  the  r e l a t i v e  progress ion  

of weak and s t r o n g  ( i s o l a t e d )  uranium l i n e s  along t h e i r  r e spec t ive  

curves of growth a s  plasma condi t ions  a r e  changed. This  type of reduct ion  

is  time consuming and i s  no t  a  f u l l y  s a t i s f a c t o r y  s u b s t i t u t e  f o r  d a t a  obta ined  

d i r e c t l y  wi th  the  r equ i r ed  r e so lu t ion .  Nonetheless ,  q u a n t i t a t i v e  r e s u l t s  

a r e  expected because t h e r e  a r e  numerous p a i r s  of l i n e s  whose apparent 

r e l a t i v e  b r igh tnes ses  d i f f e r  by a  f a c t o r  of 10 i n  experiments wi th  low 

UF6 concent ra t ions .  The r e l a t i v e  i n t e n s i t y  of such a  p a i r  can be  followed 

from s h o t  t o  s h o t  as the  abso lu t e  b r igh tnes s  of t h e  weaker l i n e  varys by 

a f a c t o r  of 5  . It appears  doubt fu l  t h a t  t h i s  method is  s e n s i t i v e  enough 

t o  a l s o  g ive  r e l i a b l e  S t a r k  broadening c o e f f i c i e n t s ,  b u t  t h i s  i s  n o t  a  pre-  

r e q u i s i t e  t o  determining how w e l l  F igure  2 approximates t h e  e f f e c t  of s e l f  

absorp t ion  upon measured opaci ty.  Once t h i s  ques t ion  i s  s e t t l e d ,  l i n e  and 

(apparent j  continuum absorp t ion  can be  examined s e p a r a t e i y  as  



WAVELENGTH. & 

Figure  1 9 .  Densi tometer  t r a c i n g  ( d e n s i t y  - s c a l e  n o t  shown) and corresponding r e l a t i v e  i n t e n s i t y  r e c o r d  f o r  a  

p o r t i o n  of a  spectrogram having a 0.30 A r e s o l u t i o n .  
" 

A number of l i n e s  can b e  c l e a r l y  d i s c r i m i n a t e d  from 
what appears  t o  be  t h e  l o c a l  continuum. None of t h e s e  p r o f i l e s  has  t h e  f l a t - t o p p e d  appearance t h a t  i s  
c h a r a c t e r i s t i c  of a  s a t u r a t e d  s p e c t r a l  l i n e .  



func t ions  of T and uranium p a r t i a l  p ressure ,  Moreover, i f  i t  proves 

necessary  t o  apply only moderate co r r ec t ions  f o r  s e l f  abso rp t ion ,  t h e r e  

should be no major o b s t a c l e  t o  ob ta in ing  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  some U I  l i n e s  which a r e  both r e l i a b l y  c l a s s i f i e d  and i s o l a t e d  from 

o t h e r  s p e c t r a l  f e a t u r e s  of comparable s t r e n g t h ,  

Prospec ts  appear dim t h a t  p re sen t  d a t a  can y i e l d  more than an 

upper l i m i t  e s t ima te  f o r  t h e  S t a rk  broadening of U I  l i n e s .  Because 

in s t rumen ta l  p r o f i l e s  a r e  e v i d e n t l y  s e v e r a l  t i m e s  b roader  than t h e  des i r ed  

S t a r k  ha l fwid ths ,  s t a t i s t i c s  from many s h o t s  w i l l  be  r equ i r ed  f o r  even 

a  meaning£ u l  l i m i t  e s t imate .  Curren t ly  a v a i l a b l e  f i lms  l a c k  t h e  s e n s i t i v i t y  

t h a t  would enable  us  t o  use  spactrographs of s u b s t a n t i a l l y  g r e a t e r  d i spers ion .  

Accurate,  d i r e c t  broadening measurements may be  p o s s i b l e  only by us ing  an 

( 4 6 )  o s c i l l a t i n g  Fabry-Perot i n t e r f e r o m e t e r  i n  conjunct ion wi th  a  monochrom.ator. 

Some h i t h e r t o  u n c l a s s i f i e d  l i n e s  have appeared i n  t h e  h o t t e s t  

(11,000 - 12,000°K) shocks. The v a r i a t i o n  of t hese  l i n e s  w$th temperature,  

and t h e  f a c t  t h a t  they  have n o t  appeared a s  p e r s i s t e n t  i m p u r i t i e s  i n  

previous shock tube experiments a t  s i m i l a r  temperatures  , sugges ts  t h a t  t hese  

l i n e s  a r e  U I I I  . Eventual ly,  t h e i r  wavelengths can be  s p e c i f i e d  t o  
0 

e 0.05; A . 
Since i t  i s  f e l t  t h a t  t h e  mixing methods a l r eady  used were 

t o o  rudimentary, a  l a r g e r  mixing chamber wi th  p rov i s ions  f o r  thorough 

mixing i s  now be ing  b u i l t .  Carefu l  mixing i s  expected t o  reduce s c a t t e r  

i n  t h e  abso lu t e  da ta :  i f  i t  does n o t ,  then  t h e  source of noarerzroducibi l i ty  

must b e  sought  elsewhere. A mass-spectrometric apparatus  of s u f f i c i e n t  

s e n s i t i v i t y  t o  d e t e c t  % 10 microns of UF6 i n  10 t o r r  of neon would 

be h e l p f u l  i n  t h i s  unpleasant  e v e n t u a l i t y .  



A new f e a t u r e  of t he  observa t ions  which i s  now a v a i l a b l e  i s  
0 

the  coverage of a  6000 A - wide s p e c t r a l  band pass by a  s i n g l e  instrument  
0 

with  a  Q 2 A r e sob l t i on .  This broad coverage makes i t  much e a s i e r  

t o  accumulate s t a t i s t i c s  on t h e  v a r i a t i o n  of o p t i c a l  depth wi th  wavelength. 

By means of UV s e n s i t i v e  p l a t e s ,  t h e  low wavelength cu tof f  
0 

of ou r  measurements w i l l  b e  extended down t o  2200 A , and poss ib ly  t o  
0 

2000 A . It i s  important  t o  a s c e r t a i n  whether t h e  p red ic t ed  UV opac i ty  

peaks a r e ,  i n  f a c t ,  j u s t  t h e  "bumps" a l ready  seen i n  t h e  b l u e  ( see  Figure 
0 

18) o r ,  i n s t e a d ,  l i e  below t h e  2800 A cut-off of t he  d a t a  on hand. 

I n  any case ,  i t  i s  p a r t i c u l a r l y  important  t o  understand t h e  UV reg ion  because 
0 

the  Planck func t ion  maximum i s  s i t u a t e d  w e l l  below 2800 A a t  t h e  ope ra t ing  

temperatures  of proposed gas-core r eac to r s .  

V. Conclusions 

Absolute o p t i c a l  absorp t ion  c o e f f i c i e n t s  of uranium plasmas 

has been measured f o r  condi t ions  app l i cab le  t o  some reg ions  of proposed gas- 

core  r e a c t o r s ,  Uncer ta in ty  due t o  s c a t t e r  i s  40% . The random e r r o r  

is  probably generated by u n i n t e n t i o n a l  v a r i a t i o n s  (15%) i n  t h e  amount of 

UF6 
mixed wi th  neon. No evidence has been found f o r  b i a s  due t o  decom- 

p o s i t i o n  of UF6 p r i o r  t o  f i r i n g  the  shock tube. 
0 

From 4,200 t o  8,000 A , measured absorp t ion  c o e f f i c i e n t s  have 

e s s e n t i a l l y  the  same v a r i a t i a n  with wavelength as  t h e o r e t i c a l l y  p red ic t ed  

o p a c i t i e s ,  b u t  a r e  f a c t o r s  of 2  - 5 s m a l l e r  i n  abso lu t e  va lue ,  depending 
0 0 

on plasma s t a t e .  I n  going from 4200 A t o  2800 A , however, emis s iv i ty  

is found t o  s t e a d i l y  decrease ,  whereas theory p r e d i c t s  a  s t r o n g  increase .  

This p r e d i c t e d  surge  i n  u l t r a v i o l e t  emis s iv i ty  which leads  t o  a  factor-of-  
0 

10 discrepancy wi th  experiment a t  3,000 A . This might be  remedied by 



re -eva lua t ing  t h e  computer code parameters f o r  low ly ing  l e v e l s  of UI and U I L ,  o r  

i t  may r e q u i r e  a more b a s i c  r e c a s t i n g  of the  t h e o r e t i c a l  model. The d a t a  i n d i c a t e  

t h a t  t h e  continuum i s  respons ib le  f o r  a 5 - 10 times g r e a t e r  f r a c t i o n  of 

the  e m i s s i v i t y  than  p red ic t ed  t h e o r e t i c a l l y .  It i s  important  t h a t  t he  

theory  be modif ied t o  t ake  s a t i s f a c t o r y  account of t he  continuum because 

Bremsstrahlung e m i s s i v i t i e s  s c a l e  roughly wi th  the  square of t he  uranium con- 

c e n t r a t i o n ,  whi le  l i n e  e m i s s i v i t i e s  have between a l i n e a r  and a square r o o t  

dependence. The experiment con£ irms t h e  t h e o r e t i c a l  p r e d i c t i o n s  of a nega t ive  

s l o p e  f o r  aKm/8T . I f  t h i s  were the  only cons ide ra t ion ,  o p a c i t i e s  i n  t h e  

c e n t e r  of a gaseous core  ( temperatures  f i v e  times g r e a t e r  than  t h i s  experiment) 

might amount t o  only a small f r a c t i o n  of those  i n  t h e  shock tube. However, 

w e  a l s o  found t h a t  t he  s l o p e  of aKm/aNU i s  much g r e a t e r  than  

e s t ima ted  by theory.  This opposing t r e n d  might s u s t a i n  o p a c i t i e s  i n  t h e  

4 5 
core (where NU i s  10 -10 g r e a t e r  than i n  t he  shock tube) a t  s i g n i f i c a n t l y  

h i g h e r  l e v e l s  than he re to f  ore  supposed. 
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