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INTRODUCTION 

Radiation forms a s i g n i f i c a n t  f r a c t i o n  of t h e  hea t  t r a n s f e r r e d  t o  a probe 

t h a t  e n t e r s  t h e  atmosphere of J u p i t e r  o r  Saturn.  I n  r e a l i t y ,  t h e  design of t h e  

hea t  s h i e l d  f o r  such a probe is  cont ro l led  by t h e  r a d i a t i o n  hea t  t r a n s f e r .  

p re sen t ,  t h e  United States does not  have experimental  f a c i l i t i e s  capable  of 

A t  

producing t h e  extreme thermodynamic condi t ions necessary t o  test  t h e  hea t  s h i e l d  

designs f o r  Jup i t e r  o r  Saturn en t ry .  Thus, t h e  hea t  s h i e l d s  must be  designed 

based upon a n a l y t i c a l  models of t h e  flow f i e l d  and hea t  t r a n s f e r  phenomena. 

The t h e o r e t i c a l  and numerical models must be as accura t e  as poss ib l e .  I n  order  

t o  improve t h e  hea t  t r a n s f e r  pred ic t ions ,  Leibowitz and Kuo (1'2) and T i w a r i  and 

inves t iga t ed  t h e  inf luence  of f i n i t e  rate i o n i z a t i o n  i n  t h e  inv i sc id  Szema ( 3 , 4 )  

p a r t  of t h e  s t agna t ion  shock l a y e r  on r a d i a t i v e  heat ing of probes during J u p i t e r  

and Saturn atmospheric en t ry .  

a b l a t i n g  models f o r  t h e  probe shock layer .  

Both i n v e s t i g a t i v e  teams considered cold wal lnon-  

However, they reached oppos i te  con- 

c l u s i o n s  as t o  how t h e  ion iza t ion  rate assumption a f f e c t s  t h e  r a d i a t i v e  t r a n s f e r .  

T i w a r i  and Szema ( 3 ' 4 )  contended t h a t  the  r a d i a t i o n  hea t ing  a t  t h e  probe stagna- 

t i o n  po in t  increased,  whereas Leibowitz and Kuo (1'2) predic ted  t h a t  it decreased 

r e l a t i v e  t o  t h e  r e s u l t s  obtained when t h e  ion iza t ion  rate w a s  assumed t o  be i n  

equi l ibr ium a t  t h e  l o c a l  thermodynamic condi t ions .  

Present  S t a t e  of Knowledge 

The f i r s t  s t u d i e s  of f i n i t e  ion iza t ion  ra te  e f f e c t s  on t h e  r a d i a t i v e  heat-  

i ng  of probes en te r ing  t h e  atmospheres of J u p i t e r ,  Saturn,  and Uranius were pre- 

sented by Leibowitz and Kuo 

assumption of a f i n i t e  i on iza t ion  r a t e  p r e d i c t s  s i g n i f i c a n t  reduct ions  i n  t h e  

r a d i a t i v e  hea t ing  as compared t o  equilibrium ion iza t ion  p red ic t ions .  

and K u o ( ~ )  found that a nonequilibrium ion iza t ion  l aye r  wi th  reduced r a d i a t i v e  

and Howe") . These s t u d i e s  ind ica t ed  that t h e  (1,2) 

Leibowitz 
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m i s s i o n  exists j u s t  behind t h e  s t agna t ion  po in t  shock wave during p a r t  of t h e  

e n t r y  i n t o  model atmospheres of J u p i t e r  and Saturn.  

r a d i a t i v e  heating rate, ca l cu la t ed  using t h e  f i n i t e  i o n i z a t i o n  rate assumption, 

could be up t o  40% lower than i f  t h e  hea t ing  rate w e r e  ca l cu la t ed  by assuming 

that t h e  plasma ion iza t ion  takes  p l ace  i n  equi l ibr ium. However, t h e  reduct ion  

i n  t o t a l  probe hea t ing ,  which w a s  ca l cu la t ed  by i n t e g r a t i n g  both t h e  r a d i a t i v e  

and convective hea t ing  rates over t h e  atmospheric en t ry  time, w a s  less than 152. 

The low reduct ion i n  t o t a l  hea t  t r a n s f e r  occurred, because, when t h e  f i n i t e  

i on iza t ion  rate r a d i a t i v e  f luxes  were very low (compared t o  t h e  equi l ibr ium 

ion iza t ion  rate r a d i a t i v e  f l u x e s ) ,  t h e  hea t ing  w a s  l a r g e l y  due t o  convection. 

Leibowitz and K u o ( ~ )  ca l cu la t ed  t h e  r a d i a t i v e  f l u x  t o  t h e  probe f o r  both 

They predic ted  that t h e  

t h e  equi l ibr ium and f i n i t e  i on iza t ion  rate assumptions by using t h e  r e s u l t s  of 

t h e  hydrogen-helium r a d i a t i o n  computations of S t i ck fo rd  . They computed t h e  

instantaneous va lues  f o r  t h e  r a d i a t i v e  f l u x  a t  t h e  thermodynamic cond i t ions  

(6) 

obtained from both t h e  f i n i t e  and equi l ibr ium ion iza t ion  ra te  assumptions a t  

each poin t  along t h e  t r a j e c t o r y  and in t eg ra t ed  t h e  r e s u l t s  t o  ob ta in  t h e  t o t a l  

r a d i a t i v e  heating. 

a l s o  considered t h e  e f f e c t  of f i n i t e  i o n i z a t i o n  rates ( 3 , 4 )  T i w a r i  and Szema 

on t h e  r a d i a t i v e  hea t ing  of probes en te r ing  t h e  Jovian atmosphere. 

showed that t h e  assumption of a f i n i t e  i o n i z a t i o n  rate increased t h e  r a d i a t i v e  

hea t ing  rate by about 10% as compared t o  t h e  hea t ing  ra te  obtained by assuming 

equi l ibr ium ioniza t ion .  They used a fundamental f l u i d  mechanics model and t h e  

Their  r e s u l t s  

same ioniza t ion  rate cons t an t s  t h a t  Leibowitz and Kuo (1,2) used; however, they 

employed a de ta i l ed  58-step, s p e c t r a l ,  absorp t ion  c o e f f i c i e n t  model f o r  t h e  hy- 

drogen-helium plasma t o  c a l c u l a t e  t h e  r a d i a t i o n  t r a n s p o r t .  

(7 )  Zoby and Moss conducted a prel iminary i n v e s t i g a t i o n  of t h e  thermal en- 

vironment and heat ing rates f o r  a probe en te r ing  t h e  atmosphere of Sa turn .  They 
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used t h e  numerical code developed by Tiwari and Szema t o  determine t h e  e f f e c t  

of a f i n i t e  i o n i z a t i o n  rate i n  t h e  inv i sc id  p a r t  of t h e  s t agna t ion  shock l aye r  

on t h e  hea t  t r a n s f e r  t o  t h e  probe. Their r e s u l t s  i n d i c a t e  that t h e  assumption 

of a f i n i t e  i on iza t ion  rate would s i g n i f i c a n t l y  inc rease  t h e  r a d i a t i v e  hea t  

t r a n s f e r  rate a t  t h e  probe s t agna t ion  point  as compared t o  equi l ibr ium ioniza-  

t i o n  and that t h e  f i n i t e  i on iza t ion  r a t e  e f f e c t s  on r a d i a t i v e  hea t ing  would be- 

come n e g l i g i b l e  away from t h e  s tagnat ion po in t .  

e l e c t r o n s  and atoms t o  have d i f f e r e n t  temperatures.  

However, they d i d  no t  a l low t h e  

These previous inves t iga t ions  show that t h e  assumption of a f i n i t e  ioniza-  

t i o n  ra te  inf luences  t h e  r a d i a t i v e  t r a n s f e r  and, hence, t h e  design of t h e  hea t  

s h i e l d s  of probes intended f o r  atmospheric e n t r y  of major p l ane t s .  The non- 

equi l ibr ium ion iza t ion  l a y e r  j u s t  behind t h e  shock wave inf luences  t h e  r a d i a t i o n  

t r a n s f e r  a t  o r  near t h e  s tagnat ion  point .  However, t h e  r a d i a t i v e  hea t ing  f o r  

t h e  assumption of a f i n i t e  i on iza t ion  r a t e  has  been shown e i t h e r  t o  inc rease  

o r  decrease  r e l a t i v e  t o  i t s  va lue  f o r  equi l ibr ium ion iza t ion  f o r  roughly t h e  

same phys ica l  condi t ions  i n  two independent i nves t iga t ions .  This  con t r ad ic t ion  

is inves t iga t ed  i n  t h e  present  study. 

The p resen t  study i s  l imi ted  t o  an inves t iga t ion  of t h e  underlying reasons 

and (1,2) f o r  t h e  oppos i te  conclusions reached i n  t h e  work of Leibowitz and Kuo 

Tiwari and Szema ( 3 ’ 4 )  for hydrogen-helium shock waves with a cold nonblowing 

w a l l  boundary condition at the probe heat shield.  The e f f e c t s  of ablation 

and the ablation layer gases are not considered. The study is limited to  

the stagnation shock layer. 

state of knowledge of nonequilibrium shock wave structure. 

Appendix A contains a survey of the present 
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SHOCK WAVE STRUCTURE 

This  s ec t ion  conta ins  a s h o r t  in t roduct ion  t o  nonequilibrium shock wave 

Figure 1 shows t h e  s t r u c t u r e .  A d e t a i l e d  review is  included i n  Appendix A. 

shock wave s t r u c t u r e  f o r  a t y p i c a l  atomic gas  taken from re fe rence  8. 

f i g u r e  is  f o r  a Mach 24 shock wave i n  argon; however, it i s  similar t o  

The 

a hydrogen-helium shock wave, because t h e  hydrogen d i s s o c i a t e s  almost i n s t a n t l y  

behind t h e  shock. The pressure  i n  f r o n t  of t h e  argon shock is 1 cm Hg, and t h e  

temperature i s  300 K. 

tures,  Ti = Ti/(16,828 IC), i = a, e, (where "a" denotes  atoms and "e" denotes  

e l ec t rons )  and dens i ty  6 = P/ (  .000229 gm/cm ) . 
of i o n i z a t i o n  is a. = 0.449. The parameter T r ep resen t s  t h e  ground state 

continuum o p t i c a l  thickness .  The r e fe rence  va lues  of temperature,  dens i ty ,  

and a. are the  equi l ibr ium va lues  behind t h e  shock wave. 

nondimensional parameters r ep resen t ing  t h e s e  v a r i a b l e s  a l l  go t o  u n i t y  as t h e  

gas goes to equilibrium. 

i o n i z a t i o n  rates a r e  given by iaa/d and tiea/bs, r e spec t ive ly ,  where is - 
1.31 x l / ( c m  -sec) . 

The parameters shown are a l l  nondimensional wi th  tempera- 
- 

3 The r e fe rence  va lue  of t h e  degree 

g 

Note t h a t  t h e  

The nondimensional atom-atom and electron-atom 

S 
3 

The gas behind t h e  shock wave is i n  thermal nonequilibrium, wi th  t h e  heavy 

p a r t i c l e s  much h o t t e r  than t h e  e l e c t r o n s  (Ta > T 1. 

l a x a t i o n  region behind t h e  v iscous  shock, ? 

l ib r ium value and then slowly increases  u n t i l  i t  becomes equal t o  T and thermal 

equi l ibr ium occurs.  

As one moves i n t o  t h e  re- 
e 

r a p i d l y  increases  t o  about i t s  equi- 
- e 

a 

I n i t i a l l y ,  j u s t  behind t h e  shock wave, t h e  degree of i o n i z a t i o n  i s  increased 

by atom-atom c o l l i s i o n s .  

electron-atom c o l l i s i o n s  become t h e  major producers of e l e c t r o n s .  

When t h e  e l e c t r o n  populat ion is  s u f f i c i e n t l y  high,  

Each e lec-  

t r o n  produced v i a  an electron-atom c o l l i s i o n  r e q u i r e s  t h a t  t h e  e l e c t r o n  gas  as 

a whole supply t h e  necessary i o n i z a t i o n  energy. 

by ion iz ing  c o l l i s i o n s  with t h e  atom gas .  

ceives energy by elastic c o l l i s i o n s  wi th  t h e  atom gas and thereby reduces T g 

Thus, t h e  e l e c t r o n  gas i s  cooled 

A t  t h e  same time, t h e  e l e c t r o n  gas  re- 

a 
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Throughout most of t h e  r e l a x a t i o n  region,  t h e  energy gained by t h e  e l e c t r o n  

gas  through elastic c o l l i s i o n s  with t h e  atom gas  i s  almost balanced by t h e  loss 

of energy through electron-atom ion iz ing  c o l l i s i o n s .  

temperature roughly cons tan t  throughout most of t h e  r e l a x a t i o n  reg ion .  

This keeps t h e  e l e c t r o n  

The argon atom w a s  modeled as i f  it had only two e l e c t r o n i c  states: a 

The ground s ta te  and an exc i ted  state as shown schematical ly  i n  Figure 2.  

s i n g l e  exci ted state of t h e  model r ep resen t s  a l l  t h e  exc i t ed  states of t h e  atom. 

Thus, t h e  r a d i a t i o n  model involves  only one bound-bound process  and two bound- 

f r e e  processes .  

shock wave s t r u c t u r e  s tud ie s .  

wi th  experiment. 

This type of two-state model has been widely used i n  numerical 

It gene ra l ly  p r e d i c t s  r e s u l t s  that agree  w e l l  

Figure 1 shows that t h e  ground-state continuum o p t i c a l  t h i ckness ,  T , has 

This  impl ies  t h a t  t h e  
g 

a va lue  of about 8 a t  t h e  end of t h e  r e l a x a t i o n  region.  

ground-state continuum r a d i a t i o n  emit ted near  t h e  shock wave w i l l  no t  pene t r a t e  

t o  t h e  end of t h e  r e l a x a t i o n  region,  because most of t h e  r a d i a t i o n  energy i s  

sorbed wi th in  two o p t i c a l  pa th  lengths  of i t s  emission po in t .  

s ta te  continuum o p t i c a l  th ickness  is too small t o  be shown on Figure 1. 

exc i t ed  state continuum r a d i a t i o n  emit ted j u s t  behind t h e  shock can e a s i l y  pene- 

trate t o  t h e  end of t h e  r e l a x a t i o n  reg ion .  However, t h e  exc i t ed  state source  

func t ion  is very weak j u s t  behind t h e  shock, because t h e r e  are not  very many 

f r e e  e l ec t rons  a v a i l a b l e  t o  recombine t o  an exc i ted  atomic state, and i n  t h e  

process  e m i t  r ad i a t ion .  

ab- 

The exc i t ed  

Thus, 

6 
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NONEQUILIBRIUM MODELING 

C o l l i s i o n  Processes 

( 1) Leibowitz developed a r e a c t i o n  scheme descr ib ing  t h e  important co l -  

l i s i o n a l  processes in  hydrogen-helium ion iz ing  shock waves t h a t  were modeled 

a f t e r  r e s u l t s  obtained from s t u d i e s  of argon ion iza t ion .  Reactions are in- 

cluded f o r  d i s soc ia t ion  of molecular hydrogen, e x c i t a t i o n  of t h e  e l e c t r o n i c  

states of atomic hydrogen and helium, and ion iza t ion  of t h e  hydrogen and 

helium by c o l l i s i o n s  wi th  atoms and e l e c t r o n s .  

cons t an t s  a r e  l i s t e d  i n  Table 1. 

I n  t h e  r eac t ion  scheme, t h e  atomic hydrogen and helium are assumed t o  have 

The r e a c t i o n  scheme and rate 

two bound states: a ground state and a f i r s t  exc i ted  state as shown schematical ly  

i n  Figure 2 .  The f i r s t  exc i t ed  state i s  a r e p r e s e n t a t i v e  state,  which r ep resen t s  

a l l  t h e  exci ted states. The two-state assumption is  a good model when t h e  ground 

and f i r s t  exci ted states are separated by a l a r g e  energy gap a s  compared t o  t h e  

energy d i f f e rence  between t h e  f i r s t  exc i ted  state and t h e  i o n i z a t i o n  energy. 

For t h e s e  types of gases ,  t h e  exc i ted  states and e l e c t r o n s  have near ly  t h e  same 

energy. 

are i n  equi l ibr ium with each o the r  a t  t h e  e l e c t r o n  temperature.  

Thus, it i s  a l s o  assumed t h a t  t h e  exc i t ed  state and e l e c t r o n  populat ions 

The d i s soc ia t ion  r a t e  f o r  molecular hydrogen was obtained from shock tube  

(1) i nves t iga t ions  . Hydrogen i n i t i a l l y  d i s s o c i a t e s  by c o l l i s i o n s  wi th  i t s e l f  

and helium and, subsequently,  by c o l l i s i o n s  wi th  atomic hydrogen, ions ,  and 

e l e c t r o n s .  

pher ic  en t ry ,  d i s s o c i a t i o n  is  completed before  i o n i z a t i o n  begins ,  so that t h e  

d i s s o c i a t i o n  and ion iza t ion  processes  are uncoupled. 

For t h e  thermodynamic cond i t ions  of i n t e r e s t  i n  ou te r  p l a n e t  atmos- 

The ion iza t ion  of atomic hydrogen is  i n i t i a t e d  by atom-atom c o l l i s i o n s ,  

which produce atoms with e l e c t r o n i c a l l y  exc i ted  states.  

ionized by add i t iona l  c o l l i s i o n s .  The r e a c t i o n  scheme assumes t h a t  hydrogen 

The exc i t ed  atoms are 
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Table 1 Reaction scheme and r a t e  cons t an t s  f o r  hydrogen-helium 
chemical nonequilibrium condi t ions .  (From Leibowitz, 
Ref. 1) 

1 
R e a c t  ions  

+ 
1. H + e $ H  + 2 e  

3 -1 -1 Rate cons t an t s  i n  c m  sec mole 

k = 2.27313 Te exp (- 157, 780/Te) 1 

I 2. H e  + e $  He+ + 2e k2 = 1.33313 Te exp ( 285 160/Te) 

* 
3 .  H + e z H  + e  

I * 
4 .  H e + e z H e  + e  k4 = 2.24E13 Te1/2 exp (- 232, 030/Te) 

* 
5. H + H Z H  + H  

* 
6.  H + H e Z H  + H e  

k5 = 6.20310 T112 exp(-116,010/T) 

k6 = 4.89310 exp(-116,010/T) 

2 
k7 = 4.33318 T-' [l - exp(-1538/T 11 

exp(-52340/T) 

8. H 2 + H 2 2 H + H + H 2  k8 = 2.5 k7 

9.  8 H 2 + H Z H + H + H  kg = 14.0 k7 

k10 = kg 

kll = kg 

kg modified from t h e  expressions of Leibowitz'') by 

are OK. 

- 
T i w a r i  and Szema 
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In t h e  f i r s t  exc i ted  state i s  produced by c o l l i s i o n s  wi th  hydrogen ( r eac t ion  5 )  

and helium ( reac t ion  6). Exc i t a t ion  t o  t h e  f i r s t  exc i ted  state is  t h e  rate 

l i m i t i n g  s t e p  f o r  i on iza t ion .  

c o l l i s i o n s .  

A s  t h e  r e s u l t  of atom-atom c o l l i s i o n s ,  t h e  populat ion of f r e e  e l e c t r o n s  

inc reases  as one moves deeper i n t o  t h e  shock l a y e r .  

t r o n s  reaches a c e r t a i n  magnitude, t h e  electron-atom c o l l i s i o n s  become more 

important than t h e  atom-atom c o l l i s i o n s .  

hydrogen ions by t h e  same type of two-step process  as t h e  atom-atom c o l l i s i o n s  

do. 

The exc i ted  atoms are r a p i d l y  ionized by f u r t h e r  

When t h e  number of elec- 

Electron-atom c o l l i s i o n s  produce 

The atom is f i r s t  exc i ted  by r e a c t i o n s  3 and 4 and then it  is  ionized.  

I n  summary, t h e  r e a c t i o n  scheme developed by Leibowitz involves  a two-step 

i o n i z a t i o n  process i n  which t h e  e x c i t a t i o n  t o  t h e  f i r s t  exc i t ed  s ta te  is t h e  

ra te  con t ro l l i ng  r eac t ion .  I n  o the r  words, t h e  rate of e x c i t a t i o n  is  f i n i t e  

i n  t h e  model and t h e  f i r s t  exc i ted  s ta te  is  not  populated to  i t s  Boltzmann 

value.  

c i t e d  state and e l ec t ron  populat ions.  

inc ludes  t h e  assumption t h a t  t h e  exc i ted  state populat ion i s  i n  equi l ibr ium 

wi th  t h e  e l ec t ron  populat ion a t  t h e  e l e c t r o n  temperature . Consequently, 

t h e  model p red ic t s  low exc i ted  state populat ions j u s t  behind t h e  shock wave, 

as compared t o  equi l ibr ium chemistry so lu t ions .  

Thus, t h e  Leibowitz model r e a l l y  a l lows f o r  both nonequilibrium ex- 

The f i n i t e  rate ion iza t ion  model a l s o  

(9) 

Radiat ion Processes  

The general  equat ions f o r  t h e  r a d i a t i o n  absorp t ion  c o e f f i c i e n t  and source 

func t ion  are developed f o r  a nonequilibrium atomic gas  i n  Appendix B .  The 

r a d i a t i o n  absorpt ion c o e f f i c i e n t  as given by Eq. 3 6 ,  Appendix B ,  can be  

w r i t t e n  f o r  a two-level atom as follows: 

\ = n a ( l ) a l f [ l  - zlfexp(-hV/kTe) 1 + na(2)02f [1 - Z2fexp(-hu/kTe) 1 

+ na(1)al2 11 - Z12exp(-hu/kTa) 

10 

re- 

(1) 



The source func t ion  f o r  a two-level atom from Eq. 39, Appendix B, becomes 

3 [na(l)OlfZlf + n (210 Z ]exp(-hv/kTe) + na(l)a12Z12exp(-hv/kTa) (2) 1 2hV [ a 2f 2f s,= - 
2 

C kv 

where Te r ep resen t s  t h e  e l e c t r o n  temperature  and Ta t h e  atom temperature.  

The expression f o r  S and k 
V V 

as written above are f o r  ene rg ie s  hV g r e a t e r  

than t h e  ground state ion iza t ion  edge. For energ ies  (hv) less than t h e  ground 

state i o n i z a t i o n  edge, alf is  zero.  Likewise, f o r  energ ies  (hv) less than t h e  

exc i t ed  state ion iza t ion  edge, both olf and a2f are zero.  

of frequency, because it includes t h e  l i n e  shape. 

Also, 0 5s a func t ion  
1 2  

For t h e  assumption t h a t  t h e  exc i ted  states and e l ec t rons  are i n  equi l ibr ium 

a t  t h e  e l e c t r o n  temperature,  one can w r i t e  t h e  expressions f o r  Z 12' Zlf * and 

Z2f 1 2  
i n  t e r m s  of Te and Ta. The expression f o r  Z becomes 

where X12 i s  the  energy di f ference between the ground and excited state .  

the bound electronic states a re  i n  equilibrium a t  the atom temperature (Z12 = 1) 

when t h e  atom is i n  equi l ibr ium. 

Note t h a t  

Since the  exc i ted  state n_(2)  is assumed t o  
U 

(4) 
be  i n  equi l ibr ium wi th  t h e  e l e c t r o n s  a t  Te, the Saha Eq.  re lates  n,(2) to ne as 

where x 
If na (1) is in equilibrium with the electrons a t  the electron temperature, one has 

is t h e  i o n i z a t i o n  energy f o r  the exc i ted  state and g i  is the ion degeneracy. 
2 

11 



a 
Te 

where x 
and (5), one can relate na(2) t o  na( l )  and w r i t e  

is the ground state i o n i z a t i o n  energy. El iminat ing ne from Eqs. ( 4 )  
1 * 

Te 

(5) 

Thus, Z12 can b e  w r i t t e n  as 

* 
where n (1) 

a e 

approaches equi l ibr ium Z approaches u n i t y .  12 

is given i n  t e r m s  of ne and T by Eq. (5) Note t h a t  as t h e  g a s  

Te 

One can write Z as I f  

where t h e  f r e e  states and t h e  bound states are i n  equi l ibr ium a t  t h e  e l e c t r o n  

temperature when t h e  gas i s  i n  equi l ibr ium. 

(5), he ob ta ins  

I f  one eliminates ne by us ing  Eq- 

* 
where n (1) is defined i n  t e r m s  of t h e  l o c a l  e l e c t r o n  number d e n s i t y  and t h e  

Te 
e l e c t r o n  temperature by Eq. (5 ) .  

t o  equ il i b r  ium. 

Note that Zlf approaches u n i t y  as t h e  gas goes 



The parameter Z is always un i ty ,  because t h e  exc i t ed  states and e l e c t r o n s  
2f 

are i n  equi l ibr ium a t  t h e  e l e c t r o n  temperature. 

A s  a consequence of Eqs. (3)  through (9), one can  rewrite Eq. (1) f o r  t h e  

abso rp t ion  c o e f f i c i e n t  as 

kv = na(l)(Jlf{l - (1) le exp(-hv/kTe)} + n , ( 2 ) 0 ~ ~ { 1  - exp(-hv/kT ) }  e a 

Equation (2) f o r  t h e  source func t ion  becomes 

A s  noted above, one must be  c a r e f u l  i n  t h e  a p p l i c a t i o n  of t h e s e  equat ions be- 

Note that as t h e  gas  approaches cause of t h e  s p e c t r a l  behavior of (J and (J 

equi l ibr ium, S becomes t h e  Planck funct ion,  and t h e  abso rp t ion  c o e f f i c i e n t  be- 

comes t h e  product of t h e  s t imulated emission f a c t o r  (1 - exp(-hv/kT)) and a 

t e r m  dependent upon t h e  number d e n s i t i e s  of the bound states.  

2 f '  I f  

V 

The bound s ta te  

popu la t ion  becomes Boltzmann d i s t r i b u t e d  a t  equi l ibr ium. 

Equations (10) and (11) show t h a t  t h e  r a d i a t i o n  source  func t ion  and ab- 

s o r p t i o n  c o e f f i c i e n t  d i f f e r  from t h e i r  equi l ibr ium va lues  f o r  t h e  H2-He ioniza-  

used equi l ibr ium va lues  f o r  t h e  source func- t i o n  model. T i w a r i  and Szema 

t i o n  and abso rp t ion  c o e f f i c i e n t .  They evaluated k and S a t  t h e  e l e c t r o n  

temperature.  

creased r a d i a t i v e  hea t ing  f o r  t h e  outer  p l ane t  atmospheric e n t r i e s  as compared 

( 3 , 4 )  

V V 

A s  discussed below, t h i s  assumption f o r  k and Sy l e a d s  t o  in- 
V 

t o  a t o t a l  equi l ibr ium s o l u t i o n .  

13 



FINITE RATE I O N I Z A T I O N  

The f i n i t e  rate i o n i z a t i o n  model f o r  hydrogen-helium gas  mixtures  has  been 

used i n  i n v e s t i g a t i o n s  of t h e  r a d i a t i v e  hea t ing  of v e h i c l e s  e n t e r i n g  t h e  atmo- 

sphere  of J u p i t e r  and Saturn.  

con ta ins  t h e  ambient condi t ions ,  t h e  probe nose r a d i i ,  t h e  shock wave stand-off 4 

d i s t a n c e s ,  and t h e  r a d i a t i o n  f l u x e s  a t  s p e c i f i c  p o i n t s  i n  t h e  e n t r y  t r a j e c t o r i e s  

f o r  t h r e e  cases. The so lu t ions  shown i n  Table 2 are f o r  roughly t h e  same e n t r y  

condi t ions .  Table 2 g ives  t h e  comparison of t he  r a d i a t i v e  f l u x  f o r  an  equ i l ib -  

rium s o l u t i o n  and a f i n i t e  i o n i z a t i o n  rate s o l u t i o n  a t t a i n e d  from t h e  s a m e  

numerical  code. 

f i n i t e  rate ion iza t ion  produces a decrease i n  t h e  r a d i a t i v e  hea t ing  rate, 

whereas those  obtained wi th  t h e  T i w a r i  and Szema ( 3 9 4 ' 7 )  code show t h a t  i t  

produces an  inc rease  i n  t h e  r a d i a t i v e  hea t ing  rate r e l a t i v e  t o  equi l ibr ium 

i o n i z a t i o n  s o l u t i o n s .  Note t h a t  i n  one of t h e  cases ,  t h e  equi l ibr ium s o l u t i o n  

of Moss 

Table 2 lists a few of t h e s e  i n v e s t i g a t i o n s  and 

The s o l u t i o n s  obtained wi th  t h e  Leibowitz code(2) show t h a t  

w a s  used as a comparison case. 
(10) 

w e r e  obtained from a n  equi l ibr ium viscous  shock ( 10) The s o l u t i o n s  of Moss 

l a y e r  numerical  code, which inc ludes  a d e t a i l e d  d e s c r i p t i o n  of t h e  r a d i a t i v e  

t r a n s p o r t ,  equi l ibr ium chemistry,  and t r a n s p o r t  p r o p e r t i e s .  The a n a l y s i s  al- 

lowed f o r  a b l a t i o n  i n j e c t i o n  a t  t h e  hea t  s h i e l d  and e i t h e r  laminar o r  t u r b u l e n t  

flow. The set  of equat ions desc r ib ing  t h e  flow were obtained from t h e  steady- 

state Navier-Stokes equat ions by r e t a i n i n g  terms up t o  second order  i n  t h e  in-  

ve r se  square  r o o t  of t h e  Reynolds number. 

duce "benchmark" so lu t ions  f o r  t h e  design of t h e  Ga l i l eo  Probe h e a t  s h i e l d .  

This  numerical  code w a s  used t o  pro- 

developed a v iscous  shock l a y e r  numerical  code s i m i -  

The i r  

( 3 , 4 )  T i w a r i  and Szema 

t o  so lve  t h e  s t eady- s t a t e  shock l a y e r  equat ions .  (10) l a r  t o  t h a t  of Moss 

a n a l y s i s  is r e s t r i c t e d  t o  nonblowing laminar f low f i e l d s  about hyperboloid bodies .  

Equi l ibr ium and f i n i t e  rate chemistry and thermal equ i l ib r ium o r  non-equilibrium 

(only a two temperature gas  - an e l e c t r o n  temperature  and a heavy p a r t i c l e  temperature) 

14 



Table 2. P r e d i c t i o n s  of Equilibrium and F i n i t e  Rate Rad ia t ive  Fluxes I 

(7 , lo 1 Saturn T r a j  I1 
T = 51.75 sec 
a t m  = 89/11 

Saturn Entry 
Z = 115 Km 
a t m  = 85/15 

Saturn Entry 
T = 18 sec 
a t m  = 73/27 

(3) 

(2) 

Conditions at  i n f i n i t y  
i n  f i  

"a 
km/sec 

29.3 

39.1 

n t  of s 

Ta 
K 

83.9 

145.0 

.00057 

,00046 

15 degree entry 

Probe 
Nose 

Radius 

% 
cm 

31.1 

23 

25 

Shock 
Stand-of f 

d i s t a n c e  

6 
c m  

2.54 

2.02 

r a d i a t i o n  

40. Oa 

422.6' 

d 37.0 

LUX 

Inon-Sq 
Mw /m 

1 

b 71.7 

464.3' 

20. od 

a. MOSS, r e f e rence  10 

b. T e  = T a  f o r  non-equilibrium so lu t ion .  
Szema Code, r e f .  3) 

Zoby and Moss, r e f .  7 (using T i w a r i  ani 

c. T i w a r i  and Szema, r e f .  4, pp. 161  

d. Leibowitz and Kuo, r e f .  2 ,  Fig. 7 
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op t ions  are included i n  t h e  code. 

equat ion of state. 

t i o n  model of Leibowitz A 58-step spectral  model f o r  t h e  abso rp t ion  coef- 

f i c i e n t  of the hydrogen-helium gas mixture w a s  used t o  c a l c u l a t e  t h e  r a d i a t i o n  

t r a n s p o r t .  

The equi l ibr ium chemistry uses  a n  approximate 

The f i n i t e  rate chemistry uses  t h e  rate c o n s t a n t s  and ioniza-  

(1) . 

Leibowitz and Kuo(~) developed a s i m p l i f i e d  r a p i d  numerical method t o  cal- 

c u l a t e  a f i r s t  o rde r  approximate s o l u t i o n  f o r  the flow f i e l d .  

r e l a t i o n s  f o r  t h e  shock wave shape and stand-off d i s t a n c e  and solved f o r  t h e  

flow along stream tubes.  

were uncoupled from t h e  flow f i e l d  c a l c u l a t i o n s ;  however, they were c o r r e l a t e d  

t o  t h e  l o c a l  thermodynamic state of t h e  gas .  A r e a c t i o n  s i m i l a r i t y  parameter, 

5 2 ,  which r ep resen t s  t h e  r a t i o  of t h e  f l u i d  mechanic r e s idence  t i m e  t o  r e a c t i o n  

time, w a s  used to  c o r r e l a t e  t h e  e l e c t r o n  d i s t r i b u t i o n  i n  t h e  shock l a y e r .  

R was s m a l l  (Q l), t h e  i o n i z a t i o n  rate w a s  f i n i t e .  

t h e  ion iza t ion  w a s  i n  equi l ibr ium. 

They used cor- 

Many d e t a i l s  w e r e  omitted.  The r a d i a t i o n  c a l c u l a t i o n s  

When 

When C2 w a s  l a r g e  (Q 20), 

Leibowitz and Kuo S o l u t i o n  

Figure 3 shows a shock l a y e r  s o l u t i o n  obtained by Leibowitz and Kuo 

t h e  e l e c t r o n  temperature and t h e  e l e c t r o n  concen t r a t ion  f o r  two va lues  of 52 a t  

a shock l a y e r  p o s i t i o n  s l i g h t l y  d i sp l aced  from t h e  s t a g n a t i o n  p o i n t .  

equi l ibr ium solut ion,  t h e  e l e c t r o n  temperature is  approximately cons t an t  a c r o s s  

t h e  shock layer .  I n  t h e  f i n i t e  rate case, Te i s  h igh  j u s t  behind t h e  shock and 

decreases  t o  i t s  equi l ibr ium va lue  nea r  t h e  body. 

e l e c t r o n  concentrat ion i s  roughly constant  a c r o s s  t h e  shock l a y e r ,  and f o r  f i n i t e  

rate ion iza t ion ,  it i s  very low nea r  t h e  shock and inc reases  t o  i t s  equ i l ib r ium 

flow va lue  near t h e  body. 

e x c i t e d  state population is  r e l a t e d  t o  t h e  e l e c t r o n  concentrat ion.  

words, i t  would be  small j u s t  behind t h e  shock and i n c r e a s e  t o  i t s  equ i l ib r ium 

va lue  near  t he  body j u s t  as t h e  e l e c t r o n  c o n c e n t r a t i o n  does.  

(2) f o r  

For t h e  

For equ i l ib r ium flow, t h e  

I n  t h e  Leibowitz f i n i t e  ra te  i o n i z a t i o n  model, t h e  

I n  o t h e r  
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Figure  3 .  Elec t ron  Temperature and Elec t ron  Concentration as a Function 
of Nondimensional Pos i t i on  a c r o s s  t h e  Shock Layer. 
r e p r e s e n t s  Equilibrium Flow, R = 0.95 r e p r e s e n t s  Nonequilibrium 
Flow, 6o = 1.7 c m .  
8 = 0 a t  t h e  Stagnat ion Po in t .  

52 = 20 

The Data is  f o r  8 = 0.20 Radians, where 
(From Ref. 2) 
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T i w a r i  and Szema So lu t ion  

T i w a r i  and Szema (3 y 4 )  used a d e t a i l e d  numerical  a n a l y s i s  t o  c a l c u l a t e  

t h e  f low f i e l d  and t o  p r e d i c t  t h e  r a d i a t i o n  hea t ing  of ou te r  p l a n e t  atmo- 

s p h e r i c  e n t r y  veh ic l e s .  

t h e  f i n i t e  rate i o n i z a t i o n  model developed by Leibowitz.  

a t y p i c a l  so lu t ion  f o r  t h e  e l e c t r o n  and atom temperature and t h e  composition 

a t  t h e  s t agna t ion  po in t  f o r  both equi l ibr ium i o n i z a t i o n  and f i n i t e  i o n i z a t i o n  

rate flow. The s o l u t i o n  has t h e  same gene ra l  t r ends  as t h a t  of Leibowitz and 

Kuo d iscussed  PreviouslY* 

They c a l c u l a t e d  the shock l a y e r  composition by us ing  

Figures  4 and 5 show 

Figure 4 shows t h a t  Te and T f o r  nonequilibrium flow are both g r e a t e r  than a 

t h e  equi l ibr ium temperature  j u s t  behind t h e  shock, whereas, near t h e  body t h e  

temperature i s  e s s e n t i a l l y  t h e  same f o r  equi l ibr ium and non-equilibrium flow. 

Thermal equi l ibr ium occurs  a t  about rl = 0.7 and t h e  equi l ibr ium and non-equi- 

l i b r ium so lu t ions  y i e l d  about t he  same temperature f o r  va lues  of rl less than 

0.2. 

Figure 5 shows t h a t  t h e  e l e c t r o n  d e n s i t y  inc reases  very slowly behind t h e  

shock f o r  f i n i t e  rate i o n i z a t i o n  (nonequilibrium) as compared t o  t h e  equi l ibr ium 

s o l u t i o n .  

emission is considered, because t h e  e l e c t r o n  populat ion i s  very important  i n  

t h e  r a d i a t i o n  t r a n s f e r .  Also, f o r  f i n i t e  rate i o n i z a t i o n  t h e  atomic hydrogen 

popula t ion  is  much higher  j u s t  behind t h e  shock than t h e  equi l ibr ium hydrogen 

populat ion.  

This i s  an important d i f f e r e n c e  between t h e  two cases when r a d i a t i v e  

Figure 6 shows t y p i c a l  va lues  of t h e  shock l a y e r  o p t i c a l  t h i ckness  f o r  t h e  

s o l u t i o n s  shown i n  Table 2 as a func t ion  of photon energy hv. 

shock l a y e r  i s  o p t i c a l l y  t h i n  i n  t h e  s p e c t r a l  r eg ion  from 1 t o  9 ev. It i s  

o p t i c a l l y  th i ck  a t  t h e  Lyman l i n e  a t  about 10  ev and f o r  t h e  Lyman continuum, 

a t  ene rg ie s  g rea t e r  than 13.6 ev. 

f o r  f r e e - f r e e  continuum r a d i a t i o n  a t  very l o w  va lues  of photon energy. 

I n  gene ra l ,  t h e  

The shock l a y e r  a l s o  becomes o p t i c a l l y  t h i c k  

The 
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Figure 4 .  Temperature Variat ion i n  Stagnat ion Shock Layer 
f o r  Equilibrium and F i n i t e  Rate I o n i z a t i o n .  
(From Ref. 4 )  
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Figure 5. Species Mole Frac t ion  Var ia t ion  as a Function 
of Nondimensional P o s i t i o n  ac ross  t h e  S tagnat ion  
Shock Layer .  (From Ref. 4 )  
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Figure 6. Op t i ca l  Thickness of t h e  S tagnat ion  Shock Layer as a Function 
of Radiation Energy. 
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lower p a r t  of Figure 6 shows t h e  spectral p o s i t i o n  of t h e  maximum of t h e  Planck 

func t ion  as a func t ion  of temperature.  For t h e  temperatures i n  t h e  shock l a y e r  

t h e  maximum occurs i n  t h e  s p e c t r a l  r eg ion  where t h e  hydrogen shock l a y e r  i s  

o p t i c a l l y  t h i n .  

most of t h e  r a d i a t i o n  emit ted j u s t  behind t h e  shock can e a s i l y  reach  t h e  body. 

Thus, when t h e  r a d i a t i o n  source func t ion  i s  t h e  Planck func t ion ,  

Figure 7 shows t h e  equi l ibr ium and f i n i t e  rate i o n i z a t i o n  r a d i a t i v e  h e a t  

f l u x  toward the  body as a func t ion  of nondimensional p o s i t i o n  i n  t h e  shock 

l a y e r  f o r  t h e  second case  l i s t e d  i n  Table 2 .  

case  t h e  majori ty  of t h e  r a d i a t i v e  emission occurs  r e l a t i v e l y  c l o s e  t o  t h e  

body a t  about II = 0.2. 

i n t e n s e  r a d i a t i v e  emission occurs  near  t h e  shock wave a t  about rl = 0.9. This  

d i f f e r e n c e  can be explained by cons ider ing  t h e  r a d i a t i o n  source func t ion  and 

the  o p t i c a l  thickness  i n  t h e  shock l a y e r .  

For t h e  equi l ibr ium i o n i z a t i o n  

I n  t h e  f i n i t e  i o n i z a t i o n  rate c a l c u l a t i o n s  t h e  most 

Radia t ive  Flux a t  t h e  Body 

The r a d i a t i v e  f l u x  reaching t h e  body involves  an i n t e g r a l  over t h e  source 

func t ion  ( s e e  eqs. (40) and (41) ,  Appendix B) . 

-1 0 

Using t h e  tangent-slab approximation, Eq. (12) can be in t eg ra t ed  over U t o  y i e l d  
1 

where E ( t  i s  t h e  Exponential  I n t e g r a l  of o rde r  2.  The source func t ion  2 v  

SV(tV) and t h e  o p t i c a l  depthTy are func t ions  of t h e  e l e c t r o n  temperature  

and t h e  e l ec t ron  and exc i t ed  state popula t ions  as shmn by E q s  (10) and 

(11). when T~ is small E 2 b v )  is approximately u n i t y  and the r a d i a t i v e  f l u x  can 

be w r i t t e n  as 
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-1 

qR(O,v) = - 2 r j  S v v  ( t  ) d t v .  (14) 

0 

This  r e l a t i o n  approximates t h e  r a d i a t i v e  f l u x  a t  t h e  body i n  t h e  spectral region 

from 2 t o  9 ev, where t h e  shock l a y e r s  are o p t i c a l l y  t h i n .  

t h a t  t h e  r a d i a t i v e  f l u x  reaching t h e  body is t h e  i n t e g r a l  of t h e  source func t ion  

over  t h e  o p t i c a l  r a d i a t i n g  volume. 

stand-off d i s t ance ,  6, as 

Equation (14) shows 

It can be w r i t t e n  i n  t e r m s  of t h e  shock l a y e r  

Thus, t h e  r a d i a t i v e  f l u x  a t  t h e  body i s  d i r e c t l y  r e l a t e d  t o  t h e  r a d i a t i o n  source 

func t ion ,  t h e  r a d i a t i v e  absorp t ion  c o e f f i c i e n t ,  and t h e  shock wave stand-off 

d i s t a n c e  when the  shock layer is  o p t i c a l l y  t h i n .  

Using Eq. (11) one can r e w r i t e  Eq. (15) as 

where it i s  assumed t h a t  t h e  exc i t ed  states and e l e c t r o n s  are i n  equi l ibr ium a t  

Te. 

f unc t ions  of the  r a d i a t i o n  energy. 

shock l a y e r  (approximately 2 t o  9 ev) 0 

s m a l l  i n  t h i s  spectral reg ion  because it i s  mainly i n  t h e  l i n e  wing. 

one can  w r i t e  t he  r a d i a t i v e  f l u x  as  

and 0 are 
12 (16) because alf ,  02f Care must be taken i n  cons ider ing  Eq. 

I n  t h e  o p t i c a l l y  t h i n  s p e c t r a l  r eg ion  of t h e  

is zero.  Also, one expec ts  0 t o  be If 1 2  

Therefore ,  
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Thus, t h e  r a d i a t i v e  f l u x  is  s t rong ly  dependent on Te and na(2).  The va lue  of 

f o r  hydrogen from page 265 of Reference 11 is 
O2f 

= 15.8 x 10-18(h~2/hV) 3 2  c m  
O2f 

where hv2 is  3.4 ev f o r  hydrogen and hv is t h e  photon energy i n  ev u n i t s .  

T i w a r i  and Szema assumed t h e  source func t ion  t o  be  t h e  Planck func t ion  i n  

t h e i r  a n a l y s i s .  In  add i t ion ,  t h e  absorpt ion c o e f f i c i e n t  w a s  determined using 

equ i l ib r ium populat ions f o r  t h e  atomic e l e c t r o n i c  states. I n  t h e i r  computer 

code t h e  abso rp t ion  c o e f f i c i e n t  was  ca l cu la t ed  from t h e  number d e n s i t i e s  f o r  

atomic hydrogen, ionized hydrogen, and t h e  e l e c t r o n s  a t  t h e  l o c a l  temperature. 

(12) They used a 58-step s p e c t r a l  model developed by Sut ton , which au tomat i ca l ly  

assumed t h a t  t h e  atomic e l e c t r o n i c  states w e r e  Boltzmann populated a t  t h e  given 

temperature.  For t h e  thermal nonequilibrium, f i n i t e  i o n i z a t i o n  rate cases they 

used t h e  e l e c t r o n  temperature t o  eva lua te  t h e  source func t ion  and abso rp t ion  

c o e f f i c i e n t .  

f i c i e n t  from Eq. (10) as 

These assumptions are equivalent  t o  w r i t i n g  t h e  abso rp t ion  coef- 

k V = n , ( 2 ) 0 ~ ~  [l - exp(-hV/kTe)] 

and t h e  source func t ion  from Eq. (11) as 

- hV / kTe e 
2 -hv/kTe ' 

I - e  

3 
2hv = -  

where Eqs. (19) and (20) only apply t o  t h e  o p t i c a l l y  t h i n  r eg ion  of t h e  shock 

l a y e r .  Fu r the r ,  Eq. (17) f o r  t h e  radiative f l u x  a t  t h e  body can be rewritten 

us ing  Eqs. (19) and (20) as 
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b 

Equation (21) po in t s  o u t  t h e  s t r o n g  dependence of  t h e  r a d i a t i v e  f l u x  on t h e  ex- 

c i t e d  state population and the e l e c t r o n  temperature.  

I n  t h e  f i n i t e  rate i o n i z a t i o n  s o l u t i o n s  of T i w a r i  and Szema, T is  h igh  

This  i nc reases  t h e  exponent ia l  

e 

behind t h e  shock as can  be seen from Fig.  4. 

t e r m  of Eq. ( 2 1 ) .  

t h a t  t h e  e l e c t r o n i c  state populat ion is  Boltzmann d i s t r i b u t e d  a t  Te. 

t h e  f i n i t e  rate i o n i z a t i o n  s o l u t i o n s  produce a l a r g e  r a d i a t i v e  f l u x .  

I n  t h e  equi l ibr ium case t h e  temperature is  smaller j u s t  behind t h e  shock, 

High va lues  of Te a l s o  i n c r e a s e  na(2) , because they assumed 

Thus, 

as shown i n  Fig. 4 .  

I n  a d d i t i o n ,  the number of hydrogen atoms is  much lower than it i s  f o r  t h e  f i n i t e  

i o n i z a t i o n  rate case (see Fig. 5 ) .  Both of t h e s e  e f f e c t s  reduce the excited 

state population. 

t h e  r a d i a t i v e  f l u x  is reduced, compared t o  t h e  f i n i t e  i o n i z a t i o n  case. Near t h e  

body Te and na(2) are about t h e  same f o r  equi l ibr ium and f i n i t e  rate i o n i z a t i o n ;  

t h e r e f o r e ,  t h e  r a d i a t i v e  f l u x  from t h i s  p a r t  of t h e  shock l a y e r  w i l l  be  about 

t h e  same f o r  both assumptions. Thus, t h e  o v e r a l l  magnitude of t h e  equi l ibr ium 

i o n i z a t i o n  r a d i a t i v e  f l u x  is  less than t h e  f i n i t e  rate i o n i z a t i o n  r a d i a t i v e  

f l u x .  

This reduces t h e  va lue  of t h e  exponent ia l  t e r m  i n  Eq. ( 2 1 ) .  

Consequently, t h e  c o n t r i b u t i o n  of t h e  gas  nea r  t h e  shock t o  

The discussion t o  t h i s  p o i n t  has  been l i m i t e d  t o  t h e  o p t i c a l l y  t h i n  ap- 

However, t h e  conclusions proximation and t h e  B a l m e r  region of t h e  spectrum. 

are gene ra l ly  v a l i d .  

r a d i a t i o n  is o p t i c a l l y  t h i c k  so only gas  n e a r  t h e  body c o n t r i b u t e s  t o  r a d i a t i v e  

hea t ing  of t h e  body i n  t h a t  s p e c t r a l  region.  

a l s o  o p t i c a l l y  t h i c k  near  t h e  l i n e  c e n t e r ,  which means t h a t  t h e  s p e c t r a l  r eg ions  

near t h e  l i n e  c e n t e r s  w i l l  c o n t r i b u t e  t o  r a d i a t i v e  hea t ing  of t h e  s p a c e c r a f t  

only i f  t h e  r a d i a t i o n  is  emit ted c l o s e  t o  t h e  body. The f r e e - f r e e  continuum 

t r a n s i t i o n s  occur mainly i n  t h e  s p e c t r a l  range below 2 ev.  

tinuum r a d i a t i o n  can be important;  however, a t  t h e  temperatures of i n t e r e s t  i t s  

A s  can be seen from Fig.  6 t h e  ground state continuum 

The atomic l i n e  t r a n s i t i o n s  are 

The f r e e - f r e e  con- 
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con t r ibu t ion  t o  t h e  f l u x  w i l l  be s m a l l ,  because of i ts  s m a l l  source func t ion .  

Consequently, t h e  r a d i a t i v e  hea t ing  comes mainly from t h e  Balmer reg ion  of t h e  

spectrum where t h e  shock l aye r  is  o p t i c a l l y  t h i n  and t h e  above approximations 

hold.  

General Discussion 

solved is one i n  which t h e  ( 3 , 4 )  The phys ica l  problem T i w a r i  and Szema 

hydrogen atoms have a Boltzmann population d i s t r i b u t i o n  of t h e i r  e l e c t r o n i c  

states a t  t h e  l o c a l  e l e c t r o n  temperature .  

be f i n i t e  by using t h e  rate equat ions developed by Leibowitz 

t e r p r e t e d  t h e  e x c i t a t i o n  rates i n  t h e  ion iza t ion  model as given i n  Table 1, re- 

a c t i o n s  3 ,  4 ,  5 and 6 ,  as ion iza t ion  r a t e s .  Also,  they d id  not  assume t h e  ex- 

c i t e d  states and e l e c t r o n s  t o  be i n  equi l ibr ium a t  t h e  e l ec t ron  temperature 

as Leibowitz d id .  Leibowitz used the  e x c i t a t i o n  rate as  t h e  ion iza t ion  rate 

l i m i t i n g  s t e p  i n  a two s t e p  ion iza t ion  model. 

t h e  number of e l e c t r o n s  t h a t  became f r e e  w a s  determined by t h e  Saha equi l ibr ium 

condi t ion  a t  t h e  l o c a l  e l ec t ron  temperature. 

The ion iza t ion  rate w a s  allowed t o  

( 1)  . They in- 

Once t h e  e l ec t rons  were exc i t ed  

I n  t h e  Leibowitz ion iza t ion  model t h e  exc i t ed  state is  populated a t  a f i n i t e  

rate. Thus, i t s  population w i l l  l a g  its l o c a l  equi l ibr ium value.  This imp l i e s  

t h a t  t h e  exc i ted  s ta te  i s  not  populated a t  i t s  Boltzmann d i s t r i b u t i o n  va lue  a t  

t h e  l o c a l  temperature.  Also, t he  exci ted s ta te  populat ion and t h e  e l e c t r o n  

popula t ion  are assumed t o  be i n  equilibrium wi th  each o the r  a t  t h e  e l e c t r o n  

temperature.  Therefore,  t h e  exc i t a t ion  rate i s  not  equal  t o  t h e  ion iza t ion  

rate. Both of t hese  e f f e c t s  inf luence t h e  r a d i a t i o n  t r a n s f e r ,  because t h e  ex- 

c i t e d  s ta te  populat ion d i s t r i b u t i o n  inf luences both t h e  absorpt ion c o e f f i c i e n t  

(Eq. 10))  and t h e  r a d i a t i o n  source funct ion (Eq. (11 ) ) .  

and Szema used t h e  Planck func t ion  for t h e  source func t ion  throughout t h e  shock 

l a y e r .  

func t ion  only when t h e  gas i s  i n  equilibrium. 

I n  add i t ion ,  T i w a r i  

A s  i s  pointed out  above, t h e  source func t ion  is  equal  t o  t h e  Planck 
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Table 3 i l l u s t r a t e s  t h e  d i f f e r e n c e  i n  t h e  populat ion of t h e  f i r s t  exc i t ed  

s ta te  of hydrogen f o r  t h e  assumption of  a Boltzmann populat ion d i s t r i b u t i o n  a t  

the e l e c t r o n  temperature and f o r  t h e  assumption of t h e  exc i t ed  state populat ion 

being i n  equilibrium with t h e  e l e c t r o n  populat ion a t  t h e  e l e c t r o n  temperature.  

The d a t a  f o r  Te9 %, and ne j u s t  behind t h e  shock wave w a s  obtained from t h e  

s o l u t i o n  of T i w a r i  and Szema shown i n  Figures  4 and 5. 

mann d i s t r i b u t i o n  t h e  exci ted s ta te  populat ion is  much g r e a t e r  than i t  i s  f o r  

t h e  assumption that t h e  exc i t ed  states and e l e c t r o n s  e x i s t  i n  equi l ibr ium to- 

ge the r  a t  t h e  l o c a l  e l e c t r o n  temperature. 

The r a d i a t i o n  absorpt ion c o e f f i c i e n t  sub rou t ine  used by T i w a r i  and Szema 

Note that f o r  t h e  Boltz- 

( 3 , 4 )  

au tomat i ca l ly  used t h e  Boltzmann d i s t r i b u t i o n  f o r  t h e  exc i t ed  states populat ion.  

This g r e a t l y  increased t h e  absorpt ion c o e f f i c i e n t  compared t o  i t s  v a l u e  for  the 

assumption t h a t  the exc i t ed  state populat ion i s  i n  equ i l ib r ium with t h e  e l e c t r o n  

populat ion a t  t h e  e l e c t r o n  temperature.  

t r o n  temperature j u s t  behind t h e  shock compared t o  t h e  temperature  f o r  equi l ibr ium 

s o l u t i o n s  ( r e s u l t i n g  i n  a l a r g e r  va lue  f o r  t h e  r a d i a t i o n  source funct ion)  in- 

creased t h e  r a d i a t i v e  emission and i s  t h e  reason that T i w a r i  and Szema c a l c u l a t e  

increased r a d i a t i o n  i n  t h e  f i n i t e  rate i o n i z a t i o n  case. 

This  e f f e c t  t oge the r  with t h e  high elec- 
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TABLE 3. Populat ion of t h e  f i r s t  exci ted s ta te  of Atomic Hydrogen assuming: 
1) Boltzmann d i s t r i b u t i o n  a t  Te and 2) exc i t ed  state i n  equi l ibr ium 
wi th  e l e c t r o n s  a t  Te. (Tiwari and Szerna so lu t ion )  

rl Te n H ne' "H+ 
3 l/cm 3 l/cm 3 l / c m  3 

OK l /cm 

10 9.14 x 10 15 7.93 x 10 15 4.66 x 10 17 1.000 20 ' 000 8.39 x 10 
11 

12 

13 

13 

14 

14 

4.59 x 10 

6.57 x 10 

2.33 x 10 

4.21 x 10 

1.11 x 10 

1.77 x 10 

15 

15 

15 

15 

15 

15 

7.67 x 10 

6.57 x 10 

5.79 x 10 

5.17 x 10 

4.51 x 10 

3.08 x 10 

15 

16 
9.99 x 10 

3.64 x 10 

6.6 x 10 

8.62 x 10 

1.34 x 10 

1.53 x 10 

17 

17 

17 

17 

17 

17 

.950 19,500 8.49 x 10 

.goo 19,100 8.22 x 10 

.875 18 700 8.26 x 10 

.850 18 400 8.16 x 10 

.825 18 000 8.19 x 10 

.800 17 000 8.20 x 10 

16 

16 

17 

17 

* 
%(2) Boltzmann Populat ion a t  Te  

** 
nH(2) I n  equi l ibr ium wi th  e l e c t r o n s  a t  T I 

e I 

_I 
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SUMMARY AND CONCLUSIONS 

Current ly  t h e r e  i s  disagreement as t o  whether t h e  co ld  w a l l  r a d i a t i v e  

hea t ing  f o r  probes en te r ing  t h e  atmospheres of t h e  major p l a n e t s . i n c r e a s e s  o r  

decreases  r e l a t i v e  t o  i t s  equi l ibr ium va lue  when f i n i t e  rate i o n i z a t i o n  i s  con- 

s ide red .  Leibowitz and K U O ' ~ )  p r ed ic t ed  t h a t  f i n i t e  rate i o n i z a t i o n  i n  t h e  hy- 

drogen gas  j u s t  behind t h e  shock wave w i l l  reduce t h e  r a d i a t i v e  hea t ing ;  how- 

ever ,  T i w a r i  and Szema a s s e r t e d  that it  w i l l  i n c r e a s e  t h e  r a d i a t i o n  hea t ing .  ( 3 , 4 )  

The present  study inves t iga t ed  t h e  r a d i a t i o n  modeling used i n  each of t h e  

above mentioned i n v e s t i g a t i o n s .  It i s  shown t h a t  t h e  r a d i a t i o n  t r a n s f e r  analy- 

sis used by Tiwari and Szema 

they assumed a Boltzmann populat ion d i s t r i b u t i o n  a t  t h e  l o c a l  e l e c t r o n  tempera- 

t u r e  (which is  higher than t h e  equi l ibr ium s o l u t i o n  temperature j u s t  behind t h e  

shock) f o r  t h e  population of t h e  e l e c t r o n i c  states of atomic hydrogen. 

equi l ibr ium population assumption changed t h e  nonequilibrium r a d i a t i v e  source 

func t ion  t o  t h e  Planck funct ion.  I n  a d d i t i o n ,  i t  a l s o  influenced t h e  atomic 

r a d i a t i o n  absorpt ion c o e f f i c i e n t  f o r  both l i n e  and continuum r a d i a t i o n  through 

t h e  exc i t ed  s ta te  populat ion.  Both of t h e s e  e f f e c t s  increased t h e  l o c a l  r ad ia -  

t i o n  emission j u s t  behind t h e  shock wave i n  t h e  2 t o  9 ev region of t h e  spectrum, 

where t h e  shock l a y e r  i s  o p t i c a l l y  t h i n .  Th i s ,  i n  t u r n ,  increased t h e  r a d i a t i v e  

hea t  t r a n s f e r  t o  t h e  body as compared t o  equi l ibr ium chemistry p r e d i c t i o n s .  

The 

over p r e d i c t s  t h e  r a d i a t i o n  emission because ( 3  , 4 )  

This  

more real is t ic  and gene ra l ly  accepted assumption is  t h a t  t h e  exc i t ed  

s ta tes  and e l ec t rons  exist  toge the r  i n  equ i l ib r ium a t  t h e  l o c a l  e l e c t r o n  tempera- 

t u r e .  

drogen ion iza t ion  model. 

f i r s t  exc i t ed  state is t h e  rate l i m i t i n g  s t e p .  

i s  ionized according t o  equi l ibr ium cond i t ions  a t  t h e  l o c a l  thermodynamic state.  

This implies  t ha t  t h e  exc i t ed  states are no t  populated t o  t h e i r  Boltzmann va lues  

This is  the  assumption used by Leibowitz") i n  t h e  development of t h e  hy- 

I n  t h e  f i n i t e  rate i o n i z a t i o n  model, e x c i t a t i o n  t o  t h e  

Once t h e  e l e c t r o n  i s  e x c i t e d  it 
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a t  t h e  l o c a l  condi t ions .  

T i w a r i  and Szema i n t e r p r e t e d  t h e  f i n i t e  rate e x c i t a t i o n  r e a c t i o n s  i n  t h e  

i o n i z a t i o n  model as ion iza t ion  r eac t ions .  

t he  f i n i t e  rate ion iza t ion  model i n  t h e i r  a n a l y s i s  they would have ca l cu la t ed  

smaller exc i t ed  s ta te  populat ions and a smaller source func t ion  i n  t h e  reg ion  

j u s t  behind t h e  shock wave. These e f f e c t s  would have reduced t h e i r  f i n i t e  rate 

i o n i z a t i o n  r a d i a t i v e  hea t ing  predic t ions  t o  va lues  below those  predic ted  by as- 

suming equi l ibr ium chemistry i n  t h e  shock l a y e r .  

I f  they would have c o r r e c t l y  used 

I n  t h e  near  f u t u r e  t h e  f i n i t e  r a t e  i on iza t ion  model as developed by L e i -  

bowitz should be c o r r e c t l y  used i n  a d e t a i l e d  flow f i e l d  and r a d i a t i v e  hea t  

t r a n s f e r  a n a l y s i s  l i k e  that of T iwar i and  Szema. 

v e s t i g a t i o n  need t o  be a v a i l a b l e  as  "benchmark" s o l u t i o n s .  

t i o n s  which make use of t h e  o p t i c a l l y  t h i n  shock l a y e r  assumption and are com- 

p u t a t i o n a l l y  f a s t  need t o  be developed and compared t o  t h e  "benchmark" so lu t ions .  

Once they are developed, t h e  numerically f a s t ,  f i n i t e  i o n i z a t i o n  rate schemes 

need t o  be  upgraded t o  include t h e  e f f e c t s  of a b l a t i o n  of t h e  w a l l .  The a b l a t i o n  

products  should be allowed t o  have f i n i t e  chemistry and non-Boltzmann populat ions 

of t h e i r  e l e c t r o n i c  and/or v i b r a t i o n a l  states. These e f f e c t s  should be included 

i n  p r e d i c t i o n s  of t h e  r a d i a t i o n  hea t  t r a n s f e r  t o  probes en te r ing  t h e  atmospheres 

of t h e  ou te r  p l a n e t s .  

as p o s s i b l e ,  because t h e  hea t  s h i e l d  mass on t h e s e  missions are very c r i t i c a l .  

One does no t  want t o  over p r e d i c t  t h e  s i z e  of t h e  hea t  s h i e l d  because of t h e  

weight pena l ty .  Y e t  i f  one under p red ic t s  t h e  s i z e  of t h e  hea t  s h i e l d  t h e  probe 

may burn up before  i t  completes its mission. 

The r e s u l t s  of such an  in-  

S impl i f ied  solu- 

The r a d i a t i v e  heat ing p red ic t ions  need t o  be as accu ra t e  
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APPENDIX A: REVIEW OF NONEQUILIBRIUM SHOCK WAVE STRUCTURE 

This  s e c t i o n  is  devoted t o  a survey of t h e  conclusions and r e s u l t s  of 

t h e o r e t i c a l  and experimental  s t u d i e s  of t h e  r e l a x a t i o n  phenomena i n  shock waves 

and t h e  shock wave precursors .  Relaxation phenomena behind shock waves have 

been discussed i n  reviews and monographs (11’13-17). This s e c t i o n  con ta ins  a 

d i scuss ion  of t h e  research  conducted on t h e  r e l a x a t i o n  and precursors  of non- 

equi l ibr ium shock waves. This  sec t ion  does not  con ta in  an  exhaus t ive  account 

of a l l  t h e  r e sea rch  conducted on shock wave s t r u c t u r e ,  bu t  r a t h e r  p re sen t s  a 

d i scuss ion  of t h e  background experiments and theory leading  t o  t h e  present  

s ta te  of knowledge. 

Figure A-1 shows a schematic of t h e  nonequilibrium shock wave s t r u c t u r e  

f o r  an  atomic gas.  

from 10 t o  40, i n t o  a gas  a t  300 K and 1 c m  Hg pressure .  

wave t h e r e  is a c o l l i s i o n  dominated r e l axa t ion  reg ion ,  wherein t h e  shocked gas  

r e l axes  t o  i t s  thermal and chemical equi l ibr ium state.  

reg ion  t h e  gas  cools  due t o  t h e  emission of r a d i a t i o n .  Some of t h e  r a d i a t i o n  

emit ted behind t h e  shock wave propagates i n t o  t h e  reg ion  i n  f r o n t  of t h e  shock 

wave, where i t  is  absorbed by the  cold gas  t o  form t h e  precursor .  

of e x c i t a t i o n  and i o n i z a t i o n  i n  t h e  precursor  is coupled t o  t h e  r e l a x a t i o n  re- 

It i s  t y p i c a l  of shock waves advancing a t  Mach numbers 

J u s t  behind t h e  shock 

I n  t h e  equi l ibr ium 

The degree 

g ion  through t h e  r a d i a t i o n  t r a n s f e r .  

Relaxation Region Shock S t r u c t u r e  i n  Atomic Gases 

Strong shock waves and high r a d i a t i v e  hea t ing  rates t h a t  occur during t h e  

e n t r y  i n t o  t h e  atmospheres of t h e  outer p l a n e t s  have c rea t ed  a need t o  improve 

ou r  understanding of t h e  e f f e c t s  of the r a d i a t i o n ,  and c o l l i s i o n  processes  i n  

t h e  r e l a x a t i o n  process  behind t h e  shock wave. 

propagate  through t h e  viscous shock wave and be p a r t i a l l y  absorbed by t h e  cold 

gas  i n  f r o n t  of i t .  

The hot  gas  r a d i a t i v e  energy can 

This absorbed r ad ia t ion  is  r e f e r r e d  t o  as t rapped r a d i a t i o n .  
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I 

The abso rp t ion  of t h i s  energy hea t s ,  excites and i o n i z e s  t h e  co ld  gas;  there-  

f o r e ,  t h e  shock wave propagates i n t o  a n  exc i t ed  and ionized media. This pre- 

i o n i z a t i o n  and p r e e x c i t a t i o n  can inf luence t h e  approach t o  equi l ibr ium i n  t h e  

r e l a x a t i o n  region behind t h e  shock and t h e  h e a t  t r a n s f e r  t o  t h e  e n t r y  v e h i c l e .  

The r a d i a t i o n  which is not  absorbed by t h e  cold gas  is l o s t ,  and is  r e f e r r e d  

t o  as r a d i a t i o n  cool ing.  

Heaslet and Baldwin (18) have obtained s o l u t i o n s  f o r  shock waves propagating 

i n  a p e r f e c t  grey gas  i n  which a l l  of t h e  r a d i a t i o n  is  trapped. 

t h e i r  s o l u t i o n  depends on t h e  amount of r a d i a t i v e  hea t ing  compared t o  viscous 

d i s s i p a t i o n .  I f  r a d i a t i v e  hea t ing  exceeds viscous hea t ing ,  it i s  p o s s i b l e  t o  

have a shock w i t h  no d i s c o n t i n u i t i e s .  When r a d i a t i v e  hea t ing  is  less than 

v i scous  hea t ing ,  t h e  shock has a d i scon t inu i ty  produced by viscous d i s s i p a t i o n  

which i s  embedded w i t h i n  a l a r g e r  i nv i sc id  region.  Cohen and Clarke 

have shown that t h i s  i s  a v a l i d  model of t h e  shock wave, i f  t h e  pene- Chow 

t r a t i o n  1ength.of t h e  r a d i a t i o n  i s  l a r g e  compared t o  t h e  e x t e n t  of t h e  viscous 

The n a t u r e  of 

and (19) 

(20) 

r eg ion .  

no r e s t r i c t i o n  on t h e  s i z e  of t h e  pene t r a t ion  l eng th  have been obtained by 

Traugot t  . Sen and Guess 

t h e  Rosseland approximation t o  c a l c u l a t e  t h e  r a d i a t i o n  t r a n s p o r t  i n  t h e  shock 

wave. 

So lu t ions  f o r  shock waves with combined r a d i a t i o n  and v i s c o s i t y  with 

a l so  solved t h e  combined problem, b u t  employed (21) (22) 

Radiat ion cool ing e f f e c t s  have been observed i n  shock tube experiments by 

Petschek, e t .  a l .  (23) , Redkoboradyi and F e d ~ l o v ' ~ ~ )  , and Oe t t inge r  and Bershader 

(25) .  McCheshney and A l - A t t a r  

of r a d i a t i o n  cool ing assuming t h e  shocked gas  t o  be  o p t i c a l l y  t h i n .  

, made c a l c u l a t i o n s  (23) 
and Petschek, e t .  a l .  (26) 

So lu t ions  

and (27) 
i nc lud ing  se l f - abso rp t ion  e f f e c t s  have been obtained by Pomerantz 

(28) Yoshikawa and Chapman . 
Ion iza t ion  Relaxation 

Ccnsiderable information i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on t h e  r e l a x a t i o n  

A-3 
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of atomic gases  behind s t rong  shock waves. Most of t h e  a n a l y s i s  has  been done 

f o r  shock tube ambient condi t ions  of about 0.001 atmosphere pressure ,  300 K and 

Mach numbers from 1 0  t o  4 0 .  Experimental r e s u l t s  have been obtained using argon 

as t h e  test gase.s. Numerical (1 ,38 , 3 9 )  and hydrogen ( 2 5  , 29-35)  ( 3 6 , 3 7 1  , xenon 

( 8  , 40-46)  r e s u l t s  f o r  t h e  ion iza t ion  r e l a x a t i o n  are a v a i l a b l e  f o r  shocks i n  argon 
9 

( 5 4 , 5 5 1  and helium 
(49 -53)  , hydrogen ( 4 7 , 4 8 1  xenon 

Ion iza t ion  proceeds i n  a very complicated way behind shock waves i n  atomic 

showed that more than one i o n i z a t i o n  process  w a s  ( 2 9 )  gases .  Petschek and Byron 

necessary t o  reach equi l ibr ium ion iza t ion .  I f  t h e  e l e c t r o n  concent ra t ion  is  

s u f f i c i e n t l y  high, electron-atom c o l l i s i o n s  are t h e  most probable ion iza t ion  

process .  Petschek and Byron measured t h e  electron-atom i o n i z a t i o n  rate. Their  

i on iza t ion  rate was cons i s t en t  with a two-step r e a c t i o n  scheme cons i s t ing  of 

e x c i t a t i o n  followed by ion iza t ion  of t h e  exc i t ed  state. 

e + A + A  * + e ,  

* +  
e + A  + A  + e + e .  

Furthermore, t h e i r  measurements showed t h a t  t h e  e l e c t r o n s  w e r e  not  i n  thermal 

equi l ibr ium w i t h  t h e  atoms during t h e  ion iza t ion  process .  

cause t h e  e l ec t rons  gained energy by c o l l i s i o n s  wi th  heavy particles less e f -  

f i c i e n t l y  than they l o s t  energy by c r e a t i n g  ions.  Thus, i on iza t ion  by e lec t ron-  

atom c o l l i s i o n s  r e su l t ed  i n  a n e t  l o s s  of energy i n  t h e  e l e c t r o n  gas ,  which then 

became colder  than t h e  atom gas.  Thus, t he  gas  behind t h e  shock wave can be 

assumed t o  e x i s t  as two separate gases:  t h e  e l e c t r o n  gas and t h e  heavy p a r t i c l e  

(atom) gas .  

temperature while t h e  atoms and ions  e s t a b l i s h  equi l ibr ium among themselves a t  

t h e  atom temperature. Consequently, thermal nonequilibrium w i l l  e x i s t  i n  t h e  

r e l a x a t i o n  region. 

This  occurred be- 

The e l ec t rons  e s t a b l i s h  equi l ibr ium among themselves a t  t h e  e l e c t r o n  

During t h e  ea r ly  s t ages  of i o n i z a t i o n  t h e  e l e c t r o n  concent ra t ion  is  too 

A-4 



small t o  support  i o n i z a t i o n  by electron-atom c o l l i s i o n s .  

speculated t h a t  r e a c t i o n s  involving atom-atom c o l l i s i o n s ,  r a d i a t i o n ,  and con- 

taminants cont r ibu ted  t o  t h e  ion iza t ion  i n  t -h i s  region.  Weymann (56) theorized 

t h a t  t h e  most probable atom-atom reac t ion  would be a two-step r e a c t i o n  similar 

t o  t h e  two-step electron-atom reac t ion .  

Petschek and Byron 

* 
A + A + A  + A ,  
* 

A + A + A + + e + A .  

(57) This r e a c t i o n  w a s  experimentally v e r i f i e d  by H a r w e l l  and Jahn . Impurity 

l e v e l s  had t o  be reduced t o  a few p a r t s  per  m i l l i o n  before  t h e i r  e f f e c t s  be- 

came n e g l i g i b l e .  

and improved t h e  r e s u l t s  of H a r w e l l  and Jahn. 

The experiment w a s  f u r t h e r  r e f ined  by K e l l y  (58) who confirmed 

The e f f e c t s  of contaminant r eac t ions  have been inves t iga t ed  i n  xenon shock 

( 5 9 )  waves by Hacker and Bloomberg 

a c t i o n s  involving contaminant spec ie s  and xenon atoms i n  va r ious  s t a g e s  of ex- 

. They found a very complicated set  of re- 

c i t a t i o n ,  and r a d i a t i o n .  Contaminant r e a c t i o n s  i n  argon w e r e  t h e o r e t i c a l l y  

d iscussed  by Morgan and Morrison (60) . 
Radiat ion can be important i n  the ion iza t ion  process  too.  Bibermann and 

have shown that l i n e  r a d i a t i o n  from t h e  region fol lowing t h e  region ( 4 0 )  Yakubov 

of nonequilibrium ion iza t ion  excites argon atoms i n  t h e  nonequilibrium ioniza-  

t i o n  region.  

e l e c t r o n s ,  which reduces t h e  t i m e  t o  reach equi l ibr ium. 

t h e  i o n i z a t i o n  by c r e a t i n g  e l ec t rons  ahead of t h e  shock f r o n t .  

e l e c t r o n s  have been observed i n  a re-entry by t h e i r  e f f e c t  on r a d a r  c r o s s  

s e c t i o n  

The exc i ted  atoms are e a s i l y  ionized and c o n t r i b u t e  a d d i t i o n a l  

Radiation can a f f e c t  

Such precursor  

and i n  shock tubes i s  descr ibed below. 
(61-63) 

inves t iga ted  t h e  s t r u c t u r e  of a 
( 4 9 - 5 2 )  

I n  a series of papers ,  Ska lafur i s  

shock wave i n  atomic hydrogen. 

s tellar atmospheres r a t h e r  than shock tube,  o r  p lane tary  atmospheric en t ry .  

H i s  ana lys i s  w a s  done f o r  condi t ions  t h a t  e x i s t  i n  

H e  

A- 5 



considered shock waves t r a v e l i n g  a t  30 t o  70 km/sec i n t o  un-ionized atomic hy- 

-10 drogen a t  a temperature of 5000 K ,  f o r  a range of d e n s i t i e s  from lo-’ t o  10 
3 -5 -4 gm/cm , which corresponds t o  a p res su re  range of 4 x 10 t o  4 x 1 0  a t m .  

The r e s u l t s  show t h e  same t r ends  as those  i n  argon, i n  t h a t  t h e  Lyman r a d i a t i o n  

is  important i n  forming t h e  p recu r so r ,  t h e  precursor  raises t h e  gas  temperature 

behind t h e  shock, t h e  c o l l i s i o n a l  r e l a x a t i o n  r eg ion  behind t h e  shock i s  o p t i c a l -  

l y  t h i n  t o  Lyman and B a l m e r  r a d i a t i o n  and t h a t  t h e  e l e c t r o n  temperature i s  less 

than t h e  heavy pa r t i c l e  temperature i n  t h e  r e l a x a t i o n  region.  

A gene ra l  model f o r  nonequilibrium shock wave s t r u c t u r e  i n  atomic gases ,  

including both c o l l i s i o n a l  and r a d i a t i v e  processes ,  has  evolved. I t  c o n s i s t s  

of a r a d i a t i o n  induced precursor ,  and embedded viscous shock, a n  inne r  col-  I 

l i s i o n a l  r e l axa t ion  r eg ion  and a n  o u t e r  r a d i a t i o n  coo l ing  region as shown i n  1 
Figure A-1. 

The r e l a x a t i o n  mechanism t o  i o n i z a t i o n a l  equi l ibr ium occurs  i n  two s t a g e s .  

The f i r s t  i s  due t o  atom-atom c o l l i s i o n s  and t h e  second i s  due t o  electron-atom 

c o l l i s i o n s .  

s tate e x c i t a t i o n  and t h e  i o n i z a t i o n  are produced by atom-atom c o l l i s i o n s .  

t h e  number of f r e e  e l e c t r o n s  becomes s i g n i f i c a n t  t h e  electron-atom c o l l i s i o n s  

r a p i d l y  d r i v e  the e x c i t a t i o n  and i o n i z a t i o n  t o  equi l ibr ium. 

t h e  r e l a x a t i o n  region t h e  heavy p a r t i c l e s  are a t  a higher  temperature than t h e  

e l e c t r o n s  because t h e  e l e c t r o n s  l o s e  energy through i o n i z a t i o n  c o l l i s i o n s  f a s t e r  

than they ga in  energy by e las t ic  c o l l i s i o n s  w i t h  t h e  atoms. 

gas usua l ly  reaches thermal equi l ibr ium j u s t  p r i o r  t o  a t t a i n i n g  i o n i z a t i o n a l  

equi l ibr ium. 

Thus, one expects a region j u s t  behind t h e  shock where t h e  e l e c t r o n i c  

When 

Throughout most of 

The nonequilibrium 

A model has evolved f o r  t h e  e x c i t a t i o n  and subsequent i o n i z a t i o n  of atoms. 

Most atomic gases have a l a r g e  energy d i f f e r e n c e  between t h e  ground e l e c t r o n i c  

state and t h e  f i r s t  exc i t ed  s ta te  compared t o  t h e  energy d i f f e r e n c e  between t h e  

f i r s t  exc i t ed  state and i o n i z a t i o n  as shown schemat i ca l ly  i n  Fig.  A-2 f o r  a n  

A- 6 
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atom wi th  two e l e c t r o n i c  states. 

very c l o s e  t o  each o t h e r  i n  energy; consequently, they are assumed t o  exist 

toge the r  i n  equi l ibr ium a t  t h e  e l e c t r o n  temperature. 

Leibowitz, e t .  a l .  found that most of t h e  exc i t ed  atomic e l e c t r o n i c  states 

w e r e  i n  equilibrium with t h e  f r e e  e l e c t r o n s  and were a t  t h e  f r e e  e l e c t r o n  tempera- 

t u r e .  

The e l e c t r o n s  and exc i t ed  e l e c t r o n i c  states are 

I n  a n  experimental  study, 

(9) 

It has been shown experimentally that t h e  rate of i o n i z a t i o n  is  c o n t r o l l e d  

by t h e  ra te  of e x c i t a t i o n  between t h e  ground s ta te  and t h e  f i r s t  e x c i t e d  state.  

Once the atom is excited t o  the  first excited state it w i l l  rapidly ionize .  

Thus, t h e  c o l l i s i o n a l  i o n i z a t i o n  occurs  as a two-step process  as shown i n  Fig. 

A-2. I n  atomic gas shock wave s t r u c t u r e  s t u d i e s  i t  is  accep tab le  t o  assume 

t h a t  t h e  exc i t ed  state populat ion is  i n  equi l ibr ium wi th  t h e  e l e c t r o n  populat ion 

a t  t h e  e l e c t r o n  temperature and t h a t  t h e  i o n i z a t i o n  rate is  c o n t r o l l e d  by t h e  

e x c i t a t i o n  rate between t h e  ground and f i r s t  e x c i t e d  state. 

Nonequilibrium Shock Wave S t r u c t u r e  i n  Hydrogen-Helium 

Belozerov and Measures (38) t h e o r e t i c a l l y  and experimentally i n v e s t i g a t e d  t h e  

i n i t i a l  i o n i z a t i o n  process  i n  s t rong  shock waves i n  hydrogen. Their  a n a l y s i s  

i nd ica t ed  t h a t  the e l e c t r o n  temperature and atom temperature were e s s e n t i a l l y  

equal  throughout t h e  r e l a x a t i o n  region.  

u s e  of an inco r rec t  value of t h e  e las t ic  atom-electron c o l l i s i o n  c r o s s  s e c t i o n  

Leibowitz 

creased t h e  elastic electron-atom c r o s s  s e c t i o n  t o  t h e  value used by them. 

T should be less than T e a 

argon shock wave s t r u c t u r e .  

p e r a t u r e  i n  hydrogen shock waves and compared e x c i t e d  e l e c t r o n i c  state populat ions 

wi th  p r e d i c t i o n s .  They found t h a t  t h e  higher  exc i t ed  states tended t o  e q u i l i b r a t e  

w i th  t h e  e l ec t rons  a t  t h e  e l e c t r o n  temperature much f a s t e r  than t h e  lower exc i t ed  

states. 

This appears t o  be i n  e r r o r  due t o  t h e  

( 6 4 )  

( 1) obtained r e s u l t s  t h a t  ag ree  wi th  Belozerov and Measures when he in- 

Thus, 

through most of t h e  r e l a x a t i o n  r eg ion  as occurs  i n  

measured t h e  e l e c t r o n  tem-  (65) Nakagawa and Wisler 
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s tudied  ion iza t ion  rates behind shock waves i n  hydrogen- ( L 9 )  Leibowit z 

helium mixtures  by measuring hydrogen l i n e  and continuum r a d i a t i o n .  

a r e a c t i o n  scheme which included d i s soc ia t ion  and a two-step exc i ta t ion- ioniza-  

H e  developed 

t i o n  mechanism f o r  hydrogen ioniza t ion  by atom-atom and electron-atom c o l l i s i o n s .  

H e  achieved good agreement between the numerical  p red ic t ions  and t h e  experimental  

measurements. The exc i ted  states of hydrogen w e r e  assumed t o  be i n  equi l ibr ium 

w i t h  t h e  e l e c t r o n s  a t  the e l ec t ron  temperature. The e l ec t ron  temperature w a s  

found t o  be s i g n i f i c a n t l y  lower than the  atom temperature throughout most of 

t h e  r e l a x a t i o n  region.  

Shock Wave Precursors  

The presence of e l ec t rons  i n  f ron t  of hypersonic shocks has  been observed 

. These pre- 
(66-80) (81-102) 

and t h e o r e t i c a l l y  inves t iga ted  by seve ra l  persons 

cu r so r s  are important i n  atmospheric en t ry  because t h e y  inf luence  t h e  propaga- 

t i o n  of e lectromagnet ic  r a d i a t i o n  i n  t h e  v i c i n i t y  of t h e  en t ry  body. This  

a f f e c t s  i d e n t i f i c a t i o n  of and/or communication wi th  t h e  veh ic l e .  The precur-  

s o r  must be accounted f o r  i n  i n t e r p r e t i n g  t h e  da t a  a s c i e n t i f i c  probe ga the r s  

on atmospheric en t ry .  

f l uence  of t h e  precursor  on hea t  t r a n s f e r  t o  atmospheric e n t r y  v e h i c l e s  

Considerable e f f o r t  has  been spent  determining t h e  in- 

(1-4,103) 

Precursor  e f f e c t s  must be accounted f o r  i n  t h e  study of shock wave s t r u c t u r e ,  

s i n c e  t h e  precursor  region i s  coupled t o  t h e  r e l a x a t i o n  region by t h e  r a d i a t i v e  

t r a n s f e r .  The coupling of t he 'p recu r so r  t o  t h e  r e l axa t ion  region has been stud- 

(8,41,45,46,54,55,104,105) 
i e d  by s e v e r a l  people . I n  add i t ion ,  a s t r o p h y s i c i s t s  

must understand precursors  because they occur i n  t h e  shock s t r u c t u r e  of v a r i a b l e  

(108) , i n t e r s t e l l a r  gas  ('07), and c e r t a i n  s o l a r  events  (106) stars 

Precur so r s  i n  Atomic Gases 

Throughout t h e  l i t e r a t u r e  controversy e x i s t s  as t o  whether t h e  precursor  

i o n i z a t i o n  observed i n  shock tubes i s  produced by e l ec t ron  d i f f u s i o n  from t h e  
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high p r e s s u r e  region behind t h e  shock, o r  photoionizat ion from t h e  u l t r a v i o l e t  

r a d i a t i o n  emitted i n  t h e  region behind t h e  shock. Photoemission from t h e  shock 

tube  w a l l s  ha s  a l s o  been considered as a p o s s i b l e  source of t h e  p recu r so r .  

Many experiments have been undertaken t o  determine t h e  mechanism f o r  e l e c t r o n  

production. 

s i o n  ; however, more r ecen t  experiments have conclusively shown t h a t  

The earlier work leaned toward e l e c t r o n  d i f f u s i o n  and photoemis- 

(66-69) 

photoionizat ion of t h e  gas ahead of t h e  shock i s  t h e  main mechanism f o r  pro- 

duc ing precursors  
(72-76) 

Precursor  photoionizat ion may occur e i t h e r  as a one-step process  wherein 

t h e  e l e c t r o n  i s  f r e e d  from t h e  ground s t a t e  of t h e  cold gas  i n  f r o n t  of t h e  

shock by t h e  absorption of ground s ta te  continuum r a d i a t i o n ,  o r  as a two-step 

process  wherein t h e  atom is  f i r s t  exc i t ed  by l i n e  r a d i a t i o n  and then ionized 

by e x c i t e d  s ta te  continuum r a d i a t i o n .  These processes  are shown schematical ly  

(85) (92) (96) 
i n  Fig.  A-2. Lagar'Kov and Yakubov , M ~ r t y " ~ ) ,  V u l l i e t  , Dobbins 

have inves t iga t ed  t h e  importance of l i n e  r a d i a t i o n  i n  t h e  pre- (102) and Nelson 

c u r s o r  and t h e  coupling of l i n e  r a d i a t i o n  and exc i t ed  state continuum r a d i a t i o n  

i n  t h e  precursor .  Precursors  caused by photoionizat ion gaseous i m p u r i t i e s  have 

(74, been inves t iga t ed  f o r  trace amounts of hydrogen impurity i n  argon shock waves 

(80) 

(66) 

The e l e c t r o n  temperature i n  t h e  p recu r so r  has  been measured 

The e a r l i e s t  precursor  experiments were performed by Hollyer  

. 
i n  a metal 

H e  i n v e s t i g a t e d  Mach 9 shocks i n  argon a t  p re s su res  p re s su re  d r iven  shock tube.  

less than one mm Hg, using Langmuir probes.  

c o l l e c t e d  only e l ec t rons .  

Far ahead of t h e  shock h i s  probes 

Thus, he concluded t h a t  photoemission from t h e  shock 

tube w a l l ,  due to  r a d i a t i o n  emit ted from t h e  shocked gas ,  w a s  r e spons ib l e  f o r  

t h e  p recu r so r .  

experimented with xenon i n  a p res su re  d r iven  pyrex shock tube (69) Glo er s en 

a t  p re s su res  from 0.75 t o  4.0 mm Hg using probes wrapped around t h e  o u t s i d e  of 

t h e  tube.  H e  observed two precursors ,  one t r a v e l i n g  a t  about t h e  speed of l i g h t  
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and one a t  t h e  speed of t h e  shock f ron t .  

photoemission from t h e  shock tube walls, while  t h e  slow p recu r so r  w a s  thought 

t o  be caused by c o l l i s i o n a l  ionizat ion,  o r  photoionizat ion of i m p u r i t i e s  a t  t h e  

shock f r o n t .  Weymann, e t .  a l .  used e l e c t r o s t a t i c  and magnetic probes 

i n  a shock tube se tup  similar t o  that  of Gloersen t o  i n v e s t i g a t e  argon shock 

waves a t  Mach numbers from 8 t o  1 2  and p res su res  from 2.5 t o  10  mm Hg. They 

f i r s t  concluded that t h e  p recu r so r  was caused by d i f f u s i o n  of e l e c t r o n s  from 

behind t h e  shock wave because t h e  e l e c t r o s t a t i c  probe s i g n a l s  were nega t ive  

and t h e  magnetic probes ind ica t ed  tha t  e l e c t r o n s  were moving ahead of t h e  shock. 

They reasoned t h a t  t h e  l a r g e  concentrat ion g r a d i e n t s  j u s t  behind t h e  shock 

and high thermal v e l o c i t i e s  of  t h e  e l ec t rons  w e r e  r e spons ib l e  f o r  t h e  e l e c t r o n  

d i f f u s i o n .  

The fast  precursor  w a s  a t t r i b u t e d  t o  

(67,77,78) 

However, a la ter  set of experiments a t  lower impurity levels showed 

a l s o  

found i m p u r i t i e s  t o  be  t h e  main source of p recu r so r  i o n i z a t i o n  i n  t h e i r  experi-  

ments i n  xenon. 

t h a t  photoionizat ion w a s  t h e  cause of t h e  p recu r so r .  McRae and Leadon (79) 

Z ivanovic (72) i n v e s t i g a t e d  precursors  w i t h  a b a l l i s t i c  range i n  which s m a l l  

copper spheres w e r e  f i r e d  up t o  6,600 meters p e r  second i n t o  a i r  a t  p re s su res  

from 1 t o  30 mm Hg. 

e l e c t r o d e  p l a t e ,  shielded by a screen. 

between t h e  sc reen  and t h e  e l e c t r o d e  p l a t e .  

which w e r e  photoemitted from t h e  p l a t e  t o  r e t u r n  t o  t h e  p l a t e .  

e l e c t r o n s  produced from d i f f u s i o n  and photoionizat ion con t r ibu ted  t o  t h e  cur- 

r e n t  through t h e  p l a t e ,  which w a s  measured and r e l a t e d  t o  t h e  e l e c t r o n  d e n s i t y .  

For a series of experiments a second g r i d  w a s  placed i n  f r o n t  of t h e  sc reen  and 

Electron densi ty  measurements were made u t i l i z i n g  a biased 

The b i a s  e s t a b l i s h e d  an electric f i e l d  

The f i e l d  forced a l l  t h e  e l e c t r o n s  

Hence, on ly  t h e  

b i a sed  so t h a t  it would r e p e l  a l l  the d i f f u s i o n  e l e c t r o n s .  Thus, t h e s e  experi-  

ments measured only t h e  e l e c t r o n s  generated by photoionizat ion between t h e  g r i d  

and t h e  screen.  The measured current  w a s  t h e  same i n  t h e  experiments which mea- 

sured on ly  photoionizat ion e l e c t r o n s  and those  which measured both d i f f u s i o n  and 
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photoionizat ion e l e c t r o n s .  

mainly by photoionization. 

Thus, it w a s  concluded that t h e  precursor  w a s  caused 

measured argon precursor  e l e c t r o n  d e n s i t i e s  w i th  (76) Lederman and Wilson 

a microwave resonant c a v i t y  and a n  e l e c t r o s t a t i c  probe. 

between 10.5 and 13.5 and t h e  argon p res su res  were between 0.76 and 15 m Hg. 

Some of t h e  experiments were performed wi th  a "venetian bl ind" i n  t h e  shock tube.  

The "venetian blind" allowed e l e c t r o n s  t o  d i f f u s e  through it and blocked t h e  

r a d i a t i o n .  Their r e s u l t s  agreed with those  of Zivanovic i n  t h a t  photoioniza- 

The Math numbers va r i ed  

t i o n ,  r a t h e r  than e l e c t r o n  d i f f u s i o n ,  w a s  t h e  major cause of t h e  precursor  

i o n i z a t i o n .  

P recu r so r s  i n  Diatomic Gases 

The l i t e r a t u r e  involving t h e  in f luence  of p recu r so r s  i n  diatomic gases  i s  

I n  most cases i t  involves  t h e  u s u a l l y  involved i n  an engineering a p p l i c a t i o n .  

e f f e c t  of t h e  precursor on b lun t  body heat ing f o r  p l ane ta ry  e n t r y  condi t ions.  

and t h e o r e t i c a l l y  (63 , 75) 

Much of t h e  r a d i a t i o n  energy emit ted i n  t h e  shock l a y e r  

P recu r so r s  i n  diatomic gases  have been observed 

(93,94,99,103) modeled 

r e l a x a t i o n  region i s  l o s t ;  however, when t h e  photon energy is  g r e a t e r  than t h e  

molecular d i s s o c i a t i o n  energy, i t  i s  s t rong ly  absorbed i n  t h e  precursor  region.  

This  absorbed energy d i s s o c i a t e s  and i o n i z e s  t h e  gas.  It a l s o  i n c r e a s e s  t h e  

gas  temperature and p res su re .  The change i n  t h e  f r e e  s t r e a m  flow p r o p e r t i e s  

may change t h e  flow c h a r a c t e r i s t i c s  of t h e  shock l a y e r  and t h e  h e a t  t r a n s f e r  

t o  t h e  body. 

. 

(75) Mermagen observed p recu r so r s  i n  f r o n t  of Lexan c y l i n d e r s ,  launched from 

a l i g h t  gas  gun a t  v e l o c i t i e s  from 3900 t o  5500 m/sec i n t o  a i r  a t  a p res su re  of 

50 mm Hg. The exci ted and ionized gases  i n  shock l a y e r  around t h e  model emitted 

i n f r a r e d  r ad ia t ion  which pre-excited t h e  cold gas  i n  f r o n t  of t h e  shock. The 

shock l a y e r  w a s  populated by exc i t ed  and ionized a i r ,  including contaminants, 

presented evidence of a as w e l l  as ab la t ion  products  from t h e  Lexan. Lin (63) 
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"photoionizat ion halo" surrounding the  f i r s t  manned Mercury o r b i t a l  f l i g h t  dur ing  

i t s  re-entry.  

Radia t ive  prehea t ing  of t h e  cold gas  by absorp t ion  of photons emit ted from 

t h e  ho t  shock l a y e r  w a s  considered i n  most shock tube  s t u d i e s  of shock wave 

s t r u c t u r e  by t h e  la te  1960's; however, it w a s  u sua l ly  neglec ted  i n  t h e  a n a l y s i s  

considered t h e  precursor  of t h e  b lun t  body shock l a y e r  problem. 

in f luence  on t h e  b lun t  body shock layer f o r  a gray gas and a linear r e l a t i o n -  

(109) Yoshikawa 

sh ip  between t h e  Planck emissive power and the gas  enthalpy.  Lasher and W i l -  

considered an uncoupled precursor ,  i n  which they used a v a i l a b l e  b l u n t  
(103) son 

body shock l a y e r  s o l u t i o n s  t o  ob ta in  a f i r s t  approximation of t h e  r a d i a t i v e  

energy a v a i l a b l e  t o  form t h e  precursor .  

t he  f r e e  stream cond i t ions  and changed t h e  shock l a y e r  so lu t ions .  

The precursor  e f f e c t s  then preturbed 

Thus, t h e i r  

s o l u t i o n s  were v a l i d  when t h e  precursor  e f f e c t s  were s m a l l .  Lasher and Wilson 

included t h e  s p e c t r a l  v a r i a t i o n  of t he  r a d i a t i o n  and r a d i a t i o n  p r o p e r t i e s .  

i nves t iga t ed  precursor  e f f e c t s  on t h e  hea t ing  of veh ic l e s  en te r ing  t h e  
(97) 

LiU 

e a r t h ' s  atmosphere i n  terms of t h e  r a t i o  of r a d i a t i v e  t o  convect ive f l u x .  The 

precursor  i n f luence  w a s  n e g l i g i b l e  =hen t h e  r a d i a t i v e  to convect ive f l u x  r a t i o  

w a s  less than u n i t y .  

ca l cu la t ed  e l e c t r o n  d e n s i t i e s  i n  t h e  precursor  ( 9 4 )  and Edwards (93) Smith 

of a shock preceding a b lun t  body f o r  e a r t h  atmospheric en t ry .  Smith used a 

s imple microscopic model f o r  a i r  and included three-dimensional e f f e c t s  by 

modeling t h e  body and shock l a y e r  as a po in t  source.  H e  c a l c u l a t e d  v e l o c i t y ,  

p re s su re ,  d e n s i t y  and e l e c t r o n  concentrat ions i n  t h e  precursor  reg ion .  Edwards 

used a more d e s c r i p t i v e  microscopic model f o r  a i r  and modeled t h e  b lun t  body 

shock l a y e r  as a cons t an t  temperature d i s k .  A cons tan t  f r a c t i o n  of t h e  rad ia-  

t i o n  absorbed i n  t h e  precursor  w a s  assumed t o  y i e l d  t h e  e l e c t r o n  concent ra t ion  

along the s t agna t ion  s t reaml ine .  The inf luence  of t h e  precursor  on t h e  b lun t  

body hea t ing  f o r  l u n a r  r e t u r n s  w a s  predicted to be  n e g l i g i b l e .  
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I n  t h e  past  10  yea r s  t h e r e  has been considerable  i n t e r e s t  i n  designing 

probes t o  en te r  t h e  atmospheres of t h e  o u t e r  p l a n e t s ,  l i k e  J u p i t e r  and Saturn.  

These atmospheres are  thought t o  be composed of mainly hydrogen and helium. 

Thus, considerable  e f f o r t  has been p u t  f o r t h  t o  i n v e s t i g a t e  t h e  hea t ing  of 

v e h i c l e s  en te r ing  hydrogen-helium atmospheres. 

and Szema 

v e h i c l e s  t r a v e l i n g  i n  hydrogen-helium atmospheres. They solved t h e  r a d i a t i o n  

A s  a p a r t  of t h i s  e f f o r t  T i w a r i  

have inves t iga t ed  t h e  e f f e c t  of p recu r so r s  on t h e  hea t ing  of ( 3 - 4 )  

coupled precursor-shock l a y e r  problem t ak ing  i n t o  account many d e t a i l s  such 

as viscous flow, s p e c t r a l  d e t a i l s  of t h e  r a d i a t i v e  t r a n s f e r ,  thermal non- 

equ i l ib r ium i n  t h e  shock l a y e r ,  multi-dimensional flow f i e l d s ,  f i n i t e  chemical 

rates, etc.  Their r e s u l t s  gene ra l ly  show t h a t  t h e  precursor  e f f e c t s  should in-  

crease t h e  heat t r a n s f e r  t o  t h e  e n t r y  v e h i c l e .  
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APPENDIX B: FORMULATION OF RADIATIVE INTENSITY 

This s e c t i o n  of t h e  Appendix contains  a gene ra l  formulation of r a d i a t i o n  

i n t e n s i t y .  

sumed t o  be  a n  atomic plasma. 

exc i t ed  s ta te  atoms, ions,  and e l ec t rons .  I n  formulat ing t h e  r a d i a t i o n  i n t e n s i t y ,  

spontaneous and induced emission and abso rp t ion  w i l l  be considered. 

model makes it p o s s i b l e  t o  s tudy t h e  coupling of l i n e  r a d i a t i o n  (bound-bound 

processes)  with continuum r a d i a t i o n  (bound-free processes) .  

The medium through which t h e  inc iden t  r a d i a t i o n  f i e l d  passes  is  as- 

The plasma i s  assumed t o  c o n s i s t  of ground and 

This 

The fundamental q u a n t i t i e s  of atomic r a d i a t i o n  are t h e  E i n s t e i n  coef- 

f ic ientsQm).  The E i n s t e i n  c o e f f i c i e n t ,  Aut, f o r  spontaneous emission is 

de f ined  such t h a t  t h e  p r o b a b i l i t y  per u n i t  t ime f o r  a spontaneous t r a n s i t i o n  

from upper state u t o  lower state R with t h e  emission of r a d i a t i o n  i n  t h e  

s o l i d  a n g l e  do is  

The t o t a l  number of spontaneous t r a n s i t i o n s  from state u t o  R per  u n i t  volume 

p e r  u n i t  time with t h e  emission of r a d i a t i o n  i n  do is  

na(u> Auk dfi, (l/(cm3-sec)) (2) 

where na(u) i s  t h e  number d e n s i t y  of t h e  upper e x c i t e d  state. 

emit ted pe r  t r a n s i t i o n  is  equal  t o  hV 

plasma is n e g l i g i b l e ;  however, i n  real s i t u a t i o n s  t h e  t r a n s i t i o n  can occur 

w i t h  t h e  emission of almost any amount of energy. 

energy is determined by t h e  emission l i n e  shape, $v, (Set) which e s s e n t i a l l y  

r e p r e s e n t s  t h e  inf luence of t h e  neighboring gas  on t h e  atom of i n t e r e s t .  

t o t a l  r a d i a t i o n  i n t e n s i t y  emit ted i n  t h e  frequency i n t e r v a l  V t o  V + dv pe r  u n i t  

t i m e  i s  

The energy 

when t h e  in f luence  of t h e  surrounding 
UR 

A c e r t a i n  va lue  of emit ted 

The 

hv na(u> Auk Qv dQdv (ergs/(cm3-sec)). (3) 
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Spontaneous emission a l s o  occurs  when a f r e e  e l e c t r o n  recombines t o  a 

bound state. 

free t o  f i r s t  excited (f t o  2) and free t o  ground ( f  t o  I), etc .  

In  the model, t h e r e  are several p o s s i b l e  free-bound t r a n s i t i o n s :  

The p robab i l i t y  t h a t  a n  electron-ion encounter occurs  wi th  t h e  f r e e  elec- 

t r o n  l o s i n g  energy, hv = xR + r l ,  by emi t t i ng  r a d i a t i o n  w i t h i n  t h e  s o l i d  a n g l e  

dR i s  AfR dQ. 

with t h e  e l ec t ron  i n  s ta te  R .  

l e v e l .  

level of t h e  atom a n d r l i s  t h e  t r a n s l a t i o n a l  energy of t h e  f r e e  e l e c t r o n .  

After t h e  encounter, t h e  electron-ion p a i r  becomes an atom 

For t h e  model, R can be any bound e l e c t r o n i c  

I n  t h i s  no ta t ionXQ is t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  R t h  electronic 

Spontaneous emission cannot occur un le s s  a n  e l e c t r o n  and ion undergo 

an encounter.  

t h e  range q, rl + dn and ions  per  u n i t  t i m e  per  u n i t  volume, is  

The number of c o l l i s i o n s  between e l e c t r o n s  wi th  energy i n  

n n f (rl) drldfi ( l / ( c m  3 -set)) 
A f R  e i e 

( 4 )  

where fe(Tl) i s  t h e  energy d i s t r i b u t i o n  func t ion  f o r  t h e  e l e c t r o n s .  

Maxwellian d i s t r i b u t i o n  a t  t h e  e l e c t r o n  temperature T e '  

For a 

The p r o b a b i l i t y  of a spontaneous emission, w i th  t h e  c r e a t i o n  of an atom, 

i s  equal t o  the  p r o b a b i l i t y  of an emission times t h e  number of e lectron-ion 

c o l l i s i o n s .  

V t o  v + dv per u n i t  volume per u n i t  time i n  t h e  s o l i d  a n g l e  dS2 by a l l  e l ec t ron -  

ion spontaneous emissions i s  

The t o t a l  r a d i a t i o n  i n t e n s i t y  emit ted i n  t h e  frequency i n t e r v a l  

n n f (rl) dndQ, (ergs/(cm3-sec)) ( 6 )  
hv A f R  e i e 

where dq = hdv. 

cess of Eq. (3)  emits l i n e  r a d i a t i o n .  

This  process  emits continuum r a d i a t i o n ;  whereas, t h e  pro- 

The E ins t e in  c o e f f i c i e n t  f o r  absorpt ion BRU is  def ined such t h a t  i n  a 

r a d i a t i o n  f i e l d  of s p e c i f i c  i n t e n s i t y ,  Iv, t h e  p r o b a b i l i t y  pe r  u n i t  time f o r  

a t r a n s i t i o n  from s ta te  R t o  u with t h e  abso rp t ion  of r a d i a n t  energy i n  t h e  
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frequency range V t o  v + dV i n  t h e  sol id  a n g l e  dR i s  

4 I dvdR, BRu v v (Usee) 

where 4 

state  !?, t o  u p e r  u n i t  volume pe r  u n i t  time as a r e s u l t  of t h e  abso rp t ion  of 

r a d i a t i o n  is  

is t h e  absorpt ion l i n e  shape. The t o t a l  number of t r a n s i t i o n s  from 
V 

The t o t a l  amount of r a d i a t i o n  absorbed from t h e  r a d i a t i o n  f i e l d  i n  t h e  f r e -  

quency i n t e r v a l  V t o  v + dv per  u n i t  volume pe r  u n i t  t i m e  i n  t h e  s o l i d  ang le  

dR i s  

(7) 

This  process  r e p r e s e n t s  a bound-bound process .  

because t h e  p r o b a b i l i t y  of t h e  absorpt ion of energy is r e l a t e d  t o  t h e  magnitude 

of t h e  energy, through t h e  l i n e  shape .  

The l i n e  shape, QV,  i s  used 

The bound-free process  must a l s o  be considered. Equation (9) can be used 

t o  r e p r e s e n t  t h e  bound-free process  i f  t h e  s u b s c r i p t  u i s  changed t o  f .  

continuum abso rp t ion  can then  b e  wr i t t en  as 

The 

3 hv na(R) BIlf Iv dSldv. (ergs/(cm -sec)) 

where R r e p r e s e n t s  any bound e l e c t r o n i c  state. 

Emission of r a d i a t i o n  may a l s o  be induced by t h e  r a d i a t i o n  f i e l d .  The 

E i n s t e i n  c o e f f i c i e n t  f o r  induced emission is def ined such t h a t  i n  a r a d i a t i o n  

f i e l d  of  s p e c i f i c  i n t e n s i t y ,  Iv9 t h e  p r o b a b i l i t y  per  u n i t  t ime f o r  a t r a n s i t i o n  

from s ta te  u t o  2 as a r e s u l t  of induced emission i n  t h e  frequency range V t o  

V + dv and i n  t h e  s o l i d  a n g l e  dR i s  

B I dRdv. 
uR v 
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The t o t a l  number of t r a n s i t i o n s  from state u t o  

t i m e  as a r e s u l t  of induced emission i s  

pe r  u n i t  volume pe r  u n i t  

na(u) BUR Iv dn, (l/(cm3-sec>) (12) 

The t o t a l  amount of r a d i a t i o n  emitted i n  t h e  frequency i n t e r v a l  v t o  v + dv 

i n  t h e  s o l i d  angle dR p e r  u n i t  volume pe r  u n i t  time by induced emission is  

then 

3 
hv na(u) BUR $Jv Iv dadv, (ergs/(cm -set>> 

where aga in  the l i n e  shape, +v, is  introduced because it i s  t h e  p r o b a b i l i t y  

d e n s i t y  function of t h e  magnitude of t h e  emit ted energy. 

Equation (13) r e p r e s e n t s  bound-bound induced emission. The induced e m i s -  

s i o n  which resul ts  i n  continuum r a d i a t i o n  must a l s o  be considered. Induced 

emission, when t h e  i n i t i a l  states are f r e e  states, depends upon t h e  number of 

c o l l i s i o n s  between t h e  e l e c t r o n s  and ions .  Using Eq. ( 4 )  and Eq. (13), one can 

write an expression f o r  t h e  continuum induced emission. The r a d i a t i o n  emit ted 

i n  t h e  frequency i n t e r v a l ,  V t o  v + dv, i n  t h e  s o l i d  a n g l e  dSl per  u n i t  volume 

per  u n i t  t i m e  by free-bound induced emission i s  

( e rgs /  (cm3-sec) 

where dn = hdv. During t h e  process,  t h e  e l e c t r o n  l o s e s  energy, hv = XR + n ,  

while  t h e  ion gains  energy, x t h e  recombination i s  a t  t h e  Rth leve l  of t h e  

atom, as t h e  electron-ion p a i r  create a n  atom i n  s ta te  R. 
R ;  

The rate of change of t h e  r a d i a t i o n  i n t e n s i t y  a t  a p o i n t  w i t h i n  t h e  s o l i d  

angle ,  dR, i n  the  frequency range, v t o  v + dv, i n  t h e  d i r e c t i o n  s i s  t h e  sum 

of t h e  con t r ibu t ions  (both nega t ive  and p o s i t i v e )  given by Eqs. ( 3 ) ,  ( 6 ) ,  ( 9 ) ,  

(lo), (13) ,  and ( 1 4 ) :  
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dlV - dVdS2 = 
d s  e i  fR e {-[na(R) BRf + na(R) BRu @v - n n B f ( 0 )  

+ neni A f (O)] hv) dvdS2. fR e 

The processes  represented on t h e  right-hand of Eq. (15) i n  t h e  term mul t ip l i ed  

by Iv are r e s p e c t i v e l y  continuum absorpt ion,  Eq. ( l o ) ,  l i n e  abso rp t ion ,  Eq. 

(9), continuum induced emission, Eq. (14), and l i n e  induced emission, Eq. (13). 

The second term, which is  mul t ip l i ed  by hv r e p r e s e n t s  l i n e  spontaneous emission, 

from Eq. (3 )  and continuum spontaneous emission, from Eq. (6), r e s p e c t i v e l y .  

Equation (15) r e p r e s e n t s  t h e  general  form of t h e  r a d i a t i o n  t r a n s f e r  equa- 

t i o n .  It can be r e w r i t t e n  as 

R = 1,2,. . . L-1 

u = 2 , 3 , .  . . L 
where L i s  t h e  t o t a l  number of bound e l e c t r o n i c  states. I n  what fol lows t h e  

abso rp t ion  and emission l i n e  shapes w i l l  be taken as t h e  same, qV = @v. 

The r e l a t i o n s h i p s  between t h e  E ins t e in  c o e f f i c i e n t s  can be found by con- 

= 0 and Iv dlV 
s i d e r i n g  t h e  equi l ibr ium case. 

is  given by t h e  Planck func t ion  

I f  the gas  is i n  equi l ibr ium, - d s  

1 
3 

B, - 2 hv 
2hv -- 
c exp(j$ - 1 

Considering only t h e  l i n e  t r a n s i t i o n s ,  t hose  terms involving @v i n  Eq. (161, 

one can write a t  equi l ibr ium 
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However, a t  equilibrium 

where gk and g 

is t h e  atom temperature, and x is  t h e  energy d i f f e r e n c e  between t h e  states. 

To f o r c e  Eq. (18) t o  agree wi th  t h e  Planck func t ion  one must have 

a r e  t h e  degeneracies of t h e  states k and u r e s p e c t i v e l y ,  'Ta 
U 

&U 

( 2 0 4  gk 

BkU gu 

3 
and - - -  - Auk '2 2hV 

2 
- - - -  - 

gu c 

o r  that 

uR=- 2h: [2'"] - exp(- -1 hvkU - = [+] n* t a l  exp(- -) hvkU 
A 

B ~ u  c n (u> kTa B ~ u  na(u> kTa 
a Ta a 

Then one can write I as 
V * * 

2hv 3 [na(u> Ina(!?,> 1 [na(R)/na(U> I T  exp (- hvku/kTa) 

I V  - c2 1 - [n ( u ) / n a ( ~ > 1  [ n a ( ~ > / n a ( u ) l T  =P(- hvku/k~,) 
- -  * * 

a a 

which approaches t h e  Planck func t ion  as t h e  gas  goes t o  equi l ibr ium. 

then d e f i n e s  the t h r e e  E i n s t e i n  c o e f f i c i e n t s ,  i f  one of them i s  known. 

This 

When t h e  continuum p o r t i o n  of t h e  i n t e n s i t y  i s  considered,  one must d e f i n e  

t h e  E i n s t e i n  c o e f f i c i e n t s  as 

3 2  
Afa/Baf  = 2hv /c  B f k I B R f  = gal(gfgi)  

where g 

rl and rl + dn; 

is  the degeneracy of t h e  f r e e  electron states with ene rg ie s  between 
f 

(111) 

3/2 
2 ( 4 ~ )  (me) 

= (2n)1/2 drl . 
h3 g f 

_ _ _ _ ~  
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The f a c t o r  gR i s  t h e  degeneracy of the Rth bound state,  and g 

eracy of t h e  ion. 

i s  t h e  degen- 
i 

I n  Eq. (22) ,  gf The ion is  normally i n  i t s  ground state. 
n 
3 has u n i t s  of l / c m  , so  that it rep resen t s  t h e  degeneracy p e r  u n i t  volume. 

must consider  t h e  r e l a t i o n  - fe(rl) - Bf R which appears i n  Eq. (16), where 

One 
n n  e i  

na(R) BRf 

r e p r e s e n t s  t h e  f r a c t i o n  of e l e c t r o n s  with ene rg ie s  between rl and 11 + drl, where 

hV = xk i- n . The r e l a t i o n  can be w r i t t e n  as 

using Eqs. (21) , (22) , and (23) .  A t  equi l ibr ium t h e  r a t i o  of t h e  populat ion 

of t h e  e l e c t r o n s  and ions  t o  t h a t  of bound state R is given by Saha equation 
(4) 

* *  3/2 
gi (2mekTe) =p(-XR/kTe) (24) 

n n  

n ( a )  T~ gll h3 
. [+] = 2 -  

a 

Thus, t h e  r e l a t i o n  can be w r i t t e n  a s  

where t h e  d e f i n i t i o n  of fi w a s  used (hv = XQ + 11). 

w r i t e  t h e  continuum i n t e n s i t y  as 

Using Eq. (25) , one can 

Now as t h e  gas  goes t o  equi l ibr ium and using equation (21) f o r  A 

1 + B , t h e  Planck funct ion.  Note that Eq. (26) i s  a func t ion  of t h e  e l e c t r o n  

/ B  
fR IIf' 

V V 



temperature Te. 

Using t h e  d e f i n i t i o n s  given by Eqs. (201, (21),  and (251, one can rewrite 

11 - ZRuexp(-hv/kT) ])hvIv (27) 

where 

and 

and R is  summed over a l l  bound l e v e l s  R = 1,2. . . L and u is summed over 

levels R + 1, R + 2 , .  . . L. 

u n i t y  and dIv/ds goes t o  zero.  

I f  t h e  gas  i s  i n  equi l ibr ium, ZRf and Z go t o  

The general  form of t h e  equat ion of r a d i a t i v e  

RU 

( 110) t r a n s f e r  is  

k I  + E ~  
dlV - =  - 
d s  v v  (30) 

where k is  t h e  absorpt ion c o e f f i c i e n t ,  and is  t h e  emission func t ion .  From 

Eq. (271, one sees t h a t  

V 

+ n (RIB 0 [1 - ZRUexp(-hv/kT)])hv a Ru v 
and 

3 
E = -  2hv 2 [na(R)B Rf Z Rf exp(-hv/kTe) + na(R)BRu~vZRuexp(-hv/kT]hv (32) 
v c  
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I n  t h e  l i m i t  of equi l ibr ium, kv and E 

by Jeffer ies(’ l2)  when t h e  absorpt ion and emission p r o f i l e s  are t h e  same. 

r a d i a t i o n  t r a n s f e r  equat ion i s  s impl i f i ed  by convert ing t h e  independent v a r i -  

a b l e  from s t o  ‘I t h e  o p t i c a l  depth.  

f o r  t h e  l i n e s  ag ree  wi th  r e l a t i o n s  given 
V 

The 

V’ 

‘I V = Jkvdy 

The equation of t r a n s f e r  can then be w r i t t e n  as 

- Iv - sv dlV 

dTV 
v - -  

(33)  

( 3 4 )  

where S, = E ~ / $  and is known a s  t h e  source func t ion ,  and y = ps, where 1-1 i s  

t h e  cos ine  of t h e  ang le  between t h e  general  d i r e c t i o n  of r a d i a t i o n  i n t e n s i t y  

propagation s and t h e  coordinate  y .  The source func t ion  becomes 

hv hv 
3 n (R)B Z e- kTe + n,(R)BRu@vZRue- kT 

(35) 
2hv a Rf Rf s = -  

v 2 hv hv 
C na(R)Baf(l - ZRfe-kTe) + na(R)BRU@v(l - ZRue-  kT) 

The r a d i a t i v e  t r a n s f e r  can now be evaluated,  i f  t h e  l i n e  shape, @ v y  is  known 

Bgf and B can be determined. B and B and t h e  E i n s t e i n  c o e f f i c i e n t s ,  

are f u n c t i o n s  of t h e  p a r t i c u l a r  gas  of i n t e r e s t .  

Ru , &f RU 

Note t h a t  i n  t h e  l i m i t  of 

equi l ibr ium, S reduces t o  t h e  Planck func t ion .  Note a l s o  t h a t  t h e  u n i t s  of 
V 

2 2 BRf are c m  / e r g  and t h a t  t h e  u n i t s  of BRu are c m  /(erg-sec) because B @ must Ru v 
2 have u n i t s  of c m  / e r g .  

The abso rp t ion  c o e f f i c i e n t  can be w r i t t e n  i n  terns of t h e  c r o s s  s e c t i o n s  

where t h e  c r o s s  s e c t i o n s  are def ined a s  

B-9 



and 

I n  terms of the c r o s s  s e c t i o n s ,  t h e  source func t ion  becomes 

The c r o s s  sec t ions  are func t ions  of t h e  gas and t h e  v a r i o u s  t r a n s i t i o n s .  The 

gene ra l  s o l u t i o n  of t h e  equation of t r a n s f e r  f o r  t h e  geometry shown i n  Fig.  B-1  

1 0 where 1' ('I ,111 is  t h e  i n t e n s i t y  i n c i d e n t  on t h e  boundary a t  -rl , and I v v  V V 

( 0 , ~ )  i s  t h e  inc iden t  i n t e n s i t y  on t h e  boundary a t  ze ro .  

t o  t h e  r a d i a t i v e  f l u x  i n  t h e  frequency range V t o  V + dv is  

The c o n t r i b u t i o n  
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Figure B-1 . Radiation Geometry. 
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