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ABSTRACT 

The population dens i t i e s  of t he  d i s c r e t e  l eve l s  of t h e  l i th ium-l ike  

ions C IV, N V ,  and 0 VI i n  op t i ca l l y  t h in  plasmas cooled by adiabat ic  

expansion have been calcula ted with t he  Coll isional-Radiative (CR) plas-  

ma model, su i t ab ly  modified t o  account f o r  t he  samll)energy separat ion 
_I 

of t h e  ground and t he  f i r s t  excited s t a t e s  of these  ions.  The following 

elementary processes have been included i n  the  CRmodel: e lect ron impact 

ionizat ion,  exc i ta t ion ,  and de-excitat ion,  three-body and r ad i a t i ve  rec- 

ombination, and spontaneous t rans i t ions .  The da ta  and calcula t ions  a- 

va i l ab l e  on these  processes have been analysed and extended by various 

methods. The r e su l t i ng  r a t e  coe f f i c i en t s  a r e  compared with t he  corres-  

ponding hydrogenic values,  and a discussion of t h e i r  accuracy i s  given. 

Population inversions have been found t o  occur i n  many of t h e  t r ans i -  

t i o n s  of these  ions.  We have concentrated our a t t en t i on  t o  such t r ans i -  

t i ons  of the  ion C IV between leve l s  with n 6 6 which give r i s e  t o  emis- 

s ion l i n e s  i n  t he  v i s i b l e  region of t h e  spectrum, The gain H' cf t h e  in- 

versely  populated t r a n s i t i o n s  is  presented i n  t he  form of n,-& diagrams. 

The C IV hh4646,4658 l i n e s  a r i s i ng  from t h e  6f + 5d and 6g 4 5f t r ans i -  

t i ons  respect ively ,  a r e  found t o  be s t rongly inverted and should be ex- 

c e l l e n t  candidates f o r  producing l a se r  ac t ion  i n  laboratory plasmas 

cooled by ad iaba t ic  expansion techniques. I n  addi t ion,  the  behavior of 

t h e  l i n e  C IV 14650 observed i n  the  WC category of t he  Wolf- Wyet s t a r s  

is  found t o  be i n  agreement with t h a t  expected from the  model calcula-  

t ions .  The present inves t iga t ion  thus provides an understanding of t he  

unusual s t reng th  of the  C IV X4650 emission i n  Wolf-Rayet s t a r s ,  and 

provides a s t rong bas i s  f o r  believing t h a t  l a s e r  ac t ion  i s  responsible 

f o r  it. 



Thanks a r e  due t o  many individuals,  too nunerous t o  be a l l  mentioned 

here. In par t icu la r ,  I ' d  l i k e  t o  address special  thanks t o  the follow- 

ing persons. 

To Professor Y.P. Varshni, f o r  swges t ing  the problan and fo r  h i s  

constant ass is tance and encouragement throughout the  course of t h i s  

m r k .  Many an in te res t ing  discussion resulted in  valuable ins igh ts  in to  

various problems. Pa r t i a l  f inancial  s u p p r t  frornhj.sNIiCgrant is a l so  

g r a t e f u l l y  acknowledged. 

To the s t a f f  and graduate s tudents  of t h i s  department for  a very 

pleasant s tay.  

And f i n a l l y  t o  my wife Suzette for  her courage througllout these 

years,  and for  her typing of t h i s  t h e s i s  on a Wylbur terminal, 



Under ordinary t e r r e s t r i a l  conditions, plasnas a r e  qu i te  ra re  and 

unusual. However, most of the  matter i n  the  observable universe e x i s t s  

i n  an ionized s t a t e .  The invest igat ion of plasmas is thus a necessi ty  

i f  w a r e  t o  achieve a f u l l e r  understanding of nature espec ia l ly  s ince 

they a r e  the  s e a t  of many varied and unexpected phenomena. In recent 

years, t he  invest igat ion of both laboratory and astrophysical  plasmas 

has  in tens i f ied  and gainsd in importarice. Previously uncharted regions 

a r e  being explored and new t e r r i t o r i e s  opened to  our investigations.  

Non-equilibriun processes play an important ro l e  i n  plasmas lmder 

ce r t a in  physical conditions. The purpose of t h i s  work is t o  s tudy  the 

adiabat ic  expansion of C IV, N V, and 0 VI plasnas and t o  iden t i fy  the  

conditions under bhich p p l a t i o n  inversions a r e  l i k e l y  t o  r e s u l t  i n  the 

l e v e l s  of  these ions. This work is of i n t e r e s t  i n  t h a t  it provides an 

indicat ion of the  l i n e s  which a r e  l i k e l y  candidates fo r  undergoing l a se r  

act ion by t h i s  process i n  laboratory plasmas. In addit ion,  t h i s  mechan- 

i s m  may provide an explanation of the  i n t ens i ty  anomalies of C I V  l i n e s  

i n  Wolf-Rayet s t a r s .  

In  Chapter I ,  the  calculat ion of the  population dens i t i e s  of the  

energy l e v e l s  of a hydrogen-like monatomic plasma is considered. Under 

equi l ibr iun conditions, the  Local Thermodynamic Equ i l i b r im  (LTE) model 

is used and the population dens i t i e s  a r e  calculated fron the Roltanann 



and the Saha equations. For non-equilibriun conditions, the  Collision- 

al-Radiative (CR) model is used t o  ca lcu la te  the  leve l  population densi- 

t i e s ,  and the w r k  of House (1964) t o  obtain  the ion dens i t ies .  ' R I ~  

model used t o  simulate the  adiabat ic  expansion of the  plasma and the 

mechanism giving rise t o  l a se r  act ion a r e  then considered. 

In Chapter 11, the  calculat ion of the  r a t e  coef f ic ien ts  needed i n  the  

CR model a r e  presented fo r  hydrogenic ions. These coef f ic ien ts  a r e  well 

known and t h e i r  calculat ion is re l a t i ve ly  simple. The following coeffi-  

c i e n t s  a r e  included: e lec t ron  impact ionization,  exc i ta t ion ,  and de-ex- 

c i t a t i o n  r a t e  coef f ic ien ts ,  three-body and rad ia t ive  recombination r a t e  

coef f ic ien ts ,  and spontaneous t r ans i t i on  probabi l i t i es .  

Chapter I11 is devoted t o  the lithium-like ions C IV, N V, and 0 V I .  

These a r e  compared t o  the  hydrogenic ions and the differences  between 

them a re  noted. Such differences  a r i s e  i n  the  s t ruc ture ,  the  energy 

eigenvalues, and the e f f ec t ive  quantum nmbers  of these ions, and 

require t h a t  the  CR model be modified. In par t icu la r ,  the  r e l a t i ve ly  

small energy separation of the  ground and the f i r s t  excited s t a t e s  

requires  t h a t  these tw leve l s  be considered a s  tw ground s t a t e s  i n  the  

CR model. Tne data  avai lable  on these ions  is then summarized. The 

da ta  a r e  scarce and cons is t  mostly of theore t ica l  calculat ions;  very 

l i t t l e  experimental data have been published. 

Chapters I V  t o  VIII deal with the  ca lcu la t ion  of the  r a t e  coeffi-  

c i e n t s  of the  l i t h i m - l i k e  ions C IV, N V, and 0 VI. The following 

coef f ic ien ts  a r e  included: e lec t ron  impact ionizat ion (Chapter V ) ,  

exc i ta t ion  (Chapter KC), and de-excitation (Chapter VII)  r a t e  coeffi-  



' c i en t s ,  the  three-body (Chapter VI I )  and rad ia t ive  (Chapter VTII) 

recombination r a t e  coef f ic ien ts ,  and the o s c i l l a t o r  s t rengths  (Chapter 

nr), These Chapters include an analysis  of the  avai lable  data and cal- 

culat ions ,  a descr ipt ion of  the  methods used t o  extend idle data ,  a cm- 

parison w i t h  the  corresponding hydrogenic values,  and a discussion of 

the accuracy of the  resul t ing r a t e  coeff ic ients .  

In Chapter I X ,  r e su l t s  f o r  such l i n e s  which arise Erm t rans i t i ons  

between l e v e l s  of  t he  ion C I V  with n 4 6,  which lie in  the v i  s i b le 

region of  the  spectrun, and for  i&ich l a s e r  act ion is p s s i b l e ,  are pre-- 

sented i n  the form of b-T, diagrams. These show the  ga in  6' of the  

l a s ing  process a s  a function of t he  f r ee  e lec t ron  density n, and the 

free electron temperature Te of the  plasma. These l i nes  a r e  cmparc4 

with the l i n e s  of C I V  observed i n  Wolf-Rayet s t a r s  which displ ay anolna- 

lous i n t ens i t i e s .  In par t icu la r ,  t he  evidence avail .&le on Lhu Wlf-  

Rayet spec t ra l  l i n e  C IV A4650 is summarized and the behavior of the  

l i n e  is compared with the  expectations of t he  model calculations. 

In conclusion, we f ind t h a t  the  present investi.gaLion provides an 

Lnderstanding of the unusual s t rength of t he  C I V  A4550 mis:;ion in 

Wolf-Rayet s t a r s  and provides a strong bas i s  f o r  believing that laser 

ac t ion  is responsible fo r  it. In  addit ion,  we Eind tha t  t h e  C IV 

h4646, 4658 l i n e s  w i l l  be excel lent  candidates for producing l a se r  

ac t ion  i n  laboratory plasmas by ad iaba t ic  expansion tedmicjues. 



NOTATION 

A few words on the notation used in  t h i s  m r k  a r e  necessary. me 

symbols n' and n a r e  used to  denote quantun nunbers whereas p and q a r e  

used a s  s t a t e  labels .  W e  use the convention n' < n; no such condition is 

imposed on p and q. Subscripted n ' s  on the other  hand denote population 

dens i t ies .  When it is important t o  dis t inguish between the i n i t i a l  and 

f i n a l  s t a t e s  of a t r ans i t i on ,  an arrow is used such a s  i n  fp+4 ; how- 

ever,  i f  the  order is not  important, no arrow is used: Epq . Signifi-  

cant  d i g i t s  a r e  denoted by a cap i t a l  S a s  used by Cody and 

Thatcher (1968). denotes natural  o r  napierian logarithms while log 

denotes base ten logarithms. 

It should a lso be noted t h a t  the  expression "average s t a t e "  is used 

t o  denote a s t a t e  i n  which the  o r b i t a l  angular momentun s p l i t t i n g  of the  

lwel i sneg lec t ed .  Similarly, t he  expression"average r a t e c o e f f i -  

c ient"  denotes a coef f ic ien t  which involves an average s t a t e .  

Atomic u n i t s  a r e  of ten  used i n  t h i s  m r k  due t o  the  convenience of 

such un i t s  t o  describe processes occurring a t  the  leve l  of the  atom. 

They can be e a s i l y  converted t o  SI u n i t s  with t he  following conversion 

factors :  

hZ Length: Bohr radius,  a, =-- - 5.29177 x la-' m. 
n\ez 

Area: rrd = 8.79735 x 10-'I ma. 

Ehergy: 1 e V  = 1.60219 x 10-Iq J; 

1 Rydberg = hcx, = 13.6058 eV; 

- vii - 



= 2.177991 x 10-la J; 

1 an" = 1.23985 x 10-~ev; 

= 1,98648 x J, 

Temperature: 1 eV = 11605 K. 

Values of the fundmental constants a re  taken from Taylor e t  a l .  (1969). 

- v i i i  - 



GLOSSARY OF IMPORTANT PHYSICAL SYMBOLS 

ap ( v )  : cross-section for  the  photoionization of s t a t e  p 

Aq+p: Einstein spontaneous t r ans i t i on  probabi l i ty  coef f ic ien t  

of the  q->p t r ans i t i on  

CPq(T):  e lec t ron  i m p c t  exc i ta t ion  r a t e  coef f ic ien t  of the  

p > q  t r ans i t i on  

E: f r e e  e lectron k ine t ic  energy 

El=, : energy separation of l eve l s  p and q 

f (v) : f r e e  e lec t ron  ve loc i ty  d i s t r i bu t ion  

$ : cooling factor  of the  plasna 

fE : expansion factor  of the  plasna 

osci l l .a tor  strength of  t he  p->q t r a n s i t i o n  h,. 
F (T): electron impact de-excitation r a t e  coef f ic ien t  of 
9' P 

the  q->p t r ans i t i on  

g : Krarners-Gamt factor  

I,: ionizat ion potent ia l  of hydrogen 

Ip: ionizat ion potent ia l  of l eve l  p 

k Z :  ejected electron k ine t ic  energy 

n: quantun number 

n': quantum number 

n*: e f f ec t ive  quantm number 

n : ground s t a t e  quantm nunber 

n, : population densi ty  of species  A 

n,: f r e e  e lec t ron  population densi ty  



n,: ionic population densi ty  

no : population densi ty  of s t a t e  p 

n;: Saha equi l ibr iun value of the  population densi ty  of s t a t e  p 

nst : steady s t a t e  value of t he  p p u l a t i o n  dens i ty  of s t a t e  p 

p: s t a t e  labe l  

q: s t a t e  labe l  

rt0) ( '1 ,  and rb2): population coef f ic ien ts  of l eve l  p 
P ' r~ 

R :  rad ia l  matrix element of the  n 1 l ' - > n l  t r ans i t i on  

SCR: col l is ional-radiat ive ionization r a t e  coef f ic ien t  

Sp(T): e lectron impct ionizat ion r a t e  coef f ic ien t  of l eve l  p 

Spsq: l i n e  strength of the  p > q  t r ans i t i on  

T,: temperature of species  A 

U: normalized k ine t ic  energy 

uO: p a r t i t i o n  function of species  A 

Ur : ionic pa r t i t i on  function 

yp: population densi ty  per un i t  s t a t i s t i c a l  weight of l eve l  p 

2, : core charge of species  A 

Z,,, : nuclear charge of species  A 

Zr(T) = nF/n,nl 

O(: f rac t iona l  gain per un i t  d is tance 

o(' = W A V  

#,%: col l is ional-radiat ive recombination r a t e  coef f ic ien t  

Np(T) : three-body recombination r a t e  coef f ic ien t  of l eve l  p 

p ,,(I") : rad ia t ive  recombination r a t e  coef f ic ien t  of level  p 

1: r a t i o  of the  spec i f ic  hea ts  a t  constant pressure and a t  

constant vollnne 

hu: linewidth 



6 : energy divided by Z' 

9: energy divided by kT 

A: l i n e  wavelength i n  Angstroms 

: quantun defect  of s t a t e  n 

V : l i n e  frequency 

E,, : number of equivalent e lec t rons  i n  s t a t e  p 

p,: normalized ppi l la t ion  densi ty  of l eve l  p 

e p ( E )  : cross-section for  the  ionization of s t a t e  p by e lec t ron  impact 

OpTq(E): cross-section for  the  exc i ta t ion  of t he  p > y  t r ans i t i on  

by e lec t ron  impact 

t r ans i t i on  in tegra l  of the  ntA'->nl t r ans i t i on  mn?p,* ,t. 

Zp: re laxat ion time of leye l  p 

wp: s t a t i s t i c a l  weight of level. p 
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