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Abstract : Photon impact ionization cross sections for the noble gas atoms (Ne and Ar) have been calculated in the ly-S  and j - j  

coupling schemes employing the reliable non-relativistic R-matrix and relativistic A-matrix methods in both the length and velocity 
gauges in the energy range of experimental data available. Comparison is made with all available experimental data as well as other 
theoretical results. Our present theoretical investigation clearly demonstrates that there is a good agreement between our present results 
and other results in the case o f neon which reflects the correlation and relativity are not important in this case. In the case of Ar, the 
independent particle approximation breaks down. It exhibits that the multieicctron correlation as well as relativity are important but 
interchannel interactions are more important than the intrachannel interaction for obtaining high precision results.
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Introduction

interaction be tw een  m a tte r  an d  rad ia tio n  co rresp o n d in g  to  

photoioni2a tio n  is a  fu n d am en ta l p ro cess  o f  na tu re  and  o f  

major im portance th a t o ccu rs  ev e ry w h e re  in  th e  U n iverse . 
Photoionization o f  m a t te r  w a s  th e  f irs t in  a  se r ie s  o f  

experimental d is c o v e r ie s  fo l lo w e d  b y  a  c o rre sp o n d in g  
theoretical e x p la n a tio n  w h ic h  le d  to  th e  fo u n d a tio n  o f  

quantum physics. It w as in fac t E in ste in 's  in te rp re ta tio n  o f  
the photoelectric e ffec t th a t p ro v e d  th e  c o n cep t o f  energy  

quantization by  P lan k  to  b e  g en era lly  valid . D esp ite  th is 
early success it to o k  m o re  th an  4 0  y ea rs  u n til p h o to e lec tro n  

spectroscopy b ecam e  a  g ro w in g  fie ld  o f  sc ien tific  research  
end finally, an an a ly tic a l to o l fo r  in d u s tria l research . T h is  

Was because th e  e a r ly  e ffo r ts  to  re c o rd  line  sp ec tra  in 

"'easurements o f  flie  p h o to e lec tr ic  e ffe c t w ere  h am p ered  by  

^perimental d ifficu lties such  as in su ffic ien t en e rg y  resolution .
after th e  p io n e e r  w o rk  o f  th e  U p p sa la  g ro u p  d id  

hotoelectron sp e c tro sc o p y  b e c o m e  a  p o w e rfu l too l fo r 
studying the e le c tro n ic  s tru c tu re  o f  m a tte r  an d  its chem ical 

composition.

Accurate calculations o f  photo ion ization cross sections 
t atoms, m olecules, clusters, solids and ions are useful in

a  v a rie ty  o f  investiga tions in laser physics, p la sm a  physics, 
a s tro p h y s ic s , sp ace  p h y s ic s , fu s io n  re se a rc h , e tc . It is 

p a rticu la rly  usefu l in the  con tex t o f  flash lam p p h o topum ping  

schem es fo r X -ray  lasers. M ost o f  th e  ex is ting  ca lcu la tions 

o f  th e  p h o to io n iz a t io n  c ro s s  s e c t io n s  a re  p e r fo rm e d  

em p lo y in g  independen t p a rtic le  m odel (IP M ). In th is  m odel, 

th e  energy -leve l and  w avefiinc tion  o f  th e  ta rg e t are  first 

ca lcu la ted  using  the  H artree-F ock  m ethod . T h e  in teraction  

o f  the  inc iden t e lec trom agnetic  rad ia tion  w ith  th e  ta rg e t is 

trea ted  v ia  th e  first o rd e r p e rtu rba tion  theo ry . T here  a re  

severa l theo re tica l m ethods as w ell as co m p u te r codes fo r 

p h o to io n iza tio n  p ro cesses in  a to m s, m o lecu les  an d  ions 

ava ilab le  in  th e  lite ra tu re  [1—21]. F o r the  non -re la tiv is tic  

pho to ion iza tion  c ro ss sec tions, c lo se  cou p lin g  (C C ), quan tum  

defec t d ieo ry  (Q D T ), m u lti-channe l quan tum  defec t theo ry  

(M Q D T ), d en sity  function  m eth o d  (D F M ), local density  

random  phase  approx im ation  (L D P R A ), tim e d ependen t local 

den sity  app rox im ation  (T D L D A ), m an y  b ody  pertu rb a tio n  

th eo ry  (M B P T ), random  iphase app ro x im atio n  (R P A ) an d  

/{ -m a tr ix  h a v e  b e e n  u se d  e x te n s iv e ly . F o r  r e la tiv is t ic  

p h o to io n iza tio n  c ro ss  sec tions, re la tiv is tic  /{-m atrix  {R R - 

m atrix ), relativ istic  m an y  b o d y  pertu rbation  th eo ry  (R M B P T ),
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D ira c  a to m ic  /7-m atrix  co d e  (D A R C ) an d  re la tiv is tic  ran d o m  

p h a se  ap p ro x im a tio n  w ith  e x c h a n g e  (R R P A E ) h av e  b een  

e m p lo y e d  in m a n y  cases . F o r the  n o n -re la tiv is tic  as w e ll as 

re la tiv is tic  s tru c tu re  c a lc u la tio n s , C 1V 3, su p e rs tru c tu re  (S S ), 
m u ltic o n fig u ra tio n  H artree -F o ck  (M C H F ), C o w an , B ates, 

S M A R T , m u ltic o n fig u ra tio n  D irac  F o ck  (M C D F ), G R A S P , 

R R P A E  an d  R P A  c o m p u te r  co d es  h av e  b een  u sed  w id e ly . In  

o u r  p re se n t w o rk  p h o to n  im p ac t io n iza tio n  c ro ss  sec tio n s  

(<t) fo r  th e  re ac tio n  h v  + Ne(l.T^2 ^^2 / 7*) ->  +

e  a n d  h v  + A r( ls ^ 2 s^2p * 34‘̂ 3 p*) ->  Ar*(1^^2s^2/»*3s^3p*) + e  

h a v e  been  ca lc u la ted  in  th e  L S  an d  j - j  c o u p lin g  sch em es 

u s in g  H a rtree -F o ck  w a v e fu n c tio n s  [22 ] w ith in  th e  re liab le  

n o n -re la tiv is tic  /? -m atrix  a s  w e ll as re la tiv is tic  /? -m atrix  (R R -  

m a tr ix )  m e th o d s  in b o th  th e  length  an d  v e lo c ity  g a u g e s  in 

th e  en e rg y  ra n g e  o f  ex p e rim en ta l d a ta  av a ilab le .

2 . T h e o ry

P h o to io n iza tio n  c ro ss  sec tio n  is g iv en  b y

A tt . cr =  - j -< u |\ D i f \ s { E i ~ E j - E )  ( 1)

fo r n o n -p o la riz e d  iso tro p ic  rad ia tio n , w h e re

D , ^ = { ^ j \d \ % )  (2 )

is th e  m a trix  e le m e n t o f  d ip o le  o p e ra to r  D .

In th e  d ip o le  ap p ro x im a tio n , th e  an g u la r  d is tr ib u tio n  is 
g iv e n  by

dcT
d O (3)

w h e re  P  is th e  p h o to e le c tro n  a sy m m e try  p a ram ete r .

In  th e  R -m a trix  m e th o d , p h o to io n iz a to n  c ro ss  sec tio n s 

a re  c a lc u la te d  b y  u s in g  w a v e fu n c tio n  e x p a n s io n s  o f  th e  

fo rm  a s  f o l lo w s :

(4)

w h e re  is  th e  w a v e fu n c tio n  fo r a n  iV -electron sy s tem , 9i 

a  fu n c tio n  fo r  an  a d d e d  e le c tro n , A  an  o p e ra to r  fo r  an ti-  

sy m m etriz a tio n  a n d  v e c to r  c o u p lin g , a  w av e  fu n c tio n  fo r 

d ie  { N  +  l) -e Ip c tro n  sy s tem  an d  cj a re  c o e ff ic ie n ts  to  b e  
d e te rm in ed . T h e  fu n c tio n s  tyi a re  re fe rred  to  a s  ta rg e ' s ta tes . 

T h e  o rb ita ls  9i a re  ta k e n  to  b e  o rth o g o n a l to  a ll o rb ’ts  in  th e  

and  d iis  c o n s tra in t p ro v id e s  an d  m a in  reaso n  fo r  lo c iu d in g  

th e  fu n c tio n s  (|ly. T h e  o rb ita ls  Oi a n d  c o e ff ic ie n ts  cj a re  

o p tim ized  u s in g  th e  R -m a trix  m e th o d .

A s d ie  c h a rg e  Z  o n  th e  n u c leu s  in c rea se s , re la tiv is tic  

e f f e c t s  b o th  in  th e  t a r g e t  w a v e f u n c t io n  a n d  in  t h e  
w a v e fu n c tio n  re p re se n tin g  th e  sca tte red  e le c tro n  b eco m e  

im p o rta n t e v e n  fo r  lo w  e n e rg y  e le c tro n  sc a tte r in g . F o r

e lec tro n s  w ith  k in e tic  e n e rg ie s  fa r  b e lo w  the. rest 
m c^  =  511 k eV  th e  B re it-P au li H a m ilto n ia n

cnergy

l5)

d iscu ssed  b y  B ethe  a n d  S a lp e te r  fo r  th e  case  o f  one- and 

tw o -e le c tro n  su ffic e s  a s  a n  eq u a tio n  o f  m otion . / /  is (|,j 

n o n -re la tiv is tic  H am ilto n ian . H m .  g iv e s  r ise  to  perturbative 

co n tr ib u tio n s  w h o se  re la tiv e  m a g n itu d e s  a re  low er powen 
o f  a .

T h e  n o n -re la tiv is tic  R -m a trix  m e th o d  h a s  been  extendec 

to  in c lu d e  re la tiv is tic  te rm s  fro m  th e  B re it-P au li Hamiltonian 

b y  S co tt an d  B urke . In th e  c u rre n t c o d e  w e  explicitly  retain 

o n ly  th e  o n e  e lec tro n  te rm s  re su ltin g  fro m  th e  reduction ot 

th e  D irac  eq u a tio n  to  B re it-P au li fo rm  u p  to  o rd e r i e. 

th e  m a ss-c o rre c tio n  te rm , th e  o n e -e lec tro n  D arw in  term and 

th e  sp in -o rb it te rm ; im p lic itly  a c c o u n te d  fo r  th e  fine-structurc 

tw o -e lec tro n  co n tr ib u tio n s  fro m  c lo sed  subshells .

T h e  lo w -Z  B re it-P au li H am ilto n ian  fo r  an  (TV +  l)-eleciron 

is tak en  to  be

tjN-¥\ frN-¥\ , 1 a,
^so

E ach  o f  th e  o n e -e lec tro n  B re it-P au li te rm s  can  optionallv be 

included :

2

H so

/i-l
(m ass-co rrec tio n ) I'l

««I ^
—  1 (D a rw in ) (8l

2 ^  ; c
a  z  V  

2 n . l  ’n
(sp in  o rb it) (0)

N o te  th a t th e  n o n -f in e  s tru c tu re  p a rt o f  th e  Hamiltonian

rrA^ + l ijrA/ + l , U ̂  U ̂
M „f, =  rt +  rtm u. +  " O , (10)

Af+I
co m m u te s  w ith  S ^ , L^, Sz a n d  p a rity , w h e re a s  H so  

H g p '  o n ly  co m m u te  w ith  A ,  Jz  an d  p a rity .

3 . R esu lts , a n d  d is c u s s io n

In  th e  p re se n t woric, th e  p h o to n  im p a c t in teg ra l ionizatic 

c ro ss  sec tio n s  (o ^  fo r  th e  re a c tio n  h v  +  N e ( l ' 
N e * ( ls ^ 2 s^2 p * ) +  e  a n d  h v  +  A r ( l s ^ 2 s^2 /i* 3 5 ‘3/ )  ^ 

A r ‘̂ (ls^2s^2p® 3j^3p*) +  e  h a v e  b e e n  c a lc u la te d  in the L-i 

a n d  j - j  c o u p lin g  s c h e m e s  u s in g  H a r tre e -F o c k  wavefunc 
w ith in  th e  re l ia b le  n o n - r e la t iv is t ic  R -m a tr ix  as well ■ 
re la tiv is tic  R -m atrix  (R R -m a trix ) m e th o d s  in  b o th  the lengi 

a n d  v e lo c ity  g a u g e s  in  d ie  e n e rg y  n m g e  o f  experimflj® 

d a ta  a v a ila b le . C o m p a r is o n  is m a d e  w ith  a ll 
ex p e rim en ta l d a ta  a s  w e ll a s  o th e r  d ie o re tic a l results.
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Figure I exh ib its  o u r  present/?-nriatrix  to tal pho to ion iza tion  
•OSS sections o f  n e o n  a to m ic  sy s tem  a lo n g  w ith  o th e r  

^perimental as w e ll as th e o re tic a l re su lts  from  th e  th resh o ld  

, about 400 eV  en e rg y  ran g e . It is c le a r  from  th is  figu re  tha t 

If /^-matrix re su lts  in b o th  len g th  a n d  v e lo c ity  g au g es  a re  

good ag reem en t w ith  o th e r  th e o re tic a l p red ic tio n s  and  

iperimcntal o b se rv a tio n s  w h ich  sh o w  th a t the  e ffec t o f  

lativity and c o rre la tio n  is n eg lig ib le  in th is  case .
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cure 1. Total photon impact ionization cross section for the
bukhcll of n e o n ------present /?-malrix results in the length form

present /^'matrix results in the velocity form, □  Wulleumier 
cl A Saito (Ref. 4), ■ Marr (Ref. 4). x Wulleumier (Ref 4),
Herkowitz (Ref 4),  ̂ Yeh (Ref. 4 ) , -------Johnson (Ref. 4), —
riMcdv (Ref 4)

figure 2  d isp la y s  o u r  /^ -m atrix  in teg ra l p h o to io n iza tio n  

OSS sections o f  a rg o n  (A r)  a to m ic  sy s tem  a lo n g  w ith  o th e r 
ailable th eo re tic a l an d  ex p e rim e n ta l re su lts . It is seen
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2. Total photon impact ionization cross section for the
ŝ wbshcll o f argon : ------present /^-matrix results in the length

^ ’ ...... present J?>matrix results in the velocity form, ■ Langer
4)» V Chan (Ref. 4), •  Adam (R ef 4), p  Berkowitz (Ref. 4), 

ûlkki (Ref 4), —  Wijesundera (Ref 4), ---Huang (Ref 4).

from  thi$ figu re  th a t in th e  low  en e rg y  ran g e , th e  leng th  

form is b e lte r  th an  th e  v e lo c ity  fo rm  o f  c ro s s  sec tio n s  

w hich  ind ica tes th a t the  leng th  g au g e  is v a lid  in th e  low er 

e n e rg y  le g io n  a n d  th e  v e lo c i ty  fo rm  is g o o d  in  th e  

in te rm e d |ite  en erg y  range. H o w ev er, th e re  is co n sid e rab le  

d isag reei^ ien l b e tw een  o u r  re su lts  an d  th e  e x p e rim e n ta l 

d a ta  w 'h |ch  sh o w s  th e  im p o r ta n c e  o f  c o r r e la t io n  a n d  
re la tiv ity |

4. C o n c lu s io n  a n d  fu tu r e  d ir e c tio n
A

O u r presient theo re tica l inv es tig a tio n  c lea rly  d em o n s tra te s  

that the e ffec t o f  co rre la tio n  an d  re la tiv ity  in the  case  o f  
ligh te r noble  gas a tom  neon is n eg lig ib le . T h ese  e ffec ts  

increase  w ith  the increase  o f  th e  a tom ic  n u m b e r (Z). In case  
o f  th e  ra re  g as  a to m  a rg o n , th e re  is a  b re a k d o w n  o f  

in d ependen t partic le  ap p ro x im atio n  w h ich  d em o n s tra te s  th e  

im portance  o f  co rre la tio n  and  re la tiv ity , H F  c ro ss  sec tio n s 

are  bo th  q u a lita tiv e ly  as w ell as q u an tita tiv e ly  in co rrec t 

w h ich  ex h ib it th a t th e  m u ltic lec tro n  co rre la tio n  as w ell as 

re la tiv ity  are  importcuit bu t in terchannel in te rac tio n s a re  m ore  

im p o rtan t than  th e  in trachanne l in te rac tio n s fo r o b ta in in g  

r e l i a b l e  re s u lts .  O u r  p re s e n t re s u l ts  s u g g e s t  th a t  fu ll 

co n fig u ra tio n  in te rac tion  w ave  fu n c tio n s  m u s t b e  u sed  in 
the y?-matrix as w ell as RR-m zXvw  in o rd e r  to  o b ta in  h ig h  

p rec is io n  resu lts . T he o u tp u t o f  C IV 3 , SS , M C H F , C o w an , 

and  M C D F m ay  be inpu t to  th e  /^-m atrix  and  /f /? -m atrix  fo r 

accu ra te  p red ic tions.
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