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ELECTRON-IMPACT IONIZATION DATA FOR THE Fe ~ ~ ~ N U C ~ ~ ~  SEQUENCE 

M e  S .  Pindzola,* D, C. C;rifftn,+ C. Bolttcher, 
S. M, Younger,$ and H. T. Hunter 

ABSTRACT 

Collision processes involving highly ionized iron impurities play an 
important role in magnetically confined fusion plasmas. Available 
experimental and theoretical erose-section data for electron-impact ioni- 
zation of ions in the Fe isonuclear sequence i n  charge states ranging 
from 1 to 26 are reviewed, and recommended data f o r  each charge state are 
presented graphieal1.y. Contributions to the ionizatisn cross secttons 
due t o  inner-shell excitation-autoionization have been considered in 
detail for each ionization stage and make substantial contributions for 
the intermediate charge states. The role of metastable levels in ioniza- 
tion is also addressed. MaxwePlian collisional rate coefficients are 
calculated from these recommended cross-section data and presented in 
tabular, graphical, and parametrized form, Comments are made on current 
research activities leading to future data for Fe ions. 

I. INTRODUCTION 

The experimental and theoretical study of electron-lmpact ionization 
processes in atomic systems has important applications in controlled 
thermonuclear fusion research. * 2  Following the discovery that highly 
charged impurity ions  of Mo and W used in tokamak walls and limiters were 
responsible for rapid line radiation cooling of the plasma, research 
interest has shifted to lower Z structural materials which generally eon- 
tain Fe, Ni, and Cr.3 Accurate electron-ionization atomic data for the 
atomic i ons  of the Fe Zsonuclear sequence has led and will lead to a 
better understanding o f  high temperature plasma cooling, transport, and 
confinement in not only tokamaks but other experimental fusion devices. 

In the last decade experiment and theory have shown4 that indirect 
resonance processes may make substantial contributions to the electron- 
impact ionization of transition metal ions especially tn low stages of 
ionization. Contributions t o  the electron-impact single ionization cross 
section can be made by the following processes, 
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and 

where A represents an arbitrary ion 6bTith charge q. The first process is  
called direct ionization, the second exci ta tPon-autoionizat lon and the 
third resonant-recombination double autoionization. Although a complete 
quantum mechanical descriptton of elect ron ionization would include the 
wave-particle tnterference between these processes, for the purpose of 
obtaining a total cross section or rate they can generally be assumed to 
be independent of one another Contributions to the electron-impact 
double ionization cross sectlon can be made by the following processes, 

and 

The first process is called direct double ionization and the second 
ionization-autoionization. The further processes of excitation-double 
autoionization and resonant-recombination triple autoionization can also 
in principle contribute to the double ionization cross section. 

The sequen t i a l  ionization processes summarized in Eqs .  (21, ( 3 ) ,  
and (5) depend critically on the branching ratio found at each step. 
For example, the doubly excited ion [Aq+]" found in Eq, (2) may radia- 
tively decay to a true bound state of Aqc and thus not  contribute to 
single ionization. For l o w  stages of ionization one may generally 
assume that radiative branching is negligible. For high stages of ioni- 
zation radiative branc.hing m y  effectively eliminate many sequential 
ionization processes. For the double autoionization processes of 
E q .  ( 3 )  one must consider the branching ratio Between autoionizhng tran- 
sitions found at the  first. step. For example, the doubly excited ion 
[A(¶-1)3-]* found in Eq. ( 3 )  m y  decay by autoionizing to a t r u e  bound 
s t a t e  of A¶+ and thus not contribute to sjingle ionization. In some 
cases this i s  precisely what happens, thus eliminating the resonant- 
recombination process as an ionization mcchanisma, 
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The: s e q u e n t i a l  i o n i z a t i o n  processes  also depend c r i t i c a l l y  can the  
i n t e r a c t i o n  t i m e ,  For example the djlreet process of Eq. ( 1 )  occurs  on a 
t i m e  scale of 10-17 sec, which is approximately the electron-ion c o l l i s i o n  
t r a n s i t  t i m e .  The s e q u e n t i a l  i o n i z a t i o n  processes a l l  depend Q ~ I  t h e  Pife- 
t i m e s  of resonant au to ion iz ing  states, Generally these  l i f e t i m e s  range 
from  PO-^* sec t o  10-14 sec. However, sometimes metastable  a u t o i o n i z i ~ i g  
s ta tes  are formed wi th  lifetimes of lom6 sec o r  longer.  Grossed-beams 
experiments m y  have s c a t t e r i n g  chamber t o  d e t e c t o r  don b e a m  t r a n s i t  
t i m e s  which are f a s t e r  than sec, thus  e l i m i n a t i n g  a c e r t a i n  
me tas t ab le  s e q u e n t i a l  i o n i z a t i o n  process as an i o n i z a t i o n  mechanismn. 

Recently experimental  crossed-beams measurements b w e  been made of 
electron-impact i o n i z a t i o n  cross s e c t i o n s  of ions In t he  Fe i sonuc lca r  
sequence.5-8 Due t o  t h e  formation c h a r a c t e r i s t i c s  of the i on  sources ,  
ion beam c u r r e n t s  g e n e r a l l y  become smaller f o r  t h e  higher  i o n i z a t i o n  
s t a g e s  of a given element. More s p e c i f i c a l l y  the  ORNL, ECB ion  source 
and crossed-beams apparatus  has been used t o  make measurements up t o  
~ e 1 5 + .  Thus comparison between experiment and theory is c u r r e n t l y  
t ak ing  place i n  the  low t o  i n t e rmed ia t e  i o n i z a t i o n  s t a g e s  of Fe. 

11. AVERAGE-CONFIGURATION STATISTICAL MIDEL 

The d i r e c t  i o n i z a t i o n  and excPtation-autoionization processes  of 
Eqs. (1) and (2) may be c a l c u l a t e d  using t h e  aveHajie-conEbauration 
distorted-wave method: 
between conf igu ra t ions  

The most general  direct ion€&-tbon t r a n s i t i o n  
is of the form 

where n i s  the p r i n c i p a l  number, R i s  t he  angular-momentum quantum 
number, q i s  the  occupation number, and k is the  l i n e a r  momentum wave- 
number. The average-configuration d i r e c t  i o n i z a t i o n  cross sectton ( i n  
atomic u n i t s )  is given 

where E = (k: -I- k:)/2. The factor M i n  Eq. (7)  i s  given by 
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where Rh(ef;li) i s  the usual Slater radial integral and angular eoeffi- 
cients are summarized in terms of standard 3-j and 6-j symbols. Although 
there is no rigorous justification for the choice of phase between the 
direct and exchange scattering amplitudes, the maximum interference 
approximation11 is used. 

The most general exc-itation transition between configurations 
the form 

The average-eonfiguration excitation cross s e c t j o n  is given by 

The factor M in Eq. (10) i s  given by 
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The continuum normalization in bath Eqs. (7) and (10) is chosen as one 
times a sine function, The bound state orbitals needed ta evaluate the 
Slatelr radial integrals a n  be generated using a HarTree-Fock wavefunc- 
t i o n  code such as the m e  developed by Cowan.12 The ccantBaunlrn state 
orb%tals are obtained by solving the  radial Schrsdinger equation in the 
distorted-wave approximation, For sapid evaluation of m n y  eontinuuni 
orbitals a local distorting potentfa1 constructed in a semiclassical 
exchange approximati~n~~ has proved useful. 

The average-conrEfguration dlstortrd wave method can be extended 
w i t h  little more @€fort to take into account the energy level spread 
within each configuration. A simple procedure called the average- 

configuration collision cross section for  either the direct ionlzation 
or excitation-autoionization process is statistically partitioned over 
a l l  levels of the final ionized OF excited configuration, The total 
cross section is then summed taking explicit account of the energy posi-  
tion of each level calculated using an atomic-struc.ture program provided 
by Cowan.12 ~f the atomic structure calculations show that; certain 
excited levels are bound, their contribution to the i ~ ~ ~ i z a t i o ~ ~  cross sec- 
tion is of course Lgnored. Branching ratios for autoionization versus 
radiation are also calculated for each excited level and then rmnltiplied 
by the statistically partitioned excitation cross sections, A atatisti- 
cally weighted Boltzmann distribution Q W ~  the levels of the initial 
configuration, based on an average ion temperature, m y  also be included 
in the average-configuration statistical model. 

configuration statistical model. (ACSM) is adopted. The aye rage- 

Average-configuration direct ionizatl on cross sections have been 
calculated for the outer subshells of many of the ground and excited 
configurations in the Pe isonuclear sequence. For ease in accessing the 
results of the numerical calcularions the direct cross section f o r  each 
s u b s ~ i e ~ ,  may be written in the following parametrized farm14 

(12 )  

where E is the incident electron energy i n  eV, I 4s the sarbshePX ion i -  
zation potential in eV, and t he  cross section is -Pn an2. A, B ,  C ,  D 
parameters f o r  the ground configuration of all Fe ions are collected 
~ a g e t h e r l ~ ~ ~ ~  and presented i n  Table I. A, B, 6 ,  D paranaeters for 
var ious  excited configurations are given in Table 11, Eor those inner 
subshells not found in Tables I and 11, the semFemgiricaE formula due eo 
Lotz17 can be used to estimate the cross section. 
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thverage-con*riguraE:ion e x c j t a t i o n  cross see t lons  haw been ca l cu la t ed  
f o r  t r a n s i t i o n s  t o  many of the au to ion i z ing  conf igu ra t ions  i n  the  Fe 
isornuelear sequence. Thc s t r o n g e s t  e x c i t a t i o n  c ros s  sections for  t ~ a n s i -  
t i o n s  from che ground configuration are presented i n  Table 111, w h i l e  
similar c ross  sections from the cxcl ted ~ o ~ f i i ~ ~ r a t i ~ ~ ~  are given i n  
Table I V .  A d d i t i o a ~ a l  atomic StTacture  information i s  presented i n  
Tables  T I T  and ICV, f rom wbich ca lcu lae tons  f o r  t he  total i o n i z a t i o n  cross 
s e c t i o n  i n  the  aue rag r -conf~gura t ion  s ta t i s t ica l  rtmdel can be m4e. 

111. CROSS SECTIONS FOR Fe ATOMIC IONS 

"k 

are comparet~ w ~ t h  an ACSM c a l c u l a t i o n  f o r  the 31463d64s gnrourr~ configura- 
t i o n ,  which inc ludes  the 3p+3d excitatlon and d i r e c t  i o n i z a t i o n  o€ t h e  4s 
and 3d. subshe l l s .  Near threshold  the direcL C T C ~ S S  s e c t i o n s  alone are 
h ighe r  than experiment. Fur ther  t h e o r e t i c a l  invet; t i g a t i  on  i n t o  t h e  
e f fec t s  of @onfiguPation-~nteract~~~ and d i rec t - ind i r ec t  interfereme are 
c l e a r l y  needed. 

I n  ~ i g .  1 che crossed-beam m ~ ~ s u r e n e n t s  of ~ o ~ t r a g ~ e  et a1.5 :or ~e 

~ r n  p ig ,  2 the crossed-beam measurements of ~$ael ler  et al.6 for ~ e * +  
are comparehi w i t h  an ACSM ca lcu la t ionb* f o r  tlxr 3 ~ 5 3 ~ 1 6  ground configura- 
t i o n ,  which inc ludes  the  3p+3d cxc i - ta t ion  and d i r e c t  i o n i z a t i o n  of t he  3d 
subshe l l .  The t o t a l  and d i r e c t  cross s e c t i o n s  bracket  the  experiment 
over  a wide energy range. Very near th reshold  the experimental  i ~ a ~ ~ r e -  
ments clearly Indicate the- con t r ibu t ion  of metas tab le  s ta tes  within t h e  
ground configuration. The 3p+4p r x c i t a t i o n  (not inc luded)  would f u r t h e r  
i n c r e a s e  the ca l cu la t ed  i n d i r e c t  con t r ibu t ion  t o  the t o t a l  i o n i z a t i o n  
cross s e c t i o n  by 20%- Atomic s t ruc tu re  c a l c u l a t i o n s  i n d i c a t e  t h a t  most 
of t h e  levels, 173 o i ~ t  o f  180, of the  3p53d6 conf igura t ion  formed by 
d i r e c t  ionizall ion of the 31, s h e t l  are autoiornfzing. Thus most of t h e  3p 
d i r e c t  io i i tza t ion  con t r ibu te s  LQ the double Ponizat ion of Fe2+. 

In Fig .  3 an ACSM ca lcu la t ion1* for the 3p63d5 ground confLguration 
of Fe3', inc luding  t h e  3 p 3 d  e x c i t a ~ i o n - a u t o i o n i z a t i o n  con t r ibu t ion  and 
d i r e c t  i o n i z a t i o n  of the  3d and 3p subshe l l s ,  i s  presented. Atomic 
s t r u c t u r e  c a l c u l a t i o n s  i n d i c a t e  t'trat only a few of the l e v e l s ,  31 out  of 
214 ,  of t he  3p53d5 conf igu ra t ion  formed by d i r e c t  i o n i z a t i o n  of the 3p 
s h e l l  are au to ioniz ing .  Thus most o f  the 3p d i r e s t  i o n l z a t i o n  cont r ib-  
u t e s  t o  the s ing le  i o n i z a t i o n  o f  ~ e 3 + .  

I n  ~ i g .  4 an ACSK c a l c u l a t i o n  f o r  the 3 ~ 6 3 ~ 1 4  ground conf igu ra t ion  
of Fe'+', inc luding  9 dicfesenc e x c i t a t i o n s  and direc'h. i o n i z a t i o n  of t h e  
3d, 3 p r  and 3s subshells, i s  presented. The 3p33d e x c i t a t i o n  creates 
the same f i n a l  conftguratton as d%scussed i n  Chc previous paragraph f o r  
3p i o n i z a t i o n  of Fe3'. Since ornEy 31 out of Lhc 214 l e v e l s  are auto- 
i o n i z i n g ,  the 3p+3d con t r ibu t ions  become r e l a t i v e l y  s m a l l .  The 3 p + 4 p  
exci ta t - ion  is  cowpasabk i n  magnitude t o  the ?pr3d excita~ion since a l l  
1038 l e v e l s  of t he  3p53d44p configuration zrc a u t o i o n i z i n g ,  The 3s-+3d 
and 3p->4& e x c i t a t i o n s  are a l s o  qudte important. 
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xn mgB s the  crossea-beams W B B U C ~ X B ~ ~ ~ S  of Gregory et . ~ 7  for pes+ 
are compared w i t h  an ACSM caLeuPatianP9 f o r  t he  3p63cia groiind cmi igura-  
tion which inc ludes  10 different excitations and direct ion iza t ion  sf the 
3d, 3p, and 3s SubshelPs, The 3 p 4 p  excitation is the strongest, -but  
imp~rtant contributfans are ma e by the 3s+3d and 3 p 4 d  excr ta t ioaa,  

was used to approximate the remaining Lporx-ne i g i b l e  3p axc%tation- 
Beyond the  10 SpeC.%.ff.c eXc%rat ons included, an n3 rglle ext rapoPat ion  

autoionization c ~ ~ t ~ ~ ~ ~ t ~ . ~ n ~ ~  The agreement tween theory and expert-  

results from the statistical partit %on of the total exci ta t ion c o i l i s i o n  
cross s e c t i o n  over more than 5000 l e v e l s .  An ACSM c a k c u l a t i 0 n 1 9  for 
~ e . 5 +  was repeated f o r  electron ioe iza t ion  of the 3 p g 3 i i 2 ~ s  excited con- 
figuration, fnsliudin IO dift 'erent excitations and direc2 i on iaa t fon  of 
the 4s, %I9 and 3p ubshells, I n  Pig. 6 the theoret ical  curve for the 
emcited configuration is larger than that for the ground canfigurasion 
because a€ the additional presence of the sErong 3p+3 excitatbon, From 
the  paor agreement found between experiment and the ry i n  F ig .  5 ,  one 
concludes that most of t h e  metastable states in the excited conffgura- 
t i o n  have decayed dur ing  the i o n  beam tfme of' f l i g h t  f rom source to 
scattering chamber. 

merit 18 r€%lSQllimblY @Wd* The SDIOd4th 6tlppeart?.w of the  theoretLcal @urve 

~n P F ~ ,  7 the cmssed-beams masurements of   re gory et a1.9 for ~ e 6 +  
are compared with an ACSM caleulation19 for the  3 ~ 6 x 2  ground configura- 
tion, which includes 9 d i f f e r e n t  exc i ta t i ons  and direct ionization of the 
3$, 3ps and 3s subsheEEs. The 3 p 4 p  excitatian is reduced in strength, 
aue to the fact  that only 24 of the 256 levels ef the 3p5~244p configura-  
tion are autohonizling. The 3p4f excitation is t h e  s t r o n g e s t ,  but impor- 
tant contributions are mde by the 3 ~ 4 s  and 3p+5R excitatfons, Higher 
3 p - m ~  excitations are estimated using the  n3 rule. tin ACSM calcu1.atlionl9 
f o r  ~ e 6 *  was repeared electron ionization of the 3p63ains exeltea con- 
figuration inc luding  9 different  excita i ~ n s  and direca: ionization oh' the 
4 8 ,  3d, 3p, and 3s subahe1. l~.  In Pig. the agreement b e t w e e n  theory and 
experiment is poor, again indicating that a substantial number of 
mecastable s ta tes  i n  t h e  excited configurat ion have decayed before  the  
measurements are made 



In P i g e  14 an ACSM calculation f o r  the 3s23pJ4 ground configuration 
of Pe103, including 5 di*r fer tn t -  excitations and direct ionization of tkie 
3p and 3s suhshe l l s ,  is p s e ~ e a t ~ d ,  The 2p+3d excitation is the strong- 
e s t ,  but important contributions are ;saade by the 2p+3p a d  2 s 4 d  excita- 
tions. ~n ACSM calculation f o r  the 3 ~ 2 3 9 3 3 ~ 1  excited conffguratioti, 
including 10 d i f f e r e n t  escitatians and direct Poniza t ion  of the 3d, 3p, 
and 3s subshells, is s'rao~m in Fig .  15. The 2p+3d excitarion is the 
strongest, but coatributLans 2re m d e  by 3sA5R excitations. 

En Pig. 16 t h e  crossed-beams mnsearements of Gregory e: a l a a  far 
Pel1' are compared wlth an KSM calculationa9 f o r  the 3 s 7 3 p 3  groiincl con- 
PfguratdOn, WhiJCh i n c l u d e s  5 d i f  feireflE exci LatiotIS ;and d i r e c t  joaiZatiQn 
of the 3p and 3s suhshells. The theory fa119 below cxpcriment and does 
not p r e d i c t  the proper thrrshold energy. An ACSM calculatlon f o r  Fe l l '  
was repeated for e lec t ron  ionizarlon of the 3s23p?3d e x c i t e d  conftgura- 
tisn, including 10 differ2wt excitations and direct ionization o f  t he  
3d, 3p, am! 3s sribshells. The 2p+,3C excitation is the  strongest, but  
contributions are wade by 3s+.5P and 2 p 3 p  excitations. Zn F i g .  17 the 
agreemen: beLween theoi y and exprr8islx-d has markcdl-y improved but the 

theoretleal1y overest ixated.  It is s~.irprisPng that the experiment 
apparently s h o w  a large fraction nf initial i ons  in rhc 3s53p23d con- 
f i g u r a t i s n  when o n l y  s small fraction of the s t a t e s  of t h i s  configura- 
t i o n  should be mebrzstdble. 

c0lLtribur;ions frcm the lower energy 3s+5R exc i ta t ions  seens t o  kQ 

In P i g .  18 an ACSM c a l c u l a t i u n  for t - h ~  3s23p2 ground eonfiguracion 
of including 5 dl f fe renL excitations and d i r e c t  ionization of the 
3p arid 3s subsh.elka, is pci ..;~lated. I'he 2pk3d exritetion I s  the sarong- 
esL, but importaneL contributions are mde by 2p '3p and 2s *3d gxritations, 

in Fig. 19 the  crossed-beam measiirements of Gregory e t  al.* for 
~e13$- are couparea wtth an ACSM calculation14 for the 3 3 2 . 3 ~  ground con- 
figuration, which includes 5 d i f f e r e n t  excitations and di  rect ionization 
o f  the  3p and 3s sub.r;hellsc With t h e  scatter o f  exper imentx i  points it 
is difficuli: to make a definitive judgmeoc, of the theory. 
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In Fig. 20 an ACSM c a l c u l a t i o n  for t he  2p53s2 ground confbgurat ion 
P C ~ ' + + ~  i nc lud ing  8 d i f f e r e n t  e x c i t a t i o n s  atid d i r e c t  t n n t z a t ~ o n  of the  

3s aubshe12, is presented.  The 2 p 3 d  e x c i t a t i o n  2s t he  strongest, but 
important c o n t r i b u t i o n s  are made bgr the 2 p 3 p  and 2s+.M e x c i t a t i o n s .  An 
ACSM c a l c u l a t i o n  f o r  the 2p63s3y excited cocrfigtnrat ko:aJ i nc lud ing  9 d l f -  
f e r e n t  e x c i t a t i o n s  and d i r e c t  ioniza+,ion of the 3p, 3s,  ;and 2p subshells, 
16; shown i n  Ffg. 21. The 2 p 3 p  and 2 p 3 d  are t he  s t r o n g e s t  e x c i t a t i o n s ,  
Rad ia t ive  branching bas a s i g n i f i c a n t  e f f e c t  on the 2p+M e x c i t a t i o n  i n  
both cases. Therefore ,  t h e r e  i s  wre unce r t a in ty  fn the t h e o r e t i c a l  
c a l c u l a t i o n s  for this i on  due tca e r r o r s  i nhe ren t  1.n averaging over 
branching r a t i o s  T S t h  the ACSM. 

~n ~ i g .  22 t h e  crossed-beams measurements of   re gory et a1.8 for 
 el 5+ are compared wi th  an average-conEiguratian distorted-wave ca l eu la -  
t i ~ n ~ ~  f o r  t h e  2p6 3s ground Configuration. Altlnsugh the 2p+3d e x c i t a t i o n  
c r o s s  s e c t i o n  is the l a r g e s t ,  the  branching r a t i o  f o r  autoionizatPon is  
only 113. Both t h e  2 p 3 p  and 2s-t-3d e x c i t a t i o n s ,  with branching aratlos 
f o r  a u t o i o n i z a t i o n  close t o  u n i t y ,  are also s i z a b l e ,  Con t r ibu t ions  from 
resonant-re@ombinatisn double au to ion iza t ion ,  see Eq. ( 3 1 ,  which. are pre- 
d i c t e d  t o  i n c r e a s e  the i o n i z a t i o n  rate at c e r t a i n  temperatures by as mch 
as 20%, appear t o  be missing i n  the experimental  data. 

For FeI6+ through Fe24* the  con t r ibu t ions  of excitation-autoionlzat~on 
t o  t h e  t o t a l  f o n l z a t i o n  CTOSS s e c t i o n  shsuld be f a i r l y  s m a l l .  For e l e c t r o n  
i o n i z a t i o n  from the  ground configuration, rhe d i r e c t  cross s e c t i o n  r e s u l t s  
of Table 1 should give a reasonable estimate of the t o t a l  cross s e e t i ~ n .  
T h e o r e t i c a l  c a l c u l a t i o n s  have been made which i n v e s t i g a t e  e x c i t a t i o n -  
a u t o i o n i z a t i o n  c o n t r i b u t i o n s  t o  the  sjingle i o n i z a t i o n  of t h e  F e 2  3+ atomic 
ion.21 Although the  ls+2s and k + 2 p  e x c i t a t i o n  cross  s e c t i o n s  are about 
202 of the  direct cross s e c t i o n ,  t he  branching r a t i o  f o r  a u t o i o n i z a t i o n  
i s  q u i t e  s m a l l .  The o v e r a l l  enhancement of the total ionizatrion c ros s  
s e c t l o n  due t o  excitatlcsn-ahltoion~zation i s  est imated to be only about 
3%. We note that  t h e  r o l e  of metastable  s ta tes  i n  e x c i t e d  eonfigurat.ions 
i s  not y e t  f u l l y  understood f o r  e k C t r Q n  i o n i z a t i o n  o f  highly  ionized 
i r o n .  

IV, RATE COEFFICIENTS FOR Fe ATOMIC I O N S  

R a t e  c o e f f i c i e n t s  f o r  FeC through Pe25't" were c a l c u l a t e d  using the 
t h e o r e t i c a l  and experimental  c ros s  s e c t i o n  d a t a  discussed i n  the previous 
section. The theo re t i ca l .  r e s u l t s  are presented in Tables V-X and 
F i g s  e 23-28, while the experimental  r e s u l t s  are presented f i r  Table X I  
and Fig. 29. In  a d d i t i o n  t o  the  t abu la t ed  values ,  a set: of fitting 
parameters are included which allows the user 60 ca.l.culate t h e  rate  
c o e l f i c i e n t  at  any value of kT from F%in t o  hx = 20 keV (where "l;Icin i s  
listed. in the  trables) f o r  any of the i o n s  included Inere, The coeff i -  
c-lents throbgh Ah i n  Tables  V-XI were fitted fa l lowing the method 
r epor t ed  by Cox arid Hayesa2 and may be. u t i l i z e d  i n  a d i r e c t  e ~ p a n ~ - l o n  
through Chebychev polynomials of the first kind [Tn(x)]23 to obtain rate 
c o e f f i c i e n t s  through the  formuka 
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where the reduced energy x is given by 

Emax = 20,000 eV . 

In summary we have learned a great deal  by examining e l ec t ron -  
impact  i o n i z a t i o n  along the  Fe i s o n u c l e n r  sequence. Bltholngb d i r e c t l y  
app l i cab le  t o  numerical s t u d i e s  of transport phenomena iri plasnms, an 
isonuclear series p resen t s  additPsmaP theoretical cnmpllcat ioas  due to 
the changing atomic structrnre Cross sections and branching ratios are 
not amenable t o  s c a l i n g  along an isonuclear sequence. Sequential ion-iza- 
tion pro~esses, such as exci t%t ion-auto ioniza t ion ,  can be relatively 
l a r g e  fsn several i o n i z a t i o n  stages, bccome a h ~ s t  c e g l i g i b l e  ai13 then 
reappear a t  h igher  stages of ionization. Multtple i o n i z a t i o n  may also be 
important ,  e s p e c i a l l y  when the  i o n i z a ; i o n - a ~ t o i o n i z a t ~ o ~  process  involves  
ai1 almost filled subshelll Current comparisons o f  experlmentnl crossecl- 
beams measureKent8 and theory are complicated by the  presence of a 
s u b s t a n t i a l ,  but unkiiowti, f r a c t i o n  of metastable states  in t h e  Ion beam. 
The future study of the electron-impact, ionization of metas tab le  states 
of excited conf igura t ions  promises t o  provide f u r t h e r  insight into our 
understanding of the  i o n i z a t i o n  processes found i n  the  high lXDlpE!~Zt~lJ?R? 
plasmas of controPled f~as ion devices  + 
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Table I. Direct ionization c.ross a e c t i o n  parameters f o r  
ground c o n f i g u r a t i o n s  i n  units of (eV.m)2 

CQnf igU- 
Ion ration Subshell I(eV> A B c D 

Ft?+ 

Fe2+ 

~ e 3  + 

Fe4+ 

Fe5 + 

E&+ 

~ e 7  + 

Pe8+(Ar) 

Fe9*( C1) 

F e l  Q +( S )  

Fel  I*( P )  

3p6 3d 4s 

3s2 3p6 3d6 

3s 2 3p6 3d 5 

3s2 3p6 3a 4 

3s2 3p6 3d3 

3s * 3p6 3d 

3s23p63d 

3s23p6 

3a23p5 

3s23p4 

3s23p3 

Fe12+(Si) 3s23p2 

4s 
3a 
3P 

3a 
3P 
3s 

3a 
3P 
39 

3d 

3P 
38 

3d 

3s 

3d 

3P 

3P 
36 

3d 

3s 
3P 

3P 

3P 

3P 
3s 

3P 

3P 

3s 

3s 

3s 

3s 

14.82 
24.83 
83,37 

34.75 
93.28 

131.9 

53.74 
111.9 
151 .O 

75.15 
132 e 7 
172.4 

98 e 69 
155.5 
195.8 

124.2 
180.0 
220.9 

151.7 
206 1 
247.7 

233.6 
275.9 

262 P 
305.7 

248.3 
325.2 

330.8 
368.4 

341.0 
403.0 

6.58 
66.2 

115.0 

97.5 
87-7 
25,9 

77 .4 
79.1 
16.7 

48.1 
66.8 
13.4 

34.9 
67 .O 
12.7 

14.6 
67.9 
15.6 

14.3 
70.3 
18.0 

71 .Q 
19.1 

57 .o 
20.8 

44.7 
22.3 

32.7 
24.7 

20.5 
26.2 

1.29 0.160 
-54 (I 6 18.6 
-72.4 9.57 

-67,6 21 ,0 
-49 a 6 11.4 
-11.7 2.32 

-43.8 19 .S 
-30 Q 8.38 
-3 * 44 2.32 

-20 e 4 16.2 
-18.9 9.29 

-0.410 2.33 

-11.8 10-3 
-18.6 9.43 

-0.0863 2.42 

-4 .I 36 5.98 
-20.6 9.82 

-2.29 2*30 

-4.44 2.45 
-23.4 9,89 

-4.29 2.27 

-23.9 9,47 
-5 0 5.5 %"32 

-18-6 7.64 
-7.40 2.28 

-14.4 5-88 
-8.65 2,22 

-9.73 4.40 
-10 Q 2 2.27 

-3.21 
-71.1 

-107.0 

-183.0 
-84.8 
-23,9 

-81.9 
-74.6 
-15.1 

-48.4 
-60.5 
-10.9 

-31.5 
-56.5 

-8.97 

-10.5 
-53.7 
-10.6 

-9 . 53 
-53e5 
-12-0 

-51.9 
-12.7 

-39.7 
-14, I 

-30.1 
-1.5.2 

-23.9 
-17,o 

-5.65 2,82 -12.3 
-11.3 2.25 -18.2 
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Table I (Continued) 

Configtl- 
Ion ration Subshell  Iiev) A B C D 

I ..-.---. 

3P 
3s 

3s 

38 

2 s  
2P 

2P 

2P 

2 P 

2P 

2P 

2P 

2s 

2s 

2s 

2s 

2s  

2s 

28 

2s  
1s 

1s 

IS 

392 2 
426.0 

457.0 

488 . 9 
1219.0 
1351 .O 

1266.0 
1394.0 

1366.0 
1482 .O 

1453.0 
1566.0 

1583.0 
1679.0 

1678.0 
1755.0 

1789 .0 
1852.0 

1950.0 

2046.0 
8634 e 0 

8829.0 

9277 .0 

9.79 -2.58 
27.5 -12.0 

38,8 -16.7 

8.95 -2.42 
78,9 -27.2 
22.5 -7.80 

50.4 -16.1 
11.8 -3 .27 

42,O -13.4 
11.8 -3.27 

33.6 -10.7 
11.8 -3.27 

25.2 -8.04 
11.8 -3.27 

1.6 .I 8 -5 .3 6 
11.8 -3.27 

8.40 -2.68 
11.8 -3.27 

11.8 -3.27 

5.90 -1.64 
15.0 -5.21. 

15.0 -5.21 

7.50 -2.61 

1.35 
1.91 

1.87 

0.963 

2,96 

4,03 
1.64 

3.36 
1.64 

2,69 
1.64 

2-02 
1.64 

1.34 
1.64 

0.672 
1.64 

1.64 

0.820 
2.39 

2.39 

1-20 

10.5 

-5 * 57 
-19.3 

-28.8 

-5.34 
-53.0 
-16,5 

-30 a 5 
-7.58 

-25.4 
-7 . 58 

-20.3 
-7.58 

-15.2 
-7.58 

-10.2 
-a.  58 

-5*08 
-7.58 

-5.58 

-3.79 
-12.3 

-12.3 

-6.15 
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Table XI. Direct ionization cross section ammeters f o r  
excited eonfigurations in units of 10-1 t ( e ~ e ; @ m >  2 

Conf igu- 
Ion ration Subshell  I(eV) A B c D 

66.20 
107.65 

9 . 3 5  -3 .34 
18.70 -6.22 

0,432 
8,55 

-5.61 
-16.09 

Fe6+ 3s23p63d4s 4s 
3a 

81.78 
134.27 

7-40 -2,04 
10.33 -3.14 

-3.82 
-7 t 39 3.64 

Fe8+ (Ar)  3s23p53d 3d 
3P 
3s 

12.11 -3.58 
53.73 -17,18 
17.81 -4.79 

2 e 5 5  
9.21 
2.50 

-7.13 
-39*11 - 1 2 -08 

234.49 
276.07 

207.86 
263.66 
303-11 

12.70 -3.74 
44-85 -14.58 
18,06 -5.26 

2.10 
9-19  
2.44 

-7 .Q9 
-31 17 
-11.85 

Fel0+ (S) 3s23p33d 3d 
3P 
3s 

238.07 
293 79 
330.98 

13.08 -3.83 
32.80 -10.77 
16.76 -4.70 

1.74 
5.21 
2.38 

-7 00 
-22.41 
-10.34. 

F e l l +  (P) 3s23p23d 3d 
3P 
3s 

269.40 
324.87 
359.66 

13.25 -3.84 
21.10 -6.65 
14.98 -3.81 

1-45 
3.34 
2.31 

-6 c 84 
-13*75 
-8.35 

Fe14+ (Mg) 2p63s3p 3P 
3s 
2P 

421.63 
457 .88 
Li73.67 

8.70 -2.15 
8.77 -2,95 

73.90 -24.51 

1.43 
1.10 
12.12 

-4 151 
-5 "20 
-50.15 



Table 1x1. Strongest excitation cross section fo r  ground c o n f i g u r a t i o n s  in units of 10-18 an2  

Ion 

Fe+ 
FeZ3 

T r a n s  i - 
t i o n  

3 p  3d 
3 p t  3d 
3pt 3d 
3 p  3d 
3 P 4 P  
3 p 4 f  
3pt  5P 
2 p ? d  
2 p  3d 
2 p  3d 
2 p  3d 
2 y .  3d 
2 p  3d 
2 p  3d 

lni t ial Mumbe r 
Configu-  of Bound 

r a t i o n  L e v e l s  

3p6 3d64s 63  

3p4 3d5 31 
3pb 3db 14 

3p6 3d4 3 4 
3p6 3d3 19 
3p4 3d2 9 
3p6 3d 2 
3s2 3p" 
3s23p5 2 
ss23p4 5 
3s23p3 5 
3s2 3p2 5 
3s2 3p 2 
2 p b 3 s 2  i 

Twice T h r e s h o l d  T h r e s h o l d  Energy f i n a l  Number Number of Ene rgy  Average 
Spread  Conf igu -  of Round A d t n i o n i z i n g  S p r e a d  E x c i t a t i o n  Cross  S e c t t o n  Cross Sec:ion 

{ 10-iB CM* j (eV) r a t i o n  Leve Is L e v e l s  { e v )  Energy ( e v )  (10-1a cm2) 

15.!0 3 p 5 3 d 7 4 s  0 213  29.14 57.84 35.12 18.04 
14.89 3p53d7 0 110 29.02 57.28 28.80 19.96 
15.98 3p53d6 7 173  34.50 57.52 32.22 27.64 
17.76 3p53d5 183 3 i  43 .78  57.53 44.65 35.76 
10.48 3253d34p 194 419 37.31 98.52 4.85 2.79 

9.72 3p53624f 0 47 2 3 i  .66 135.56 i .  104 0.641 
0.22 ?p53d5p  1 64 26 .58  156.88 0.828 0.427 
0.00 2 p 5  3s 3p5 36 0 i 2  i9 .92  7 3 9 . 0 1 0.180 .C.113 
1.89 2p53sL3p53d  0 65 14 .28  746.89 0.187 0.119 

11.46 2p5 3s2 3p43d 0 158 51.13 755.16 0.194 0.124 
I I .  32 2p5 3s2 3 p 3  3d 0 203 54.12 763.80 0.201 0.130 
12.80 2p53s23p23d 0 158 49.61 772.81 0.207 0.135 

2.28 2p53s23p3d  0 65 41.46 782.20 0 .213  0.140 
0.00 z p 5 j s 2 3 d  0 12 24.29 791.95 0.218 0.144 

c m 

Table IV. Strongest excitation cross sect lor ;  for excited configurations in m i r s  of an2 
__- - 

I n i t i a l  Number Energy F i n a l  Number Nurnner of Energy Average T h r e s h o l d  ' t b i c e  T h r e s h o l d  
Yransi- Conf igu -  of Bound Spread  ConEigu- of Round A u t o i o n i z i n g  S p r e a d  E x c i t a t i o n  C r o s s  S e c t i o n  Cross S e c t i o n  

I on t i o n  r a t i o n  Levels (eV) r a t i o n  I . eve l s  L e v e l s  i e v )  Energy ( e v )  (10-18 cm2) ( l O - - l *  cm2) 

3 - p  3d 3p6 3 d 2 4 s  
' . p 4 p  3p63d4s 
21- 3d 3s2 ? p i  3d 
2 p  3d 3s2 3p4 3d 
2 p 3 d  3s2  3p3 3d 
2 p  3d 3s2 3p2 3d 
2 p 3 d  2 p 6 3 s 3 p  

16 
4 

i 2  
28  
38 
20 

4 

9.91 
0.8(1 
26.i2 
28.46 
33.06 
24.90 
17.51 

3p5 3d' 4 s  161 52 

2 p 5 3 s 2 3 p 5 3 d 2  0 256 
2p53s '3p43d2 0 604 
2 p 5 3 s 2 3 p 3 3 d 2  0 808 
2p5 3s23p2 362 0 604 
2p53s3p3d 0 130 

3Pi3Gr+S4p 0 i 33 
36.64 57.48 75.75 49.51 
33.81 114.56 4.40 2.39 
53.72 740.17 0.161 0.100 
72.88 747.94 0. L67 0.106 
17.03 756.09 3 .173  0.111 
68.73 164.63 0.179 0.116 
53.15 791.02 0.218 0.144 



Table V. Theoretical Electron-Impact Ionfzati.on Rate Coefficients for 
e- I- -+ ~ee"l+l)* + 2e- 

e- Temp. 
(ev) 

l.OEt00 
2.OEtO0 
4. OEtOO 
7.OEt00 
1.OEt01 
2.OEtO1 
4.OEtO1 
7.OEt01 
l.OEt02 
2.OE+02 
4.OEt02 
7.OE+OZ 
1.OEt03 
2.OEt03 
4.OEt03 
7.OEt03 
l.OEtO4 
2.OE+O 4 

Pet 

3.66E-17 
7.95E-13 
1.69E-10 
2.OZE-09 
5.793-09 
2.20E-08 
4.63E-08 
6.516-08 
7.443-08 
8.453-08 

8.51E-08 
8.071-08 
7.64E-08 
6.56E-08 
5.35E--08 
4.31E-08 

3.573-08 
2.1OE-08 

Emin 
[ SV) 

Pet 2.0 

Fez+ 4.0 

pe3+ 7.0 

Fe4+ 7.0 

Fe5+ 10. 

Fe5+* 7.0 

Emax 
(ev) 

2.OE+04 

2.OE+04 

2.OEt04 

2.OEt04 

2.0Et04 

2.OEt04 

naxwellian Rate Coefficients (cm3/~) 

Fez+ 

7.6 4E-25 
7.7+E-17 
1.13E-12 
8.76E-11 
5.533-10 
5.44E-09 
1. 88E-OB 
3.3 lE-08 
4.183-08 
5.12E-08 
5. 87E-08 
5.65E-08 
5.32E-08 
4. P ~ E - O ~  
3 -573-08 
2.84E-08 
2.34E-08 
1.38E-08 

Fe3+ 

7.04E-33 
1.10E-20 
1.69E-14 
8 ~ 5 2  E-12 
1.078-10 
2.16E-0 9 
1.03E-08 
2.07s-08 
2.76E-08 
3.82E-OB 
4.303-08 

4.22E-08 
3.99E-08 
3.38E-08 
2.7OE-08 
2.203-08 
1.90E-08 
1.31E-08 

Felt 

0.00Et00 
1.31E-25 
4.57E-11 
2.243-13 
6.993-12 
4.15E-10 
3.393-09 
8.558-09 
1.25E-08 
1,94E-08 
2.328-08 
2.3OE-08 
2 I ME-08 
1.83E-08 
1.453-08 
1.18E-08 
1.02E-08 
6.998-03 

Ye5+ 

0.00Et00 
2.553-30 
1.6SE-19 
7.933-15 
6.08E-13 
1.03E-10 
1.40E-09 
4.35E-09 
6.88E-09 
1.1SE-08 
1.3 6E-08 
1.35E-08 
1.28E-08 
1.08E-OB 
8.62E-09 
6 - 9 7E-0 9 
5 a 91E-09 
3 7.BE-09 

Chebycnev Fitting Parameters for Rate Coefficients 

Fe5+" 

5.82E-38 
3.07E-23 

7.4SE-16 
1.lQE-12 
2.OQE-11 
6.37E-10 
3.726-09 
8.043-09 
1.09E-08 
1.553-08 
1.7 5E-0 8 
1.69E-08 
1.56E-08 
1.26E-08 
9.79E-09 
7.84E-09 
6.73E-09 
4.60E-09 

A 0  

7.278E-08 

4.772E-08 

3.775E-08 

1.917E-I)B 

1 = 1643-08 

1.434E-OB 

A 1  A2 A3 

2.083E-08 -3.33bE-08 -1.068E-08 

1.338E-08 -2.234E-08 -7.1878-09 

1.01OE-08 -1.6573-08 -3.030E-09 

5.8053-09 -8.352E-09 -2.6138-09 

3.150E-09 -5.229B-09 -1.118E-09 

3.6193-09 -5.7263-09 -1.1351-09 

A4 A5 A6 

1.149E-OR 3.042E-10 -4.061E-09 

7.4773-09 7.001E-10 -2.110E-09 

6m101E-09 -5.6282-10 -1.889E-09 

3,118E-09 3.1283-10 -8,449E-10 

2.13713-09 -1,741E-PO -8.O48E-IO 

2-6963-09 -1.9613-10 -8.ilOE-10 
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Table V I Z .  Theoretical Electron-Impact Ionization Rate Coefficients for 
e- + Feq+ + Fe(q+I)* C 2e- 

e- Temp. 
(ev) 

l.OE+OO 
2.0EtOO 
4.OE+00 
7 .OEtOO 
l.OE+Ol 
2.OE+Ol 
4.0EtO1 
7.OEtOl 
l.OE+02 
2.OE+02 
4.OE+02 
7.0Et02 
1.0Et03 
2.0Et03 
4.0E+03 
7.OEt03 
l.OE+O 4 
2. OEtOQ 

%in Emax 
(eV) (ev) 

Felot 20. 2.OE+Od 

FelOt* 20. 2.OEt04 

Fell' 40. 2.OEt04 

Fell+* 20. 2.OE+04 

Fel2+ 40. 2.OEt04 

pel3+ 40. 2.DE+O4 

F P +  

0.00Et00 
0 .OOEtOO 
O.OOE+OO 
9.298-29 
4.8OE-23 
2.41E-16 
6.08E-13 
1.89E-11 
7.71E-11 
4.30E-10 
1.06E-09 
1.50E-09 
1. G7E-09 
1.70E-09 
1.50E-09 
1.27E-09 
1.12E-09 
8.49E-10 

hxwellian m t e  coefficients (cm3/8) 

pelOt* 

O.OOEtO0 
0.00 Et00 
1.61E-36 
4.46E-25 
1.81E-20 
4.688-15 
2.68E-12 
4.553-11 
1. 48E-10 
6.378-10 
1.38E-0 9 
1.86E-09 
2.02E-09 
2.023-09 
1.76E-09 
1.49E-09 
1.31E-09 
9.91E-10 

Fellt 

0.00 Et00 
0.00Et00 
O.OOEtO0 
4.14E-33 
9.026-25 
2.51E-17 
1 e 568-13 
7.283-12 
3.55E-11 
2.5OE-10 
6.94E-10 
1.02E-09 
1.14E-09 
1.17E-09 
1.01E-09 
8.68E-10 
7.46E-10 
4.79E-10 

Fell+" 

O.OOE+OO 
O.OOE+OO 
1.56E-39 
9. IOE-27 
l,lBE-21 
1.09E-15 
l.lOE-12 
2.35E-11 
8.43E-ll. 
4.13E-10 
9.738-10 
1.363-09 
1.51E-09 
1 a 53E-09 
1.3dE-09 
1.14E-09 
I. 01E-09 
7.60E-10 

re12+ 

0 .OOEtOO 
O.OOEtO0 
O.OOEtO0 
1.74E-33 
1.803-26 
3.021-18 
4.53E-14 
3.07E-12 
1.76E-11 
1.56E-10 
5.OOE-10 
7.91~- i a  
9.12E-10 
9.7 IE-10 
8.71E-10 
7.4PE-10 
6.59E-10 
5.00E-10 

Chebychev Fitting Parameters for Rate Coefficients 

A0 

1,4853-09 

1.818~-09 

1.084E-09 

1.348E-09 

9.0 13E-10 

6.116E-10 

A1 A2 A3 

6.6253-10 -4.4423-10 -3.9243-10 

7.684E-10 -5.605B-10 -4.070E-10 

3.96OE-lU -3.852E-10 -1.8G5E-10 

5.919E-10 -4.041E-10 -3.356E-10 

3.689E-10 -2.757E-10 -1.670E-10 

2.4443-10 -2.O89E-10 -1.3828-10 

A 4  

1.120E-10 

1.701E-30 

1.177E- 10 

1,082E-10 

9.029E-11 

5.599B-11 

Fe13t 

O.OOE+OO 
o.oox+oo 
0 .O(EE+OO 
3.2OE-35 
a.3m-28 
4.60E-19 
1.35E-14 
1.26s-12 
8.49E-12 
9.553-11 
3.42E-10 
5.58E-LO 
6.4BE-10 
6.91E-10 
6 I HE-10 
5.25E-10 
4.52E-PO 
2.91E-10 

A5 A6 

1,630E-10 2.290E-11 

1.395E--10 -1.753E-11 

3.063E-11 -3.411E-11 

1.301E-10 8,421E-12 

4.9743-11 -1.353E-11 

4.054E-11 -6.163E-12 



naxwellian ~ o t e  coefficients (cm3/s) 
e- Temp. 

( eV) 

1.OEt00 
Z.OE+OO 
4.OE+OO 
7.OEt00 
l.OE+Ol 
2.OEt01 
4. OEtOl 
7. OEtOl 
1.OE4OZ 
2.OE+02 
4.OE+OZ 
7.OEt02 
1.0Et03 
2,OE+03 
4.OE+03 
7.0Et03 
l.OE+OO 
Z.OE+O4 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
7.25E-39 
2.48E-30 
2.378-20 
2.56E-15 
4.27E-13 
3.833-12 
6.36E-11 
2.79E-10 
5.OOE-10 
6.05E-10 
6.81E-10 
6.28E-10 
5.42E-10 
4.82E-10 
3.68E-10 

O.OOE+OO 
0.00E400 
0 .OOE+OO 
2.763-37 
3.OEE-29 
8.10E-20 
4.63E-15 
5.703-13 
4.41E-12 
6.25E-11 
2.67E-10 
4.88E-10 
5.98E-10 
6.89E-10 
6.43E-10 
5.59E-1Q 
4.98E-10 
3.81E-10 

O.OOE+OO 
O.OOE+OO 
O.OOE+QO 
0. OOEtOO 
8.733-33 
9.928-22 
3.49E-16 
1.07E-13 
1.3 2s-12 
3.04E-11 
1.51E-10 
2,87E-10 
3.58E-IO 
4 .ZlE-lO 
3.97E-10 
3.47E-10 
3.10E-10 
2.37E-10 

0.0 OE4Q 0 
0 .OOE+OO 
O.OOE+OO 
0 .OOEtOO 
2.803-32 
1.61E-21 
4.34E-16 
I. 373-13 
1.733-12 
3.7 5E- 11 
1.7QE-10 
3.08E-LO 
3.773-10 
4.3 31- 10 
4.05E-IO 
3.52E-10 
3.14E-30 
2.4OE-lQ 

Chebychev Fitting Parameters for Rate Coefficients 

Emin Emax 
( e W  (eV) A0 A 1  A2 A3 A4 A5 A6 

pel4+ 70. 2.OE+04 6.7631-10 2.605E-10 -2.034E-10 -8.340E-11 7.304E-11 6.434E-12 -2.38ZE-11 

pel4+' 70. 2.OE+Q4 6.844E-10 2.694E-10 -1.996E-10 -8.97lE-11 6.880E-11 1.050E-11 -2.062E-11 

pel5+ 70. 2.OE+04 4.155E-10 1.695E-10 -1.18OE-10 -5.964E-11 4.104E-11 8.717E-12 -1.214E-11 

pel5+ 70. 2.OEt04 4.311E-10 1.706E-10 -1.256E-10 -5.63QE-11 4.405E-11 5.736E-12 -1.375E-11 

(RmA) 
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Table IX. Theoretical Electron-Impact Ionization Rate Coefficients f o r  
e” + Feq’ j .  Fe tq411-f + ze- 

Haxwelllan Rate Coefficients (cm3/,) 

7.OEt01 

l.OE+02 

2*OE+02 

4.0Et02 

7.OEtO2 

1.0 E+03 

2.OE+03 

3.OEt03 

4.0E+03 

5.OE+03 

6.OE+03 

7.0E+03 

8.OE+03 

9.OE*03 

l.Ot+O4 

1.2E+04 

1.5E+04 

2.0E+O4 

pels+ 

7.65E-19 

2.90E-16 

3.06E-13 

1.04E-11 

4.8OE-11 

8.87E-11 

1.79E-10 

2.21E-10 

2.W-10 

2.52E-10 

2.57E-10 

2.59E-10 

2.59E-10 

2.57E-10 

2.56E-10 

2.51E-10 

2.43E-10 

2.24E-10 

Pd7+ 

1.m-19 

8.14E-17 

1.4112-13 

6. ISE-12 

3.19E-11 

6.17E-11 

1.32E-10 

1.66E-10 

1.8 (E-10 

1.94E-10 

1.99E-10 

2.OOE-10 

2.00s-10 

2.ooE-10 

2.OOE-10 

1.95E-10 

1.90E-10 

1.80E-10 

pelB+ 

2.56E-20 

2.26E-17 

6.45E-14 

3 Ale-12 

2.lOE-11 

4.2SE-11 

9.57E-11 

1.23t-10 

1.38s-10 

1.472-10 

1.513-10 

3.533-10 

1.54E-10 

1.54E-10 

1.S4Z-10 

1.51 E-10 

1.47E-10 

1.39E-10 

pe19t 

3.81E-21 

5.24E-18 

2.57E-14 

1.92E-12 

1.26E-11 

2.7OE-11 

6. 5 QE-11 

8.63E-11 

9. NE-1 i 

1.056-10 * 
I .O 9E-10 

1.116-10 

1.12s-10 

1.12E-10 

1.121-10 

1.11E-10 

1.08E-10 

1.03E-10 

f G O +  

6.12E-22 

1.32E-18 

1.09E-14 

1.05E-12 

7.75E-12 

1.7 4E- 11 

4 .UE-ll 

5.99E-11 

6.89d-11 

7.462-11 

7.78~-ii 

7.93 E-1 1 

8.041-11 

8.07E-11 

8.093-11 

7.998-11 

7.8lE-11 

7.52E-11 

Chcbychcv Pitting Parameters for Ute Coefficient6 

%in &x 
(ev) (*vi A0 A1 A2 A3 h4 AS A6 

Fd6+ 200. Z.t+Ol. -41.6989 2.80911 -1.52610 -169464 -.127099 .0281792 -.00575041 

Pd7+ 200. Z.EiO4. -48.4952 3.04243 -1.62800 .503171 -.134532 .0304771 -.00379394 

F&+ 200. i . l M 4 .  -49.3141 3.27185 -1.72673 .US970 -.145613 .0300507 -.00284022 

Fd9* 200. P.E+04. -50.2860 3.51087 -1.84127 .5?2091 -.I55450 .0348085 -.00465548 

PeZo* 200. 2.L+O4. -51.4172 3.77604 -1.94363 . 6 0 m ~  -.164599 .own30 -.ooin472 



22 

Table X. Theoretical Electron-Impact Ionization Rate Coefficients for 

Wsxwelllan Rnte Coefficients (cm3/s) 

e- Temp. 
(evl 

7.OE+01 

l.OEtO2 

2.OEt02 

4.0E+02 

7.0Et02 

1.OEt03 

2.OE+03 

3.0Et03 

4.OE+03 

5.OE+03 

6.OE+03 

7.0E+03 

0.0 E+03 

t.OS+03 

1.0E+04 

1.2E+O4 

1.5E+O4 

2.0E+04 

a.59~-23 

2.87E-19 

3.99E-13 

5.10E-13 

4.25 E-12 

1.OlE-11 

2.75E-11 

3.808-11 

4.4ZE-11 

4. a 4  ~-ii 

5.lOE-11 

5.20E-11 

5.30E-11 

5.33E-11 

5.36E-11 

5.3OE-11 

5.1UE-11 

5 .OS E-11 

F&+ 

4.376-14 

3.  ISE-20 

l.03E-15 

1.96E-13 

1.9 ZE-12 

4.86E-12 

1.44E-11 

2.04E-11 

2.43E-I1 

2.693-11 

2. 84E-11 

2.9ZE-11 

3.OOE-11 

3.02E-13 

3.058-11 

3.02E-11 

2.97 %-IS 

2.93E-11 

F&+ 

4.6 3 E-25 

5.22E-21 

2.858-16 

6.99E-14 

7.683-13 

2.01E-12 

6.416-12 

9. Ut-12 

1.1%-11 

1.3OE-11 

1.41g-11 

1.478-11 

1.S31-11 

1.56E-11 

I .60E-11 

l.62E-11 

1.6%-11 

1.661-11 

~ e z 4 +  

O.OOCtOO 

O.OOE+OO 

1.4BE-31 

5.53E-22 

7.7 1s-18 

3.68E-16 

3.63E-14 

1.708-13 

3.943-13 

6.151~13 

8.9OE-13 

lel4E-12 

1.36E-12 

1. S6t-12 

1.741-12 

2.07C-12 

2,438-12 

2.808-12 

Fe25* 

O.OOEtO0 

0.00E400 

7.47E-33 

e. 52e-23 
1.91%-18 

1.09E-16 

1.34E-14 

6.72E-14 

1.633-13 

2.728-13 

3.8.58-13 

4.920-13 

5.931-13 

6.868-13 

7.73613 

9.19E-13 

1.09E-12 

1.27E-12 

t 

Chabychev Fitting P.rametecs for Rate foefficlanta 

t i n  %I 
(evl (evl A0 A1 A2 As A4 A5 A6 

Feil+ ZOO. 2.1+04 -52.4041 4.03914 -2.05524 ,644307 -.174715 . 0 3 e m ~  -~.SSS~OE-O~ 

&a+ zoo. 2 . ~ + 0 4  -53.96a4 4.38245 -2.2050s .69wo2 -.i92zm .0442.528 -5.17326C-04 

?ea)+ 200. 2.L+O4 -55.6353 4.70043 -2.26573 ,741570 -.zosies .042a976 5.93790t-04 

Pel4+ I000 Z.E+04 -59.2367 4.14167 -1.36429 .299710 -.a704629 .0266992 -.0171711 

reis+ 1000 z.sto4 -61.1088 4.33739 -1.42864 .315303 -.on4890 .02e3w -.0174630 
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Table XI. Experimental Electron-Impact Ionization Rate Coefficients for 
e- + ~ e q +  j. Fe { q + l H  + ze- 

Maxwellian Rate Coefficients [an3 / , )  

e- Temp - 
(ev) 

1. OEtOO 
2 e OE+OO 
4.OEt00 
7.OEtOO 
l.OE+Ol 
2.OEtO1 
4.0Et011 
7.OE+01 
l.OE+02 
2.OE+02 
4.OEtO2 
7. OEiO 2 
1.OEt03 
2.OEi03 
4.OE+03 
7 .OE+03 
l.OE+04 
2.0E+04 

Emin 
(eV) 

2.0 

4.0 

10. 

20. 

40. 

40. 

40. 

70. 

Fe+ 

2.646-15 
7.77 E- 12 
5.293-10 
3.53E-09 
7.833-09 
2.14E-08 
3.833-08 
5.143-0a 
5.85E-08 
6.81E-08 
7 .OOE-OB 
6.60E-08 
6.168-08 
5.12E-08 
4.OBE-08 
3.32E-08 
2.89 E-0 8 
2.16E-08 

%ax 
(ev) 

2.OE+04 

2.OEtO4 

2.OE+04 

2 .OE+04 

2.OE+04 

2.0Ea04 

2 .OE+04 

2.OE+O 4 

Fez+ 

3.711-20 
1.633-14 
1.27%-11 
2.70E-10 
1.02E-09 
5.84E-09 
1.663-08 
2.868-08 
3.68E-08 
5.13E-08 
6.14E-OB 
6. ME-OB 
6.42E-08 
5.81E-08 
4.65E-08 
4.02E-08 
3.52E-OB 
2.64E-OB 

Fes+ 

O.OOEtO0 
4.99E-30 
2.lOE-19 
8.12E-15 
5.76E-13 
8.94E-11 
1.21E-09 
3.88E-09 
6.3 3 E-09 
1.15E-08 
1.551-08 
1.69E-08 
l.68E-08 
1.53E-08 
1,28E-08 
1.06E-08 
9,291-09 
6.95E-09 

Fe6t 

O.OOE+OO 
2.76E-36 
1.373-22 
l.lOE-16 
2.63E-14 
1.64E-11 
4.33E-10 
1.84E-09 
3.34E-09 
6.91E-09 
l.0OE-OB 
1.13E-08 
1.15E-08 
1.06E-08 
8.911-09 
7.41E-09 
6.508-09 
4.881-09 

F@+ 

O.OOE+OO 
0.00Et00 
3.71E-33 
4.09E-23 
4.78E-19 
2. XE-14 
6.953-12 
9.02E-11 
2.66s-10 
1.02E-09 
2.05E-09 
2.668-09 
2.64E-09 
2.783-09 
2.4OE-09 
2.0 3 E-09 
1.77E-09 
1.32E-09 

Fell+ 

O.OOEtO0 
O.OOE+OO 
0.00EtOO 
1.36E-30 
2.62E-24 
5.52E-17 
2 a 63E-13 
1.07E-11 
4.93E-11 
3.26E-10 
8.78E-10 
1.30E-09 
1.47E-09 
1.60E-0 9 
1.523-09 
1.37E-09 
1.25E-09 
9.94E-10 

Chebychev F i t t i n g  Parameters for Rate Coefficients 

A0 

6.007E-08 

5.775E-OR 

1.525E-08 

1.0993-08 

2.820E-09 

1.631E-09 

1.1523-09 

7.206E-10 

A1 

1.673E-08 

z.ios~-ag 

5.373 E-09 

3.395E-09 

9.0863- 10 

6.9628-10 

5.537E-10 

3.761E-10 

A2 

-2.637 E-08 

-2.058E-OB 

-.S.550E-09 

--a. 0393-09 

-9.8023-10 

-4.354E-10 

-2.419E-10 

-8.551E-ll 

A3 

-6.4503-09 

-1.Ol4E-08 

-2,2598-09 

-9.4553-10 

-2.458E-10 

-2.401E-10 

-2.3673-10 

-1.033E-IO 

A4 

9.454E-09 

5.7513-09 

2.009E-09 

1.321E-09 

3.2753-10 

1.353E-10 

5.888E-11 

1.8463-11 

Fe13+ 

O.OOEtO0 
0.00Et00 
O.OOEtO0 
9,276-36 
6.02E-28 
7,913-19 
2.571-14 
2.09E-12 
1.28E-11 
1.31s-10 
4.64E-IO 
7.95E-10 
9.72E-10 
1.17E-09 
1.17E-09 
1.073-09 
9.78E-10 
7.79E-10 

pe15+ 

O.OOE+OO 
O.OO&+OO 
O.OOE+O 0 
O.OOEtO0 
4 1lE-36 
3.033-23 
8.5813-17 
6.873-14 
1.1 BE-12 
3.216-11 
1.63E-10 
3.22E-10 
4.25E-i0 
5.90E-10 
6.78E-10 
6.84E-10 
6.60E-10 
5.73E-10 

A5 

4.599E-10 

2.379E-09 

3.587E-10 

-2.043E-I 1 

-5.870E-12 

4.167~11 

7.606%-11 

1.340E-11 

A6 

-2.3708-09 

-7.403E-10 

-6.116E-10 

-3.3103-10 

-9.3353-11 

-3.71QE-11 

5.93lE-12 

-6.9113-12 
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10 
20  
30 
40 
50 
60 
70  
00 
90 
100 
110 
120 
130 
E F .  
140 
150 
160 
170 
100 
190 
200 
210 
220 
230 
240 
250 
260 
270  
200 
290 
300  
310 
320 

3 4 0  
330 

Table X I I .  Sample BASIC Program to Calculate Rate Coeff ic ients  
from Chebyshev Fitting Parameters. 

REM PROGRAM CHEBFE 
REM C t i B T I i  PROGRAM IS A B A S I C  P R O G R A M  D E n I V E D  F R O M  A PROGRAM 1f.l 
R E M  "ELEMENTARY NUMERICAL A N A L Y S I S :  AN A L G O R I T H M I C  A P P R O A C H " , S . D .  CONTE 
REM AND C .  DE B O O R ,  MCGRAW-HILL ,  I N C . ,  P 2 5 4 ,  19'72. 
D I M  D ( 7 1  
NTERMS=? 
1NPUT"ENTER E m i n  I e V l  " ,  E M I N :  1NPUT"ENTEH E m a x  ( e V )  " ,  EMAX 
EMIML=LOC[  E M I N )  
EMAXL=LOG( EMAX) 
P R I N T  U S I N G  "ENTER # C O E F F I C I E N T S  A 0  THRLI A 6 "  ; NTERMS 
F O R  ~ - i  r u  NTERMS 
I N P U T  D( J) :NEXT J 
P R I N T  U S I N G  " I N P U T  ENEHGY ( e V )  BETWEEN # # # . #  AN0 F O R  THE RATE CD 

C A L C U L A T I O N "  ; E M I N ;  EMAX 
REM GET ENERGY F O R  C A L C U L A T I O N  AND USE THREE TERM RECIJRRENCE R E L A T I O N  
I N P U T  X 
K-NTERMS 
CHEB=D( K )  
I F  X<O THEN END 
X=LOG( X)  
K = K -  1 
I F  K=O THEN END 
X N 0 R M =( X - EM I N L - ( E M A X  L -- X ) 
T W 0 X .% 2 *X N 0 R M 

/ ( E MAX L -E M I N L 

PREV2='O 
PREV-CHEB 
I F  K = l  GOTO 310 

PREVZ=PREV 

GOTO 250 

P R I N T  U S I N G  " # # . # # ^ ^ ' "  = RATE C O E F F I C I E N T  ( C M S / S ) " ; C H E H  
GOTO 130 
E N 0  

CHEB S O (  K ) + TWOX*PRE V - P R E  V 2  

K = K -  1 

CHEB=.  5;$D( 1 )  +XNORM"PREV-PREV2 
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~ i g .  1. Electron-impact i o n i z a t i o n  of ~ e + .  s o l i d  curve: t o t a l  
cross s e c t i o n  from the 3p63d64s ground configuration i n  the average sti3- 

t i s t i ca l  model; dashed curve?: direct cross s e c t i o n  only;  s o l i d  circ.les: 
experimental measurements ( r e f .  5 ) .  
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Fig. 2. Electron-impact i on iza t ion  of Fe2*. Solid curve: t o t a l  
cross section f r o m  the  3 ~ 6 3 ~ 1 6  ground configuration in the average statis- 
tical model (ref. 18); dashed curve: direct cross sec t ion  only; s o l i d  
circles:  experimental measurements (ref. 6 ) .  
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5.  Electron-impact i o n i z a t i o n  of Ye5+.  So l id  curve: t o t a l  

d i r e c t  c ros s  s e c t i o n  only; s o l i d  
c r o s s  s e c t i o n  from the  3p63d3 ground conf igura t ion  i n  the  average statis- 
t ical  model (ref. 19); dashed curve: 
circles: experimental  measurements ( r e f .  7). 
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Fig. 5. Electron-im act -Lo11Ization Of Fe53. Solid a 1 r v e :  total 
cross section from the 3p ~ 2 b s  excited configuration in the average 
statistical model (ref, 19); dashed curve: direct cross section only; 
solid circles : experimental measurements (ref. 7). 
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Fig. 7 .  Electron-im act  ionization of Fe6+. Solid curve: t o t a l  
cross sect ion from the 3p 3d2 ground configuration in the average s t a t i s -  
t ical  model (ref .  19); dashed curve: direct  CKOSS sect ion only; so l id  
c i r c l e s :  experimental measurements (ref .  7 ) .  

g 
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Pig. 8. Electron-impact ionization of Fe6+. Solid curve: total 
cross section from the 3p63d4s  excited configuration in  the average sta- 
t i s t i c a l  mode1 (ref. 191; dashed curve: 
c irc l e s :  experimental masurem@nts (ref. 79 .  

direct crass sect ion only ;  s o l i d  



33 

Lo r-: 

0 
,cj 

Lo 
T 

0 
0 

0 

-.---- -._._ 

*/ / I _ _ - -  

I ,' 

-. '. '. 
.. -.-.. t-. 

._ ._ 

150 300 450 600 750 

ectron energy (ev) 

Fig. 9. Electron-impact ionization of Fe7+. Solid curve: t o t a l  
cross section from the 3p63d ground configuration in the average statis-  
tical model; dashed curve: direct cross section only. 
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Fig. 10. Electron-Impact ionization of Pee+. Sol id  curve: total. 
cross sec t ton  from the 3s23p6 grotarid configurok.ion i n  the average statis-  
t i c a l  model; dashed curve: direct cross seetion only. 
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Fig. 11. Electron-impact ionization of Fe8+. Solid curve: total 
cross section from the 3s23p53d excited configuration in the average 
s tat i s t ica l  model; dashed curve: direct cross section only. 
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~ i g .  12. Electron-impact ionizacisn of  ea+. S o l i d  curve: tota l  
cross section from the 3s23p5 ground configuration i r i  the average s t a t l s -  
t i e d  mdel  (ref. 13); dashed curve: direct cross section only; solid 
c irc l e s :  experimental ~ ~ a s u r e m e n t s  ( r e f .  7). 
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0 240 480 720 960 1200 
electron energy (ev) 

Fig. 13. Electron-impact ionization of Fe9+. Solid curve 2 total 
cross section from the 3s23p43d excited configuration in the average sta- 
t i s t i ca l  model (ref. 19);  dashed curve: direct cross section only; solid 
circles: experimental measurements (ref. 7). 
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Fig .  14. Electron-impact ionization of Fe O'. S o l i d  curve: t o t a l  
c ros s  section from the 3s23p4 ground conf igura t ion  in the average s t a t i s -  
t i c a l  model; dashed curve: d i r e c t  cross sect ion  only. 
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Fig. 15. Electron-impact ionization of ~elO+. SOU.?. curve: t o t a l  
cross section from the 3 ~ 2 3 ~ 3 ~  excited configuration in the  average sta- 
ttstical model; dashed curve: direct cross section only,  
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Fig. 16. Electron-impact ionization of F e l  I+. Sol id  curve: t o t a l  
cross section E r o m  the  3s23p3 ground conf igura t ion  I n  the average statis- 
t i c a l  mdel (ref.  19); dashed curve: direct cross s e c t i o n  only; s o l i d  
circles: experimental measurements (ref. 8 ) .  
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Fig. 17. Electron-impact ionization of Fell*. Sol id  curve: total 

direct cross section only; solid circles: 
cross section from the 3s23p23d excited Configuration in the average sta- 
tistical model; dashed curve: 
experimental measurements (ref. 8). 
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Fig e 18. Electron-impact ionization of S o l i d  curve : total 
cross section from the  3 ~ 2 3 ~ 2  grourac~ configuration in t h e  average statis- 
t i c a l  model; dashed curve: direct cross sectiof~ only. 
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Fig. 19. Electron-impact ionization of Fe 3+. Solid curve: total 
cross 
cal model (ref. 19); dashed curve: 
circles: experimental measurements (ref.  8). 

section from the 3s23p ground configuration in the average statisri- 
direct cross section only; solid 
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cross section f r o m  the  2p63s2 ground configuration in the average s t a t i a -  
tical model; dashed curve: di rec t  cross s e c t i o n  only.  



45 

I I 

00 
-9 
“E 
0 

I rc) 

00 
G 

c n w  
0 

0 
0 

t 
0 

0 400 800 1200 1600 2000 
electron energy (e 

Fig. 21. Electron-impact ionization of FeI4+. Sol id  curve: t o t a l  
c ros s  sec t ion  from the  2p63s3p exc i t ed  conf igura t ion  i n  t.he average sta- 
t i s t i c a l  model; dashed curve: d i r e c t  c ross  sec t ion  only. 
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Fig. 22. E lec t ron  impact  i on iza t ion  of ~e15+. a owes s o l i d  curve: 
t o t a l  CKOSS Section from the  2p63S grOUnd COflfigUratiOll (ref.  20); 
hatched region includes resonant - reco~bina taan  double au to ion iza t ion  
cont r ibu t ion;  dashed curve: 
experimental  measurements (ref.  8). 

d i r e c t  cross section only; s o l i d  circles:: 
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Fig. 23. Theoretical rate coefficients for Fe ions.  
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Fig. 24. Theoretical rate coeffteients €or Fe ions. 
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F i g .  25. Theoretical rate coefftcients for Fe ions. 
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Fig .  26. Theoretical rate coefficients for Pe tons ,  
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Fig. 27. Theoretical rate coefficients f o r  Fe i ons .  
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Fig .  28. Theoretical rate coefficients for Fe ions. 
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Fig, 29. Experimental rate coefficients for Fc ions. 
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