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Preface 
So 1t socs 

This thesis is the summary of my s tudy of plasma spectroscopy for s i\. ) ears in 

Kyoto univers ity. During these years, I s tudied under professor Fujimoto, and I 

could promote the better understanding about not only the spectroscopic s tudy 

but also the s ty le o f the s tudy, "How to reach the essence of nature." 

From now on, I should s truggle to establish the id entity and originality as an 

physis t or scientis t, though it may be a rocky road. 

This thesis m eans the s tarting point. 

Tetsuya Ka\1\achi 

Fe b . 199'1 at Kyoto 
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General Introduction 



Plasma spectroscopy has been one of the powerful techniques in diagnosing 

plasmas of various kinds, laboratory and astrophysical. Atoms and ions in a 

plasma emit optical radiation in the form of spectral lines and continuum. Their 

intensities and spectral profiles, and spatial distributions of these characteristics 

reflect the state of the atoms and ions and its spa tial variation, and therefore 

contain information of the plasma acting as the environment of these atoms and 

ions. It is thus possible and is our objective to in vestigate from spectral 

observations various attributes of the plasma, e.g., electron temperature and 

density, spatial distribution of atoms and ions in it and thus the particle transport. 

For this reason, plasma spectroscopy has played an important role in plasma 

research. With the recent progress in producing and controlling high temperature 

plasmas, especially magnetically confined plasmas and laser-produced plasmas, the 

importance of highly charged ions is increasi ng in plasma spectroscopy. 

In actual experiments and observations, the number of quantities directly 

measured is rather small, and sometimes experimental uncertainties are large. ln 

order to accomplish our objective under these conditions and, more importantly, 

in order to construct a general perspective of our plasma, we have to have a mod el 

with which we can deduce, estimate or infer the properties of th e plasma und er 

study. The collisional-radiative model is the most important tool in combining 

the s pectroscopic observations and the properties of the plasma, and IS 

indispensable in quantitative plasma spectroscopy. 

The collisional-radiative (CR) model was firs t proposed for atomic hydrogen to 

account for the experimentally observed rate of recombination of protons in 

plasma. [1-3] It was then recognized that it is also suitable to d escribe the exci ted­

level populations and the effective ionization rate. It is now generally accepted 

that, when we treat atoms and ions in a plasma having a finite density, we hav e to 

rely on a CR model. By improving the cross section data in the code, the CR model 

of hydrogen has been highly refined. [4] Helium and neutral and s ingly ioni?ed 

argon have also been treated by the respective CR mod els. IS-71 For highly charged 

ions, however, CR model treatment has been rather sca nty exce pt for hyd rogen-like 

and helium-like ions. [8, 91 Recently, neon-like germanium in the ioniz ing plasma 

phase and lithium-like aluminum in the recombining plasma have been treated 

in relation to the x-ray laser amplifications. [1 0, 11] In order to expand the variety 

of plasmas and the range of plasma parameters, especially of temperature, which 

we can treat, we have to have reliable C R models for various ions which may be 

present in these plasmas. In this respect, sea ling properties are usefu I for CR 

models of ions in an isoelectronic sequence. 
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With the progress m the techniques of producing, heating and controlling 

plasmas, it is becoming clear that the plasmas under current inves tigations have 

som etimes nonlhermal properties, e.g., a non-Maxwellian velocity dis tribution of 

plasma electrons. Furthermore, it should be noted that these plasmas are almost 

always necessa rily anisotropic. 1\.eutraJ beam injection creates highly anisotropic 

s ituatiOn, too. fhese characteristics of the plasmas endow plasma spectroscopy 

with another importance, 1.e., the importance of observing polarization. In these 

plasmas, exc tted atoms and tOns may be polarized, aligned in the case of one 

dtrectional excttalion. The e mttted radiation from these atoms and ions are 

polariLed, hnea rly polan1 ed in the above e'\ample. Until now, however, 

polari?ation properties of radiation emitted from plasma have ca lled littl e 

attention in plas ma spec troscopy e>..periment except for the pioneering 

tnvestigattons made mainly by Russian researchers. [12-141 In view of the present 

s tluation of the magnetically confined plasmas and the laser-produced plasmas, 

spectroscoptc s tudies in wh ich emphasis is placed on the polarization properties of 

radiation appenr quite promising. This new dimension of s pectroscopy may be 

ca lled Plasma Pola ri zation Spectroscopy (PPS). These s tudies would give 

tnformation concerning primarily antsotropic and therefore non-thermal 

properties of the plas ma. 

In this s tudy, I construct a collisional radiative model for lithium-like ions. 

·r he background of this attempt is: 1) We have alread} reliable CR models for 

hydrogentc and helium- like tons. 14, 81 It wou ld be natural to e>..tend our s tudy to 

ltthium-like ions. 2) These io ns are common impurity ions in tokarnak plasmas or 

serve as the>.. ray laser media in laser-produced plasmas. In Chapter 11, I describe 

the details of the formulation of this model, the atomic parameters which I 

employ, the va lidi ty and uncertainty of this model and the comparison with the 

experimental res ults. 

I apply thts CR model to the analys is of the xuv spectra of lithium like oxygen 

and carbon ions observed in the WT-3 tokamak in Kyoto University. The 

e'\perimental apparatus is described in chapter Ill. In chapter IV, from the 

comparison of the photoelectron count rattos of these '\.uv spectra with the 

e>..pected values from our CR model, I calibrate absolutely the sensitivity of our xuv 

spectrometer. f- urthermore, by observing the spectra from the edge (Scrape-off) 

plasma, the rate coefftcients of the charge e>..ehange recombination between the 

helium-like tons and the neutral hy drogen atoms o r molecules are estimated. 

- ·1 

In Chapter V, the anisotroptc charactensttcs of plas mas and polart7ation of 

emttted radiation are treated. I assume that the plasma is il'\la lly sy mrnetn c, and 

we show the formulation of thl' polarizalton (or alignment) CR model on this 

assumption. \ c; an e\.ample, I conduct a prelimmary e:ll. pcnme nt o n the \\'T-3 

tokamak, and observe polanl' ... "lhon of the emission lin e<> from bel)lhum-li"-e 

o'\ygen (0\) ions I make stmpltfied altgnmcnt CR mode l fo r these tons, and 

calculate the alignment for the above lines on the assumption of several electron 
velocity distributiOns. 

In Chapter VI, the m easurement of the po lari7.ation of the x-ray laser line from 

the laser-produced plasma is reported . This work has been done in collaboration 

with the x- ray laser group in /L[ (Ins titute of Laser l'ngineering) of Qc;aka 
University. 
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CHAPTER I!. 

Collisional-Radiative Model 

for Lithium-Like Ions in Plasma 

Abstract We have constructed a collisional radiative model for lithium-like ions. 

For low-lying levels with principal quantum number n :;;: 5, different l -levels are 

treated separately and the fine structure is taken into account. Electron impact 

excitation cross section of oxygen ion (OVI) is calculated for virtually all the 

transitions among then ~ 5 levels and it is scaled for other elements. We calculate 

populations of excited levels of lithium-like ions (oxygen and aluminum) both for 

the ionizing plasma and the recombining plasma under appropriate plasma 

conditions. For both the plasmas, characteristics of the population distribution over 

the excited levels and the population kinetics are examined in detail. In the high­

density region, a simple approximate distribution function is derived for both the 

plasmas on the basis of the multistep ladderlike excitation or deexcitation 

mechanism, combined with the thermodynamic equilibrium distribution. As 

examples of applications, we present intensity ratios of emission lines from 

impurity ions in tokamaks, and the population inversion and gain for x-ray laser of 

the recombining plasma. We also calculate the effective excitation and ionization 

rate coefficients, and they are compared with experimental results available. 



I. INTRODUCTION 

Population distribution among e>-.cited atoms and ions in a plasma reflects the 

nature of the plasma concerned, and is the subject of plasma spectroscopy 

through observation of the spectral emission from these atoms and ions. '\ "' 1de 

variety of population charactensttcs, e.~., thermodynamic equilibrium nnd 

population inversion, could be realized depending on vanous collisional and 

rad iative processes in the plasma. A comprehensive investigation of the 

characteristics of the population and its ktnetics for h\ d rogen atoms and 

hydrogenic ions has been done Se\ eral years ago Ill. It d1v1dec; an e\.etted level 

population into the ionizing plasma component and the recombining plasma 

component, and then proposes a classification scheme of the population 

distribution into several categories: the corona phase and the laddcrlikc 

exci tation-ionization phase for ionizing plasma nnd the capture radiati"e cnscade 

phase, LTE phase and the ladd erlike dee\.citatton phase for the recombtn1ng 

plasma. Depending on the particular condition of the plasma m question one, 

two or even more than two of these phases would manifes t itself in the observed 

spectrum. 

The above treatment, however, is rather limited in severa l respects. 1 he f1rs t 

is the energy level structure of hydrogen. 1 he ionizat1on potential of the 

ground sta te is four times larger than that of the first excited level , or the ground 

s late potential is rather "deep". This feature is shared by helium like ions, which 

have an even deeper ground sta te, but is rather e\.ceptional for many atomtc and 

ionic species which have "shallow" potentials. The second 1s: the .;, J', d, ... 

levels, or different-/ levels, are bundled together, or they are assumed to be 

popu lated according to their statis tical weights. This assumption obviously 

breaks down in low density plasmas in which collisionnl population mixing 

among these levels are s lower than radiative decay. It is even not ent irel y clear 

whether this assumption is valid in high dens1ty 1onizing plasmas, since they are 

not equlibrium in nature. In view of these limitations and questions, 1t was 

decided to extend the investigation of the popu lation characteristics to atoms nnd 

ions having a rather "shallow" potential and with the above assumption 

removed. 

Lithium-like ions have the next s impler energy level structure to hydrogen. 

Furthermore, the importance of these ions in plasma research is increasing now . 

In tokamak plasmas, for e>-.ample, prominent impurity lines are emitted by 

lithium-like ions of oxygen, carbon and other elements, and in laser produced 

plasmas, an >-.-ray laser based on the recombining lithium like ion scheme is 

being extensively s tudied. Determination of the absolute den si ty of these ions 
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for the purpose of studymg their transport for the former plasma and evaluation 

of the population inversion and gain for the latter plasma are subjects of plasma 

spectroscopy. 

J·or the above pu rposes, a reliable collisional radiative (CR) model for 

lithium like ions is indispensable. Klisnick et a/.121 first constructed a CR model 

for these 1ons. The cross section data m their model, however, are rather 

u nsoph1shcated and the model has been applied only to the low temperature 

recombinmg plasma. 

In th1s chapter, the details of our CR model are described. We s ummarize the 

atomic data we employ in section Ill. We mvest igate and discuss the population 

k1netics of lithium like ions in section rv . As examp les, we present the 

calcu lation results of the photon emission ratio of the dominant transitions for 

the carbon, nitrogen and o'\ygen ions in tokamak plasmas, and amplification 

ga1n for the recombini ng lithium-like aluminum ions. A comparison of the 

result of our C R model calculation with the available plasma e\.periments is 

made m section V. The valid1ty range o f our present model and uncertainties of 

the res ult s are discussed in secti on VI. 

II. COLLISIONAL-RADIATIVE MODEL 

fhe population d e ns ity of the ground and e'\c ited levels of ions in plasma is 

de termined by various collis ional and radiative a tomic processes taking place in 

the plasm a. For level I', the temporal d evelopment of its population n (p) is 

cll.pressed by the differential equa tion, 

dii(J') 
dt ,fo;, C(q,p )lllJI(q) 

-{[ ~ F(p,q)~ '5' C(p,q)lt~e+ '5' A(p,q)}11(p) 
~r-1· t{'!:fl ~· 

-t J;, I F(q ,p )Ill, I 4 (q ,p) IH(q )-S(p )lllJI (p) 

+I a(p ) Il l' I f~(J') t y(p )I Hell He (1) 

wh1ch is coupled with s imilar equations for other levels. Here "q < p" means 

that level q lies energeticall) lower than level p. A(p,q) is the spontaneous 

trans1t io n probabiltt} from p to q, C(p,q), F(q,p) and S(p) are the rate coefficients 

for electron impact C'\CJtahon, dee'\citation, and ionization, respectively, and 

u(p), #(p) and y(p) are the rate coefficients for three-body, radiative and 

- 10-

d ielectronic recombination, respecti\·eh. 11 l' 1s electron densit), and we e'\prcss 

the ground state helium-like 1on dens1t) as, H .... Accordmg to the method of the 

quasi stead} state solution the tin1e derivative of the populallon of e\.Cited le\ els 

is put equal to 0, so that the set of coupled differential equations for e'\cited levels 

reduces to a set of coupled linenr equations. The solutio n is e'\pressed as the sum 

of the two terms; 

{2) 

where Ro(p) t~nd R1(p) a re the populat1on coefficients '~htch are determ111cd br 

the actual co lhsiona l and radiative processes and arc functwns of 11l' and electron 

tempe rature 1 l'· The ground sta te hlh tum-like ion dens1Ly i.c'., 11 (225), has been 

e:x.pressed as 11 Li· The first term may be ca lled the recombinin g plasma 

component and the second term is the Ionizing plasma component 13]. 

\ Ve define an effective io111zatJOn rate coeffictent (Sl'ff) and recombmat1on rate 

coefficient (ucf£) as 

~ ., rs( p) R 1( p) + ~ C( p,q)RJ( p)- ~. F(q. p) R J(lf >] 
S - ,t-t,_ l q~ q~ 

eff -
IR 1(l)+R 1(2)1 

a efl = ~ [(;(( p) n,.+#( p)+y( p) + ~ F (q , p) R 0(q )n] 
p"'-1 ') q t1 ~ 

(3) 

where p - I and 2 are unde rstood to denote the g round s tate and the 22p ll•vL'l, 

respectively. R J(l) is put eq unl to 1. Serf is different from the collistonal­

radiative rate coefficient ScR defined for hydrogen by Bates f'l nl. 131. In 5cR the 

summation in the denominator of ScH is replaced by /~1(!) I. In the low dcnc;lly 

limit, 5e£f becomes identical to ScR-

A. Collisional-radiative model with fine structure unresolved 

In the case of a CR model with fine s tructure unre~olved, we assume that the 

fine s tructure s ublevels belonging to a level are po pul ated according to their 

s tati s tical weights. Let p in eq.(l) represent the principal quantum number 11 and 

the angular momentum quantum number /, and 11 (p) ts the sum of the 

populattons o f the fine structure sublevels. Each of the rnte coeffictents m cq ( 1) 

refers to level p o r q, and is rela ted to the rate coefft c1ents fo r trans1t1ons 

connecting individual fine structure sublevels; i.l'., it IS the average over the 

initial fin e st ructure sublevels and the sum over the final c;ublevels. 
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( 4) 

where B(p ,q) stands for C(p ,q), A (p ,q) or F(p ,q) a nd p and q denote the initial and 

fina l levels, respect ively. H ere p 1 and p2 mean the fine structure sublevels vvi th 

total angu la r momentum 1 -·L-1/2 and 1 =1 ..... 1/2, respective ly, a nd g(p) is the 

sta t1stica l we1ght of level p. In the case of an 5 s tate, Pt or q1 term is absen t. T he 

iont7a tion ra te coeffic ien t is d efined as 

' g( fJ I ) g( p'l) 
.S( p) ( ) S( p 1)+ g( -) S(p'l) g p p - (Sa) 

a nd th e recombination rate coeffi cient is defin ed as 

(S b ) 

fo r a(p) a nd s1mda rly fo r {'j(p) o r y(p). 

B. Collisional-radiative model with fine s tructure resolved 

W hen the nuclear charge z is la rge, the energy spl ittings between the fine 

st ru ct u re sublevels are substantial fo r low ly ing levels. At the sam e tim e, the 

ind iv id ua l rate coeffi cients in the right hand s id e of eq.(4) d evia te from those 

e"\pec tcd fro m the p ure L-5 coupling schem e, a nd a popul a tion imba la nce may 

develo p in these levels. We introdu ce a qu antity /A(p) w hi ch d escribes the 

popula tio n imba lance. 

l l ( p )-(I) -(1) 
1 2 (6a) 

with 

(6b ) 

In the extrem e case that only level Pt is populated w ith no population in level 

p2, the qua nt ity 11 red uces to mt, and in the opposite case, fl is equ al to -(!J2. In the 

case tha t the po pul ations a re dis tributed according to the sta ti st ical weights, f.1 is 0. 

·1 he q uan ti ty ,u is described by the cou pl ed equation, 
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dJt (p) ~ ' 
dt I ~ C (q, p)nc+ L {F '(q, p)nc+ A '(q, p)} ln(q) 

q<p q> p 

-1 L {F "( p,q)ne+ A"( p,q)}+ L C "( p,q)nc+S "( p)nc In( p) 
~p ~p 

+I L K(q, p)nc+ L {M(q, p )nc+U(q, p)} ltt(q) 
q<p q> p 

-[ L {M( p,q)nc+U( p,q)}+{ L K( p,q)+l ( fJ)+ V ( p)}nc l't( p) 
q<- p q> p ,. 

+{a'( p )nc+f~ '( p)+y '( p)}ncnlk-
(7) 

w he re C(q,p), F'(q,p), A '(q,p) are the imba lance crention m te coeffici en ts in level 

p fro m popula tion of anothe r level q by collisiona l c>..citation, d eexcitation, and 

rad ia ti ve d ecay, respectively, a nd they arc defined ne; fo llows; 

a nd C'(q,p), F"(q,p), A "(q,p) are the rate coeffictents for imba la nce d es tru ction or 

creatio n in level p by d epopulation, a nd they are defi ned as; 

(9) 
a nd 

S "( p)= g(lp) (5 ( p 1)-S ( P2)) 
(9 a) 

K(q,p), M(q,p), U(q,p) are the imbalance tra ns fer rate coefficients from level q to f1 

by e >..cita ti on, d eexcita tion and radiative decay, respec ti ve ly, 

B.,_q, p )=g(q ,)g(q1) {B(q I• PI) B(q I• p~ B.,_q 2• Pl)+ B.,_q 2' P2) 
g(q ) g( Pt) g( PJ.) g( PJ.) g( PJ.) {10) 

T he im balance in p is d ecreased by the d epopulation processes 

(1 1) 
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J(p) is the imba la nce d es tru ctio n rate coeff icient by ionization, and a'(p), {-J'(p) 

and y'(p) are the imbalance creat ion ra te coefficients by recomb inatio n. Th ese 

ra te coefficients are defined as, 

1 ( ) g(p 1) g(p ~ ( s (p 1) + s (p ~) 
p ~(p ) g(p 1) ~(p ~ 

<.t( P1) <x( P 2)) 
<i( p )=( g( p l) g( p,) (1 2) 

{)'(p), y'(p) a re defined si milarly to (,c'(p). V (p) is the collision al }-chang ing ra te 

coefficient between the fin e-s tru cture sublevels of level p. 
Accord ing to the spiri t of the CR m od el, the time d erivative of the p o pulation 

im bala nce is put eq ual to 0. T his quantity is described , w ith the help of eq.(2), as 

(13) 

W he n the population imbalance is di fferent from zero, the treatmen t 

presented in the preceding subsectio n becomes inad equate, a nd correctio n terms 

a re added to the rig ht hand s ide o f eq .(1 ), 

dd p ) ~ C (q , p)flcn(q)-~ [F ( p,q)nc+ A ( p ,q)]n( p ) 
t q< p q<p 

- ~ C(p,q)n~(p)+ ~ lF (q ,p)nc+ A (q, p ) ln(q) 
p<q p<q 

- S ( p)n~( p) +(a ( p )nc+f3 ( p)+y ( p))ncl'lJic 

+ ~ C '"(q, p )ncll (q}- ~ IF "'( p ,q)nc+A'"( p ,q)ltt ( p) 
q< p q< p 

- ~ C "'( p,q)nctt( p)+ ~ [F "'( q, p)nc+ A "'(q, p) ]tt (q) 
{><Jj p<q 

- S'"( p)Jt( p ) ( 14) 

Tri p le primed te rms are the co rrec tion terms due to the imbaJance o f the 

populatio ns o f o ther excited levels, and the rate coeffi cients are defined as, 

(15) 

T his iterative p rocedure may be repeated fu rther. 
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Ill. ATOMIC PROCESSES 

In this section, a detailed account is g iven of the atomi c da ta e m ployed in o ur 

calculation. VVe use two kinds of nota tions to describe th e levels; n2L refers to a 

level wi th fi ne s tr u cture unresolved, a nd n!2Ll ±1/ 2 refers to the fin e s tructure 

sublevels. 

In our calcula tion code, we use fitt ing for mulae for a to mi c prmuneters a nd 

rate coeffi cients for collis ional p rocesses. T hese fo rmul ae are d escri bed in 

appendi)l. A. 

A. Energy level 

Fi gure 1 s hows th e energy level diag ram of the OVI io n taken as an e \. a rnpl e. 

We co ns id er excited levels as high as n 40. T he levels fo r 11 s 5 a re trea ted 

separate ly according to their ang ular m om entum quantum number, a nd we may 

include the fine s tructure fo r these levels . For the CR m od el w ith fin e s tructure 

unresolved , we d efi ne the level energy by takin g the w eig hted a ve rage of the 

en erg ies of the fin e s tructure sublevels w ith their s tati s ti ca l we ig hts. A ll the 

hig her ly ing levels of ll ~ 6 are trea ted as hydrogenic and the po pul a tions of 

different-/ levels are assumed to be dis tributed according to the ir s ta ti ~ti ca l 

weights; valid ity of these appro>.imatio ns w ill be discussed la ter. 

The ionizatio n poten tia l o f the g round sta te and the trans itio n e nergy from 

the ground s ta te to 2p2P, ;2, 2p2P3/ 2 and 3p2P, /2 a re ta ke n fro m /ha ng e/ al. 141 

and shown in Fi g.2 a gains t the e ffecti ve nuclea r charge Zeff, w hich is the nuclear 

charge z s ubtrac ted by 2. lt is seen tha t the io nizatio n pote ntia l o f these low-lyi ng 

levels has an approx imate ly Zeff2 d ependence, whereas the trans itio n ene rg ies 

from the g round s tate to 2p2Pl /2 and 2p2P3/ 2 have a Zef(11 de pende nce fo r z <.. 15. 

(See A ppe ndix A- 1 and Tabl e A-1.) 

B. Oscillator strength 

A bsorptio n oscilla to r s tre ngth is g iven by Lindgard and N ielsen 15 I, by / hang 

et n/. 141 and in the compila tio n by W iese 16]. We use the d ata by Z hang et al. for 

the trans itio ns fro m the g round state a nd the 2.p2Pl/2,3/2 levels, a nd we use the 

d ata by Lind gard and N ie lsen fo r transiti ons fro m 11 3, 4 a nd 5 levels. Figure '3 

s hows exa mples o f the oscill a to r streng ths fo r trans itio ns 2s2S1 12-2p 2P1 ; 2, -

2p2P3f2, -3p2P1 /2, -3p2P3/2 and 2p2P1 !2-3s2S1 ; 2, 2p2P1f2-3s2S, / 2· A la rge d eviation 

of the 2s2S1; 2-2p2P3; 2 oscillato r s trength from the z-1 d epe nd e nce in the ra nge of 

z > 20 is due to the relativ is ti c effects. (See Fig .2.) T his sugges ts that the 

p opulatio n o f 2p2p1 /2 and 2p2P3; 2 may devia te s ubs tanti ally from the ir s ta tis ti ca l 

weights und er certain conditions . 
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We include an optically forbidden trans ition, 2p2P1 /2-2p2P3/2· (See A ppendi.>. 

A- ll and Table A 2, 3 and 4.) 

C. Excitation cross section 

For transitions 2•)51 12-2p2P1 /2,3/2, 2s2S1 12-3p 2P1 /2,3/2 and 2c;2Sl 2-3s2Sl ;2, there 

are many theoretical, expenmental and semi-empirical cross sec tion data 14,7-121. 

Comprehe nsive data for oxygen to uran1um are g1ven by ? hang et al. 141 who 

treat the fin e s tructure sublevels separately. For trans itions between excited 

levels or between the g round sta te a nd highly e\.cited levels, however, there are 

fe\1\ published data. \'\ e ha\ e calculated cross sect ions fo r \ 1rtually all the 

trans itions among lhe levels from 2s2S112 to 5g2C7/2,9/2 for OVI ion taken as an 

exa mpl e. 1 hese cross sect ion data are referred to as Clark, Abdallah and Csa nak 

(C,A,C), and d etail s of the calculation method is given in 11 31. 

Ftgure 4 (a) and (b) shows excita tion cross sec tion of 225-32P and 22P-325 of 

OVI, rc<; pectivcly (o ptically allowed trans itions). llere the fine-s tructure resolved 

data (141 and C,A,C) ha ve been reduced by eq.(4) to the unresolved data s hown. 

T he results by /hang et al. 141 and C,A,C are in good agreement. In the high 

e nergy range, the hyd rogen ic approximation by Cl ark et al. 1121 for 22S-32P is 

larger by a factor l.'i than the result by .thang et al. and for 22P-325, s maller by a 

factor 2.'i. l hese differences may be att ributed to the oscillator s trength values of 

hyd rogenic 225 32p a nd 22P-325 trans itions which are larger and smal ler than 

those of OV I appro.>.imately by those amounts, respectively. (See Fig.3) 

For other lithium like ions w ith nuclear charge z, we use Zhang's cross 

sect ion data for the transitions from the ground s tate and from 2p2P1 /2,3/2· For 

other tmnsitions among the 11 s: 5 levels, we assume the following scaling 

formula, 

t . 
J:.l\) gcn (16 a) 

w here o(l,ygcn refers to the C,A,C cross section e.>.p ressed tn the threshold units 

Ell tht ., is the screening cons tant given by Mayer 1141 fo r the lower level, and f/ is 

the absorption oscillator stre ngth for ion ::. 

Ftgu re 5 s hows 225_325 cross section (optically forbidden trans ition). All the 

cross sections agree well. For o ther z ions, we scale the data by /hang et al. and by 

C,A,C 111 the s imilar way to the optically allowed transition, 
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-t. 
a(EIE )=-a (E''E) (Z-s) th O'\)gcn 

1 th S-s 
( 16 b) 

For transittons from tl .:;; 5 levels to 11 ~ 6 levels, we scale these exci tation cross 

sections by threshold energies and their absorption osci llator s tre ng ths. For 

transitions betvveen the excited levels whose princtpal quantum number is 11 > 6, 

we assume these to be hydrogenic and choose the semi-empirical cross section by 
Vriens and Smeets 1151. 

Figure 6 (a) and (b) shows 325-32P and 32P-320 e\.citat ion cross sections 
I 

respecti\ ely, taken as examples of the I changing transi tions. Results b\ C,A,C, 

Sampson and Parks [16] and semi-empirica l results by jacobs e1nd Davis [1 71 e1gree 

well. In these figures also g iven is that calculated from the formula d erived b) 

Dickinson [1 8] for Rydberg s tates of neutral carbon and generali.ted by FuJlma [191 

to other transitions. In Fig 6(b), the discontinuity of the data by Dtc"mson­

Fujima at E = 4-5 eV corresponds to the boundary between the non-sudden 

collis ion and sudden collis ion approximations. These low energy regions are 

unimportant in practical s ituations. In view of the good ag reements even for 

these low-lying levels, we decide to use the latter formula for the /-che1nging 

trans itions I -1 + 1 between the leveJs wi th same 11. 

In many cases lithium- like ions are observed as an impurity in, say, a 

tokamak hy drogen plasma. In these cases, the e lec tron tempe rature is too high 

for the /-changing process to be effective. (See Fig.6) Rather, proton or o ther ion 

collis io ns may become dominant. We take these collis ton process into o ur code 

w hen it is appropriate. In th1s case, we bas ically assume the ve locity sca ling for 

electron and ion collis ions. For the case that the collis ion veloci ty v io:; larger 

than the threshold value v th,<.'' the cross section for the ions with z is g iven by 

(17 a) 

where Zcol is the effective nuclear charge of the projectile ion. For the case o f v s 

v th,c, we assum e 

2 V 
a, (v )=Zcol a c (vth,e)x(-) 

vth,c (17 b) 
(See Appendix A-I ll, and Table A-5, 6, 7 and 8.) 

D. Ionization cross section 

Cross section is given by Sampson and eo-workers 120-251 for ionization of 225 

through SZC and by Ku ne [261 for ionization of 225, 22p and 32L levels. H o fmann 
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et a/.[271 measured by a crossed beam technique the ionization cross section from 

the ground state includmg the processes via doubl} and tnpl} e\.ctted levels for 

lithtum-like carbon, nitrogen, and o>..ygen ions. These cross sections are small 

corn pared with the direct tontzation cross section, and we neglect these processes 

in our calculation. We use the hydrogenic approximation by Sampson and eo­

workers, which agree with the semi-empirical cross section by Lotz [28[. For ll :;:: 6 

levels, we use the hydrogemc cross sections by Vriens and Smeets [151. 

E. Recombination processes 

Burgess [291 gives radiative recombination rate coefficient for hydrogenic ions 

and MacLaughlin and l lahn [301 modify the results to non-hydrogenic ions. In 

the case of the lithium like ion, the free-bound oscillator strength of each level is 

rather close to that of hydrogen and we use the calculation by Burgess, which is 

m good agreement with the total radiative recombination rate coefficient 

meas ured by Andcrscn and Bolko. [311. 

Dielectronic recombmatton is an importont process in the high temperature 

region. This process proceeds by two-s tep processes; i.e., electron capture into a 

doubly e\.ci ted level (diclectron ic capture), and a radiative decay which competes 

with autoionization. The electron capture rate coefficient rd is associated with the 

nutoionization probability A a through the detailed balance, 

(18) 

where ll Li(p,nl) is the density of the doubly e>..cited lithium-like ions. Here [ ]E 

means that this equa lity holds in thermodynamic equilibrium; i.e., these 

dens ities are given by the Saha-Boltzmann relationship. Dielectronic 

recombination rate coefficient is given by, 

y(nl)=L rd( p, nl) A ~A 
P r a (19) 

where Ar is the radiative decay probability. We consider 2pnl a nd 3pnl (n :;:: 2) 

levels as the doubly e>..cited levels, and we use the autoionization probability and 

radiative decay probability given by Bely and Dubau [32] for the OV I ion. For 

other z elements, we estimate the autoionization probability and the radiative 

decay probability b} a scaltng [33] from those of 0\'1. (See Append•' A-IV, and 

r able A-9.) 
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The three bod~ recombination rate coefftctent is given from the ionization rate 

coefficient from the pnnctple of detatled balance. 

IV. CALCULATION RESULT AND POPULATION KINETICS 

By the collisional-radiative (CR) model we have calculated populations of 

excited levels of lithium-like ions (o>..ygen and alummum) both for the iont.l'ing 

plasma and the recombining plasma under appropnatc plasma condthons. In 

man} actual s ttuatJOns, e'ctted level populal10ns nre gl\ en b) the tontnng 

plasma component or the recombining plasma component. \\'e therefore 

discuss these components separately. 

A. Ionizing plasma 

We take OVI ion as an e\.ample. Figure 7 shows the "l' dependence of lht• 

population of some of the e'-Ctted le\els. The electron temperature rl. is 

assumed to be 50e\ ' (E>=1.4e \ , &- ll./( ... -2)2 is the reduced temperature,\'\ here 1s 

the nuclear charge.); this Te corresponds to that of tokamak plasmas \'here tlw 

OVI ions in this IOnization s tage t~re present predomtnantl}. Fffect of proton 

collisions are included, where the ion temperature is assumed to be equal to I('· 

In the low density region of Ill' < 1020m-3 ('7 < 1Ql'lm 1; 17 1s the reduced or 

equivalent dens ity for neutral tsoelectronic species and 1c; dcfmed ac; '1 Ill'/(- -

2)7), the populations of low-lying e'-Ctted levels "'ith 11 "'· 10 arc proporttonal to 

He; these levels are in the corona phase as e>..plained later, and the magnitude of 

the populations of the s, p, d,. .. levels per unit statistical weight 1s in the order~, 

p, d,. .. for the 11 3, 4 and 5 levels. r:or higher lying e'\cited levels wtth 11 • 10, 

deviation from the linear relation has already taken place. In the rcg1on of 

1021m -3 < nl. < 1025m-3 (10l6m-3 < 11 < 1020rn-3), a deviation from the lmcur 

relation occurs for the low-lying levels. At the same time, the populalions 111 the 

different-/ levels tend to be proportiOnal to their s tatJsttcal wetghts. This is 

because the colhsional transitions between neighbonng exc1ted levels havtng 

different-/ and same ll become subs tantial compared V'.tth the radt<~tt\ c 

transitions. In the high density regton, He > 1025rn -3 (17 -> 1020rn-3), all the 

populations reach the high density limi t values. 

We examine the He-dependent popu lations shown in Hg.7 in more detail. 

We take 42P level as an example. f<igure 8 (a) and (b) shows the magnitude of 

population flows into and out of the 42P level. For convemence, the populalton 

flow has been divided by electron densi ty, and the values at the high dcns tty 

limit is given by numbers. In the IOV'. density region, the dominant flow mto 

this level is the direct excitation from the ground state 225, and a contribution 
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from cascade from higher-lying levels is about 20";). This value ts typical for low 

dens1t} 10n171ng plasmas and Appendix B discusses this characteristic. The 

dom1nant flow out of 42p is the radiative decay, 80"n of which IS the transition to 

the ground state. This is consistent with the hnear relattonsh1p tn Fig.7 in this 

reg1on and the nomenclature of the corona phase. At about llc = 1021 m-3 the 

contribution from the excitation from 22p begins to be substantial. At the same 

t1mc, the I changing transitions become substantial. These additional 

contribution-:; resul t m the shght upward deviation of the population from the 

linear relatton m F1g.?. In He> I021m-3, the population of the 22P level becomes 

<llmosl equt~l to or even larger than that of the 225 stt~lc. (Remember that the 

popul<llion 111 Gig.7 has been divided by the s tatis tical weight; R(22S) = 2, g(22P) 

6.) The population flow fTom 22p into 42p becomes larger than that from the 

ground state 22S. In such a situation, the 225 and the 22P levels altogether may be 

rcgnrded ns the ground level. 

1 n the h1ghcr dens1 ty region 11 (' > 1021 m -3, the dominant flows both into and 

out of 42p arc I changing collisions 425 ++ 42p and 42p ++ 420.. lt might be 

nssumed thnt, at the high density limtt, the populattons of 425, 42P, 420 and 42F 

arc in thermodynamic equilibrium, or almost equivalently determined by their 

stn ti s llcal we1ghts. \1\e look at Figure 8 (a) and (b) carefully; the population flow 

frorTl 42~ to 42p IS larger than the inverse flow by 4ao and the flow from 42P to 

421) is larger than the inverse flow by 3%. This means that there exists a smal l 

but c.;ubc, tant1al net 'upward ' flow of 425 => 42p :::;> 420 :::;> 42F. This may be called 

the gencraliLcd ladder-like excitation-ionization established among the different­

/ levels in the snme 11. Figure 8 shows that the magnitude of the population 

flows of 11 3- 11 4 and ll = 4- 11 = 5 is about one order of magnitude smaller 

than the ind ividunl/-changing flow, but is larger than the net /-changing flow or 

the generali;cd ladder-like excitation-ionization flow. Strictly speaking, 

therefore, these d ifferent-L levels would never be in thermal equilibrium each 

other. hgure 9 shows the population distribution at the high density limit or He 

102bm 1. Abscissa is the effective principal quantum number p* of the levels in 

a loganthm1c scale. Ordinate is the normalized population coefficient q(p) 

"'h1ch is relnted to the population coefficient as, 

R 1(p}g(l) ( £(p)) 
r I{ p) C'\p --

!!. ( p) k T e (20) 

where r (p) is the energy of level p measured from the ground state. In the case 

of the ground s tate 225, n(225) is put equal to 1. If thermal equilibrium were 

20-

estabhshed among a group of le\els, tt(p) for these levels \\.Ould be equal. On the 

contra f), for 11 2, 3, 4 and 5 le\ e ls, the d1fferent-/ levels are not in thermal 

equilibrium. In the stud) for h~ drogen or h) drogen ltke 1ons, it is assumed that, 

at high density, the collisiOnal/-changmg rate coeff1c1ents are sufficient!) larger 

than those of the 611 ~ 0 transitions and the population of d1fferent-l levels "~ 1th 

snme 11 are populated according to the1r stallsltcttl \H'Ights. Sampson [341 suggests 

that the cntical electron density for the stattshcal d1stnbut10n 1s determined from 

the comparison between the smallest coliiSionnl /-changmg rate and the largest 

radiative decay rate. ln the present case of the 11 = 4 levels, the smallest 

collisional/-changing rate coefficient for proton collisiOns I'> for 42S-~2p and is 

1Q-13m3sec-1 for 50eV. The largest spontnneous transition rate for 22p- 42[) is 

2.9x1Q10sec-1. The critical density is about '' l' 3xJ023m 3. l'h1s appears consistent 

with the result shown in Fig.?, but, as we have seen, the s tati s tical populatton 

d1stribution has not been established. So the question is open for hydrogen or 

hydrogen-like ions, whether thermal equillbnum IS actually es tabll s hed or not 

under lhe high density conditions. 

Figure 9 shows that r1(p) has a monoto111c p dependence and is gtven 

appro\.imately by, 

rt(p):x:p"'-6 ( 21) 

s tarting from r, (225) = 1. (In this paragraph, p is unders tood to denote the 

principal quantum number.) The p*-6 dependence wns first shown theoretically 

for neutral hydrogen [1, 35], and verified e~perimentnlly for neutral argon 1361 
and for helium 137!. This dependence is the res ult of establishment of the ladder 

like excitation ionization process with the appro~imate relationship of the 

e\.citation rate coefficients C(p,p+1) oc p 4. lt IS interes ting to find here a similar 

relation also in the case of a highly charged ion. The s light failure of eq.(21) 

between 1z - 2 and 11 = 3 is the result of the failure of the above approximation of 

the excitation rate coefficients. As has been noted, a generalized ladder-l ike 

mechanism is established among the different-/ levels. These populations show 

a s lope intermediate between eq.(21) and thermodynamic equilibrium. It is also 

noted that the fine-structure components of 22P1 /2 and 22P112 are not in thermal 

equilibrium, that is; 11 (22P3;2)/ g(22P1t2) < 11 (22Pt f2)/ R(22P1 /2). 

The relationship expressed by eq.(21) suggests the method of estimating the 

excited-level populations in high density plasmas; i.e. if we know the ground 

s tate density n(22S) or a low-lying level population, we can derive approximate 

populations of the high-lying excited levels from eq.(21). 
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In Fig.?, the populatio n of 22p shovvs a s light mnximum hump nt about 11 c 

1 o23m -J. The reason is as follows; in the rnnge of n t' < l o23m -3, in the population 

flow into the 22p leve l, the cascade con tribution from 320 is su bs tantial (15%) 

besides the collis 1o nal excitatiOn fronl the g round state. As the e lectro n dens ity 

become h igher than ]()24m-3, the YD populntion satu r(lt es (F ig.?). I he relative 

cascade contributio n fro m Y.o d ecreases, resultmg in a decrease in the 22P 

population Finally the 22p leve l population becomes to be determined only by 

the collls lo nal processes, 225- 22P _. 320. 

\\ e n1a} apply our collisional radiative model calcu lation to actual plasmas. 

VVe take a tokamak plasma, whtch is (I ty pical example of the ionizing plasma 

considered here. Fig ure 10 shows the photon emission rntio of trans itions 22S­

J2p to 22p.325 and that of 22p.320 to 22P-32S of CJV, NV and OVI ions against 

electron temperature We assume elec tron densi ty of 1019m-3, which is the 

typical va lue for a tokamak plasma where these ions are present. In such a lo"" 

d ens1ty plasmu, as sho"" n m Fig.?, there is no s igniftcant density effect on the 11 · 

3 level populations. In Fig. IO, two c;e ts of res ults of calculation are s hown. They 

arc based o n the two different cross section data for 225 32P, as s hown in Fig.4(a). 

'\ s1 milar calculation result by 7astrow et a/.[381 IS also g iven. They treat the 

ind1v1duill/ levels for 11 < S, and neg lect levels with 11 -:. 6. Our resu Its based on 

the C,A,C calcu latio n agree w ith those by Zas trow et al. The s light difference 

between the two calcu lations would be explained as due to the cascade 

contributio n from the 11 ~ 6 le\els which is neglected 1n /astrow et al. 

B. Recombining plasma 

We take A IXI ion as nn example and Tc is assumed to be 30eV (6> 0.25eV). We 

include the ion collis ions . \Ye assume that the nverage charge of aluminum 

ions is 10 and 1ts dens ity IS 10% of the electron dens ity . The ne-dependence of the 

populallons of the 1l 3, 4 and 5 level s are shown 1n Fig.ll. We again take the 

42p level ns an example and show in Ftg.12(a) and (b) the n e-dependence of the 

amount of population flows divided by electron dens ity into and ou t of the 42p 

level. In the Jo·w dcns it\ region than " l' = 1020m 3 ( 17 < 1013m 3), the excited 

levels shown m Fig.ll are in the capture-radiative-cascade phase, in which they 

are populated predommantly by the direct radiative recombination plus cascade 

and depopulated through the radiative decay. lt may be interesting to remember 

that, in the case of hydrogen, the contributions from the direct recombination 

and the cascade are appro\imately 2: 1.111 As Fig.ll shows, the 1125 level has the 

largest population per unit s tati s tical weight among the different-/ levels for 11 -

3, 4 and 5. A t this temperature, the radiative recombtnation rate coefficient into 
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the s, p and d levels are appro\tmately proportion(() to thei r s tati s ti ca l w eig hts 

(that for the s is slightly small('r) and those for f and esp('Cially R are rnuch 

smaller. The 11
2S level has the small est deca\ probabilil), resulting in the largest 

population. In llth1um-l i~e 10ns the ,20 le\el has the Jnrgest radiati\e d eca) 

probability among the same 11 levels and the dominant trans itio n IS 22p - 1120 for 

the 11 .c;;; 5 levels. This results tn the smallest populatio n per unit s tatis ti ca l 

weight of ,20 a m o ng the same 11 levels fo r 11 1, 4 and S. In the intermed1ate 

d ensi ty regio n I02 1m 3< Ill' <.. J02"im -3(1014m J< 17 < lOlHm J), the po pulnt1ons of 

the levels \'\~ith same 11 converge with each o ther b) the I changmg col11s1ons, 

and the) approach the high d ens1 t\ ltmit, aluec; 

In the high dens1ty limit, there is a different chnracteris t1 c from the IOili/Jng 

plas ma case; as seen in Fig.12 the "net" upward o r downwnrd flo\1\ in 425 ++ 42p 

- 420, IS less than 0.1 O.C of the ind1vidual fl m\. Thts is cons ts tent \\ ith the near 

Boltzmann distnbutJo n of these levels as shm' n m F1g.9: the same s lope of these 

populations to the Saha-Boltzmc:mn distribution. Similar fL'ature 1s seen 111 42p 

++ 11 ::? Slevels. (O.SCJ;I is the net flow.) For 42r - 11 2 and 3, however, the 'net ' 

d ownward population fl ow IS substantial. This s ugge<; t<; that therm<~l 

equiltbrium would be established for the 11 2! 4 levels but not\\ 1lh the 11 2 .1nd J 

levels. This is actually the case as seen in Fig.9. 

The overall population distribution in F1g.9 IS lllterpretl' d m the follm' mg 

We introduce By ro n's boundary in high dens ity plas ma ll , 191; thi s g i' l'S thl' 

boundary between the lev('ls in L TE and those for "'' h1ch the ladd l' rll "-e 

dee:\.citation m echanism is established. This bou ndary is gtven appro\lmatel\ b, 

,., l t:! 

* (;:: - 2)-R 
\' 

PB = ( 3kT - ) 
- c ( 22) 

where Ry is one Rydberg (13.6eV) and kTe is the temperature in eV. (In this 

paragraph, we use "p" for principal quantum number.) For levels ly ing above 

this with principal quantum number p, the colllsional exc1tallon to the I' i 1 

level is more frequent than deexe~tation to the p -1 le\ el and fo r le\ els belo"" 

that, the relation is reversed. Under th1s plasma conditions, PB• e 4.2. I he 

population dis tribution in the ladderlike d('excitation mechanism has been 

s hown for hy drogen to be given approximately by n (p)/g(p) z p -6. Th is is based 

on the charactenstics of the dee\.Citation rate coefficient si milar to that for the 

excitation rate coefficient menttoned earlier. Appendix C show s that in hg.9 the 

curve representing lhe Sahn-Bolt7mann dis tribution (S-B) has s lope -6 at p' -
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ps·. The overall population distribution is therefore given by the curve S-B for 

p· "> PB • and by its Jmear e)l. trapo latlon for p' s. PB • with s lope -6. In Fig. 9, 

populations of the leve ls 11 3 are \.Veil apprO\.IInated by thts stmple relatto nshtp. 

·r he gross devtatwn of 11 (22P) from this line IS the result of the failure of the 

approximation for the deexcitation rate coefficients from this level, F(22P, 225). 

\\ e note one thmg; F1gu re 12 (a) shows that m the lo"' densit} reglOn, the 

d ommant dtrect recombmation process is radtatlve recombmation. In the high 

d e ns ity region the contribution from three-body recombination becomes much 

larger than that from the radiative recombination. In such a high d ensi ty region, 

however, collss1onal excttntton and d eexcitahon processes between excited le\ els 

become dominant. It is concluded that the three-body recombination can never 

be the dominant mechanism for low lying levels. Dielectronic recombination 

process is ms tg nsficant 111 the present low temperature regi on. 

A n important applicatiOn of the recombimng plasma is the >..-ray laser of the 

recornbining plas ma scheme. Figure 11 shows that in the dens ity region of 11 <' -5. 

2x 1 o2Sm -1, the population m version is established betwee n the 32-P and 320 

levels and 11 - 4 or S levels . Vve assume that the spec tral broadening is 

detcrnllned by thermal Doppler broadening and the helium- like aluminum ion 

den '> sty is l011'r, o f electron dens ity. We define the absolute ampl ification gain as, 

0 l 
gat n = ( 8 :n: c ) 

(23) 

where p and q are the upper and lower excited levels, respectively, M 100 and )... 

arc the mass of the ion and the wavelength of the trans ition line, respectively. 

\ Ve resolve the levels into the fine s tructure components and assume the L-S 

cou pltng sc heme for the trans ition probabilities of the component lines. 

lly perfine s tructure (nuclear spin of aluminum is I = 5/2) is neglected. We take 

the s tro ngest line among the fine s tructure component levels in our calculation 

of the gain. 

Figure 13 shows the llt·· dependence of the gain for 320-42f, -52F, -42P, -SlP, 32p. 

42r>, t:;20, -.. t.2S and 32P-S2S lines of AIXI ion. Although population inversion is 

reals.ted beh...,een many pairs of levels, their amplification gain for many of them 

is very s mall. Only the two trans itions 320-42f and 32P-420 show substantial 

gatn at about 11t' 1025m-3. Caril lon et al. 1401 measured the gain in a laser 

produced alummum plasma. The} found that four trans itions 32D-42f, -52f, 32p. 

42[) and -52[) had s igmftcant gain; gains of the 32D-S2F, 32p-420 and 32P-s20 

2-~-

trans itions were about equal and the gain of the 32[).42F trans ttlon was about as 

twice as lnrger than those of the o ther three transitions. 

Our res ults of the ga m of 32n -42F and 32P--t2D nre smaller thnn those of the 

ex.penme ntal result 1401 b} a fac tor of 2, and the gam of ?,2p.t:;2[) and 320-s2J are 

more than 10 times smaller t 1hnn those of the experiment. The calculation by 

Klisnick cl a/.12, 4ll ts in accordance"" 1th ou r result. If\\ e assume the calculated 

populatio ns for the 11 3 levels, tn order for our calculated ga1 n to be con<>1stent 

with experiment the 420 population should be larger by 20°n and the 520 and 52r 

populations by an o rd er. As s hown in f' 1g.ll together \'vith Ftg. 9, under the 

experime ntal condst10ns, the 11 Slevels are almost sn l fE, and the 11 4 levels 

are close to that. 1he refore, the larger populations, especially, 111 the 11 5 levels 

are unlike ly. Our failure of reproducing e\periment nHI) be related with our 

neglect of the ex.citatwn and dee\citation processes \'\ h 1ch nn o h c doubly e\csted 

s tates and are predtcted to play an important role tn high dcnssty plas ma 1421. 

The ll 3 level populations might be decreased by these processes. We will 

investigate this posstbility in near future. 

C Ionization balance 

In lithium-like ions, the 11 1 orbitals are filled and the ground s tate se; 225. 

This makes the system of the lithsum-like 10n energetically "shullow" compured 

with hydrogen or helium-like ions. For example, both the lithium-like ox.ygen 

(OVI) and the hydrogen-li ke carbon (CVI) ions have the effective nuclear charge 

Zcff = 6, but the ionization potentials of these 10ns are 1 '38eV and 489e\, 

res pectively, nearly about a fac tor of 4 dtfference. fhis makes the sontzutton 

balance characteristics of lithium- like ions subs tantially different from those of 

hydrogen or helium like ions. Ionization balance is defined as 

(24) 

where the effective ionization and recombmation rate coeffiCient Sl'ff and ut·ff Me 

defined in eq.(3). The temperature at wh1ch eq.(24) leads to ILHt· 11 Lt ts ca lled the 

"optimum temperature" Tm or E>rs. Figure 14 shows the z-dependence of the 

optimum temperature for low density of '1 = 1014m 3 and the correspondtng 

temperature for hydrogenic ions 111. The optimum temperature for lithtu m ltke 

ions is about a factor 5 lower compared with hydrogenic ions. 

It has been shown that, for hydrogen atom and hydrogenic-ions in low dens ity 

plasma, the recombinmg p lasma component in eq.(2) is of the o rder of 0.1 of that 

of the ionizing plasma component, independent of temperature Ill. 
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\'\ e now discuss the relative contributions for the lithium-like 10ns. \\'e limit 

our dtscussion to the low-densit) ltmit and to the high temperature case, but low 

enough in w hich dielectronic recombinat ion can be neglected. Equation (24) 

reduces to 

(25) 

T he population ratio bet\1\een the ionumg and recombining plasma component 

b appro"'imately g1ven by 

nllc {3( p) S (22S ) ~~ ( p) 

n c c22s fJ) 2. !Hp) C (2
2
5, p) 

11 ' p 
.., ? s (2-s ) c (2 s ,3) {~ ( p) 

C(22S ,3) C(2 2S,p) L{Hp ) 
p 

(26) 

where "3" means the principal quantum number. In eq.(26), in the case of the 

OVI 1ons, 5(225)/ C(22S,3) = 0.2 for Te 50eV. The last factor may be approximated 

to {'J(p)/2.{-J(p) ""p -3J0.2. C(22S,3)/C(22<;,p) 1s appro>.imated to 3.'1 x 3-3Jp -3 for 

h1gh- ly ing le'\.els (11 ~ 7). The population ratio would be about 3.5 x 3-3 (=0.13) for 

these levels. 
Figure 15 shows the calculated population ratios in ionization balance. 11 e is 

assumed to be 1013m -1. In the case of OVJ (e 1.4eV), the ratio is 11Hclnu=49. It 

1s concluded that, for the condition of 11 Ht.fn Lt <10 (i.e., the ionizing plasma), the 

tonl7ing plasmn component in eq.(2) predominates over the recombining 

plasma component by more than a factor 10 for all the e\.cited levels. For 

recombtning plas ma of 11 Hc/ll u>Sx10S, the s ituation is reversed . For ionization 

balnnce plasma in the high density limit, it has been shown Ill that, in eq. (2), both 

the components together constitute the LTE population (the Saha-Boltzmann 

dis tribution agains t 11 He and the Boltzmann distribution agains t 11 Li, in the 

present case). Figure 9 shows the relative contribution from the ionizing p lasma 

component, 1.e., IJ(JI), and that from the recombining plasma component, r o(p), 

1s g i\ en by 11-q (J') L where ro(p) is defined as 

,. ( p)- '2g 1 k R o< p) [ h :! ]-~:! c\p ( _ X ( p) ) 
0 g ( p) '2n.mkTe k T c (27) 
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""here 8Hl· and X(J' ) IS the statistic<~! weight of the ground s tate of helium-like 

ions and the ionization potentiill of the level p, respec tive lv lt 1s s tra1ghtfon\ ard 

to estimate for plasmas out of IOnization billilnce the reliltiV<.' milg nitude of both 
the contributions. 

Figure 15 con tains the ratio s fo r low temperature (A I'<I J'l. 30eV, e 0.2'1eV). 

The ratio is 11 ~h·/11 L1 2.5x10-6. Even for recombinmg plasmil of 111 kill L1>25x 10 
0, the ionl/mg plasma component tends to pers ist espec1<llh for lm' - I} ing le\ cls. 

For a s trong I} recombining plasma with 11 He-=-11 u, for e>.amplc, the population 

IZ(22P) is s till determined by the iontnng plasma component ilS given in h g.7. 

For ionization balance plasma in the h1g h-densi ty limtt, "'here the relation 

ro(p )+r1 (p) 1 holds, a s imilar argument to the above indic<~tt•s th<ll, in F1g.9, the 

population of the recombining plasma component with respect to the curvl' "S 

B" gives the relative contribution frorn the recombining plasma component and 

that from the 10n17ing plasma component corresponds to the d1fference bel\' et•n 

the curve and the recombining plasma populatton. 

D. The population itmbalance in the fine structure sublevels 

We assume the ionizing plas ma with the reduced tempernture e 1eV nnd 

the reduced electron density 'li s from 1014m-3 to 1020rn 1. Figure 16 s hows the 

degree of the population imbalance between the ftne structure s ubl evels of 

2p2P1/2,3/2 and 3p2Pl/2,3/2· T he ordmate ts the imbalance normalt7cd to 1 I, 

u(p)/((l)]+-a'2.). 1 he abscissa is nuclea r ::. '\large imbalnnce de\ c lops bet\\ een thl' 

2p2P1/2,3/2 le\ els for large nucl ear charge (.:: > 20). Th1c; t ~ rna111l} due to lhl' 

difference in the radiative dec.ay probabilities from the 2p2PI/2,.1/2 levels. In th L' 

high electron dens ity regions, the imbnlance disappears; lhts ts becnuse of lh l' 

collisional depopulation to the 2"2.S1 /2 level. I lowev<.'r, <1 small imbnlnnn• 

remains even for s mall z. T he 3p2Pl/2,1/2 levels show very s mall imbalancl' 

throughout the electron dens ity reg ion for z s 40. 

V. COMPARISON WITH EXPERIMENTS 

Several plasma experiments have been reported wh1ch arc relevant to thl' 

present calculation. 

Datla and Kunze 143] measured s pectral line intens ities from OV I and NV to ns 

in a theta pinch plasma and deduced the relative effective e>.citation rate 

coefficient for several levels. In th1s expenment, they rega rd the s um of the 

populations of the ground state and the 22P level as the lithium like ion dens1l}. 

The population ratio f~ = n(22P)/1Z(22S) wh1ch they use is calculated by Sampson 
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to be 0.88 for '\)\ 1o ns and 0.58 for 0\t I ions. They present the effective rate 

coefficients Xcff accord1ng to 

n( p) L A ( p,q) 
q<p 

(28) 

and it was no rma1 11ed br the effectn e excitat io n rate coeffi cient of 325. Table 

J(a) reproduces the result. In thi s table, proton collisions are included in our 

calculation. The1r plasmas for t\JV and OV I 10 ns happen to have nearl y the same 

reduced temperature and the identical red uced dens ity. As seen from Fig.?, at 

th 1s density, these levels, especially 11 5 levels, are not in the corona phase. 

Rather, the "d ens 1ty effect" is subs tantial. However, the dens ity effect is minimal 

for 32c; (See the last three columns in 1 able l(a); for explanat1on see later) and its 

excita tio n cross sec tiOn has ltttle uncertainties. lt IS judged that the choice of this 

Jc,el as the deno minator for comparison is suitable. By usmg eq.(28) we 

rcmterpret the result and retrieve the population ratio. Figure 17 shows the 

"experimental " relative populations of e>..cited levels of OVI and NV 1ons and 

the calculated ones as function s of the reduced density. The curves for OVI are 

nothing but a different plot of Fig.?. Uncertainty of the experiment is claimed to 

be about 50( c• for OVI and for n = 5 level s of NV ions and 30°( for o ther levels of 

Nv 1ons. O ur results agree with the experimental results within the 

e\.perimental uncertainties except for 320 of OVI ion; fo r this level the 

e\.perimental population is s maller by a factor 1.9. The e>..perimental population 

divided by its s tatis tical weight is even s maller than that of 425 by a factor 1.5. For 

NV 1ons, discrepancy IS the same direction but its magnitude is smaller. For 32P 

and 42P, the e\.perimental results are larger than our results in the case of NV 

1o ns and s maller 111 the case of OVI. 

Collis ional depo pulation processes from the e>..eited levels are ignored by Datla 

ilnd KunLe, as seen tn eq.(28). The same is true for populating process e::\cept 

fro m 22P. In Table I (a), the last three columns show the contributions to the 

population flow into the excited levels from the ground state, the 22P level and 

the same 11 levels, i.e. the three dominant contributions, calculated under the 

experimental plasma conditions. The relative contribution from the /-changing 

processes to the population flow into an exc1ted level is appro\.imately equal to 

that to the depopulatiOn Ao\\ out of th1s level in this electron dens ity region. It 

111«\ thus be concluded that collisional depopulation is subs tantial in the 

c\.penmentnl conditions, especially for higher-lying levels, and that eq.(28), with 
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its neglect of coll isional population and depopulation flm~ s from and to o th er 

levels than 22.S and 22P levels. is inappropriate for a d efimt1on o f the e\.citation 
rate coeffic1ent. 

In order fo r o ur calculated 320 population of OVI ions to be consistent '"' 1lh 

the e>..periment 1431, the /-changing erose; sec tion, Fig 6(b ) should be decreased by 

at leas t by o ne o rd er. 1t may be Interesting to note that1f the cxpe nmental 11l. for 

OV I \~ere reduced by a factor 2 or 3, the e\.pe rimental populatiOn would be m 

almost comple te agreement'" 1th the calculation except for levels 425 and 52P. 

Ionization rate coefficient of liHuum-IJke 1o ns are m easured b} "un7e 1441, 

Jones et.al. I4S, 461, Rowan and Roberts 1471, Hinno\ 1481 .1nd Datla and Roberts 

149] in theta pinch plasmas. These results are summanz ed 111 1 able 1 (b), and are 

compared with the effective ionizatio n rate coefficients Sdr e\.pressed by eq.(1), 

which include the indirect ionization through the exc1ted levels (the ladder like 

process [ 1 D as explicitly shown m Table 1 (b). Proto n col1Js1ons are included 111 

our calculation. 1 able 1 (b) shows that the e\.perimental results of [46[ and [491 <~re 

in agreement w1th our cakulat1on "'1thin the expenmental uncertmnl1es. 

References 147] and [481 for O'VI 10ns g1ve larger values, while [471 for t\JV agree 

with our calculation. References 1441 and [45] give smaller va lues; especially [441, 

although with large uncertainty of a factor 2, gives cons istently smaller values 

for C IV, NV and OVI ions. Figure 18 summarizes the compnnson for OVI. lt 1s 

noted that the experimental iomzat10n rate coefficient of l44lls small er than the 

low dens it} lim1t value, or the· direct 10n1.wtion rate coeffiCil'nt. 

There are few e\.periments available for companson of the reco mb111ilt10n 

processes. Datla and Kunze [43 1 report the effective recombination rillt> 

coefficients <Xt'f((p) for the 11 - 4 and 5 e>..cited levels in a theta pinch plas ma for 

OYl and NV ions. The electron dens ity of their experiment, (nt' 2.5x I Q22m 1 

(17=0.9x1Q17m 3) for OVI and 17 t• . J.Ox1Q22m-3 (17 1.4xi 017m 1) for '\1\t), 

corresponds in Fig.l1 approximately to He 2-3x1024m -3 1n terms o f 17. Th1s range 

of llc is in the transition region between the intermediate and h1gh dens1ty 

regions, and the picture that the population of an ind1v1dunl level 1s d eterrnmed 

by the balance between recombination and radiative and collis10nal decay is 

clearly inappropriate. Rather, as shown in Fig."l1 the level c, with 11 4 are almos t 

s tatistically populated; this is the case even in the absence of proton collis1ons. 

\Ne derive the "experimental" populations from their <:et'(((/') values, where the 

helium-like ion dens ity 11 He- 1m 3 is assumed for convemcnce of presentation. 

\Ve compare in Fig.19 the experimental and theoretical populations (proton 

collisions are included) in the Boltzmann plot. The discrepancies between our 

results and experiment are about two orders of magnitude. lt may be unrealis tic 
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to try to bring our calculation into agreement with the e\.periment by 

introducing an additional recombination process, because these le\ els, especiall} 

11 5 are Cllmost in LTF with respect to the hehum-like ions. 

VI. VALIDITY RANGE AND UNCERTAINTIES 

A. Atomic data 

'I he uncertainty in the level energy calculated by ?hang et a/.141 is cla1med to 

be less than 1%. The uncertatntv due to the fitting formula (eqs. (A 1-3)) adopted 

tn th1s study IS less than 0.5 ~; 

The uncertmnty 1n the absorption osci llator strength data by l'hang et al-141 is 

nbout 1 1/(' and that b\ l indgard and Nielsen l5lts about 1 1(f for z ~ 18, and within 

I 011c for"- ::::: 20. 1 he uncertatnt} due to the f1tting formula (eqs. (A4-8)) is less 

than 5%. The resulting uncertainty in the A coefficient for the transitions into 11 

3, 4 nnd 5 levels ts 1 0~'1 tn the case of high z ions. The irregularities of the 

2~2St t z-2p2Pt/2,3/2 absorptwn oscillator strengths at z 21 seen in Fig.3 and th<lt 

of energies 1n Fig.2 nre ignored in our code. 

The results of \ artous calculationc; e'\cept the h} drogenic approximation 14,8 

11 and 131 for exc1tation cross sect ion of OV I are in good agreement for all the 

transitions e>.cept for 225-32P.(See Ftgs.4-5) For this transition, the cross section 

by Mann IS larger than those by C,A,C and /hang et al. by a factor 2 near the 

threshold. (Fig.4(a)) 

B. Validity of eq.(2) 

In eqs.( I) and (2), we hnve assumed that production of excited ions directly 

from the beryllium ltke ions IS ins1gnificant; that is, its flow is less than, say, 10°; 

of the contributions given 1n the right hand side of eq.(1 ). We take OVT as an 

e\.atnple. In the low density region (lJ .,:; JQ13m-3), where the excited level 

populations of bef) llium-ltke ion arc low, the ionization-excitation process from 

2s2 1 S to 112£ is cons1dered; the ratio of the rate coefficients to those for 2s25 to ll2L 

is estimated to be of the order of 1 Q-5. Thus, a conservative estimate leads to a 

condition ''Be/IZL1 ' J02-1Q-1. ln the region of 1Q13m-3<lJ< ]Ql8m-3, the ratio of 

the metnstable 2s2p3P population to the ground-state population is 0.3 [SOl. From 

the comparison of ionization of 2..:.2p 1p creating 22p and excitation 225 22P, it is 

co nclud ed that 11 Bl·/11 L1 < 20 should be satisfted. In the high density limit (17 

t018m-3t the ladder like excitation ionization mechanism through the 2snl and 

2p11l I) dberg states may create the 225 and 22P ions, respectively. The ratto of the 

production rate of 22p to that of 225 is estimated to be 0.9. (In eq.(1) we have 
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assumed this to be Iero.) In the e\treme case that on ly the 22p 10ns were created 

all the populatwns m Fig.7 and 111 Ftg.9 e\cept for 11 (225) would be shifted b\ 20' 
0 

upward and SL'ff 1n f1g.l8 \~ oul d increase by 10%. 

C. Assumption of hydrogenic approximation 

and statistkal distribution for 11 ~ 6 levels 

\\'e assume the h\'drogen1c approx1n1ahon for the 11 > 6 levels \s the nuclear 

: becomes large, quantum deft~cts of exCited levels become smc.1ll. For llth1um 

like ions with z ~ 6, the qunntu m defects of the 11 ~ 6 leveb are smaller than 0.05, 
and th1s appro\imat10n mtl} be;• JUstified . 

l·or the levels \\ ith ll ? 6, we assume that all the different I levels arc 

populnted according to their statistica l \-\eights \s we show in Figs.7 and 11, 111 
the low densit} regton, the population<> of the d1fferent-/ levels for 11 1, 4 c1nd 5 

largely deviate from the statistical distributions. A similar deviation 1s e\pected 

for the 11 ~ 6 levels in the concsponding dens1ty regions. For the purpose of 

estim<lting errors in the populattons of the lo\~ - l}ing le\els c<tused from our 

assumption for the 11 • .,. 6 levels, we compure the results of a calculi.l ti on in "h1ch 

the 11 - 5 levels are assumed to be stattst1callv populated For ion1/1ng pl<1srnn of 

low density, this population 1c;. close to that of r::;2p in hg.7. In th1s case, the 42p 

population is smaller by 10% and the 42[ population, wh1ch is nffected mo ... t, i<> 

larger by 201 1. 1 hese changes are due to the lo"~ er r::;2c; populi.lllon and the 

enhanced s2C population, respectively, in th ic; ea lcu I at 10n. In recomb1n1 ng 

plasma, the sta tisticn l populati•on is cloc.e to r::;2c 111 Fig. I I. rhe discrcpanC\ of the 

42F population, ""h1ch is affected most, is smaller (2%), bccauc;e the 52C 
popul<ltion does not change ~)ubstantinlly between the t""o calculntionc;. The 

populations of the 11 - 3 and 2 levels are little affected for both the 10nl/1ng <1nd 

recombining plasm as. J udgin:g from the abo\ e observnt10ns, \H' may conclude 

that, in our present model, the 11 S levels are, in low dens1ty reg1ons, 

O\-erpopulated at most by 201
'c for 52C 111 the 1onizing piJsma and rea~onJbly 

accurate in the recombtning plnsma. The popuiClt1ons of the 11 4, 1 and 2 levels 

are little affected by ou r assumption. Our nssumption would be substan tintt•d in 

the htgh density region ""here the /-changing colltsions nre frequent enough for 

the 11 6 levels. The critical density \o\Ould be given from comparison of the 

radiative decay rate and the /-.changing coll isional rate of 620. In the case that 

proton collts1ons are neglected, the cnt1ca l denstty IS Ill' ~ '5x 1 022m 3 for the 

condition of Fig.7 and in the case that proton coll isions are included, the cnt1cal 

density is ne .. 1xJQ2lm-3. 
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APPENDIX A. THE ATOMIC PARAMETERS AND RATE COEFFICIENTS 

IN THE CR MODEL 

In this append1x, the fitting formulae of the atomic parameters wh1ch are used 

in ou r collisional-radiativc model are shown. 

A-1. Energy level 

The ionization potential for ion z is e>.pressed as 

., ., ~ ~ 

E (2 ~· ) (c\) 2 ()0910 x (:.-2) +3.39121 x (.::-2)- + 1.94126 x 10 x (.:::-2) 

tm •.. n:S: ~ ')() (Al) 

The energy of the excited levels are given by [4[ and [5[. The fitting formula for 

the energy of the 11/ levels (n-;;5) measured from the ionization limit of the ion z 

is c\pressed by the polynomial, 

,J., k 
E (11., I ) (c\ ) = 2.. c~.. X (z -2) 

J.. I (A2) 
I he f1tting parameters C(s are listed in Table A-1. (See also Fig.2) 

For the 11 ~6 levels, we assume the hydrogenic appro>.imation, i.e., the energy 

levels measured from the ionization limit are described as 

., 
(z -2)-Ry 

E (n ) = 
n 

where the Ry IS one Rydberg. 

A-11. Absorption oscillator strength 

1. 1\n..eO transitions 

J he absorption oscillator strength is given by [4-6[. 

The value between the levels with 11~5 for ion z are described by 

. . c.:., . ( . 0.~ .f (1 , j ) = ( 1 + - _ + ( 1 XC.\p - ( 4 X(.::: -2) ) 
(: -2) 

and the fitt1ng parameters Ck's are lis ted in Table A-2. 

(A3) 

(A4) 

I or tranSitiOns from a level with 11 ~ 4 to a level with 6 s. 11 $ 10, we adopt 

'1 ') '"I ') I (l .r (n - L. n 1- L I ) I= r (n - L, s-L I) I X ( ~ ) 

tor n s 4, 6 sn I s I 0 (AS) 
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the fittin g parameter <l are listc•d in Table A 1. 

For transitions from the 11 - 5 levels to levels with 6 .. 11 s; 10 

j(S2S,tt )-0.608x(lll6) 1 

f (52P, 11 ) = 0.700 X (ll I 6)-3 

/(520, 11) - 0.700 X (11 16) \ 

f (52r, 11 > = 1.2os x (11 1 6)-3 

j(52C,Il) 1.683 X (11 16) 3 

and in the case of 11 ~ 11, 

I 

(A6) 

tor n 1 
2! I I 

(A7) 
For trans1 tt o ns among the n ;:. 6 levels, .. .., e assume tho'>e of h) d rogen 1c [ 15[. 

2. ~n=O (/-changing) transition 

The oscillator strengths of 2s2St 2-2p2Pt / 2,.1 2 are gi\en by 

.f (2s
2
S 1 .,-2 p

2
P 12) = 0.82900+ 1.339~ -077~03 xc\p (t 21H7xl0 

2 
x (. 2t} 

(.:: -2) 

.f (2s 
2
5 I 2-2 p 

2
P?, 2)- 8.8928 X )() 

2 + 2.4()SI 3.4939 X 10-J (Z -2)- 6.()_')_)1 X 10 .:; (. 2)~ 
(z -2)-

and for other transitions 

(J\8) 

where the parameter Ct is identical to the absorption oscillator streng th for the 

lithium- like oxygen ions. (See table A-4.) 

Forbidden transition (2p2Pt/2 2p2P:,f2) probability for the ions from z 26 to 16 

are given in [52[. The results are shown in Fig. A-1. J hese datn are sca led (:x 

Zeffl2) for other z ions. 

A-Ill. Electron impact excitation cross sections and rate coefficients 

1. Cross section 

L\n..eO transition 

The cross sections for transitions from the 225 and the 22P levels are given by 

14[, and those for trans itions between all the levels wtth 11 -:;;.S are calculated b} C, 

A, C. [13[ l he fitting formula is 
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.., In E B 
u (i, f) = 1t a0 [ A -r:;- + E + C x c:-.p(- DE) I 

(A9) 

The parameters of these transitions for lith1um-like oxygen ions are listed in 

1 able A S together w1th those for 22S-22P. 

I he cross sec t10ns for transitions from a level with 11 < 4 to those with 11 ~ 6 

arc calculated from 

f (nl, n 'I' ) ) 
CT (El£ t!Jn 1-n 'I ' = CT (El£ th), I -.SI ' x ( f (n/, 51 ') 

tor n s 4, n ' <!: n (AlO) 

where f (i,f) is the absorption oscillator strength for the transition from i to f. 
The cross sections for the transitions from a level with 11 5 to those with 11 ~ 

6 are calcu lated by 

~ 5 ' r cs1 . n '> 
a (E f ttJSI--n ' = l,._.o a (E F,h)-tl - •n I x (-4) x J (-ll. n ') 

fo1 n '~ () (All) 

For trans itiOnS among the levels with 11 ~ 6, we use the data by ref. !151. 

6H=0 transition 

For the trans tttons of the 352S-3p2P1/2,3/2, 3p2P1/2,3/2-3d203/2,5/2, 42S-42P, c:;2s-
52P, we use eq.(A9) and show the fitting parameters tn Table A-6. 

For other transitions, we use the Dickmson-Fujima formula which is 

e"'pressed as 

2 

I 1 2 -t ~ (1+1) 1 I E I a (nl,n + I )=~ x6rr.a 0 xn x (T) x .,
1 

... 
1 

x n , T: 
( /-::!) - - -'-th 

(A12) 
where v .~ is the velocity of the classical orbital electron in the initial level and v 

1s the velocity of the collidmg electron. 

2. Excitation and deexcitation rate coefficients 

i\11;JIO!O transition 

We integrate numerical I) the cross sec tion which is expressed by eq.(A9) over a 

\1a\.wellian \ elocity distnbution to calculate the dee\.citation rate coefficients for 

all the lrans iltons. Each of them is fitted by the formula 

- 3-1 -

' 1 , log (T) M 
F (i, I>o,~gl·n (m~ s ) =lAx T 1. + T + N x C\.p ( P xT)I x factor 

c l ' 

(A 13 ) 
The parameters for lithium-likE• O\.\gen 10ns are listed in Table A 7. 

For transitions among the levels\\ ith 11 '> 6, \\ e use the data b) ref. 1151. 

L\n=O transition 

Equation (A 13) is used. 1 he fitting parameters for the dee\.citation r<lte 
coefficients are sho"' n m Table A-&. 

t\.citation rate coefftcient is calculated from the dee\.cttatiOn rt~te codfic1ent 

from the principle of detailed balance. 

The accuraq of the fitting ts estimated to be 5%. 

A-IV. Dielectronic recombination rate coefficient 

The autoioni7ation probability, A<~' and the rt~d iat1ve decay probt~biltt\ from 

the doubl) excited le\els, Ar, are referred to Dubau l'l a/.1121 for the le\elc, \<\llh 

ll~ of oxygen ions. For other elements, Veinstein and Safronova 1111 gi H' \,
1 

and A r including the relativistic effects. 1 he ,\ •1 and \ r for lith1um-llkt• 
o>..ygen are listed in Table A 9. 

For the 11 ;;:.6 levels, we emplo} the threshold value of the In d rogen ic 

e>..cilation cross section of 125 22p and 125 J2p to estimate A.~. (See t~l'>o r t~blt> A-9.) 

APPENDIX B. CONTRIBUTION FROM CASCADE 

We assume hydrogenic ions for the purpose of si mplif} 1ng argument. Tht• 

eHitation rate coefficient from the ground state is appro\.imately given as 

( B 1) 

with a constant Co and the principal quantum number q. 

1 he radiative decay rate from Je,el q is e"'pressed by us1ng a constant 11 ( 
(28/3v3) ne2z4R2jJt2mc3) 

~I A(q ,k )e fq 1 

H dk- H_ l1g((2q-l) (q+ I))~ llq -4-l 

q>k I q 3/.. (q 2_k 2) 2q"~ q-1 

(R2) 

In the low dens ity ionizing plasma or in the corona phase, the populat1on of 

level q is appro)l.imately given as, 
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C (1 ,q )n n (1 ) C 5 n ( q ) = e ~ _Qq 1._ n n (1) 
L A(q ,k) H e 
k~ (B3) 

where cascade contributiOn has been neglected. The cascading population flow 

from level q top is 

n(q)A(q,p) 

and the total cascadmg flov. from all the levels q (> p) is 

Cascade~ J' n (q) A(q, p) dq 
fHI 

C0 ncn ( 1) 
pq I :; (q 2 p 2) dq 

= 0 c.: - + In '{ P + arctan_g_ C 11 .n ( 1) [ 2 1 (a - ,.-;:;p) 1 ]"" 
p 2 pu. 2 PIP a +1/i 2 PIP lfi a=l{itf 

Con I: n ( I ) ( 1r 2 1 (JP+f-IP) 1 JP+l) 
= p· ~2/P J p+ 1 - 2 /Ptn J p+l +1/i - Tii arctan J p 

(B4) 

B) usmg eq.(B1) and eq.(B4), we obtain the relative contribu tion s from the 

cascadi ng to the population flow into level p, 

y cascade 
L. = ~-:-:-----:-__.:..;:=;::.::_---
- C ( 1 , p) 11/l ( 1) + cascade 

( 
n 2 1 (J pt 1 ·-n) 1 lfitr'\ 

2/P - J p+l'- 2f7Jin J p+ 1'+f7J - lP arctan7/J} 

1 + (__!L _ 2 _1_ (J p+ 1 ·-n) 1 .. ,; p+ ~') 
2/P J pt l. 2f7J In J p+ l'+I[J - /P arctan rP 

(85) 

The values oft. for p 4, 6 and 10 is 0.187, 0.190 and 0.193, respectively. If we take 

into account the cascade contribution in eq. (83), t; would be s ltgh tly larger than 

20(1 ' · 

APPENDIX C. POPULATION DISTRIBUTION OF HIGH-DENSITY 

RECOMBINING PLASMA 

-36-

The Saha-Boltzmann populatio f 1·tl 1 k · n or 1 11um- 1 e tons '" tth nuclear charge .1 

is 

g( p) h 2 ~ 2 (~ -2) 2 RI *2 
n( p) = ra- (2JTmkT) exp ( k p ) 

("Ilk c T 
*. c (Cl) 

where p ts the e~ec.ttve pnncipaJ quantum number and R is one Rydberg. \\ e 

ex.press 11 (p) and P tn a common logarithmic scale (Fig.9) and transform eq.(C1) 
to 

'"'here 

t = loge 10 , a = log 10 fJ · 

We differen tiate eq.(C2) wi th o. 

d n( p) (z - 2) 2 R 
da ( log 10 g( P)) = -2 -":r;- cxp( - 21 a) 

At Byron's critical level p*s, eq.(C4) is expressed as 

(z - 2) 2R J 2 
( 3kT ) - exp(ta) 

c 

Substitution of eq.(CS) into eq.(C4) y ield s s lope -6 at 11* p* 6 
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Table 1 (a). Relative effective excitation rate coefficient (m 3s- 1) 

Comparison of the rate coefficients of the experiment [43] and the present calculation. 
The last three columns show the relative contributions from the population flows from 

various levels. 

T
9 

(eV) n
9 

(m-3) level 
Datla and ~sampson present ~ours 2S 

contribution 
Kunzea ( n(2P)/n(2S) ) 2P 

NV 50 0.14 0 17 2% 5% 
5P 0.06 0.05 2% 2% 

45 5.5 (21) 40 0.58 0.70 11% 27% 
4P 0.22 0.28 18% 11% 
4$ 0.13 0.88 0.10 0.62 21% 27% 

8=1 8 lJ =7 0 (16) 30 37 5.3 22% 68% 
3P 1.4 1.8 25% 43% 
3S 1 1 57% 24% 

OVI 50 0.15 0.14 2% 6% 
5P 0.06 0.05 1% 2% 

50 2.0(21) 40 0.96 0.68 11% 30% 
4P 0.34 0.28 15% 15% 
4$ 0.08 0.54 0.09 0.77 21% 27% 

8=1 4 lJ =7.0 (16) 30 5.02 6.3 20% 71% 
3P 2 75 2.1 18% 54% 
3S 1 1 58% 24% 

a· ref [43] 

B is the ratio of the population of n (22P) and n (22S ), i.e., ~=n (22P )In (22S) 
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Table A-2. Finm ar.tmcters for the abso Lion OSl'tllator stren th. 
Table A-1 . Fittin~ ~mmeters for the ener~~ of the excited le\el measured from the ~round state (c\") tr.lll\lll011 et C., CJ c4 

tran\1 lton cl c2 cJ c4 ,.,::!5 32P 0.1379fi -0. 15043 - I::! -0.1883 c; 1.0560 .., .25 .., 2p 2.02360 7.63'516 (-3) 4.03435 ( -4) 3.50523 ( -6) ...,25 32P 0.24421 _,\ --p 1'2 
- 3 2 6.8560 -19.572 2.1160 

..,\25 '">p2P 1.86034 2.09641 ( 2) 9.96515 ( -4) 6.54990 ( -5) 2::!5 -42P 9.4591 ( -2) 0.75.169 -· -- 3 '2 
-2 3790 1.9990 

2.\25-3.\25 I 2 2.03012 1.86053 2.15764 (-3) 225 -52P 7.5024 ( -2) -0.22318 -3 6884 (-2) K8471 (-3) ., ., 
2.\-5 -3p-P1 2 2.57010 1.86074 2 18833 (-3) 22P1 2-325 0.18187 0.293(X) -0. 1596J - 1.0173(2) 

., ., 
2.64457 1.84622 3.02400 ( -3) 22?1 2-425 0.14546 5.5335 ( -2) -0.14093 1.9114(1) 2.\-5 3p-P3 2 

2.\25 1d201 2 2.80616 1.85040 2.95088 ( -3) 
..,zp 525 - I 2- 0.13893 1.9218 ( -2) -0. 13713 -7.6803 ( -4) 

2.\2s 1(J2o'i 2 2.82'538 1.84642 
., ., 

3.19623 ( -3) 2-P 1 2-3-0~ 2 0.10485 2.0162 0. )699-l 6.67<)7 (-3) 

2.\·2s 4s2s 2.50127 2.51293 2.80191 (-3) 
...,2p 420 - I 2- 3 2 0.19421 2.7930 (-2) -6 8550 ( 2) - 1.3520 ( -2) 

2.\2 5 4p2P 2.72231 2.51292 2.82370 ( -3) 22P I 2-5203 2 0.16453 4.6981 ( -2) -0.1 1788 1.420() (-3) 

2s2s 4<t2D 2.82148 2.50884 3.13175(-3) 22?1 2-325 0.16013 0.34780 -0.14292 1.39J1~(3 ) 

2s2S 4Pf 2.85063 2.50632 3.24800 ( -3) 22?3 2-425 0.14563 6.3087 (-2) -0.14200 4.2164 (-4) 

2.\2s 5.\25 2.66090 2.81601 3.04306 (-3) 2zPJ 2-525 0.14337 2.1549 (-2) -0.1418) 1.83tJ8 ( -5) 

2s2S -'>p2P 2.76940 2.81645 3.04064 ( -3) ..,2p 320 
- 3 2- 3 2 6.7235 ( -2) 0.14974 -0.40673 1.805() 

2.\2S 5d2D 2.81834 2.81454 3.19541 (-3) 22P3 2-3205 2 -0.18942 -1.4983 0.76625 - I. 0 I 97 (-2) 

2s25 S.PF 2.83717 2.81267 3.27143 (-3) 22?3 2-420 0.19102 2.4880 ( -2) -6 5457 ( 2) 1.2K~6 ( -2) 
2\.2 5 - '5g2G 2.8)217 2.81149 3.30877 ( -3) 22?3 2-520 0.10450 4. 1760 ( -2) -0. 1 1718 ·4.7800( 3) 

:;: ( -p) means X I o-r. 32S-42P -1.2232 -2.0861 1.4285 4.3588 ( -2) 

325-52? 0.1481 -5.4063 ( -2) -0.2166 0.58145 

32?1 '2-425 4.6238 ( 2) 0.27642 3.2£133 2.37()(} 

12PI 2-525 1.2355 (-2) -0.80070 ().30 12 2.741'; 

32pl 2-420 -2.1699 -0.52£180 2.7021 6.9282 ( -3) 

32p3 2-520 0.23246 - I . 9082 (-2) -0. 10674 3 9274 ( -2) 

32PJ 2-+, 5 25 same as 32p1 2 

32P3 2-+. 5 2o same as 32P1 2 

3203 2-42P 7.2805 (-3) 1.7312 - I o.3 12 2.9344 

32o3 2-52P 1.8186 (-3) 0.25527 -2.3983 2.9326 

32o3 '2-42F 1.015 0.0000 0.0000 

32D3 2-52F 0.1565 0.0000 0.0()()() 

- 42 43-



Table A 2. (Contmued) 

tmnstllon C 1 

') "p 3-Dc:, 2 -l, 5-

32Ds 2-l, 5 2F 

42S-52P 

42P-52s 
42P-52D 

42D-52P 

420-52,. 

42F-52D 

4 2F c;2c 

') 

same as 3-D~ 2 

same as 32D~ 2 

-3.0 12() 

4.HHH2 (-2) 

-2.4693 

2.4435 ( -2) 

O.H855 

8.8392 (-3) 

1.346 

-1 5386 

6.2580 

-0 13835 

2 2772 

0.0000 

25175(-2) 

0.0000 

'I able A 1. Absorptton O'ictllator Strength 

tmn'>llltm 2 "s 2 p ., l 2- n-
t -· 

a 3.H -3.48 

transition 

a 4.08 -4.21 

transtllon 

a 5 08 -5.95 

tmns1t1nn 

a -6.00 -5.94 

3.137H 

66.580 

2.9084 

23.664 

0.0000 

-0.64736 

0.0000 

..,2p n2D 
- l 23 2-

-3.50 

-5.40 

-5.27 

-5.95 

fable A 4. Absorption Osctllator Strength for 6n=O transtttons 

o.s 0.112 0.224 0.0488 

o.s. 0.0431 0.4616 8.555 ( -2) 

tmns1t1on 

O.S 0.5860 0. 11 84 5.606 (-3) 

O.S. me.1ns the oscillator strength. 

- ·1•1 -

-3.2640 ( -2) 

3.0H05 

-1.5923 ( -2) 

3.0081 

3.5608 

-4.25 

-4.41 

-6.83 

4 .78 (-3) 

2.374 ( -3) 

4 . 1H(-4) 

Table A-5 c\.Ctlattnn cnw .. -;ectJon fiumg pammeters. 

transtllon A B 

22s- 32D 

225-425 

22s- 42P 

22s- 42D 

22s- 42F 

225- 525 

22s -52P 

22s- 52D 

22s- 52F 

225- 52G 

22P- 325 

22P- 32P 

21P- 31D 

2'2p_4:.5 

2:.P- 4:.P 

22P- 41D 

22P- 42F 

22P- 52S 

22P- 52P 

22P- 52D 

22P- 52F 

22s- 52G 

325- 42S 

325- 42P 

32S- 42D 

325 42F 

32s- 52s 
32s- 52P 

32S 52D 

325- 52F 

32S- 52c 

2.234(-1) 

0.000 

I. 706 (-I) 

0.000 

0.000 

9.634 (-3) 

0.000 

0.000 

0.000 

4.043 ( -3) 

0.000 

0.000 

0.000 

5.H26 ( -3) 

0.000 

1.240 (-I) 

8.076 (-4) 

0.000 

1.756 ( -2) 

0.000 

2.764 (-4) 

0.000 

5.876(-3) 

0.000 

0 000 

0.000 

1.627 (-I) 

0.000 

0.000 

0.000 

1.638(-l) 

0.000 

0.000 

0.000 

5 625 (I) 

1481 

- 5 800 (-I) 

3.470 

2.961 (-I) 

1.760 (-I) 

6.030 (-I) 

I 424 (-I) 

I. 139 (-I) 

8.610(-2) 

2.097 (-I) 

8.030 ( -2) 

3.417 (-3) 

1.642(-1) 

1.987 

7.270 

3.911 (-2) 

3.673 (-I) 

1.279 

2.707 (-I) 

I 726 (-2) 

1.481 (-I) 

5.340 ( - 1) 

1.139(- 1) 

5.125(-3) 

4.320 

1.263(1) 

8.200 

3.R80 

7.652(-1) 

2.270(-1) 

1.260 

3.270(-1) 

7.830 (-1) 

-45-

c 
-I 648 

5.694(-1) 

6 250 ( -2) 
1.800 (I) 

- 5 860 ( -2) 

- 2 278 ( -2) 

- () 534 (-3) 

5.400 (-3) 

0.000 

-2 278 (-3) 

- 2 468 (-3) 

- 1.502 (-3) 

- I. 141 ( -4) 

')()95(-3) 

- 4158 ( -3) 

0.000 

1.280 (-I) 

-4632(-4) 

1.708 (-2) 

- 1.200 ( -2) 

- 2 500 ( -1) 

- I S34 (-4) 

1.162(-2) 

- 5.200 (-3) 

0.000 

6 834 ( -2) 

0.000 

- 2 721 (-I) 

- I 174 

-3.209 (-I) 

0000 

0.000 

- 2 800 ( -2) 

- 1 . ()()() (-2) 

6.843 (-2) 

1.580(-1) 

D 

3.(X) ( -2) 

6.~) ( -2) 

1 . ..«) ( -2) 
9.60 ( 2) 

J..'i() ( -2) 

3.70 ( -2) 

R<X>(-2) 

130 ( 2) 

()()() 

1.% (-2) 

6.'::-l0( -3) 

1.20 ( -2) 

I .<X> ( -2) 

4.(X) (-2) 

7.90(-3) 

() ()()() 

9.20( -3) 

S<X> ( -3) 

2.% ( 2) 

7.2<)(-3) 

9.<X>(-3) 

:u~ c 3) 

3.<X> ( 2) 

7.2<)(3) 

0. ()()() 

6 .()() ( 2) 

0.000 

1.2H ( 2) 

6.01 ( 2) 

3.<X> ( -2) 

().(X) 

O.<X> 

2.CX> ( 2) 

2.(X) (-2) 

4.73 (-2) 

6.70 ( -2) 

Ref 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

13 

13 

13 

13 

13 

13 

13 

13 

13 



Table A-5. (Contmucd) 

tmns1t1on 

12? 42P 

12P 42D 

'32P 42F 

32P s2s 
12P t:;2p 

32P s2o 
12P c;2p 

12P c:,2c 
12/) 425 

120 42P 

32/) 42[) 

120 42f 

:,2v c:,2s 

32D s2p 

120 s2o 

..., ..., 
4-5- c:,-p 

..., '") 

4-s c:,-o 

..., '") 

4-s- s-e 

A 

3.758 ( -2) 

0.000 

0.3014 

0.000 

9.502 ( -3) 

0.000 

9.832 ( -2) 

0.000 

0.000 

0.000 

H954(-3) 

0.000 

5.776(-1) 

0.000 

2.144 (-3) 

0.000 

2.448 (-1) 

0.000 

0.000 

1.299 

0.000 

0.000 

0.000 

7.736 (-2) 

0.000 

2.320 

0.000 

0.000 

0.000 

B 

7.956 (-1) 

5 030 

6.100 

1.013(1) 

- 3.300 (-I) 

9.697( -I) 

-2.856 

7.92] (-I) 

1.090 

9.000 (-1) 

4.900 (-I) 

4.170 

2.049 (I) 

2.280 (-2) 

1.800 ( -2) 

7.600 (-I) 

-5.884 

1.588 

2.340(1) 

-9.879 

2.233 (I) 

1.046 ( 1) 

9.112 

0.000 

2.847 (I) 

-3.234 

3.840 ( I ) 

1.481 ( I ) 

4.320(-1) 

c 
I 621 ( -2) 

- 5.930 (-2) 

- 3 99H ( -2) 

- 2.170 (-I) 

- 4.000 (-I) 

3.500 ( -2) 

7.600 (-I) 

1 .47n (- I ) 

1.134 

1.130 

7.000 ( -3) 

-6.600 (-3) 

4.950 (-2) 

4 200 ( -1) 

8.400(3) 

3.300 ( -2) 

1.240 (-I) 

1.402 (- I ) 
4.401 

- 1.881 (-2) 

0.000 

- 7.42 1 

- 7.493 ( - 1) 

0.000 

0.000 

4.408 (-1) 

0.000 

8.876 

- 3.102 

0.000 

- 1.000 (-2) 

D 

1.12 (-1) 
5.20 (-2) 

2.50 ( -2) 

2.-U (-2) 

-lOO (-2) 

5.20 (-2) 

1.00 ( -1) 

4 .40 ( -2) 

1.20 ( - 1) 

1.20 ( -1) 

2.00 (-1) 

1.55 ( -2) 

1.00 (-1) 

1.50 ( -2) 

5.00 (-2) 

--l-.30 ( -2) 

5.50 (-2) 

1.50 (-2) 
1.02 (- 1) 

ref 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

1.50 (-2) 13 

0.000 13 

1.56 (- I) 13 

2.50(-2) 13 

0.000 13 

0.000 13 

1.55 (- 1) 13 

0.000 13 

1.-W (- 1) 13 

6.00 (-2) 13 

0.00 13 

5.50 (-2) 12 

Table A-S ( Cnntmued) 

trans1t1on 

..., -'") 4-v )-o 

42D s2F 

..., ..., 
4-F - s-s 

..., ..., 
4-F- s-p 

A 

1.642 (-I) 

0.000 

3.854 

0.000 

0.000 

0.000 

3.959 (-2) 

0.000 

5.858 

B 

- 2.897 

1.396 (I) 

- 6.663 (I) 

2.247(1) 

6.282 (-2) 

3.021 (-I) 

5.03 1 (- 1) 

1.119(1) 

-7.367 

2 570 ( I) 
I 164 

- I 200 (- I ) 

5 911 
2 40 I (I) 

- 9.~0 ( · I) 

5.1 HO ( -2) 

1.4<)8 ( I) 

1.000 

K6HO (- I) 

7.064 
1.H14 (I) 

TableA 6. The fitting parameters for the /-chang1ng process 

trans1t1on A B c 
32s-12P 

42S-42P 

s2s c;2p 

5.345 

2.511(1) 

6.308 ( 1) 

2.180 (2) 

7.912 (2) 

1.962 (3) 

- 47-

4.172 (I) 

4.960 (2) 

1.240 (3) 

D 

D 

-+.50 ( -2) 

1.45 ( -1) 

5.50 ( -2) 

--l-.50 (-2) 
1.45 (-I) 

'1.50 ( -2) 

1.25 ( - I) 

1.25 (- I ) 

1.45 (- I) 

1.25 (-I) 

--l-.50 ( -2) 

1.45 ( - I) 

1.56 (- I) 

2.86 ( I) 

2.86 (- I) 

Rei 

13 

12 

12 

12 

12 

12 

12 

12 

12 

Rei 

11 

13 

13 



Table A-7. 
tran'>ltton 
...., ...., 

2-s 2-P 
...., ...., 

2-s- 1-s ., ., 
2-s 3-p 

") ., 
2-s -1-o 

...., ") 

2-s- 4-F 
") ") 

2-s- '>-s 

...., ...., 

2-s- 5-G 
...., ") 

2-p 1-s 

...., ") 

2-P- s-p 

...., ...., 

2-p- s-e 

Deexcitation Rate Coefficients 
K L M N 

2.'5.0 O.SS 

290.0 0.62 

110 

5RO 

~.0 

11.7 

1-tO 

3'5.0 

14.5 

10.0 

R3 

38.0 

2RO 

101.0 

165.0 

63.0 

15.5 

33.2S 

12.0 

9.5 

0.2 

0.'5 

0.6 

0.43 

0.55 

0.6 

O.S8 

0.5 

0.62 

0.7 

0.8 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

800.0 0.5 

34.8 0.6S 

32.0 0.4S 

12.0 0.6S 

60.0 0.7 

6.00 0.5 

70 5 0.5 

22. c; 0.5 

ROO 0.5 

60.2 

600. 

185. 

360. 

200. 

'50.0 

77.1 

ISO.O 

120.0 

15.0 

21.3 

40.0 

70.0 

403 

2640 

231.6 

80.0 

SSO.O 

78.0 

50.0 

2.0c3 

130.S 

238.0 

45.0 

240.S 

74.0 

30.0 

110.0 

100.0 

-48-

0.0 

0.0 

0.0 

0.0 

0.0 

5.7 

0.0 

0.0 

0.0 

-4.1S 

0.0 

0.0 

S60.0 

-44.0 

0.0 

-12.0 

-3.0 

8.0 

-3.0 

0.0 

- 160.0 

0.0 

0.0 

0.0 

0.0 

l.O 

-30.0 

0.0 

2.0 

p 

0.01 

O.OOS 

0.52 

0.01 

0.01 

O.OOS 

0.01 

O.OOS 

0.003 

0.01 

0.007 

0.00 

0.01 

factor 

I.Oc-IS 

I Oc- 17 

I.Oc-17 

l.Oc- 17 

1.0c-17 

1.0c-17 

l.Oc-17 

I.Oc-18 

l.Oc-17 

l.Oc-17 

l.Oc-17 

I.Oc-18 

l.Oc-19 

1.0c-17 

l.Oc-17 

I.Oc- 16 

I.Oc-16 

l.Oc-17 

l.Oc- 16 

I.Oc- 17 

l.Oc- J 9 

l.Oc- 17 

l.Oc-17 

l.Oc- J 7 

I.Oc- 19 

l.Oc-IS 

l.Oc- 16 

I.Oc-16 

l.Oc-16 

Table A-7. 
tranSitiOn 

...., ...., 
3-s- s-s 

.., ") 

3-s- s-p 

32s- s2o ., .., 
3-s- s-F 

3 2s- s2c 

") .., 
3-p- 4-F 

") .., 
3-p- s-s ., ") 

3-p- s-p 
...., ., 

3-p- s-o 
...., ...., 

3-p- S-F 

32P- s2c 
') ') 3-o- 4-s 

") ') 
3-D- 4-F 

") ') 3-o- s-s 
32D- s2P 

...., ') 3-o- s-o 
') ') 

3-D- s-F 

32D- s2c 
") ') 

4-s- s-s 
., ') 

4-s- s-p 
') ., 

4-s -s-o 
42S - s2F 

42s - s2c 
') ") 

4-p - s-s 

42P - s2p 

(Continued) 

K L 

13.0 0.6 

10.0 () ') 

~-0 

IKO 

IKO 

17.2 

280.0 

55.0 

110.0 

56.7 

220.0 

U.8 

KO 

8.0 

140.0 

14S.O 

-JO.O 

.50.0 

U.O 

u.o 
170.0 

400.0 

8.0 

50.0 

6.0 

7.0 

6.0 

1.5 

60.0 

6.5.0 

0.6 

0.7 

0.62 

035 

0.7 

0.3 

0.6 

0.5 

0.65 

0.5 

0.65 

0.65 

0.6 

0.5 

0.85 

0.5 

0.62 

0.55 

0.65 

0.5 

0.5 

0.65 

0.42 

0.6 

0.7 

0.6 

0.5.5 

0.6.5 

M 

45.0 

05 

800 

0.0 

50.0 

77.0 

3SO 0 

soo.o 

180.3 

83.3 

4SO.O 

36.12 

20.0 

20.0 

600.0 

1100.0 

400.0 

190.0 

144.0 

230.0 

800.0 

1900.0 

90.0 

700.0 

0.0 

66.0 

60.0 

'50.0 

-1 

216.0 

- 49-

N 

0.0 

- t2 

0.0 

270.0 

0.0 

-7.3 

0.0 

0.0 

0.0 

-19 1 

0.0 

-6.4 

0.0 

0.0 

0.0 

2S.O 

-2.0 

13 () 

0.0 

4.0(3) 

0.0 

70.0 

850.0 

4.0c4 

112.0 

84.0 

7R.O 

')9.0 

24.3 

0.0 

p 

0.0 

()()') 

()() 

0.4 

()() 

0.0 1 

O.CXH8 

0.004S 

0.01 

0.01 

0.01 

0.8 

CUXl'5 

0.32 

O.X 

0.22 

0.2 

0.2 

0.2 

0.013 

factor 

I.Oc- 16 

I.Oc- 16 

I Oc- 17 

I.Oc- 17 

I.Oc-17 

I Oc-16 

I Oc- 16 

I .Oc- 16 

I.Oc-16 

I.Oc- 17 

J.()c 17 

J.()c 16 

I.Oc 16 

I.Oc 16 

l.Oc 17 

Ulc 17 

I.Oc-17 

I Ck IS 

J.()c 17 

l.()c 17 

I.Oc 17 

I.Oc 17 

I.Clc I() 

l.Oc IS 

l.Oc IS 

l.Oc 15 

J.Oc IS 

l.Oc IS 

J.Oc IS 

I.Oc IS 



Table A 7. (Continued) 

tnmsillon K L 

42P - 52D 45.0 0.5 

42P - 52F 36.0 0.65 

42P - 52c 12.0 0.65 

42D - 52s 50.0 0.62 

42D - 52P .50.0 0.5 

42D - 52D 298.0 0.65 

42D - 52F 300.0 OA 

42D - s2c 240.0 0.6 

42F - s2s 50.0 0.8R 

'") ') 
4-F- 5-p 24.0 0.7 

'") '") 

4-F - s-o 20.0 0.5 

'") '") 

4-p - s-F 250.0 0.65 

42F - s2c 120.0 0.5 

M 

50.0 

50.0 

45.0 

190.0 

60.0 

1490 

0.0 

995.0 

302.0 

333.0 

487.0 

1800 

380 

N 

-12.0 

0.0 

0.0 

0.0 

100.0 

0.0 

1000 

0.0 

784.0 

0.0 

0.0 

0.0 

-25.0 

P factor 

0.01 l.Oe-15 

0.20 

l.Oe-15 

l.Oe-15 

l.Oe-16 

l.Oe-16 

l.Oe-16 

0.2 l.Oe-16 

l.Oe-16 

0.5 1.0e-16 

l.Oe-16 

l.Oe-16 

l.Oe-16 

0.005 l.Oe-15 

Table A-8. Deexcitation Rate Coefficients for 1-changing transition 
transition K L M N p factor 

32S-32P 2.5 0.6 0.0 4. 1 0.3 l.Oe-13 

32P-32D 3.5 0.7 0.0 37.0 0.5 1.0e-13 

42S-42P 5.0 0.5 20.0 0.0 l.Oe-13 

42P-42D 1.3 0.6 0.0 3.0 0.4 l.Oe-12 

42D-42F 1.0 0.6 0.0 2.0 0.3 l.Oe-12 

s2s-52P 2.7 0.6 0.0 5.0 0.3 l.Oe-12 

52P-52D 3.3 0.6 0.0 6.3 0.3 l.Oe-12 

52D-52F 4.1 0.6 0.0 8.0 0.3 l.Oe-12 

52F-52G 4.3 0.6 0.0 8.23 0.3 l.Oe-12 

- 50-

Table A-9. Dielectronic recombination rate coefficient 

0Jclcctromc recombination mte coe!Tic!Cnt by rcf [331 

'") 

E(p,nl) [eV] =(550-£(n/))¥f(z-2)/(8-2)]-

The transition to the 22P 

transition weight autoioni1..ation mdiativc dcca) Arl rad. dcca) Ar2 

a 4 9.44el0 3.97c 12 4.7lcl2 

b 4 9.44el0 7.21cll 4.7lcl2 

J 6 9.80el3 1.48e 12 1.48c 12 

k 4 9.79e 13 1.29e 12 1.4Yc 12 

4 9.79el3 1.88e I I 1.49el2 

m 2 8.7lcl2 9.28cll 1.38el2 

n '") 8.7lel2 4.37ell 1.38el2 

p 2 1.02e 14 1.22c 11 1.90c I I 

The transitions are expressed by Gabricl notation 

The transition to the 32S 

transition weight autoJomJ..ation Arl Ar2 

I s23s - 1 s2p3s 6 6.9el2 2.47c 12 2.73c 12 

- 1s2p3s 6 2.65el3 3.o8cll l.Y7c 11 

- 1s2s3p 6 4.45ell 2.13ell 6.43e I I 

- 1s2p3d 6 9.06el0 1.38e 11 3.43c I 1 

The transition to the 32P 

transition weight autoionilation Arl Ar2 

ls23p- 1s2p3p 2 5.87e12 2.27c12 2.31cl2 

2 J.6lel2 6.J0cll 1.55cl2 

10 2.43e13 2.39cl2 2.57c12 

10 1.75el3 7.66ell 1.35e 12 

- 1s2s3s 2 1.68c13 3.43c 11 4.27ell 

- 51-



The trans1t1on to the 320 

transition weight autotOniJ.ation 

") 

I s~d - I s2p3d 6 7.65e10 

6 9.06e10 

14 6.32el2 

14 7.65cl0 

- I s2p3s 6 2.65e13 

The trans1t1on to the 4 2S 

Trans1t1on weight autoioni1.ation Arl 

1 .~· 24s - I s2p4.'> 6 1.89e 12 

The transition to the 42P 

trans1t1on we1ght 

10 

- ls2s4s 10 

The transition to the 420 

trans1t1on weight 

I s24</ - I s2p4d 

The transition to the 42F 

transitton weight 

6 

6 

14 

14 

10 

18 

2.60el2 

autoionization 

1.16c12 

7.07c12 

6.0Je12 

autoioni7.ation 

1.62ell 

2.19c 11 

3.20e12 

3.0lcl1 

autoionizati on 

4.47el0 

1.46e 11 

-52-

Arl 

2.93el2 

1.11ell 

2.63el2 

6.09e 11 

l.22e 11 

Ar2 

2.71e12 

Arl 

2.92el2 

3.12c12 

1.49e 11 

Arl 

3.19el2 

3.07el0 

3.l3el2 

5.39e10 

3.33c 12 

3.28c12 

Ar2 

2.93e12 

3.43e 11 

2.76e12 

6.73c 12 

6.43e 11 

Ar2 

3.00c12 

3.29cl2 

1.90e 11 

Ar2 

3.28cl2 

3.07e10 

3.13e12 

9.47cl0 

3.36el2 

3.30e12 

The transition to the levels with n=S 

transition weight autoioni?.ation Arl Ar2 
,., 

1 s-Ss- I s2p5s 6 2.80e11 3.26el2 3.32e 12 
,., 

Js-5p-ls2p5p 2 LOSe 12 3.27el2 3.32c 12 

10 3.39el2 3.23el2 3.37e12 
,., 

ls-5d-1s2p5d 6 1.28e I l 3.3le12 3.37e 12 

14 1.70e12 3.27cl2 3.30el2 

1 s25J-1 s2p5f 10 5.95el0 3.36e12 3.38e 12 

18 1.17el l 3.30e 12 3.3lel2 
,., 

1s-5g- l s2p5g 22 9.53e9 3.30cl2 3.31el2 

For the transition to the level with n;::: 6, we assume hydrogenic approximation, and the 
autoionization probability is given as 

A 3 = ~ (R l)z
2

Q (ls
2

- 1s2p) 
h n g P ,n 

where z
2

Q (ls 
2

- ls 2p) = 2.355 at the threshold . 

transition weight autoionization 
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Figure Captions 

Fig. 1. Energy level diagram of the lithium-like O\ygen (0\ I or 0 5
+) ion. 

Fig. 2. Energy leve ls of the e>.cited levels of ions z measured from the 

g round state and the 1on~zation potenttal of the ground state. 1 he abssissa is 

the effect ive nuclear charge; Zdf - z-2. 

Fig. 3. Zl'ff·depcndcnce of the abso rptiOn oscillator s trength for several 

trans itions. Co rresponding osci llator strength va lues for neutral hydrogen 

nre g iven for the 11 2 11 3 trans itions. 

Fig. 4. Electron tmpact cxcitaion cross section of optically allowed transitions; 

(a) for trans1tton of 225 32p ; (b) 22p.325. 

Fig. 5. Flcctron impact e>.citaion cross section of optically forbidden 

trans ition o f 225 325. 

Fig. 6. Electron impact /-changing cross section; (a) for 325 32p ; (b) for 32p_ 

321). The results by jacobs and Davis has been derived from their 

se mtempirical rate coefficient. 

Fig. 7. The ton~zing plasma component of the excited level populations of 

OVI ions. 11 (225) and Tc are assumed to be 1cm-3 and SOeY, respectively. 

Proton (ion) coll is ions are included. 

Fig. 8. Populatton fl ow (a) into and (b) out of level 42p for the ionizing 

plasma component tn fig.7. The mag nitude of the flow has been divided by 

electron dens1ty for convenience. The number attached on the right side is 

the magnitude at the high density limit. 

Fig. 9. Population distribution agains t the effective principa l quantum 

number for both the ionizing plasma component (OYI; open circle) and the 

-54 -

recombining plasma component ( \l\1 open triangle). The Solid curve ('S-

8') denotes the Saha-Boltzmann distnbution The straight lines have s lope 

6, indtcating the ladder-like e:'\citation or dee\cttation. 

Fig. 10. Photon emission ratios from lithium-like carbon, nitrogen and 

o\ ygen ions for the transitions of 22P-12D to 22P-32S and 2?~ 12p to 22P-3'2~ 

Electron denstt\ is assumed to be "l' - IOlqm-3. \\'e compare the calculation 

results for the h\ o different 225 32.p e:...ci tat ion cross sect1ons. 

Fig. 11. The recombining plasma component of the excited le \ cl populat10nc; 

of AIXI ions (AJ1°+). Tc is assumed to be 30eY. Ion collisions are included. 

Fig.12. population fl ow (a) into and (b) ou t of levei42P for the recombining 

plasma component in Fig.ll. The magnitude of the no" hils been dntded 

by electron density for convenience. The number attached o n the n g ht stde 

is the mag nitude at the high d enst ty ltmtt. 

Fig. 13. Absolute amplification ga in for several trans itions in recombining 

lithium-like aluminum ions. All the gains have been mult1pl11ed by 10 

except for those for the 32P-42D and 321J-42F tmnsi tions. 

Fig. 14. Optimum temperature is shown as a function of cffect1ve nuclear 

charge Zcff, where Zcff-2-2 for lithium like ions and ... t'ff : for hyd rogcniC 

Lons. 

Fig. 15. The ratios of the recombining plasma co mponent IIO(fl) 

(=Ro(p)nei1Jh•) to the ionizing plasma component 111 (p) ( Rl(f')11('11L1) und er 

the condition o f ionization balance. Tl' SOeY and " l' l.Oxl011m 1 for OV I 

(open circle), r(.' 30eV and lie l.Oxl011m-3 for AIXI (closed Ctrclc). 

Fig. 16. z-dependence of the population imbalance; (a) between the 2p2Pt /2 

and 2p2P3J2 levels for several reduced electron dens ities; (b) between the 

3p 2P, /2 and 3p2P3;2 levels. 
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Fig. 17. Com pan son of the relative population of several excited levels of 

OV I a nd NV ions m io nizing plasma wi th the e'\perimen ta l results by Datla 

and Kunze 1431. OVI and NV po pulations are expressed by the o pe n a nd 

closed sy mbols, respectively. T he plasma conditions are referred to tabl e 1 (a). 

Fig. 18. T he He-d ependence of Scff of ovr fo r severa l tem perat ures. 

[· , pe rimenta l results a re compa red . 

Fig. 19. Comparison of the calculated population o f several levels o f OVI and 

NV io ns in recombining plasma with the experimental results by Datla and 

Kunze 1431 in Bo ltz ma nn plo ts . The calculation results has been multiplized 

by a factor 100. 
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CHAPTER Ill. 

Experimental Apparatus 

Abstract The experimental apparatus for the present study, i.e., the plasma 

source (WT-3 tokamak), the visible-uv spectrometer, and the xuv spectrometer 

are described in detail. 



I. PLASMA SOURCE (WT-3 TOKAMAK) 

Almost all of the experiments described in this thes1s have been conducted 

on plasmas m the \VT-3 tokamak. The vVT-3 tokamak is located at the 

Department of Physics, Kyoto University, and we are responsible for the 

spectroscopic studies of the plasma. 

T he top view of the tokamak is sh0\1\11 in Fig.l. The VVT-3 tokamak has a 

major rad1us, R, of 0.65m, and the mmor radius, a, can be changed by movable 

top and side molybdenum lim1ters from 0.15m to 0.21 m. The m axi mum 

toroidal magnetic fie ld, BT(O), is 1.71, and the poloidal magnetic field is abou t 

0.1T. Plasma current is, for typical cases, 80kA in the joule hea tin g mod e. In 

the WT-3 tokamak, additional plasm a heating and current drive modes ca n be 

performed, i.e., lower hybrid hea ting (LHH), lower hybrid current dri ve 

(LHCD), electron cyclotron heat ing (ECH) and electron cyclo tron current drive 

(ECCD). For LHH and LHCD, the RF power fo r LH wave IS generated by a 

klystron (the frequency: f =2GHz, the input power: PLH< 300kW) and is fed 

into the plasma by two launchers, each consisting of four waveguides. O ne 

launcher is mounted above the midplane and the other below the midplane 

on the low field s id e at the same toroidallocation . Ill T he RF power of ECII or 

ECCD is generated by two gyrotrons (40GHz, 20kW, 56C llz, 200kW). 121 

Although the plasma current can be sustained for 300ms, the discharge time 1s 

typically 1 OOms, in which the plasma can reach a s teady-s tate in all the 

discharge and current drive modes. Shot by s hot interval is 110 s for a normal 

operation. 

The gas puff system is constituted from two gas tanks and three pic/O 

valves. Usually the gas is mol ecular hydrogen w hi ch is contained in the firs t 

gas tank and one of the three valves is used . When we use a mixture gas, i.e., 

helium or m olecular nitrogen with hydrogen, we use the second gas tank and 

valve system. The third valve is reserved for emergency case. 

The ex haus t system is constituted from a turbomolecular pump (Osaka 

Vacuum TH-1500) and a rotary pump (Yasukawa Electric FELQ-5). I he 

pumping efficiency of this system is 1.Sx1 03 litres/ s. T he vacu um of the 

chamber is kept better than 2x1 0-6 to rr during the sho t interval. From the 

mass analys is of the pumped gas, dominant impurity atoms and molecules arc 

found to be 02, H 20 and C. 
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Electron density of the main plasma is measured by an HCN laser 

interferometer system. [3] This sys tem has 5 channels and each channel is 

separeted by 2.5cm . The system can be moved over 7.5cm along the minor 

radius. Thus we can measure the chord dependence of line-integrated electron 

density. By use of the Abel inversion for these chord dependent data, we 

derive the radial (r-) dependence of electron density. Electron temperature of 

the main plasma is measured by a Ruby laser scattering system (Thomson 

scattering) and electron cyclotron emission (ECE) radiometer. 141 The electron 

density and temperature of the edge plasma, i.e., the scrape-off layer (SOL) 

plasma, are meas ured by use of the electric probe at location from the chamber 

wa 11 to r 0.2m. Soft x-ray emissions are observed by silicon surface barrier 

diodes (SSB). Four SSB diodes are used to view the whole plasma in one 

poloidal plane. By use of the beryllium absorbers with various thicknesses, we 

detect soft >.-ray emissions in different energy ranges; the detectable energy 

range is from 0.2keV to 30keV. Hard x-ray emissions, which resu lt from the 

high energy tail electrons, can be detected by pulse height analyzer (PHA) 

systems. We use two Nal scintillators. The detectable photon energy is from 

35keV to SOOkeV IS!. 

11. VISIBLE-UV SPECTROMETER 

Figure 2 shows the schematic diagram of our optics for visible-uv light 

s pectroscopy. We observe the plasma emission through a 15mm-thick 

window which is made of high quality fused quartz (sprasil 1). The 

transmittance of this window against the wavelength is shown in Fig. 3. We 

set the light damper on the opposite side of the poloidal plane to prevent the 

reflection of the plasma light from coming into the spectrometer. (See Fig.2) 

A light collecting optics with three plane mirrors and two concave mirrors 

(j 1 m) are set before the spectrometer. (see Fig. 2) By use of this light 

collecting system, we determine the chord (z-) dependence of the spectral line 

intensity. We derive the r-dependence of the spectral intensity by Abel 

inversion. 17 J 

A visib le-uv spectrometer is N IHON BUNKO Cf-100 type (See Fig. 4) with 

the focal leng th of 1m. The height and the width of the entrance s lit can be 

changed from Omm to 20mm and from Omm to Smm, respectively. The 

accuracy of the hight and width are within 10J1m. We set a low-pass filter in 
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front of the entrance s lit when it is necessary to cut off the higher order light. 

We use two gratings, 3600 grooves / mm (grating 1) and 300 grooves/ mm 

(grat ing 2). The spectra of 200nm through 457nm can be observed by grating 1 

and 200nm-700nm spectra by grating 2. The reciprocal linear dispers ion is 

0.27nm/mm in the former case and 3.3nm/mm in the latter case. We have 

an aperture in front of the first mirror and we can choose the full size of the 

grating 102mmx102mm (without the aperture) or 60mmx60mm (with the 

aperture). 

We have two detectors; "Optical Multichannel Analyzer" (OMA) with a 

micro channel plate (MCP) and a 512ch photodiode array (Tractor Northern 

Inc. TN-6130) and a photomultiplier (HAMAMA TSU R376). 

The size of the photodiode array is 12.8mmx2.5mm. The ma>-imum 

temporal resolution of this detector is 2.56ms, wruch is determined by the time 

necessa ry to read the photo electron s ignal of each channel and send it to the 

controll er (SMD-201, SMD-501 ). The instrumental function of the 

spectrometer has been measured by use of the em ission lines from a mercury 

lamp, for which the Doppler broadening is negligibly small compared with the 

instrumental width. The full w idth at half-intensity-maximum (FW JI M) of 

the 238nm line of mercury atoms corresponds to 5.5ch on the MCP. Figure 5 

shows a typical example of the z-chord dependence of the spectral line. (the A. 

381.1 nm (3s2S, j2-3p2P3;2) line of lithium-like oxygen ions (OVI).) The plasma 

is in the Joule heating mode, and we take these data in th e peroid of 70ms-

84ms from the start of the discharge. 

The photomultipl ier R376 is a head-on type. The temporal resolution is 

10~-ts. The high voltage applied is 650 V. 

Absolute sensitivity ca librations of the spectrometcr for these two detectors 

have been done by use of a tungsten s tandard lamp and a deuterium lamp. 161 
The resu Its are shown in Fig. 6 (a-e). 

All the operations of the spectrometer and the collecting optics sys tem, and 

the data accumulation are done by use of the PC-9801 personal computer with 

the software "MDS" created by SEKI Inc. 

Ill. XUV SPECTROMETER 

Figure 7 shows the schematic diagram of our xuv spectrometer. This 

spectrometer is of a grazing incidence type. The position of the entrance slit is 

- 81-



1079mm from the plasma center. The width and height o f the entrance s lit are 

fixed at 100Jim and 10mm, respectively. The dtstance from the entrance s lit to 

the g rating is 238mm. The toroidal g rating ts unevenly-ruled with 1200 

g rooves/ mm (Httacht 001-0450). The radtus of the curvature ts 5.6m and the 

angle of mcidence is 87 w ith respect to its surface normal. The foca l plane is 

v irtually flat m the wavelength range of 8nm-34nm at the dtstance of 241mm 

from the g ratmg. The reciprocal linear dispersion is 0.6nm / mm. The detector 

is a 1024 channel photodiode array w ith two MCPs and PbS-coated-phospher 

plate. (IIAMAMATSU C2321) whose s ize is 45mmx1 2mm. The mcide nt xuv 

photons arc transformed into the photoelectrons and the number of the 

photoelectrons is amplified in MCPs. The maximum voltage applied to the 

MCPs is 1.9kV. These photoelectrons are acce lalated by the electric field 

between the MCPs and the phospher plate (the maximum voltage between the 

MCPs and the phosphe r plate is 3.85kV), and hit the PbS-coated phospher plate 

w ithout losing thetr position information. On the phospher plate, these 

accelalated elec trons are transformed into the photons of the visible light. 

I hese photons are guided by a bundle of optical fibers into the 1024<:h photo­

dtodc-array. r he te mporal resolution of this d etector is 20ms which is 

detcrmmcd by the lime to send the data from the 1024 channel diodes to the 

contro ll er (IIAMAMATSU C3633). 

I he spectrometer is located at 150° of the toroidal angle from the visible-uv 

spectrom eter and observes normally the plasma in th e equatorial plane. The 

vacuum o f the spectrometer is separated from the WT-3 main chamber by a 

mag netic gate valve (OSAKA Vacuum MGY-100). The high vacuum level of 

the spectrometer is sus tained by two molecular turbo pumps (Osaka Vacuum 

T H-162) and two rotary pumps (ULVAC GVD-1 OOA); the back pressure is better 
than l x106 torr. 

\'Ve can change the s ight area of the s pectrometer to observe the SOL 

plas ma. In this case, the observed area is from r 0.17m to 0.21 m. 

The wavele ng th calibration of the spectrometer for the region from 9nm to 

31.2nm has been accomplished by use of the impurity s pectral hnes from the 

plasma, I.e., ltthJUm-like o>.ygen (OV I), beryllium-like o>-ygen (OV) and 

correspondtng carbon ton lines for a typical joul e heating discharge, and 

lith tum hkc and bery llium- like neon ions (NeVlll and NeVll) for the 

d rscharge fo r which we used the mi>.tu re gas of neon atoms and hydrogen 
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molecules (the ratio of the neon atom concentration to molecular hydrogen 

was 20°o .). Fig ure 8 shows the \.U\ spectra of the d tscharge wtth and wi thout 

the '\.e gas. \ Ve refer the wavelengths of these xuv ltnes to Kelly [81 and the 

'-iSRD data compiled by \\ tese 191. For 0\ tons, the mtensity ratios for the 

lines [101 were taken into consideration tn the caltbratton. The result of the 

wavelength calibration is s hown in Ftg.9. 

The absolute sensitivity of thts spectrometer has been calibrated . The 

details are described in the ne>.t chapter. 
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Figure Captions 

Fig. 1. '] op v1ew of the WT-3 Tokamak Device. 

Fig. 2. Schematic dtagram of the light collecting S}Stem of the visible-uv 

spectrometer. Ml and M5: concave mirrors with focal length of 1 m, M2, M3 and 

M4: flat mtrrors. VVe measure the chord depenfence of the spectral lme by moving 

Ml and M2 m the z-darection. 

Fig. 3. Transmittance of the window in the wavelength region of 200nm through 

SOOn m. 

Fig. 4. Schematic diagram of Cl-100, uv-visible spectrometer. M and G are the 

m1rrors and the grating, respectively. 

Fig. 5. Chord dependence of the spectral hne intensity of OVI 1ons in a typival joule 

heatmg d1scharge. 

Fig. 6. Rc..,ult of the absolute sensiiJ\ ity calibration of the spectrometer with the 

OMA, (il); the case of the grating 1 without the aperture, (b); grating 1 with the 

aperture, (c); grating 2 wathout the aperture, (d); grating 2 with the aperture. (e); The 

sensitivity for the case of the photomultiplier. (\Ye use grating 2 without the 

aperture.) 

Fig. 7. Schematic diagram of the xuv spectrometer. 

Fig. 8. Typical spectra in the wavelength region of 9nm through lSnm. (a): with 

neon gas, (b): without neon gas. 

Fig. 9. Result of the wavelength calibration of the xuv-spectrometer. 
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CHAPTER IV. 

In Situ Sensitivity Calibration of an 

Xuv Spectrometer 

(Measurement of Charge Exchange Recombination Rate Coeffieicnt 

between Highly Charged Ions and Hydrogen Atoms or Molecules ) 

Abstract We have observed spectra of lithium-like oxygen and carbon ions from 

the WT-3 tokamak plasma with the xuv spectrometer. On the basis of the 

branching ratios to visible-uv spectral lines and the collisional-radiative model 

calculation for excited level populations, we have determined the absolute 

sensitivity of the spectrometer over 11.5 nm through 31.2 nm. From the line 

intensities emitted from the scrape-off layer plasma, we have estimated the charge 

exchange recombination rate coefficients of helium-like oxygen ions coli id ing 

with neutral hydrogen atoms or molecules. 



I. INTRODUCTION 

In order to conduct quantitative spectroscopy in the xu v region, the 

sensitivity of ou r detection system must be calibrated absolutely. 

For the purpose of sensitivity calibration, a light source, the intensity of 

which is known beforehand, is necessary. The synchrotron radiation is an 

ideal source. However, the spectrometer to be calibrated should be moved to 

the facility, which may cause some practical d ifficulties. Furthermore, the 

polarization characteristics of the radiation sometimes make the calibration 

procedure, at leas t, complicated. The conventional branching ratio method 

has been used in many laboratories: The observed intensity of one of the pair 

lines having the common upper level is used for prediction of the intensity of 

another line. (We call this latter line the secondary line.) This method, 

however, is accom panied by va rious intrinsic difficulties. Besides the 

geometrical problem commonly recognized and the fact that we ca n find, in 

almost all the cases, only a small number of pair lines available, the plasma 

light source is prone to various adverse effects which may affect the line 

intensities. Hydrogen- like ion lines are used in some cases. Fo r plasmas w ith 

electron density of the order of, say, 1020m -3, the sta ti s tical popu la lion 

dis tribution among the different-[ levels is unlikely to be es tablished. The 

"branching ratio" of the sponteneous transition probabilities is then different 

from the value predicted on the assumption of the sta tis tica l distribution . For 

the case that the Ly man ~ line (n = 1 - n = 3) is used as the secondary line an 

error of 30% could result for a plasma in the ionizing phase 111. 
In order to realize the statis tical population distribution in the hydroge n­

like ions we have to employ a plasma with much hig her electron density. 

Under such a condition, the ion density also tends to be high and, accordingly, 

the Lyrnan lines may be affected by radiation reabsorption. T hus, the 

secondary line intensity as obvserved by our d etector may become lower than 

the value predicted on the assumption of the optically thin cond ition. If we 

use other ions, e.g., helium-like ions, the above difficulty concerning the 

sta tistical distribution may be absent, but a similar probl em concerning th e 

population distribution over the fine structure levels may arise, besides the 

radiation trapping effect. 

T he drawback of the branching ratio method, i.e., a limited number of 

suitable line pairs as mentioned above, may be overcome if we can predict 

intensities of the lines emitted from the plasma other than those of the 
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secondary lines. This can be accomplished if we understand the plasma 

charactenstics, i.e., what are the spatially dependent electron density and 

temperature as well as whether this plasma is ionizing or recombining , and if 

we have a reliable atom1c model for the population distribution among the 

exc1ted levels of the ion concerned. llehum-like ions can be an immediate 

candidate for a reliable atomic model, the collisional-radiative (CR) model [2]. 

In this case, however, excited-level populations, especially that of the triplet 

levels are s trongly affected by the metastable level population. For transient 

plasmas or for plasmas in "'hich spatial transport of ions is important, as is the 

case for a tokamak plasma, the metastable level population itself is the subject 

of tnves tlgations, and a s traight-forward appli cation of the CR model is 

impractical. Beryllium like ions have a s imilar difficulty. 

A tokamak plasma 1s effectively a d1ffuse light sou rce and has a good 

geomelncal S} mmetr} so that the geometncal problem may be solved rather 

easily. This plasma is well diagnozed. This plasma is a hydrogen plasma 

contnining impurities in the level of the order of a percent. Thus, the 

1mpurity lines are free from the effect of radiation reabsorption. lt is well 

estnblished that, in a small tokamak, the ions are in the ionizing plnsma phase 

m the central part of the plnsma. Lithium-like 10n lines are common 

promint>nl 1mpurity hnes. At leust one pair of lines, i.e., 2s-3p and 3s 3p lines, 

is available for the branching ratio method. This ion has no metastable level, 

and a quantitatively reliable CR model has been established in Chapter 11 [3,4]. 

Thus, by using our O\\ n tokamak plasma and employmg the CR model, we 

may cal1brate sensitiv1ty of our )I.UV spectrometer over substantially wider 

wavelength regions than is possible by the direct applicat ion of the branching 

ratio method 

In the following, the e\.perimental procedure is given, the CR model is 

briefly described, and the result is given. By using this calibration result, 

information concerning the charge exchange recombination is obtained from 

the observed spectrum of the scrape-off layer (SOL) plasma. 

11. EXPERIMENT 

The details of e"'perimental apparatus have been given in Chapter Ill. 

ln the present experiment the minor rudius was set at 0.15 m. The toroidaJ 

magnet field was 1.7 T, and the plasma current was 80 kA in a joule heating 

mode for SO - 100 msec from the start of the discharge. Electron density (ne) 
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was measured by an HC'\i laser interferometer. Electron temperature (Tl.) was 

measured by Thomson scattering in the central region, and b) an electric probe 

in SOL. He and T c were '5 x 1Q1Q m-3 and SOO eV at the plasma ccntcr, 

respectively (See F1g.1 ). 

\\te used the 3600 grooves/ mm grating (grating I) for observatiOn of the i, 

381 nm and 383 nm lines of lithtum-like OX) gcn (OVI) ions \\ h1ch correspond 

to trnnsitions 3s2S1 /2 - 3p2P:, ;2 and - 3p2Pl / 2, respecllvch., and 300 

grooves/ mm grating (grating 2) for the A. 580 nm line of lith•um-lil...e ct~rbon 

(Cl\) ions (Jc;2S1 2- 3p2P1/2,3/2), \'\here the fme structure components \H'rc 

unresolved. The"' idth of the entrance slit\\ ns set nt 300Jim for both the cac;e<; 

Figure 2 shows the r -dependence for the OVI (A. 381 nm) line as derived from 

the z-dependence shown in Fig. 5 in chapter Ill. The o rd in<1te is the populnt1on 

of the 3p2PJ ,2 level. This was taJ.-.en in the penod of 70- 84 mc;ec from the s tart 

of the discharge, when the plasma was stationaf\. Figure 3 sho\'\ s the spectr.1 of 

the 381nm and 383nm lines in the central chord. The width of these c;pectra 

are mainly determined by the instrumentnl function of the spectrometer. Tht> 

ratio of the photoelectron counts for the 381 nm line to those for the 383nm 

line was 2.04•0.10. The uncertainty is mainly due to plasma Ouctuation. From 

the intensity ratio of these lines, we confirmed that their upper levels had tht> 

s tatishcal populations. This sta tistical dis tribution is consistent w1th our 

calculation shown in Fig. 16 (b) in Chapter ll. 

An example of the xuv spectra for the same discharge as for F•gs.2 and 3 is 

shown in Fig.4 (a). The fine structure components, c·.~., I S.0089 nrn rand 

15.0124 nm for 2s - 3p of lithium-like oxygen ions, were unrt>solved ow 1 ng to 

the rather poor resolution (~A. 0.06 nm) of this spectrometcr. In the vic111ity 

of the 15.0 nm line, the resonance line of CrXXI ions (14.9 nm) could appcilr. 

1 iowever, in the present discharge, the maximum temperature of 500 e\ was 

unlikely to produce the CrXXI ions. The 17.2 nm line m1ght be blended with 

the FeiX line {17.1 nm) or the OV line ( 17.3 nm), but the resolution of our 

spectrometer was barely enough to resolve these lines from the OV I line. (Set> 

Fig.4 (a)) The 13.2 nm line was blended with FeVJI (13.1 nm) and OV lines 

(13.3 nm). We assumed the gaussian profile and subtracted the contnbut10ns 

from these nearby blending lines and the background signal. Figu re 4 (b) and 

(c) shows a typical example of fitting (for the 13.0 nm, 13.2 nm lines nnd the 

18.4nm line). 
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By the branching ratio method for the 2s- 3p and 3s 3p lines, the absolute 

senstttvtty o f the xuv spectrometer was established as shown wi th the closed 

ctrcles tn Ftg.S; for the OVI 15.0 nm (2s - 3p) ltne, the 381 nm (3s - 3p) line 

observed tn the central chord served as reference, and fo r Cl\ 31.2 nm (2s- 3p) 

line, the 580 nl'll o~- 3p) line served as reference. The 381 nrn and the 580 nm 

line intens tttes were averages of 10 shots for each ltne, and they were 

reproductble w tth in 5 v-;,. The fluctuation was obviously due to the small 

photon numbers and plasma fluctuation (3 %). The 15.0 nm and 31.2 nm line 

tnte ns tttes were averages of 20 shots and were reproducible wit hin 3%. The 

fluctuation was due m ain ly to the plasma fluctuation. Because the uncertainty 

for the absolute sens itivity of the uv-visible spectrometer is 20%, the results in 

h g.5 arc accompanied by uncertainties of 21 %. 
In the edge o r SOL plasma where elect ron temperature was less than 20 eV, 

the spec tra due to the recombining plasma component mig ht be subs tantial. 

f'hc "shoulder" tn Fig.2 for 0.18 m $: r -;; 0.21 m is sugges tive; radiative 

recombtnalton (RR) of the helium- like io ns and charge e~change 

recombtnalton (CXR) by collisions w ith neutral hydrogen atoms o r molecules 

can be rcspons tble. Three body recombination and dielectro nic recombination 

are tncffccltve tn these regions (ne= 1019 m -3, Tc < 200 eV ). To subtract from 

the spectra tn the centra l chord the contribution from the SOL plasma that may 

include the recom bining plasma component, we cha nged the s ig ht area of the 

\Uv spectromete r and observed the spectra from th e SOL plasma. The 

observed area was from r = 0.17m to 0.21 m. The spectra of 13.0 nm (2p - 4d), 

13.2nm (2p 4s) and 11 = 2- 3 trans itions cou ld be identified for OV l ions and 

3 1.2nm (2s - 3p) for CIV ions. The 11.5 nrn (2s - 4p) was too weak to be 

identified. Figure 6 shows spectrum including the 13.0 nm and 13.2 nm lines 

from the SO L p las ma. 

A d tffe rent series of discharges was used for this observation of the SOL 

plasma. The amount of the oxygen impurity was hig her in this series by about 

20' c. and the ca rbon level stayed the same. For 381 nm line of OVJ ions, the 

a\ er<~ged tnte ns tt} through the chord of z 0.17 m to 0.21 m was 7% of that in 

the ccntri'tl cho rd . (cf Fig.2) We normalized the o bserved xuv line intensi ties 

from the SOL plasma so that the 15.0 nm line intenstty became 7 0{, of that in 

the cen tral chord . \Ve then subtracted these intensities from those observed in 

the centra l chord. For the 31.2 nm line o f C IV ions, the contribution from SOL 

w<~s es ttmated to be 5% of that in the central chord. 
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Ill. COLLISIONAL-RADIATIVE MODEL 

We u sed our co1lisiona1 radtattve model for lithium-like ions for the 

ana lys ts. The details ha\e been descnbed tn Chapter 11. From the r- dependent 

populatton of the e\.cited 0\ ltons as s hO\\ n tn Fig.2 and a s imilar result for 3p 

of Cl\ ions and the r- dependent e lectron d ens tly and temperature shO\\ n in 

Ftg. 1, we deri\ e by the collistonal radtaltve model calculation the r -

d ependent ion densities of OVI and C l\ tons for the range of r = 0.06 m to 0.17 

m under the assumption that the tons arc tn the tOntLtng plasma phase, i.e., 

e\cited level popu lation is proportional to the ground s tate ion d ens ity. T he 

result is shown in Fig. 7; in this figure, the result for 1 > 0.17m is a lso show n for 

reference. The populations of the 3s, 3d, 4-", 4p and 4d levels for OV I ions c.md 

4s, 4p and 4d levels for CIV ions are then calcu lotcd. 

IV. RESULT AND DISCUSSION 

A. Absolute calibration of xuv-spectrometer 

Figure 8 shows the Te- dependence of photon emission ratios of OY J and 

C IV tons. We assume the ionizing plasma. In tokamak plasma, electron 

density is too low for a density effect on the population of e\cited levels to be 

s ignificant, and we assume n e= 1.0 x 1013 cm-3. The s imtl ar res ult by 7as lrO\\ 

et al. 151 is attached. 

We calculate the e rnissivities of lines 2s- 4p, 2p- 3s, 2p -3d, 2p - 4s, and 2p 

4d of OYI ions and those of 2s - 4p, 2p - 4s, 2p 4d of C l V tons in the r - 0.06 

0.17m region from the radial dis tribut ions o( the population o f their upper 

levels, and derive the intens ity as o bserved in the central cho rd. From the 

comparison between the observed, i.e., Fig.4 (a) subtracted by the contributton 

from the SOL plasma, and the calculated intensities, we deri ve the absolute 

se ns itivity of our spectrometer at each wavelength. The result is g iven wi th 

the open circles in Fig.S. 

Uncertainty in this calibration is mainly due to the s tati s ti ca l fluctuations o( 

the observed intensities, the uncertainty of excita tion cross sections a nd the 

uncertainty of the sensitivity of our vis ible-uv s pectrometer. The excitat ion 

cross sections by Zhang et al. are claimed to be accurate within 10 %, except 2c; 

4p e>..cttation cross sections whose accuracy is wtthin 17 n;) for OV I. The resul ts 

by C larke, Abdallah and Csanak (C,A,C. See also Chapter l l) are in good 

agreement with those by Zhang et al. and the accuracy of the results by C,A,C ts 
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estimated to be similar to that by Zhang et al. The sensitivity points (open 

c1rcle) in Fig.S carry only the relative uncertamt} \\e estimate that the total 

uncertamty of the calibration is about 27 ~o at 11.5 nm and 24.4 nm, and about 

23% for other pomts. 

B. Estimate of charge exchange recombination 

rate coefficients of OVII + H, Hz 

In the spectra from SOL, the intenstty mtio of the 13.2nm (2p - 4s) line to 

the IS.Onm (2.; 3p) line was 0.20. This value is substabtially larger than that 

predicted from the CR calculation under the assumption of the ionizing 

plasma (Sec F1g.8. 1 c of the SOL plasma is less than 20eV as shown in Fig. 1 ). 

We conclude that the recombining plasma component is responsible for those 

ratios 
We calculiltc the ground s tate density of the OVII 10ns by the transport code 

"M IST' I61 \Ve assume that the impurity source is limiter (r 0.15 m). In 

the case of {) 2.0 m2/s and C = 1, the code calculation reproduces the r­

dependence of the OVI ton ground state density resonably well in the main 

plasma (0.07m~ 1 ::.0.15m) as shown in Fig. 9. In thts figure, the error bars for 

the experimental 1 -dependence of the OVI ion ground s tate density are 

attached. These error bars are due to the uncertatnt)' of Tc and fie, and do not 

include the uncertainty in Abet inversion. lt is concluded that the 

experimental 3p populations in r ~ 0.17m shown in Fig. 2 may be e).plained 

from the calculated OVI ion densities in Fig. 9. If we intend to do the same in 

the region of r > 0.18m, we have to assume higher Tc in r 0.19m and 0.20m 

than in r 0.17 and 0.18m. This is judged unlikely. lt is thus concluded that 

these 3p populations in r ~ 0.18m cannot be explained within the framework of 

the tonizing plasma. Rather, they should be explained from the recombining 

plasma component. This conclusion is consistent with the earlier assumption. 

\Ve now adopt the MIST calculation for the ion densities. By use of the CR 

calculatton, the 1 - dependence of the ground s tate density of OVI ions and 

electron density and temperature, the iomzing plasma component in the SOL 

plasma 1s calculated. We subtract it from the spectra from the SOL plasma (See 

F1g. 6) to derive the spectra for the pure recombining plasma component. The 

contnbutJon from the ionizing plasma component is about 8if.'(, for the ll =2-3 

lines, 20°<' for the 2p-4s line, 30% for the 2p-4d lme, and about 45% for the 

othem - 24 hnes. Firs t, we estimate the intensities of the lines which are 
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produced b) RR. \\ e find these are too\\ e<1k. to account for the observation, by 

more than one order. Recent e\.penmental measurements [7-91 of the total 

CXR cross section between 0\ 11 tons and neutral h} drogen atoms show that 

the total cross section is of the order of to-Jq m2 in the colltston energ} range of 

lOe\ /amu to 10ke\'/arnu. Theoretical c<~lcul<~tions[I0- 121 suggest that, in the 

collts1on energ} less than 1 ke\' I amu, the recombmation mlo the 11 - 4 levels is 

dominant and the recombmation into the 11 - 1 levels is ignorably small. 

I h1s suggests that the CXR process can be the dornmant recombination process 

Ill SOL. 

·1 he densit ies of neutral hydrogen atoms and molecules are determ1ned b) 

the r dependence of the intensities of Hn, H1~ and lly [1 3], and these values are 
3.0 x J016 m -3 and 7.0 x 1017 m -3, respectively. 

In this experiment, we can not separate the contributions from hydrogen 

atoms and that from molecules, we can onl} derive an "averaged" rate 

coefficient. We take the averaged CX R rate cocfftctent into 11 - 4 levels y(4.-; ), 

y(4p), y(4d) and y(4j) as fitting parameters, and ""e reproduce the intensi ties 

from the recombining plasma component. \\e tgnore the CXR process into 11 

3 levels. The result is shown tn Tr\BI I I. In our results, the domin<~nt 

channel o f CXR in this expenmental cond1t1on is to the 4s level. The CXR mlo 

the 4p and 4[ levels are smaJ ler by more than one order thtm that into th(.;' 4s 

level . 

We estimate the CXR cross section into the 11 - 4 levels. Collision velocity 

between the OVll ions and neutral hydrogen atoms ore estimated from the 

Doppler broadening of the Hy and 381 nm lines; the velocities are about 1.2 x 

104 m/sec ( 2 eV /arnu) for both the atoms and ions. When we assume the 

same velocity for hydrogen molecules, the total CXR cross section into 11 4 

levels of OVI ions is 1.2 x 10 19m 2. 
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Table 1. Charge exchange recombination rate coefficient (m3s-1) 

rate coeffictcnt 8.9x lO 16 lc"is than 1 x w -17 4.8xl0 16 2.lx 10 17 
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Figure Captions 

Fig.l. r-dependence of Te and lle for the experimental plasma condition. 

Fig. 2. r -dependence of the 3p2P3J2 level population of OVl ions. 

Fig. 3. Spectra of (a) 381 nm; and (b) 383nm; lines observed in the central chord. 

The upper level of these lines are 3p2P3J2 and 3p2P1f2, respectively. 

Fig. 4. (a) Xuv spectra in the central chord. (b) Gaussian fitting for the 13.0 and 

13.2nm lines and (c) the 18.2nm line in the central chord. Solid curves show the 

OVI spectra, and dotted ones are the blending lines. 

Fig. 5. The result of the absolute sensitivity calibration of the xuv spectrometer. 

Closed circles are given directly by the branching ratio method and open circles 

are given from the CR model calculation combined with the branching ratio 

method . The uncertainty of the sensitivity of the visible-uv spectrometer is 

included in the error bars of the closed circles but is not included in the error 

bars of the open circles. 

Fig. 6. Gaussian fit for the spectra from the SOL plasma. The explanation is the 

same as for Fig.4 (b). 

Fig. 7. The ground state density of the CIV ions derived on the assumption of 

the ionizing plasma. The result of the transport code "MIST" is included. (We 

assume the diffusion coefficient 0=2.0 m2J sec and convective velocity 

parameter C- 1.0.) 

Fig. 8. (a) Photon emission ratios driven from the CR calculation for OYI ions, 

and (b) for CIV ions. 

Fig. 9. The calcu lati on resu lt by the MIST code for oxygen. We assume that the 

diffusion coefficent and convective velocity parameter are 0 =2.0 m2Js and 

C 1.0, respectively. We also assume that the impurity sourse is a limiter. 

"Experimental" density of OVI ions as derived from the measured 3p 

populations and Tc and "c is also shown. The error bars of the closed circles are 

due to the uncertainty of Tc and 11 c· 
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CHAPTER V. 

Plasma Polarization Spectroscopy 

Abstract We have constructed a framework of a new method for plasma 

diagnostics, PPS (plasma polarization spectroscopy). For axially symmetric 

plasmas on the basis of the density matrix theory, we treat a rate equation of a 

relaxation process of an ensemble of atoms. In order to solve this equation, we 

introduce a "superoperator", and derive the explicit expressions of the 

relaxation matrix elements or rate coefficients for transitions of population 

and alignment between levels. We derive a collisional-radiative model for 

population and for alignment of the excited levels. We conducted a 

preliminary experiment of PPS on the WT-3 tokamak, and measured 

polarization of the beryllium-like oxygen (OV) ion lines (3s3S 1- 3p3P 0,1,2) by 

use of a calcite polarizer. We made a simplified alignment CR model for 

these ions, and calculated the alignment of these levels for several cases of 

anisotropic electron velocity distributions. 



I. INTRODUCTION 

For a tokamak plasma, Lammeren cl al. Ill me<1sured the electron 

temperature by the method of Thomson scattering, and they found that the 

toridal tempera tu re was slightlv higher than the poloidal one. This is an 

e\.ample of spatial anisotrop) of plasma. \\hen the electron veloCJl) 

distribution is anisotropic like th1s e\.ample, atoms and ions (s impl) called 

atoms) m tt are subjected to collisions more frequently in one direction than in 

other directions. If these atoms are e>..cited by these collisions the e\.cited atoms 

are polarized, aligned in this case, and emitted radiation from these C\.citcd 

atoms is polarized, linearly polarized in th1s e\.ample. 

The polarization of radiation emitted from plasma has been ignored so far 

in plasma research except for a few cases [2, 3[. Since the polarization of 

radiation is directly related with the anisotropy in plasma as discussed above, a 

method to treat plasma anisotropy b) use of the polarization characteristics of 

radiation, which we call PPS (Plasma polarrzntion Spectroscopy) [41, should be n 

powerful new tool for plasma diagnostics. 

In order to treat quantitatively the anisotropy of the plasma from the 

polarization in the e>..cited atom state, a ne\\- framework is needed ; m th1s 

frnmcwork nlignmcnt would be treated on the same bas1s as population, t.c., by 

a kind of collisional-radiative model. Furthermore, when the electron veloCity 

dis tribution is anisotropic, for e\.ample, we need various kind s of rate 

coefficients and those for e>..citation shou Id be different from those on the 

assumption of isotropic plasma or iso tropic Maxwell dis tribution. Thus, we 

should assess these rate coefficients of population and alignment for given 

electron velocity distribution. 

In lhe following, we show the formulations of lhc rate coefficients and the 

new CR model for axially symmetric case and an example. 
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11. THEORY 

We assume an a>..ially symmetric situation with no electric or magnetic field 

present. 1 hroughout this section, we rely on the te\.tbooks by Messiah [5], 

Omont 161 and Blum.l71 

A. Density matrix and rate equation 

'I he s tate o f an ensemble of atoms or ions (simply ca lled atoms henceforth) is 

d escribed by the de nsity matrix. 

I' 2 <aFM lp lf3GN >laFM > <f3GN I 
ui·~ GN ( 1) 

where p is a density operator, F and G are the total angular momenta of the 

Zeeman mulliplets of an atom in the ensemble, and M and N are their z­

componcnts, res pectively. a and f3 represent aJl the other variables which are 

necessa ry for a complete s pecification of the s tates. An operator or a vector in 

prod uct space (L10uville space), I o.FM><{3CN I, can be expressed in terms of an 

trred uctble tensor operator T(aFf3G )k11 with rank k and its z -component q, (k =0, 

1,2, ... , -k s. q.:;k .) 

luFM> <{~GNI = ~ (-{-M <F GM -N lk q > T ( aF f3G )k q 

where <FCM-N lkrp is the Clebsch-Gordan coefficient. 

By use of eq.(2), the density matrix is described as, 

F-M ] p = ). <aF M lp lf3G N>(-) <F GM - N lk q > T (aF f3G hq 
ul-1ft;kq 

k 
= ). p q(et.F f3G) T (aF f3G h q 

ui-7fikq 

(2) 

(3) 
where p k,1·s are called s tate multipoles or irreducible components of the density 

matrix. 1l1e term with k = 0, 1 and 2 corres ponds to population, orientation 

vector and alignment tensor, respectively, of p in the space spanned by aF and 

f3G. fhe irreducible components of density matrix are e>..pressed in terms of the 

dyad ic represe ntation of the matrix elements as 

k ')' G - N 
pq<cx.F f3G ) = t1 (-) <F G M - N lk q> P of M . {JGN 

(4) 
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In the case of a>..ial sy mmetry along the z-a\is, because the density operator 

must be invariant under the ro tation along the 7 axis and under the inversion, 

t.e., z -. -z, all the components other than the q 0 components vanish, and k 

must be even, that is, 

p ( uF {JG )= p~ aF {:JG) T ( aFf3G )00 + H~( c.cFf~G ) T ( uF f3G >:o + ··· ( 5) 

VVe consider the time development of the ensemble which is s ubjected to 

relaxation; i.e., the processes of radiative deca}, electron tmpact e\.citation and 

d eexcitation, etc. This relaxation process may be e\pressed as 

clp 
(jf - GP 

(6) 
where G s tands for the relaxation matri\.. This equation can be e>..pressed 1 n 

terms of the dyadic representation as 

dpij "\' 
dt =- 'H cl).rrP,\ (7) 

The matrix element G;j,rs means that the operator I r><s I is transformed into 

the operator I i><j I by G. 

For the isotropic relaxatio111 case, e.g., radiative processes in th e optically thin 

plas ma, the transfer rate gk(FG, F'G') for the irreducible components is defined 

by use of G;j,rs as 

T ( aF M, f3G N) k q G T (a 'F ' M ', f3 'G' N ') t q 

g k (FG F 'G I) 0 kk I 

= '5" (-) G +G '+M +M ' <.F GM (q - M )lk q > <F 'G 'M '(q - M ')lk q > 
\{";'11 ' 

X G oJ- .\1 fJG .\1 -q. a' F 'M ' {3 'G '.\1' -<i 
{8) 

Equation (8) shows that there is no mixing between the different k-components 

in the isotropic relaxation process. 

We now assume axial symmetry and no coherence between the different 

Zeeman multiplets. G is rotational invariant, and we can put the initial and 

final atomic s tates diagonal, l·.e., <x.F f3G and (./F' f3'G'. 
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g (k k I) 
q 

= ~ (-/ +1- '-+M+M <.FFM(q-M)Ikq><F 'F'M'(q-M')Ik 1q > 
t.t"tt ' 

X Guf M uf M - q ,u 'F 'M ' u ' f 'M '-q 
(8 a) 

From eqs. (4), (7) and (8 a), we obtain the rate equation, where we note p,1 = 0 

eAcept for i - J, because of the absence of coherence. 

£L p " ( <.tF aF) - L [ L g k k' (a 'F 'a. 1F ',a.F a.F ) p k '<ex. 'F 1 a. 'F ' )1 
dt q a'f ' k' q q J (9) 

where the eApression -glk'(F'F,' FF) means -gq(kk' ) for the transition from the 

leve l o.' I' to the leve l aF. (Note that the order of F' and f in glk' has been 

reversed . This notation is consistent with those of the rate coefficients in 

Chapter 11.) Equation (9) is the basic formula for the rate equation in the 

"A lig nment collis ional-radiative model in axia l symmetry" which we develop 

m the fo llowing sub-sections. 

B. Irreducible representation of the rate coefficient 

We consid er the e lectron impact eAcitation process. A collision matrix (we 

deftnc tt by 5) d escribes the process that an atom in s tate i trans fers into another 

s ta le f after the collis ion, 

llJlr> = S hp;> (10) 

In the se mi-classical approximation, temporal development of the atomic 

ensemble by various collis ion processes is expressed by use of S with the 

collis ion ve locity, v, and the impact parameter, b, as 

dp i oo + - - G p =2nN {v b db[S(b,v)pS(b,v) 1-p} 
dt c p 0 ( 11) 

where { } m eans average over the velocity distribution of electrons which 

collide with the atoms. N Pis the number of the perturbers. (ln this case, these 

are electrons.) We assume eAcitation by an electron beam; the direction of 

whtch is parallel to the quantization (z-) axis with the speed v, and b 

perpendtcular to z. VVe introduce an intermediate "super operator", an 

operator in the Liouville space, IT', which is defined as 
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IT ' (bY) p = p - IS <b ,,. ) p S <b .v ) .I\ 
ng ,1\ l! (12) 

\.\'here I I means the average over the dtrect10n of b a round the collision axts. 

The m a trix element of rr· is E'\.pressed as, 

n Ct} A1 fjJ N . u ' f' '.\11' fj 'G '.\' ' 

- o -<cx.FMISI{3 1G'N'><af M - c1 I S I {~ 'G 1M ' q> o.,1 , _.,1 , 
(13) 

w here b =Dau' Df3f3 ' OJJ bee· chl\1 twi\J 

The irreducible representation is e>..p ressed tn te rms of this dyadic 

representation in the similar way to eq. (8 a), i.e., 

n ' <k k ·) q 
f +F'+ M +M' = ~· (-) <.F FM (q-M )lk q ><F 'F 'M '(q - M ')lk 'q > 

X IT 
1

aF M aF M -q, a 'f 'M ' cz 'F 'M q 

(Note that q - q 'and we d eno te n· as IT'q(H ').) 
(14) 

w here we assume that there is no coherence among the different 7eem an 

multiplels and put a 'F'=f3'C' for the initi al level and cx.F {'JC for the final level. 

li e re, we d efine the cross sect ion as 

a < k k ') = 2rc {oo ± II ' < k k ') b db 
q Jo q 

(15) 
T he plus s ign applies to the case of aF a'f' and the mtnus s ign applies to 

cx.r~a.'F'. In the case of aF,;;a.'f', IT q(kk') and corresponding cross section 

uq(kk') for various k and k' a1re given as fo llows. 

n · <o o) =- ~ <->f+F '+ M +M ' <FFM -M 1cxt> <F 'F'M • M ·1cxt> 
0 ~ · 

2 
x I <aF M IS I a 1F 'M ' >I 

.., 
= -(2F +1)-

1 2 
(2F '+I) 

1 2 ~~ l<uF M IS la 'F' M' >1-
- J ') _ ,.., ~ 

a0 (0 0) = (2F + 1) - (2F' +I) - ,m Q(IHf . (l 'f 'M · 
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( 16 a) 

(16 b) 



where Q(.(/ M, c..cTM' is the excitation cross section from Zeeman sublevel 

u'F'M' to another aFM, which is defined as 

Q u} \1 , (( 'f 'M'= 2rr f. " I <uFM IS la 'F I M I> 1:! b db 
() 

Similar relatton is found for other processes. 

}~ :! -1 1:! 
~J (20)=-(2F'+ l ) 'S' (-) <FFM - M 120> l<aF M IS la 'F ' M '> I 

.,f!:l · ( 17 a) 
~1 2 ")' f M 

O(J(20)=(2F'+I) ,o/!;1 (-) <FFM-MI20>QaFM a'f'M' 
(17 b) 

' n (o 2> 
0 

(2F+If1'2 L ( -) F'- M'<F 'F 'M '- M '120> l«,cF M IS la 'F 'M ' > I:! 
MM' ( 18 a) 

a0 (0 2) = (2F +I) 
I 2 r '-M' 

'S' (-) <F 'F 'M '-M '120> QuHf a f M ' ... m (18 b) 

[J '(2 2) = · L (-) F+F' M M '<FFM -M 12<T><F 'F 'M '-M ' 120>I<aFM IS la 'F 'M ' >1
2 

0 H"1 ' 

u
0 

(2 2) - ~ , (-) F+F' M M '<F FM - M 120><F 'F 'M '-M '120> QafM . a 'f 'M , 

and 

a (2 2) = ~ (-{+F'-M- M '<F FM q - M 12q ><F 'F 'M 'q - M '12q> 
q Jf:1 ' 

(19 a) 

(19 b) 

x 2rr J <aFM IS la 'F 'M '> <aFM - q IS la 'F 'M '-q > *b db 
(fo r q ;e0)(19 c) 

Equations (16), (17), (18) and (19) correspond to the processes of "population 

transfer", "alignment production from the population", "population 

production from the alignment, or correction term for eq .(16)", and "alignment 

transfer", respectively. It is noted that eq. (19 c) cannot be expressed in terms of 

the Zeeman sublevel-Zeeman sublevel cross sections. Rather, the S-matrix 

elements need to be known. 

Fo r the case of aF = a'f', 
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(20 a) 
w here the sum over M corresponds to the total depopulation from the level 

laFM'> to other Zeeman multiplets, or to all the levels vvith f .,ef' . By use of 

eq. (15) with the plus sign, thE• cross section corresponding to eq. (20 a) is gt\ en 

as, 

Oo(OO) = (2Fl+l) ~' DFM . 

where Di-M' is d efined as, 

i
oo ~ 

D , =2n ~ {b\t'vf'-l<aFMISiaF M' > l-}b db 
1-M O tf · · 

Similar relation is found for other processes. 

(20 b) 

n
0
,(20) = (2F +I) 

1 2~. tf (-)r -M <F FM - M 120> {h MM' -l<aFM IS kx FM' > 1
2

} 

= (2F+ 1)_1
'
2 ~ ~ (-)r-M'<F FM '-M '120>{bMM'-I<aFM IS lex FM '> I:!} 

+(2F+ l )-12~ ~ {(-)r-M'<FF M '-M 'I20>-(-)FM<FF M - M I20>} l<uFM ISiu f· M '>l
2 

(2 1 a) 

<J (20) = (2F + I) 1 2 'S' (-) F-Af'< l · FM '-M '120> J) 
0 tr· /· \1' 

+ (2F+ l )- 1 2.~~ {(-)F-.\t '<FF M '-M 'I20>-(-)r-.\f<F F M - M I20>} Q(lr\t ((/-M. 

(21 b) 

n 1

(02) = (2F +I) I '2 L (-/M '<:F FM '-M '12()> 'S' {bMM' - l<aFM IS let FM'> 1
2

> 
o M' 1Vt (22a) 

a 
0
(02) = (2F +I) 1 2 ~·(-)F-M ·<:F FM '-M '120> DrM . 

(22 b) 

n 'po) =~ ~ (-) r +F'-M- M'<F F M - M I'JO><FF M '-M 'I20> { c'> l<uFM ISiuF M '> l
2

} 
0 - f;to t:f - MM ' 

= ~. ~ <F F M '-M '120> 2 
{ b MM '- I <aFM IS l<.t F M I > I:!} 

+ ~ ~ <F F M '-M '120> { <F F M '- M '120>- (-)M M '<F F M - M 12()>} I <cxF M IS lu F M ' >1
2 

(23 a) 
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u/22) ~ ( -)F-M I<F F M '-M '120> 2 
DFM I 

+ ~ ~ <f· f M '-M 'I2C)>{<F FM '-M '120>--{-) M-M .<F FM M 120>}Q f'f .. c~1 , 
(l ". (u-. (23 b) 

and 

0 (22) : ")' (-/ •1--A-f-M 
1

<FFM q -M 2q> <FFM 'q - M I 2q > 
" ~m 

x21t { -x-11'> 
1

- <u.FM ISkcFM'> <aFM-qiSiaFM '-q>. ]bdb 
)0 MM 

(q :;e 0) (23 c) 

In eq. (21 b), the first and second terms on the right hand s ide are unders tood to 

be the cross sec tiOn of "alig nment production from the d epopulation" and that 

of"alignmcnt production by elastic collisions", respectively. Equation (22 b) is 

the correclton term to the depopuJation process for the presence of alignment 

of th e initial s tate. In the right-hand s ide of eq. (23 b), the firs t and second 

terms co rrespond to the cross section of "alignment d es truction by the 

depopulation" and that o f "disalignment", respectively. 

\Ve now turn to actual plasmas. We define an "super operator", flq(kk') , 

\1\ h1 ch descnbes the e>.eitation, deexcitation or elastic collision process m an 

a\ltll sy mmetnc plas ma. flq(kk') is expressed in terms of fi'q(kk') as 

n q<kk 1 >- ~ <-)q q·n ~.(kk 1 ) 
q 

f: <k k 1 q - q IK 0 ><k k 1 q 1 
- q 1lK 0 > 

X rr f (v ,8) p K ( COS8) Sin8 d8 
Jo 

(24) 
llere f (v, 0) is the dis tribution of electron velocities over the s peed and the 

direction, and PK (cos8) is the Legendre polynomial. lt is convenient that the 

integral in eq.(24) is e"-panded in K-multipole components. We first expand 

J(v ,8) as 

(25) 
then, we have 
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{ -r j(l".8)PK(cos8)stn8 dR 
Jo 
= f K(\) f l p K (.\) p g(x} d x= "~K2 f K(v) 

-t - + I 
(26) 

rhus, the Irreducible components of the super operator n are g ive n from eqs. 

(24) and (26) as 

I 

rr 0( o o ) = 2 f 0 ( v) rr 0( o o ) (27 a) 
') I 

n 0( o 2 ) = 5 f 2< v ) rr 0( o 2 ) 
(27 b) 

') I 

n 0( 2 o) = 5 f 2 (v) rr d( 2 o) 
(27 c) 

n o< 2 2) = ~ 1 o c") + 1~ 1 2 cv > + 3~ t 4(\' >) n lo< 2 2) 

(
.., ') H ) I 

+ 5 f 0 (V ) + 3~) f 2 ( \' ) - I()(; f i V ) {/ 1( 2 2 ) 

(
') 4 6 ) I 

+ 5 f o (v) - 35 f 2 <v > + 11 ') f i' ) n '!.( 2 2 > 
(27 d ) 

We now s ubs titute the s uperoperator fl'q(J...J... ')'s by the corresponding cross 

sections in eqs. (16)-(23), then we define the rate coeff1 c1ents correspond mg to 

these processes 

c "k. = LX. f K (v) a q ( k k I) \' l dv 

( 28) 

C. Example 

We assume that the neutral helium beam with the velocity of 4x10hm/s is 

penetrating into the isotropic hy drogen plasma along the -z-direction . The 

electron and proton temperature are assumed to be 10keV (vp 8.2x105m fs; Pp 

is the thermal proton velocity.), and the electron and proton densities are 

1.0x1Ql9m -3. ln this s ituation, the electron and proton velocity dis tnbutJons 

are "shifted -Maxwellian" as viewed by the beam particles. F1gure 1 s hows the 

shifted Ma"-wellian dis tribution of the plasma protons,J(vt", Vz). In this f1gure, 

the curve cutting the dis tribution function is the Circle whose center is at the 

origin, and its radius corresponds to the collision speed of 2.5x106mfs taken as 

an e"-ample between the protons and helium beam atoms. Obviously, the 
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collisions in the z-direction occur more frequently than those in the x- and y­
directions, i.e., the collisions are anisotropic. (For electron collisions, the 

electron temperature is so high under this plasma condition that the anisotropy 

in the collisions is not s ubstantial.) 

For the distribution f (v, 8) of Fig.l, we calculate the multipole components, 

JK's in Fig.2. (See also eq.(26)) The zero-th component for the isotropic 

Maxwellian distribution w ith the same proton tempera ture is a ttached. In this 

case, the higher order components a re, of course, absent. 

We ca lcul ated a o(OO) and ao(20) for the transition from the ground sta te (115) 

to the 21 P level. a o(OO) is d erived from the proton impact cross section data by 

Fritsch 18], and ao(20) are obtained from the velocity scaling o f the longitudinal 

alignment d ata for positron collisions by Csanak. 19] T he result is shown in Fig. 

3. 

D. Formulation of the alignment collisional-radiative model 

In this section, we show a formulation of the alignment collisional-radiative 

model by use of the rate coefficients which we presented in the previous 

section. Previously, Kazantzev and eo-workers constructed a similar model for 

simple cases. 11 0-12] 

The basic r ate equation for the axial symmetric case has been shown in eq.(9). 

We introduce population n (p) in place of pOo(p), 

I I 0 
n ( p) = V 21 p+ 1 Po( p) (1 p= total angular momentum of p) ( 29) 

and s ubsti tute pDo(aFaF) in eq. (9) by n(p). We now re-define the cross sections 

originally given by eq. (16 b), (17 b), (18 b), (21 b) and (22 b) as, 

a () (0 0) = (2F I+ 1) - l J; ' QaFM . a 'F 'M . 

a
0

(20) =(2F'+ lf
1 
l; .(-)F-M<FFM-M I20>QaFM.a'F'M' 

a (0 2) = )' (-) F'- M '<F 'F 'M '-M '120> Q 
0 t.m • oFM.a'F'M' 

a (20) = (2 F + 1) - l )' (-}"'-M ,<F FM '-M '120> D 
0 tf'o FM' 

(16' b) 

(17' b) 

(18' b) 

+ (2 F +l) ~~~ ((-{- M'<F FM '-M '120>- (-/-M <F FM - M 120>) QaFM ,a.'F'M , 

(21' b) 
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r - M ' 
a0(02) = ~· (-) <F FM '-M '1120> DrM . 

(22' b) 
Note that, in these expressions, oo(OO) in eq. (20 b) and aq(22)'s in eqs. (19 b), (19 c), 

(23 b) and (23 c), are identical to the ori ginal cross sections. The rate coefficient, 

eq. (28), is re-defined accordingly. From now on, we use these new definitions. 

The rate equations for thE! population, 11 (p ), and the al ig nment, p2o(p ), are 
g iven as follows: For the population, 

dn (p) ~ d = [C (q, p) ne+ A(q ,p)] n(q) 
I q P 

-(J: P[C( p,q)ne+A(p,q)]+i\ (p))n(p) 

0" ") 
+q~ pc -(q,p)ncpo(q) 

0" "} 
-C ~(p,p) n c P o( P) 

where p or q m eans Zeem an multiplets or the fin e structure levels. 
For the alignment, 

dp ~ ( p) 20 20 
d = "\' C (q ,p) n en(q) -C (p,p)ncn(p) 

I q~ p 

- f ~ A ( p ,q ) + ;\ ( p) + C 
22

( p, p) ne) p ~ ( p) 
\q .. p 

+ ~ [ C 2\q, p) n e+ .A 2\q , p)] p ~ (q) 
q.., p 

(30) 

(31) 
The additional term A (p) in eq. (30) and (31) is the rate coefficient of the 

population flow out of the system, i.e., the ionization process. We have 

assumed that the plasma is in the ionizing phase and the recombination 

processes have been ignored. 

The alignment destruction rate coefficient C22(p,p) consists of two parts: 

depopulation and disalignment. (See eq. (23 a) or (23 b)) The latte r contribution 

can be estimated from the Stark broadening of this level I13J. According to ref 

[14], the rate coefficient for Stark broadening is expressed in terms of the 

absorption oscillator strength, f, of the most frequent collisional transition as, 
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(32) 
In the spir it of the CR mod el, the left-hand side of eq. (30) and (31) is put 

equa l to .zero fo r e~ctted levels, a nd the coupled differentia l equa tions become 

coupl ed equations fo r these levels. 

Ill. EXPERIMENT 

A. Preliminary experiment on the WT-3 tokamak 

'J he sys te m fo r th e e~periment has been d escribed in Chapter Ill. In this 

e~ penme nt, the JOul e hea ting was cut off a t 30ms from the s tart of the 

d tscha rge, a nd the lower-hy brid (LII ) wave of 2C Hz was injected to sus tain the 

plasma current. (i.e., LHCD) T he plasma current was a bout 45kA for the time 

regton of 15-100ms. I he electron temperature and d e nsity at the center of the 

pl as ma fo r this time region were about 200eV and 5.0x1 018m -3, respecti vely. 

h g ure 4 s hO\.'\S the te mpora l evolutio n of the plasm a current {lp), loop voltage 

(V L), hard '< ray (I IX) s ignal (£ 35keV), and the chord integrated electron 

d ensity in the central chord. The increase in the H X signal starting fro m 30ms 

corresponds to the increase m the number of the hig h energy electrons w hich 

were created by the Ll-1 wave. 

We used the CT-100 vis ible-uv s pectromete r with the OMA d etecto r system, 

and observed the plasma in the central chord . The width of the entrance s lit 

was 200J.Lm. The s torage time was 17.44ms, and we took the spectra fo r each 

20ms pen od . Observed lines we re the 3s3S, -3p3Po,1,2 triplet lines (278.985, 

278.699, 278.101nm, respectively) of bery llium-like o~ygen ions (OY). Ty pical 

spectrum is shown in Fig. 5. 

\ Ve took the toroidal direc tion (z) as the quantization axis, and we assumed 

the axial sy mmetry aJong this axis. The components linearly polarized in the 

dtrec tion parallel and perpe ndicular to the quantization axis were defined as 

the Jt and u light, res pectively. To observe the two polarization components of 

the spectra l lines in a s ingle discharge shot, w e set the calcite plate 

(20mmx22mmx5.4mm) jus t be hind the entrance slit. 1151 T he transmittance of 

thts plate at 278nm was about 90% . 'The ang le of the optical a~is of the plate 
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was 60° w ith respect to the surface (See Fig. 6) T he emiss ion of the spectral 

lt nes p assm g through the plate \\as dt\ 1ded m to the o ray (u-com pone nt) a nd 

the e- ray (n-component), a nd the!:.e two co mpone nts were focused at the 

different positio ns on the d E~ tector. Figure 7 shows the separatio n of the 

focusing posi tions be tween the o- and e-ra~ agamst the \Htvele ngth o f the 
incident light. 

Fig ure 8 (a) s hows th e typica l spectra of the 0\' tons take n 1n the pe riod of 

30-SOms. T' he e-ray ,,.. as focused on the right-hand s td e of the o- ra\. In th is 

e~perime nt, the plate was til lted by 20° from norma l incidence so as to o btain 

the bes t separa tion o f the lin es. \\ e fi tted these s pectra l lines by Ga usss1an 

profil es a nd deri ved the pho toelectron counts fo r each line. r he uncertain!) 

was about 2°'o w hich was du e lto the fittin g erro r. O ur spectrosco pic syste m was 

e\pected to have diffe re nt sensill vities fo r the dt ffe rent po lar11a tion 

compone nts. In principle, we should be able to calibrate the rela ti ve 

sensitivities by u se o f the pho1toelectron counts o f the 1 1-0 line which ts never 

pola rized fo r the case of o~ygE·n (Possible effec ts from the non Ic ro nuclear s pin, 

I, are well neglected . The abundance of the 160, l Ro (I 0) and 170 (I S/ 2) are 

99.96% and 0.04°c, respecti\ ely .). We assumed that these sensiti v tlies arc equal 

fo r the tim e being. From the com parison of the photoelectron counts of the 

two polarization components, we found that the Jt compone nt was s tronger 

tha n the o-compone nt by 1S1!v fo r the l- 1-2 1ine and by 120( fo r the 1 I-1 line. 

f-o r the I 1-0 line, the photoe lectro n counts o f Jt and o compone nts were equal 
within 5°{,. 

To check possibl e e ffec ts from bl ending lines, we ro ta ted the calcite plate by 

180°, and meas ured the sam e lines for a joul e heating discharge. (See Ft g. 8 (b)) 

In this case, thee-ray was focused on the other side of the o- ray. 

Figure 9 s how s the tem poral evolutions o f the experimenta l resu lts Th e 

abscissa is the time from the start of the discharge and th e o rdinate ts the 

nppnre1l t long itudinal alig nme nt w hich is d e fin ed as 

(33) 

whe re la and 10 a re the photoelect ron co unts of the n and o po la n.zed 

components, respectively. In Fig. 9, the op en sy mbols are o rig inal data a nd the 

closed sy mbols are the data with the calcite plate reversed . 
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In v1ew of Fig. 9, the apparent longitudmal altgnment for the /=1-0 line for 

the two cases are d ifferent each other. A change of the sensitiv ity of our 

spect rometer by the rotation of the calcite plate is unlikely, z.e., the difference 

may be due to plasma fluctuation or effects of blendmg hnes. It is our subject in 

near future to n"!duce the these effects. 

B. Example of the alignment CR model 

We have constructed a preliminary alignment C R model for the OV ions. 

We include the four levels, 2s1S, 2p3P, 3s3S and 3p3P, in this model. (See Fig. 

10) We calcu late the populations of the excited levels (11(p)) by use of the 

population collis ional -radiative model for these ions. 1161 By use of this 

calculation result for the population ratio o f the 2p3P metas table s tate to that of 

the grou nd s tate, we d erive the alignment (p 2o) d efin ed by eq. (4) of the 

3p3Po,1,2 levels according to eq.(31). On the right-hand s id e, we include the 

radiallve trans itions, the electron impact eHitation and deexcitation processes 

and the d1salignment process by elastic collisions. 

The electron impact excitation or d eexcita tion cross section between all the 

Zeeman s ublevels of the fine-structure levels for these four levels is calculated 

by Dr. Grabbe (Kansas University) and Dr. Csanak (Los A lamos Na tional 

Labora tory). From these data we calculate the rate coefficient (kk'(p,q). 

In a LHCD discharge, it is proved experimentally that the hig h energy tail 

electrons of L ~ lOOkeV are created. Figure 11 shows the electron dis tribution in 

momentum space for a ty pical LHCD discharge: th is has been cons tructed from 

the hard ' ray meas urement in LHCD experiments on the WT-3 tokamak. [171 

It is und ers tood that the acce lerated electrons in the toroidal direc tion come to 

have a m om entum in the poloidaJ direction by the collisions with the plasma 

particlcc;. 1 his high energy electrons (£ ~ 100keY) are running predominantly 

in the direction about 45° with respect to the toroidal axis. A !though the 

velocity dis tribution in the low energy region (£ < lOOkeV) is of interest in 

ph} Sics of l HCD, this conventional m ethod cannot provide information of 

these regions, s ince the d etector of Nai is insensitive to electrons of E <lOOkeV. 

T he alignment in the 3p3P1,2 levels of OV ions is expected to be sensitive to 

electrons \\hose energy is less than 2-3 keY, beca use the higher energy 

electrons are meffective for the excitation processes. (The transition energy of 

the 3p3Po,l,2 levels from the ground s tate is about 75eV.) As e>.amples of 

1 :34 

anisotroptc electron velocity dtstribu lions, .,., e assume two distributions: 1) 

diffe~ent t~ro_i dal_ temperature I rt•t, from polo ld al temperature, Tl'p· 2) thermal 

veloc1ty d 1strtbution wtth mono-energetic beam electrons. 

For the former case, the electron d1stnbut10n 1s descnbed as 

f ( \' ) . I tc I tc ( Ill\'~~) ( Ill\' ~ll) - y 2rrmkTct '2rrmk T ·exp \- 2 J..T cxp -;:r-
ep c er (34) 

w here v tor and v pol are the electron velocities in the toroidal and poloidal 

dire~tions, respectively. We assume '' e 1.0xJQ18m -3 and fl'p - 100eV w here the 

OV 1ons are present dominantly. For the latter case, we assume that the bulk 

electron tem pe rature is 100eV and the d ensity of the mono-energetic 

compone nt is 10% of that of the bulk. Figure 12 (a) and (b) illus tra tes these 
dist ributions. 

T he results of the alignrnent C R model calculntion fo r bo th the cases are 

shown in Fig.13 (a) and (b). In Ftg. 13 (a), Tt•t is vnricd from SOeY to 400eV. In 

Fig. 13 (b), the energy of the mono-energetic component is varied from SOe\t to 

1 keY in Fig.13 (b). These results suggested that, for the former case, the 

method of PPS is rather insensitive to the velocity amsotropy, and fo r the latter 

case, the beam energy region w here this method is sens iti ve is f-;:;; 300eV. 
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Figure Captions 

Fig.l. Proton velocity distnbution in the case of a s hifted \1a'\well ian dis tnbutton. 

The proton temperature is JOke\'. \Ve assume helium beam is injected into the 

isotropic plas ma in the -z-di recti on with the ve locity of 4x J06m j s. 

Fig. 2. The k -multipole components, f, (v ), for k 0, 2 and ..J. o f the shifted 

Maxwellian d ts tnbution of Fig. 1. jo(v) for the normal l\1axwellian dist ributio n is 

also shown for reference. 

Fig. 3. An example of ao(OO) and qJ(20) for the trans itiOns from the g round s tate 

(1s1S) tothc2.p1P ievel ofneutral helium atom. 

Fig. 4. The plasma current Up), loop \Oltage (VL), soft' ra} (f lAke\') s tgnal , hMd, 

ray s ignal (l:.=35keV) for a typical I HC 0 dtscharge. 

Fig. 5. Typical s pectra of the 3s3SJ 3p3Po,1,2 OV ions for the joule heating mode of 

the LHCD discharge. (without the calcite plate) 

Fig. 6. Schematic diagram of the optics of the calcite plate (blade). a; the divergence 

of the incident light. by; the separation of the focu s ing pos itions between the o rav 

and e-ray. (from ref. [1 5]; Kall s tenius .) 

Fig. 7. T he se paration of the focusi ng pos itions between the o ~ and e rays o n the 

detector. Experimental data points by use of the mercury and neon lincs arc 

attached. 

(from ref.l15l; Kallstenius.) 

Fig. 8. (a); Typical spectra of OV ions for the LHCD discharge with calcite plate ' I he 

spectral lines correspond to J 1-2, I 1-1 and /=1-0 from the right-hand-sid e. (b ); 'I he 

spectral lines of OV ions for the Joule heating discharge. 'I he calcite plate has been 

rotated by 180°. 

Fig. 9. The temporal evolution of the apparent long itudinal a lignment of the 1 1 2, 

/=1-1 and I 1-0 lines for the case of Fig. 8 (a) and (b). 

Fig. 10. The partial energy level diagram of OV ions. The levels which we tnclude 

in our preliminary alignment CR model are shown. 
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Fig. 11. The result for the electron distribution in momentum space for the LHCD 

d1scharge. (This is denved from the hard x-ray measurement.) P#' and P1. are the 

momentum of the electrons in the toroidal and poroidal direction, respectively. In 

this scale, 1 corresponds to the energy of 200keV. Open area in the centra l region 

means that this method is not sensitive for the energy region below 1 OO keV. The 

solid line s hows the cu t off region of the LH wave. (from ref. [171; Maehara et al.) 

Fig. 12. Schemahc representation of the electron velocity distnbutions. (a); The case 

that there are two Maxwellian components, i.e., toroid al temperature is higher than 

the poloidal temperature. et is the ratio of the two temperatures. (b); fhe case that 

there is a m ono-energetic component. We assume that the d ensity of the 

component is 10% of the bulk electrons. 

Fig. 13. The calculation result by the alignment collisional-radiative model for OY 

1ons. The ordinate IS the longitudinal alignment of the transition lines from the 

rc<,pective levels. (a); Abscissa is the pol oid al temperature, Ttor·, and a T ct/Tep· (b) 

We assumed the polo id a I electron tempera ture is SOeV and 1 OOeV. Abscissa is the 

ene rgy of the mono energe tic beam electrons. 
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Case 1) Anisotropic Maxwell velocity 
distribution (Axial symmetric case) 
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Case 2) Isotropic Maxwell velocity distribution 
and beam component in the z-direction 

Fig. 12 
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CHAPTER VI . 

Observation of Polarization of 

the Soft X-ray Laser Line 

in Neon-Like Germanium Ions 

Abstract A 3cm-long germanium slab target was irradiated by 1.053JJm glass 

laser light with irradiance of 2.9x1013W I cm2. The 19.6nm (]= 1-0 transition) laser 

line from neon-like germanium ions was found to be linearly polarized by 53% 

in the direction perpendicular to that of the irradiating laser light. Since the 

spontaneous emission is unpolarized, the polanzation is ascribed to a difference 

in the gains (by 13%) of the laser radiation with the different polarization 

directions. A Monte Carlo simulation, which treats the radiation trapping of the 

resonance line (J=0-1) in the expanding plasma with a velocity gradient of ions, 

shows that population imbalance develops among the magnetic sublevels of the 

lower level {J=l) of the laser transition, thus explaining the difference in the 

gains. 



I. INTRODUCTION 
Since the advent of the >..-ray laser [1], continuing efforts have been directed 

to the development of high-performance >..-ray lasers. We have now reached 

to a point where it is even feasible to conduct a plasma diagnostic e>..periment 

by using these lasers 121. On the basis of advanced modellings, we are now 

able to analyze quantitatively the performance of these x-ray lasers. One 

example is the neon-like germanium laser of the collisional excitation 

scheme. [31 However, even for this well -studied laser a small discrepancy 

between theory and experiment still persists, that is, the gain of the 19.6nm 

line due to the 3s-3p, }=1-0 transition (transition from (2pJ f2,3Pl / 2)0 to 

(2pJ f2,3Sl /2h) is predicted to be -12cm-1, much higher than experiment. ( 

Figure 1 shows the energy level diagram of the neon-like germanium ions 

and the lasing lines.) 

One of the phenomena that have called little attention so far concerning 

the laser produced plasma and the x-ray laser is the spatial anisotropy of the 

plasma and the resulting polarization of radiation. Kieffer et al. 141 produced 

an aJuminum plasma with 1ps-pulsed laser irradiation, and found that the 

helium-like resonance line emission was linearly polarized. They interpreted 

this polarization as due to the spatial anisotropy of the velocity distribution of 

electrons in the plasma. With regard to the x-ray laser, Rus et al. IS] produced 

a germanium plasma with a 650ps pulse and a 1.6x1Q13Wfcm2 irradiation 

intensity, and found virtually no polarization for the 23.2 and 23.6nm laser 

lines (/=1-2 transitions); the upper bound of the degree of polarization was 

(4±2)%. They employed a set of a multilayer polarizer and a normal 

incidence concave morror to relay the output into an amplifier. They found 

that the initial polarization degree of 97% of the seeded beam was conserved 

after the amplification. A similar experiment was conducted by Murai et al. 

[6] 

In the following we report the first observation of the existence of 

polarization of the 19.6nm laser radiation of the neon-like germanium ions 

generated without any polarization seed in g. 

11. EXPERIMENT 

Figure 2 shows the experimental set-up. A germanium slab target of a lJlm 

thick, 200Jlm wide and 3cm long stripe coated on a glass plate was bent 

cylindrically with a radius of curvature of 2.5m [71. One beam of the CEKKO 
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XII Nd: glass laser of 1.053Jlm polarized counterclockwise 14.5 with respect to 

they direct ion Irradiated the target from the z direction. A cylindrical lens 

and an asphe rical lens produced a line focus on the target along the y-a>..is o f 

6cm length and lOOJJm average width 18]. The laser light was composed of 

two C..aussian pulses of 0.1ns width (FWHM) separated by 0.4ns. The energy 

of the second pu I se was stronger than that of the f1rst by 10-20 C.o . The to tal 

energy on the 3cm length target was 170 J and the average irradiance of the 

second pulse was 2.9xl 013W I cm2. X-ray amplification was observed a t the 

second 1rrad1allon pulse which heated the plasma prod uced by the first 

1rrodiot1on pulse. This arrangem ent was effective in e nhancing the 19.6 nm 

output 191. T he >. -ray laser radiation was observed from the-y-direction by a 

hig h resolution flat-field recording grazing incid ence spcctrometer (HlREFS; 

ll e ttri ck Scientifi c) 1101. T he dis tance between the entrance s lit and the grating 

G was 134cm and that from the grating to the focal plane was 409cm. The edge 

of the target was located at the position of 8.5cm in front of the entrance s lit 

pos1t1on, and in this experiment the s lit was removed to take much laser light 

mto the spectrometer. T he laser beam was firs t refl ected by a concave mirror 

M I, d1sperscd along the vertical (x) direction by an uneven-spaci ng grating of 

375 grooves/ mm and then reflected by a cylindrical mirror M2 to be weakly 

focused olong the z-direction. The length of the spectral lines along the z­

dlrection was appro>..imately l.Scm on the recording plane. The linear 

reciproca l dispers ion was 0.58nm / mm. The central 0.6cm portion of the 

19.6nm (/ 1-0) laser line was then passed through a re flective linear polarizer 

placed at about 20cm in front of the recording plane. It consisted of two Mo/Si 

multi layer mirrors of l.Ocmxl.Ocm square coated with 16 Mo layers and 15 Si 

loyers, and in this experiment, the effective s ize of these multilayer mirrors 

was 0.6cmx0.6cm. These mirrors were calibrated with the sy nchrotron 

radiation at the UV-SOR facility of the Ins titute for Molecular Science. The 

ang le o f incidence of the light beam to these mirrors was 38° with res pect to 

the1r surface no rmal. The reflectivity R., for the light polarized in the 

d1recllon perpe ndicular to the plane of incidence, was measured to be 25±5% 

for each of them, and the polarization efficiency, R.,/Rp is estimated to be >lOO 

!SI. ~! ere we have defined the direction of the oscillating electric field to be the 

direc tion of linear polarization. These mirrors, pos itioned parallel facing each 

other, were fi\. ed in a housing which could be rotated around the entrance 

beam a\.is for meas uring the >..-ray laser intens ities with different polarization 
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direc tions. The change of the angle o f inc1d ence due to rotation of the 

polanz er was less than 10mrad (0.C)7 ), w hich might cause up to 9.7llo relative 

uncertaint} in the reflectivity of the polan1er. The e\.it light beam "'as 

displaced by l.Ocm in the dtrection perpend icula r to the transmission axis of 

the polarizer. An I !fo rd Q-plate was used for record ing the lig ht intens1ty. 

This plate was located at the o rigi na l focal plane. The 1ncrease in the optical 

path of l.Ocm by the polarizer together '" 1th the 8.5cm displacement of the 

lig ht source from the entrance s lit posit1on made the image s lightly o ff-focus. 

However, the quali ty of the image, as wi 11 be shown later, was sa tis factory. 

T"he optical d en sity against the exposure of the Q-plate was calibrated at 

18.2nm by use of the spontaneous emission line o f CV I, 11 2-3 trans ition from 

a ca rbon plasma produced by a repetiti ve Nd: YAG laser. T he result o f the 

caliblation is shown in Fig.3 (a). The uncertninty in the m easured intensi ty 

was est imated to be less than 17%. T he relnlive trnnsmiltance o f the 

spectrome ter to the light polarized in the z direc tion against that in the , _ 

direction was determined to be 5#15_ 1.3t 0.1 (See Fig.3 (b)): it was measured 

by use of the sam e polarizer with the CVI 18.2nm emission lme w h1ch hnd 

been measured to be unpolarized 1111. Note that R ..,/ R p of the polari1 er at 

18.2nm is about 80. 

For the d ouble-pulse, 170] irradiation, we first recorded with the polanzer 

rem oved the 19.6nm laser Line as shown in Fig.4 (a). We the n placed th e 

polari7er, and recorded the intensi ty shot by shot wi th the trans missio n axis 

set in the direction parallel VI), perpendicular (.1.) and 45° to the z-a>..is. Figure 

4 (b) s hows the p lates corresponding to the polari7ed components toge ther 

with their d ensitometer traces scanned over the spectral line. A portion of 

the 19.6nm laser line which went by the s id e of the firs t polarizer mirror and 

transmitted through a 1.4711-m thick a luminum filter was used to monitor the 

>..- ray laser intens ity (See Fig.2). This monitored intens ity was used to 

normalize the measured intens ity of the polarized component to give the 

re lative intensity, lf, /.1_ and /450 as given in fable 1 where the correction for 

5#15l has been made. It is no ted that the reprodu cibility of the lase r e nergy is 

4% over the three shots and that th e monitored x- ray laser i ntensities are 

cons istent with this small fluctuation . We conclude that our laser light is 

partially polarized in the perpendicular direction w ith polariza tion d egree 

P <w--lt>/(&-i-/.L)=- 0.53±0.1 1. The relative intens ity with the transmission 
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axis in 45° is predicted to be 2.1 ±0.4, in agreement with the experimental 

value. 

Ill. DISCUSSION 

The upper level 3p of the 19.6nm line has the totaJ angular momentum 

J- 0, and the lower level 3s has /=-1. (Germanium has virtually no nuclear 

spin: the abundance of the only isotope of odd mass number 73 with nuclear 

spin 9/2 is 7.8%.) It is noted that the spontaneous emission of the line of this 

angular momentum pair (j- 1-0) is never polarized (See Fig.5). Thus, we can 

assume that the difference in the intensities of the polarized components of 

the laser output is due solely to a difference in the gains of these components. 

Let y-and Rl denote the gains for the parallel and perpendicular components, 

res pectively. rhe ratio of the intensities, 3.3±0.7, indicates the difference in 

the gains to be R//""gl - -0.39 ±0.07crn-1. 

Let M be the projection of J (=1 for 3s) onto the quantization axis, z-axis, and 

11 (3s )M be the popu lation of the magnetic sub level M. The upper level 3p has 

only one magnetic sublevel (M=O). We note that the relationships y ex 

ln(3p)-11(3s)o] and g.l ex IH(3p)-n(3s)±1l hold. (Fig.5) Our experimental result 

indicates that n(3s)o is larger than n(3s)±l or the 3s level ions have negative 

alignment, /6ln (3s)±1-n (3s)o]/3. 

Our previous experiments suggest that, under the present experimental 

conditions, the gain of the 19.6 nm line is about 2-3crn-1. 1f we assume 

g1 =3cm-1, we have Wr2.61±0.07cm-1. We now tentatively assume that the 

gain profile is given by a Voigt profile determined by the thermal Gaussian 

width with the ion temperature of 400eV (FWHM is 1.8x10l3s-1 in angular 

frequency units.) and the natural broadening, 2x1012s-1 . (FWHM are 

2x1011s-1 for the 3p level and 2x1012s-1 for the 3s level.) It follows that [n(3p)­

IL (3s)±1l 2.81 x 1015 cm-3 and ln(3p)-n(3s)o] = (2.44±0.10) x 1015 cm-3. We 

assume the electron density of 4xl020cm-3, the electron temperature 800eV 

and the ion density H(2p6)=2x1019cm-3. We rely on the excitation cross section 

to the lower level 3s given in ref. [12]. We then obtain the lower level 

population n (3s)= [11 (3s)o+2n (3s)±11 =1.33xl016cm-3, where we have assumed 

corona equi librium with the spontaneous transition probability decreased by a 

factor of 4.2 owing to the radiation trapping effect as described later. It readi ly 

follows that n(3p)=(7.12±0.03) xl015cm-3, n(3s)o=(4.68+0.13,-0.07) x1015cm-3 and 
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n (3s)±1 = (4.31 ±0.03)x1015cm-3. These uncertain ties do not include 

uncertainties in the determination of 11 (3s). 

Since our plasma was produced by relatively long pulse irradiation, 

spatial anisotropy in the velocity distribution of electrons is unlikely to 

develop, and the above alignment is not ascribed to anisotropic collisions. 

Instead, radiation trapping of the 0.98nm resona nce line cou Id create 

alignment in the 3s level ions. 

Alignment created by radiation trapping in a spatially anisotropic geometry 

was first treated analytically in 1131. Recently, the similar phenomena has 

been treated by the Monte Carlo method [141. We modify the Monte Carlo 

simulation code and apply it to the present case. lt is well established by the 

hydrodynamic simulation 1151 that our plasma has a streaming motion 

dominantly in the z-direction, resulting in a velocity gradient of the ions . (See 

Fig.6) In the present simulation we assume the following situation s implified 

from the hydrodynamic simulation result: The dimension of the plasma is 

3001Jm in the z-direction and 6011m in the x-direction and the velocity 

gradient is on ly along the z-direction with 1.0x107cm/s per l00~1m. We 

assume that the local absorption line profile is given by the thennal Gaussinn 

shape (FWHM 3.6x1014s-1; the natural width is 2x1012s-1) and the frequency 

redistribution does not take place. 

In our simulation an excited ion is treated as a classical oscillating electric 

dipole. This correspondence is exact for the 3s-2p6 (/=0-1) transition. An 

excited ion or a dipole is created at a random location (i.e., chosen randomly 

from an appropriate probability function) with a random oscillating direction. 

After a certain random time corresponding to the natural lifetime of O.SOps, it 

makes a spontaneous transition emitting a dipole radiation into a rnndom 

direction. This photon traverses a random distance, and is absorbed there 

producing another dipole oscil lating in the direction that is determined by the 

osci llating direction of the original dipole and the photon propagating 

direction. It is noted that the directions of the osci ll ating dipoles have been 

"quantized" into one of the x-, y- and z-directions. This procedure is repeated 

until the last photon escapes from the plasma. We repent the similar series of 

procedures for about 6xl 04 times, and count at each time after the s tart the 

number of the dipoles oscillating in a certain direction. Figure 7 shows the 

result of the simulation. We find that, after several lifetimes, the decay time 

constant of the total number of dipoles or n(3s) reaches its final constant 
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value of 2.1ps, 4.2 times larger than the natural lifetime. We also find that the 

ratio [n(3s)o/rz(3s)±ll becomes constant; i.e., [n(3s)o-n(3s)±11/[n(3s)/3] is 5% at 

T c 400eY as shown in Fig. 8. 
As seen above, our experimental ratio ln(3s)o-n(3s)±1l/[n(3s)/3] was 

(8.4±2.2)%. In view of the many assumptions in the analysis of the 

experiment and the much simplification in the simulation, this disagreement 

may not be regarded serious. 
As Fig.8 suggests, with an increase in the ion temperature the relative 

alignment decreases. This dependence is understood as follows: The plasma 

as viewed by a photon emitted at a certain location is a thin slab with 

boundaries parallel to the x-y plane. This is because: a photon can be absorbed 

only by ions that have the z-component of its velocity matching the frequency 

of this photon. Owing to the velocity gradient in the z-direction, these ions 

are restricted to a certain spatial region, the shape of which is a slab, and the 

thickness is determined by the Doppler width relative to the velocity gradient. 

In the present example the effective thkkness of this slab is about 30JJm in the 

z-dircction, which is compared with the height in the x-direction of 60J1m. 

An increase in the ion temperature leads to an increase in the effective 

thickness and, under the present conditions, to a decrease in the spatial 

anisotropy. This leads to the decrease in the relative magnitude of the 

alignment. 
As shown in Table 1, we conducted a similar experiment with the higher 

irradiation laser energy of 190) for 3cm length target and found polarization 

degree to be P=-0.19±0.04. We do not present the discussion similar to the 

above except that the experimental ratio [n(3s)o-n(3s)±Jl/ln(3s)/3] is 3.2±1.0%. 

The agreement of this ratio with the simulation value of 4.3% would be 

fortuitous. 

In order to obtain quantitative interpretation of the present experiment, 

various improvements are necessary: the Stark broadening (lx1011s-1 for the 

resonance transition and 2xJ011s-1 for the laser transition) and the isotope 

shifts should be included in the line profiles; a hydrodynamic simu1ation 

coupled with a collisional-radiative model with reliable rate coefficients 

should be employed to estimate various densities including the excited ion 

populations; and a more realistic plasma model should be adopted for the 

s imulation, e.g., we should take into account the disalignment (destruction of 

alignment) collisions. (This rate is approximately given by the rate for Stark 
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broadening [ 16].) It should be noted that the electron-ion elastic collisions of 

the order of 1014s-1 do not contribute to Stark broadening and thus to 

disalignment [ 17 ]. 

We estimate the polarization degree of the 23.2 and 23.6nm lines (/=1-2 

transitions) under our experimental conditions. The Kastler diagram for this 

transition is shown in Fig.9. The upper level ions are assumed to be 

unaligned. The alignment of the lower level (2:p3f2, 3s1 ; 2) 1 of 23.2nm is 

assumed to be equal to that of (2p 1 ; 2, 3sl 12h (the lower level of the 19.6nm and 

23.6nm linest i.e., the M =0 level population is larger by 11.7% than those of 

the M =±1 levels. The averaged gain coefficients are assumed to be the same as 

that for 19.6nm. The expected polarization degree of the output laser of these 

I = 1-2 transitions is 4%, which may be regarded consis tent with the resu it by 

Rus et al. where the pulse duration was longer resu lting in smaller velocity 

gradient (spatially less anisotropic) plasma formation. 
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Table 1 Relative intensities of the linearly polarized components of 
th~ 19.6nm laser line, normalized by the monitored intensity. The 
gam (target) length is 3cm. 

energy monitor component relative intensity 

169 J 7.3 parallel 1 

171 J 7.4 perpendicular 3.3 
164 J 7.1 45 degree 1.9 

187 J 15.3 parallel 4.1 

195 J 14.9 perpendicular 6.0 

- 163-



Figure Captions 

Fig. 1. Energy level diagram of the neon-like germanium ions. 

Fig. 2. Experimenta l se t up. Nd: glass laser irradiates along the z-direction a s lab 

target and the 19.6nm line is amplified along they-direction. Ml: concave mirror, 

M2: cylindrical mirror, C: gratmg, P1 and P2: polarizer which can rotate around 

the IJ ax1s for observation of the linearly polarized components of the laser 

output. The beam pass ing by the side of Pl is for intensity monitor. 

Fig. 3. (a) T he resu lt of the calibration of the sensitivity of the Q-plate by use of the 

18.2nm CV I (n 2 3) line. (b) The spectral intensity measured by HI REFS 

spectrometer with the polarizer. The parallel component is recorded st ronger 

than that o f the perpendicular component by 30%. 

Fig. 4. (a) The 19.6nm laser output spectrum recorded with the polarizer removed, 

nnd its optical density at th e peak, where z is the position along the z-axis. (b) 

I mngcs of the polari?ed components and their d ensitometer traces, along with the 

accompanying monitored spectra . The units of the abscissa nrc IJm. The 

densitometer scanned the portion of the s pectral line indicated with the dotted 

lmc in (a). 

Fig. 5. Kastler diagram for the 19.6nm laser trans ition and the 0.98nm resonance 

trans ition. Magnetic quantum number for each magnetic sublevel is indicated. 

Fig. 6. The calculation result of the hydrodymanics s imulation for the present 

case. 

Fig. 7. The calculat ion result by the Monte Carlo simulation code. We treat 6x104 

IOnS in it. 

Fig. 8. The population imbalance among the magnetic sublevels of the 3s level 

against the ion temperature obtained by the Monte Carlo simulation. 

Fig. 9. Kastler diagram for the 23.2 and 23.6nm laser transition. Magnetic 

quantum number for each magnetic sublevel is indicated. 
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