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Preface

This is the proceedings of the workshop on “Plasma Spectroscopy and Atomic
Processes” held on May 14-15, 1990 at the Data and Planning Center in National
Institute for Fusion Science (NIFS), under the joint research program. For the
workshop we had the honor of having two Russian atomic physicists, Professors
U. Safronova from Institute of Spectroscopy in Troitzk and L. Vainshtein from
Lebedev Physical Institute in Moscow. Professor Safronova stayed in NIFS for
three months under the JSPS fellowship for research in Japan. Professor
Vainshtein was invited by our institute to stay for two weeks. They worked
mainly on atomic data of highly ionized ions during their stay in our institute.

Our intention of this workshop was to have animated discussion between
atomic physicists and plasma physicists. There are many interesting atomic
processes in plasmas, and they should be investigated in order to solve the
problems related to plasma physics. We hope this workshop will become a good
opportunity to organize more new collaboration programs together with scientists
both in atomic and fusion plasma physics.

We had wanted to have active exchange between Russian and Japanese
scientists. Indeed this workshop was of great help for two Russian scientists to
get to know many Japanese scientists and to understand their activities.

Since English is not a native language for both Japanese and Russian, we
were concerned about language problems. But we could manage to communicate
with one another in English, .

- We would like to express our sincere thanks to the director Professor A. Iiyoshi
for supporting this workshop. We would also like to thank all the participants of
the workshop. -

Takako KATO
(NIFS)
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CORRELATION EFFECTS FOR TWO-ELECTRON SYSTEMS
P.B.Ivanov+ and U.l.B8afronovass

*Kurchatov Atomic Eﬁergy Institute, Troltsk Branch, 142092, USSK
x*Natlonal Institute for Fusion Sclence, Nagoya 464-01, Japan *

1.Introduction

Corréelation pheénomena are of fundamental importancs feor
autoionizing states in two-electron ilons, where the collective
movement of atomilc electrons dominates over self-consistency
effects. The explicit evaluation of correlation diagrams in the
theory of adlabatlic S-matrix {1] describes doubly exclted states
a3 atomlec =ztates proper,. though In some cases 1t 1z n=ceszsary to
take Into account their resonance nature. One of the most popular
ways of theoretical extractiing autolonization resonances from
continuum is configuration-interaction (Cl) theory {2]., in wide
variety of its branches. As an approximate solution of CI equation
dlagonalization method haz appéaréd in €arly 70's (3], and has
beéen succésslvely used to reveal resonance features in atomilc
reactions. It 1s natural to undergo the task of relating the
results of dlagonalilsation approach (DA) %o those of 1/Z perturba-
tion theory (PT), as. in part, 1s fulfilled in present article.

2. Genéral Formulae
Autoionising states in DA appear as resonancee in a con-
tinuum wave function

|aE> = [aE> + ) | (H)Br——mmmmmmemm- o <(M)|H-elaE> , (1)
E - E, ¥ 1 2
b
where "medifled" auteionization state vectorz are
_ dE . ,
|(AMye> = |[(Ay> + ) [ --—-- y oo |aE ><ae |H-E|(A)> (2)

a E-E 140
and | (A)> =) || cﬁ . are obtained from the egenvalue problem
M

CI o A A A
EU { £ Ot ﬁHU(E)} YL | F3)

A
whichsis ordinarily solved perurbatively, expanding E =E x-zr Y
and C,, in powzars of ﬂHU given by

b

. ﬁpU(E) =3 de'E—:——I-——:- < W] H-E |aE' >< aE'| H-E |V > (4)
=]

_1___



Basis states in closed ( |> ) and open ( |aE> ) channels are
"prediagonalized", so that

<K | H-e ] U>-= (E, -E) 8

T B | e

< aE' H-E bE" > = (E'-€) 0§, S(E'-E") (6)

MY

THe procedure of prediagonalization in the open-channel subspace
comes from the general scatter?ng theory [4], and is destinad to
to provide physically correct asymptotic behavior of continuum
wave functions. The primary basis for open-channel states consists
usually of disterted-wave continuum orbitals coupled to unscreensd
core orbitals. Coulomb interaction between such states is then
given by the matrix element.

pp pp
vV =V
1E £ 111E171 =
aE,a'E n 1. Bl ,nt1iEN Y
;-
- — ——— 1711 Eirq - -
< n.1.(2) 81 (2-1) | - | ni1i(z)y £110(z-1) > -
12
o2} 2 j
-8 11170 - i -
O(n 1 1 a0ty [ ode v Rey (Z-1) = Ry, (2-1)
0 2 2 (6)

where the subtrahend cancels the divergent part in <aE|1/r12|a'E'>.

In the languages of perturbation thzory (FT) it means the summation
of divergent terms in all orders of 1/Z energy expansion higher
than th= s=cond [5].

Prediagonalized basis in the closed-channel subspace is
obtained, as a rule, through the truncated CI procedure [6]:

L .
lu>=0]a>cd (8)
A Q
i
o L cr |
< Q H Q'> C = E C {9)
é.l' | I QI IU‘ Q
~ and primary basis vector | Q> = I HI1nl';LSJMT > ars usual
Slater states, constructsd of unscreen=d Coulomb orbitals.
In the first order in ﬁ“U we write
E(E) = ET + A (E) (10)
M M kL



A“(E) = Zde"g;gv" | <i | w-e| aer > |? . (11)
2 .
PM(E} =on Y | <W | u-g | ae > |? (12)
a

Energy dependence of resonance positions and widths is
characteristic feature of DA. To introduce autoionizing state
energies and widths as atomic constants, the resonancs
approximation is usually made: ‘

CI cI CI
= E (E = E 4 (E s
poT ) T R ) ()

E

cI

" (t4)

Pu= PM(EﬁI) =20 ), | < W | H-E

As thes summation in Eq.t11 runs all over the complemsnt of the

{Qi-subspace, and EEI comprises total contribution of the first

order in V__ , energy (13) coincides with that of FT up to the
sacond ordgﬁ. If non-degenerate configurations ara included in
primary basis, a part of higher-order corrections is summed
through all the orders of PT.

3. Comparison of the CI and PT energies

In practice of DA, the correction (11) is included in
autoionising-state =nergies only in a part, and often A s
is entirely omitted. Such approximation is justified onHy it CI
energies, calculated on a sufficiently wide basis, account for
a major part of the second-order terms. Hsreafter we investigate

2 1 2 1
the situation on the example 2s So and 2p So states .
For energy matrix we have in frame of two ordsrs PT ( ws

i 2 . 21
take into account terms T(O), T( ) and T( ) and for states 2s 5
and 2p2 lS we shall use dasignations: "1" and "2" )

-0.25 22 + 0.150390625 Z2 - 0.037125

T =
11
T22 = -0.25 22 + 0.21679687% Z - D.110552
T12 = . -0.050743678 2 - 0.030278 {(15)

Usually, we obtain coefficients from solving £q.{(8) and take into
account first order approximation and as a result we can find
for coefficients CE and for en=2rgy EH

. ‘ F
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1 .
551)=°"22952 ¢, = a = 0.879640, Cf = b= 0.475640
(1) 1 2
E' 7=0.244235 ¢ = -b 2 . o
2 2 ' €, = @ | (18)

With these coefficiesnts we can recalculate the sscond ordar FT.
Qur results :

2 2 '
51( ). _0.028355, £.2= —0.119304 (17)

and for energy we obtain

-0.25 22 + 0.122852 72 - 0.028355

m
ft

m
[l

2
-0.25 2" + 0.244235 Z - 0.119304 ' (18)

The primary basis for the truncated HI had mixed configurations
21n1' with 2 £ n £ 10. A number of Z-values were taken in the '
range from Z=2 to Z=26. The calculation results are given in the
Table 1. This Table is divided for threg parts. The first part
is the calculation results in units E/Z” (at.un.). The second part
is the coefficients for z- expansion 1ike Eq.18. The third part is
(05,2 _

(1)

X_ = - (E E

o Z) (19}

5(3)

Thesa data we used for calculation 5(2} and coefficients

- x, (20)

in order to compare with exact calculations ( in actually we can

2 ~{ 2
compare only E( ) and C( ).
Results of these calculations are givan in the Table 2. It

5(2)

3 .
is n2ed to say, that the valuss of and 8( ) depend on Z,

{2 3
but usually only in limit 10% for.C( ) and 30% for 8( )except
data for sma1; ; {(Z2=3-5) These results we shall discuss on the
example of 2s $ and 2p S states. Instead (18) we have

2 0.01875 1 0.00406
E = -0.2 + 0.122852 2 - - -
1 0 > 2 { 0.01887 z { 0.00285%
2 0.05235 1 0.058608
E = -0.25% 2 + 0.244235 2 - - -
2 { 0.05183 Z { 0.06113 {21)
wl 3 - -
Two values for &(2) and 5( ) mezan the limit o chan? 93 thnse
data with Z ( 2=26 and 2=6). If ws compare ¢ we Can

4 —



se= that the absoluts values of 5{2) and 8(3) are comparable.

The analogous data we obtainsd for 21nl1' states. We used data
from the Tables 1,2 and C coefficients obtained gfter diagonali-
zation of energy matrix in the sams way as for 2s° , 2p states.
The results of calculations are given in the Table 3.

From comparison E(z) (Eg.18) and 5(2) {Eq.21 and Tab.3) we can
find.difference in these data and we can conclude that CI method is
given only part of second order PT., This part is zqual a discretzs-
discrete part of second order PT [1] with 1imitation for one index
nl=2s or 2p. W= shall illustrate this on the same example of 2s
?2p states. Matrix elem2nt of sscond order is represented in form:

(2) -
T'ij T(D,D) + T(D,C) + T("-!C) (22)
where these threes components are designhated discrate-discrete,
discrete-continuous and continuous-continuous parts of sum for
sezcond order PT . For T{DD) part it possible to divide sum for

thres part =ls=, pulling out sum with n=1 and n=2:.

T{C,D0) = T{n,n)Y + T(2,n) + T{1,n) {23)
where n = 3 - @ ., We shall show, that _CI method takes into
account only T(2,n) componznt. For 2s S we can writs

2
Tii) = 0.022528 + 0.008615% + 0.004912 {24)
T{(O,0)= 0.005893 + 0.0181586 - 0.001330 {25)

(2)
1 11
The analogous data we obtained for 2p S state. Recalculaton

This example shows that T(2,n) part is equal only half of T

: L . . .
of thesz data with co=fficients Ct from Egq.16 is5 giv=n this
part of second order corrzction:

2
E52)(D) = - 0.0202705, Eg )(D) = - 0.0531519 (28)
~( 2
comparison of these data with data for é{ ) (s2e EQ.21) shows

very good agreesmznt.

We can conclude, that CI method takes into account only
part of szcond ord=r PT and we know now what is this part. In
this case w= can improve data obtained CI method if we shall add
another part of sscond ordsr PT ( T(C,C), T(D,C), T{(n,n), T{(1,n)).
From another side we shall improve data obtaineq(Q{ ma2thod if
wz add third ordsr corrzction from CI metho?as ' ), bscause
numerical calculation of third order PT ( E ) is very
complicated. 1.3

Table & gives analogous data for 2s3p, 2p3s, 2p3d ( '"F)
states. Qur CI calculations wecfzdone fqp jons with Z2=2,6,18,26.
with thess data we calculated ¢ ¥ and £Y°7. There ars in thz
Tables &, but accuracy of these data worse than accuracy of data

_5_



in the Table 3, because in this case we used only 4 values of Z.

2
For all states the ratio ( )/ E(z}is equal 0.5-0.6. This is the
same difference as for 2s and 2p° states that we axplained before.

4.First Order PT for Decay Amplitude

Now we note that continuum wavefunctions practically exploited
are only approximately prediagonalized, if ever. Naturaily,
screened hydrogenic primary basis makes the asymptotic of open-
channel wavefunctions correct, and, for lower autoionizing states,
it is sufficient to g=t satisfactory width estimates from Eg.12.
We scze, that DA zero-ordsr autoionization amplitude

T = <W | H-E | aE > =) < q | H-€ | aE > (27)
L, aE Q
Q _
CI - -
at E = E » comprises total PT second-order contribution, plus
higher-o&der terms arising from the summation of screening

diagrams for continuum orbitals, as w=11 as from the closed-
channel prediagonalization procedure. Since the prediagonalization
of open channels is independent on the choice of closed-chanell
basis, it is convenient to consider primary autoionisation

amplitude TQ aE - < Q [ H-E I akE >, to oberve the effect of
]

Coulemb interaction in continuum.

W= can accomplish continuum prediagonalization in the first
ordar in s Eq.7:

- dE'’ PP . p -1
= | et E' > v 1- T VP
ag> E 1 |bES + g-j e g} cE',bE i bE,aE '
(28)
Normalization factor in ths form ( 1 - iT vPP )Fi is required for

the correct outgoing-wave asymptotic behaviour of |aE>, but at
higher 2 w2 can rstain only first order terms in Eg.28 moming to

(29)

where summation runs all over open-channel primary basis, including
discrete values of energy. Substituting Eq.28 or {(28). into Eq.27
we dafine first-order autoionisation amplitude in DA. Provided the
compltete summation is performed in Eq.28,29, the first-order
correction to DA amplitudes comprises total of thz value obtained
in the third order of FT, screening diagrams besing summed up. In
practice, nevertheless, such complete summation never taks placa,

_6_



only physically open at a definite ensrgy channels are summed over.

28+1
For (21nl1') Ll levels, Coulomb decay is possible to have

not morz than ons channzl, so the nirmalization matrix in (28)
reduyces to just a complsx factor, and only one-dimension summation
is retainsd in DA autoionization amplitudes. Exploiting the
znalitical prop=rties of primary amplitudes, this summation can

bz carried out all the infinity of discrete levels under thresholid,
znd all =n=rgies over thireshold. We can separetz the whole '
cerrection into contributions of the discretz summation and the
intzgral over continuous energy levels, but the first we discuss
contributions of scresning effect and first order correction. Ws
repres=nt the DA autoionization amplitudes { A(Q)) in a form:

1] S
sy = A0 v 2% 2 a2y (30)
0). X . . . - .
where A( )15 the valuz of amplitude in hydrogenic approximation,
A9V 1w A%, 2y s ths value of amplitude obtained with vPP

defined Eq.56., and A is the first order correction. The Table 5
gives result for these values . We considered 2sns § states for
2= 2 “28- (s) (1)

We can see from the Table 5 that A and A are rather
stable and independent of 2. The other things is very interesting,

5 (1) (1) .

A and A tave different sign ( As is positive and A is
nsgative) and a result thzy arg almost delete each other.
Especially this is( gue for 2s § state. For al11 states the
values of A and A are almost 1 and we can conclude that

for ions with high 2 this is not very ?3? corrections and in .
this case it is possible to use only A . This is rather good
conclusion because many data for H-like satellite line were
prepared by one of the other of this article { see, an example,
Ref.? ¥ in hydrogenic approximation.

* fermanent addres: Institute of Spectroscopy, Academy of Sciences
of the U55R, Troitsk, Moscow region, 142082,
USSR
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Table 1. The values of energy € for 21nl 1S states, obtainad
from CI calculation X=£/ 27, Ko = (E—E(O)Zz-E“)Z}

Z: X{2s ) X(2p ) X{2s3s) X{(2p3p) X{2sLs) X{2p4p)
2 0.193763 0.201904 0.146586 0.136200 0.135768 0.131613
3 0.211323 0.220711 0.156630 0.146316 D.141666 0.137341
LY 0.220549 0.227448 0.162133 0.1528564 0.144883 0.141012
5 ¢.226228 0D.,231424 0.1685609 0.157387 0.147090 0.143521
6 0.230072 3.233898 0.167993 0.160688 0.148545 0.145349
7 0.232949 0.235581 0.16889727 0.163194 0.149606 0.146739
8 0.234947 0.236796 0.171042 0.165154 0.150413 0.147828
8 0.236588 0.237714 0.1722074 0.166725 0.151846 0.148700
10 0.237908 0.238432 0.172905% 0.168011 0.151558 0.149414
12 0.2398983 0.239480 0.174159 0.169986 0.152326 0.152326
16 0.242334 0.240743 0.175739 0.172527 0.153287 0.151908
20 0.2439802 0.261477 0.176694 0.174087 0.153883 0.152763
26 0.245301 0.242139 0.177579 0.175549 0.1544286 0.1535860
E(O} -0.25 -0.25 -0.180555% -0.180555 -0.15625 -0.15625
EE;; 0.122852 0.244235 0.77843 0.132483 0.0478628 D.070360
£ -0.02835 -0.11930 -=0.0287 -0.1050 -0.0188 -0.0521
2 X_(25%)  X_(20%)  Xx.(2s3s)  X_(2p3p) X _(2s4S) X_(2php)
e % ___ 2 __. 2 a2
2 0.0209586 0.0846863 0.019848 0.087544 0.013328 0.042178
3 0.020763 0.072373 0.018187 0.088289 0.011804 0.040889
4 0.020592 0.087147 0.0168507 0.086876 0.0102322 0.037640
5 0.020460 0.064057 0.015547 0.083198 0.009149 0.033571
6 0.020340 0.062019 0.014815 0.0796686 0.0083297 0.029733
7 0.020285 ¢.060579 0.014288 0.076647 0.007858 0.026486
8 0.020224 0.05851t 0.0133¢&8 0.074148 0.007455% 0.023841%
S 0.02013886 0.058687 0.013579 0.072089 0.007145 0.021704
10 0.020120 0.058033 0.013332 0.070382 0.006800 0.0199869
12 0.020077 0.057061 0.012964 0D.06774%6 0.006538 0.017368
18 0.020000 0.055864 0.012503 0.064369 0.006098 0.014188
20 06.019500 0.0551586 0.01222% 0.062322 0.005340 0.012379
25 6.018800 0.054508 0.011993 0.060433 0.005808 0.010772




Table 2.The values of 8(2). £C) for Z-expansion CI energy
eccny= 69022 4 g{1, L gD, 3,

Z 5{21252) 5(222p2) 5(2)(2535) 8(222p3p)8(2)(2545)8(222php)8(222555}
3 -0.02039 -0.04779 -0.01480 ~0.00681
4 -0.02008 -0.05147 -0.01184 -0.00359
5 -0.01993 -0.05169 -0.01131 -0.05849 -0.00481 -0.00243
6 -0.01987 -0.05183 -0.01118 -0.06201 -0.00464 -0.01055 -0.00200
7 -0.01983 -0.05194 ~0.01111 -0.05853 -0.00462 -0.00700 ~0.0019 1
g -0.01981 -0.05203 -0.01110 -0.05665 -0.00464 -0.00532 -0.00190
g ~0.01980 -0.05210 -0.01111 -0.05562 ~0.00466 -0.00461 -G.00192
t0  -0.01978 -0,05215 -0.01111 -0.05502 -0.00469 -0.00436 -0.00202
12 -0.01878 -0.05220 -0.01112 -0.05457 -0.00473 -0.00436 -0.00195
16 -0.01976 -0.05227 -0.01114 -0.05423 -0.00478 -0.004E9 -0.00206
20 -0.01785 -0.05232 -0.01116 -0.05414 -0,00481 -0.00510 -0.00211
26 -0.01975 -0.05235 -0.01117 -0.05414 -0.00483 -0.00541 -0.00214
e¢?) _0.02835 -0.11930 -0.028 -0.1050 -0.0188 -0.0521 -0.0142

3 -0.00156 -0.07374 -0.00830 -0.00671
4 -0.00205 -0.06271 -0.01808 -0.01638
5 -0.00264 -0.06181 -0.02120 -0.07346 -0.021867 . ~0.02105
& -0.0029%5 -0.06113 -0.02186 -0,.10585 -0.022%4% -~D.711512 -0.02307
7 -0.00315 -0.06048 -0.02222 -0,12682 -0.02268 -0.13838 -0.02375
g -0.00329 -0.05986 -0.02228 -0.13994 -0.02254 -0.14841 -0.02384
9 -0.00341 -0.05885 -0.02226 -0.14787 -0.02232 -0.15386 -D0.02365
10 -0.00350 -0.05885 -0.02220 -0.15359 -0.02206 -0,15612 -0.02274
12 -0.00360 -0.05829 -0.02208.-0.15816 -0.02171 -0.1560% -0.02340
16 -06.00375 -0.05747 -0,02188 -0.16213 -0.02115 ~0.15217 -0.02217
20 -0.00381 ~-0.05667 ~0.02159 -0.16370 -0.02051 -0.14557 -0.02131
26 -0.00406 -0.05608 -0.02128 -0.16372 -0.02008 -0.13927 -0,02063




Table 3. Z-coefficients for en=argy 21n1'(1s ) states

0)_2 1 - .
E = E( )z . E( )2 . &(2) . 6(3)/ 7
Q
e.___283s________ 2p3p________2s4s________2phkp______2s5s
0
gl0) -13/72 -13/72 -5/32 -5/32 -29/200
1
e 0.077883 0.132483 0.0476280 0.073601 0.0322245
(2
ti ) _o.01s9 -0.068 -0.00481 -0.070 -0.0020
2
f; ) o.0112 ~0.054 -0.00483 -06.054 -0.0021
g3 c.01 3
1 -0. -0.073 -0.022 -0.12 -0.,023
x"(3) - - — _
£, 0.02 -0.163 0.020 0. 14 0.021
(2 |
-0.0287 -0.1050 -0.0198 -0.0520 -0.0142




Table 4.The values of X_. from CI calculations and the values of

0 1 2 ~{ 2 3
E( ), (0 . ( ) . t( ) ( ) for Z-expansion energy
0)_2 | ot 2 ~{3
E{(CI)= E ( )2 +E( )Z+C{ )+C( )/2, E(PT)=E(0)22+E(1)Z E(z)
o - 3 1 1 1

z X (252p ) X (252p P) X (23 P+) X{23 P ) X(2p3d P)
2 0.0698176860 0.0233513 0.05458273 0.01253870 0.07628096
8 0.06702173 0.0213438 0.04785370 0.01125566 0.06241010
18 0.06370603 0.0204701 ‘ 0.01077850 0.05241480
25 0.06311130 0.02033067 " 0.03438270 0.01072776 0.05098314
Oy T T T T e ..
E§1§ ~-0.25 -0.25 -0.1805555 -0.180555%5% -0.1805555%
E(Z) 0.189140625% 0.1328125 0.108305 0.06882263 0.128084
E -0.096872 ~0.027688 ~0.073228 -0.0145429 -0.087012

2 -~0.0658442 ~0.0203401 -0.0444892  ~0,.0106136 -0.0554697
6§ -0.0620482 -0.0200332 -0.0105389 -0.0474172
18 -0.0617732 -0.0200173 -0.0106136 -0.0477619
T S T s 3 T 3y 1. ol 3),. 1. A3y, 17T

& )(252p ry & )(2S2p py & )(23 P.) &l )(23 P ) £e3 )(2p3d P)
2 ~0.006465 -0.0060225  -0.0201871 -0.0038521 -0.0416426
6 -0.02384 1 ~-0.0078636 -0.0042944 -0.0899577
18 -0.034792 -0.0081502 -0.0029683 -0.0837520

3
v X (23 "p ) x_(22 "p) X,(2p3d “P) X ,{2p3d “D)
2 0.02186742 0.0219858 0.0495106 0.06911188
6 0.01850372 0.0146844 0.036384 1 0.0385796
18 0.01850072 0.0117854 0.0318776 0.0348565
2@---9:919221@9__9_911§§1§____9_9§121EE____9_9§E§Z§&___
0
E§1; -0.18055555 -0.1805555 -0.1805555  -0. 1805555
E{z) 0.0831808 0.0809653 0.1123085 0.1045114
E____:9:921§§1_ﬁ_:9-9?€§§9__-_:9_9§§§§2____:9_9§Z§§Z___
2 3 2 3

z & )(23 P.) et )(23 P ) £(2 )(2p3d P) g2 )(2p3d D)
2 -0,0184719  -0.0110337 -0.0298358  -0.0333135
6 -0.0179492 -0.010333 -0.0296183  -0.03314L48
19__:9;91291§§__,29;919E1§2____:9_9%?I§ _____ :9m9§§9122__

-(3 3 3 3
z & )(23 3 ) ‘(J)(za P ) A% )(2 3d° P) £t ){2 3d° C)
5-":Bféﬁé?éﬁé-h_—:Bfﬁé?éﬁié"":6T5§§§Z§§'—"36?6565&55__
6 -0.0099274 -0.0261088 -0.0406488 ~-0.0326079
18 -0.0104785 -0.0246642 -0.0387954 -0.0338180




Table 5. Autoionization Amplitudes of 2sns 1‘.5 states (at.un.)

a s 1 s
A{Q) = A( )( 1+ A /2 + A( ) /2) , A -a, A“)-b.
2_______2s2s_____ 2s3s_____ 2sks______2s85s_____ 2s6s_____ 2sls
0
_At2) 0.0281196 0.0200220 0.0127109 0.0090056 0.0068105 0.0053933
2 a 0.42800 0.41238 0.38967 0.38275 0.39040 0.38553
b -$4.91615 -0.87115 -0.85385 -0.845862 -0,84170 -0.83814
3 a 0.58142 0.59691 0.58101 0.58657 0.585622 0.580¢81
b -0.79938 -0.75810 -0.74107 -0.73586 -0.73238 -0.72817
L a 0.64473 0.69386 0.695586 0.69398 0.59580 0.69008
b -0.72766 -0.69241 -0.67846 -0.67176 -0.66856 -0.866566
5 a 0.67885 0.76148 c.77087 0.77221 0.77618 0.77021
b -0.68659 -0.85470 -0.54190 -0.63574 -0.63227 -0.63018
5 a 0.71479 0.86378 0.88842 0.89559 0.90388 0.89741
b -0.666%9 -0.63185 -0.61893 -0.61414 -0.61138 -0.60883
7 a 0.72014 0.88561  0.91405 0.92268 0.93189 0.92543
b -0.64527 -0.61754 ~-0.60616 -0.60065 -0.59802 -0.59557
8 a 0.72550 0.90745 0.93968 0.94973 0.96010 0.85346
b ~-0.83459 -0.60830 -0.58%741 -0.58213 -0.58961 -0.58725
9 a 0.73374 0.94853 0.98832 1.00128 1.01386 1.00689
b -0,62752 -0.60246 -0.59187 -0.58689 -0.58447 -0,58217
10 a 0.74032 0.98787 1.03521 1.05104 1.06576 1.05855
b -0.62297 ~-0.59898 -0.98¢86 -0.58384 ~-0.57787 -0.57937
12 a 0.75000 1.06320 1.12553 1.14716 1.16614 1.15844
b -0.61857 -0.59672 -0.58723 -0.58259 -0.58041 -0.57827
i6 a 0.78332 1.20660 1.29900 1.33201 1.35948 1.35081
b -0.62160 -0.60262 -0.589414 -0.58887 -0.58805 -0.586504
20 a 0.77204 1.34538 1.46770 1.51215 1.54811 1.53811
b -0.63139 -0.61502 -0,.60743 -0.60365 -0.60194 -0.60005
26 a 0.78153 1.54870 1.71686 1.77850 1.82710 1.81554
b -0.65140 ~0.63848 -0.83190 -0.62864 -0.862721 ~-0.62545




Relativistic Configuraticn Interaction Method
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Abstract: Based on the prejection operator method, the
relativistic ‘configuration interaction (RCI) method for
many-body systems is presented. In this method, a
variational one-body potential v(r) is introduced into a
Hamiltonian and both a projection operator and a RCI
wavefunction are constructed from the eigenfunctions for the
one-body Hamiltonian invelving v{r). This method is useful
when one obtains variationally an optimum one-body
projection operator used for constructing a relativistic
many-body Hamiltonian without a disease of "variational
collapse". Numerical applications of the methed to

helium~-like atomic systems are carried out.

1. Introduction

In the nonrelativistic quantum theory, variation method
has widely been used for calculating the ground-state energy
in many-body systems such as atoms and molecules. In this
case the variational principle is used as a minimum
principle as well as a stationary one. llowever, in the
relativistic gquantum mechanics, the situation is very
different from the nonrelativistic one. Brown and Ravenhalll
have pointed out that the relativistic wave eguation for
many-body systems does not vield a normalizable
wavefunction for a bound state because not only the
positive-energy bound and continuum soluticns but also
negative-~energy continuum ones are obtained with the wave
equation. This means that there are an infinite number of
configurations containing pairs of the positive- and

negative-continuum states which yield the same energy as
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that for a bound state if the two-body interaction is
neglected in the Hamiltonian. However, when this interaction
is taken into account, these configurations are mixed with
the normalizable bound state wavefunction in the
configuration interaction scheme, so that a total
wavefunction becomes a unnormalizable function. Moreover,
variational solutions for the relativistic wave eguation
cannot be obtained as an upper bound for the exact energy
value of the ground state in a system since the spectrum of
a relativistic Hamiltonian is not bounded from below due to
" the negative-energy continuum states.

Problems on the elimination of the contamination of
negative-enerqgy states in the relativistic calculations for
the ground state in many-body systems have so far been
investigated by various authors. One of ways to avoid the
variational collapse is that one uses a modified Hamiltonian
whose energy spectrum is bounded from below. Along this
line, two approaches have been propdsed: One 1is the
projection operator method proposed by some authors such és
Brown and Ravenhalll, Mitteleman2 and Sucher3. The other is
the sguared Hamiltonian method by Wallmeier et. al.4.

In this report, the relativistic configuration
interaction (RCI) method is presented, where the projection
operator method is modified by introducing a variational
one-body potential into a Hamiltonian in order to eliminate
tedious treatment in the evaluation of expectation values
for the Hamiltonian with the projection operator. The same
type of the Hamiltonian which can be used for the
variational calculation has already been proposed by
Mittelemanz. Here, we modify the RCI method as follows: The
RCI calculation is carried out under an condition that the
one-body variational potential introduced is used to produce
a complete set of basis functions which both the projection
operator and the configuration state functions (CSF's) are
constructed from. This condition leads to the most
simplified tr=atment for the projection operator, namely,

one can omit a projection operator in the relativistic



Hamiltonian when calculating the Hamiltonian matrix elements
with respect to these CSF's. In addition, the modification
involves another interesting feature that one can
variationally obtain an optimum projection operator which a
relativistic many-body Hamiltornian without a disease of -
"variational collapse" can be constructed with.

Numerical application of the method to helium-like

atomic systems are carried out,

2. Relativistic Configuration Interaction Method
For atomic systems, a relativistic Hamiltonian in
atomic units is written as & sum of the Dirac Hamiltonian

H (i) and the two-electron operator g(i,j) due to the

(
D
Coulomb and the Breit interactions between elsctrons as

follows,
H= ) Hy(i) + ] ] g(i,3). (1)
i i3 _
where
H (i) = ca,°*p. *+ c2B. - 2/ (2
pl) = ca;°p; + cfy Ty . _ )

and ¢ is the velocity of light and Z is the atomic number.
o and B are the Dirac operators in the matrix form. The

two-electron cperators g(i,j) is written as

A 1 .o

g(i,j) = —— + Hg(i,j}, (3}

r..
i]
where HB(i,j) is an operator for the Breit interaction given
. b > -
yH(")— S B S S OY 4
B lrj - (al l)(uj :l) rij- ( )

r.. 2
1]

We neglect the Breit interaction in an approximate
Hamiltonian for the systems under consideration since the
Breit interaction energy is «? order smaller in magnitude
than the Coulomb interaction one between electrons, where a

is the fine structure constant.



Following SucherB, we start witi: the wave equation for

an atomic system with N electrons given by

where

+ r

H, = ) {Hy(i) + v(D)} + A {} ] SRS Y v(i)}a
i i3ryy i

and v{i) is a variational potential and A+ is a projection
operator onto the positive-energy states. A+ ls expressed as
a product of single-particle projection operators A+(i) in

the following,

A = A+(1)A+(2)"""ﬁ+(N). : | ._(7)

where

(+)

Here, wm {i) denotes an eigenfunction belonging to the mth

positive-energy eigenstate for a single~particle Hamiltonian

Hy(i) written as

D(i) + v(i). (9)

The eigenvalue equation for Hy(i} is given by

{(+) (+)(

Ho{1) (1) = e L i), (10)
(+)
pi (+) >

A four-component eigenfunction | {r} is expressed as

where ¢ is a positive-energy eigenvalue.
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L Poct®) Xm0
(r) = = (11)

T olig () (6,4)

ng X xm A

where PnK(r) and QnK(r) are the large and small components
of a radial wavefunction, respectively. XKm(e,¢) is a
two-component spinor and k is the relativistic angular
momentum quantum number. -

We write a total configuration interaction (CI)
wavefunction ¥(I') belonging to a I symmetry species as a
linear combination of configuration state functions (CSF's)

¢({r'}, given by
(r), (12}

where = is an expansion coefficient and each CSF is
constructed as a product of appropriate basis functions. As
has been mentioned before, our RCI method requires that a
CSF ®{T') in eg. (12) is constructed with the same basis
func:ions as {¢é+)(i)} contained in A _ in eq. (8). This
requirement for constructing CSF's makes it possible that
the evaluation of matrix elements for H, in eg. (%) can be
carried out with neglecting the positive-energy projection
aperator A+ in H+.

For the wave equation in eqg. (5), the variational
principle can be used as a minimum principle, so that the
minimum variational energy for the lowest state with a T
symmetry in the system can be obtained by varying not only
the expansion coefficients'{cn} but also the variational
potential v(r}, which leads to the change of both the

projection operator and CSF's constructed with the same

(+)(i)}.

basis functions {wm

3. Calculated Results for Helium~-Like Systems.
Here we apply the method to helium-like systems as the
simplest many-electron system to see the effectiveness of

the method. For simplicity, a Coulombic potential having a
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variational parameter § is taken as a variational potential
v(i) in the relativistic Hamiltonian for the systems,

written as

v(i) = —. (13)

The first H, and second H! terms in the Hamiltonian H,_ in

eq. (6), are given in the following forms, respectively,
2 2 Z-4
Ho = ] Ho(d) = ) {Hj(i) + — 1, (14)
i=1 i=1 r.
i
and
1 Z-6 Z-8
1 — — p—
HD = A - . (15)
T12 T1 2

In this case, the Dirac orbitals for hydrogen-like systems
containing a variational parameter § instead of the atomic
number Z form a basis set in the RCI method. These orbitals
are used to construct both a RCI wavefunction and a
preojection operator A+(i) in eg.(8} for the systems.

By varying a variational parameter § in v(i) in eq.
{13), numerical calculations for the ground and some lower
excited states in helium-1like systems with Z=2, 10, 50 and
100 are caried out. Using the same variational potential as
v(i) in eq. {13), we also make nonrelativistic CI
calculations for the ground state in these systems to see
the difference between the relativistic and nonrelativistic
results, where the Dirac Hamiltonian HD(i) in Hy in eq. (9)
is replaced by the Schréddinger Hamiltonian for the
hydrogen-like systems in the nonrelativistic calcuiations.

The seven hydrogenic Dirac orbitals (1ls, 2s, 2pl/2,

2p3/2, 3s, 3p1/2, and 3p3/2) are used in the RCI



calculations for ail states in the systems, whereas the
corresponding non-relativistic hydrogenic orbitals, that is,
ls, 2s, 2p, 3s, and 3p ones are used in the NRCI
calculations,

In Table 1, the RCI and NRCI results for the ground
state in the helium-like systems with Z=2, 10, S0 and 100
are listed together with the values obtained with the

Dirac-Hartree-Fock (DHF)5'6, nonrelativistic Hartree-Fock

(NRHF)7 and exact nonrelativistic calculation58

, and
experimental valuesg. Both the DHF wvalues in the table are-
obtained with the point charge approximation for the
nucleus. The RCI energies for the ground state cobtained with
the limited hydrogenic basis set are not good compared with
the DHF ones for all the systems considered here. The same
behavior for the energy value between the NRCI and NRHEF
calculations can be observed in the table. This means that
the hydrogenic basis set does not yield good convergence
both in the RCI and NRCI calculatiohs for the ground state
in a system, though the calculation can be carried out
analytically.

The energy difference between the RCI and the NRCI
methods increases as the atomic number 2 becomes large since
in heavier atomic systems the electron correlation effects
secome much smaller than the relativistic effects most of
which are acccunted for with the Dirac Hamiltonian. This can
Le confirmed by comparing the calculated resulits with
experiment between the systems with Z=10 and 2: The
discrepancy between the RCI or the DHF total energies and
experiment for the ground state in helium-like neon (Z2=10Q)
becomes much smaller than that between the norelativistic
energies and experiment, while it is not :the case for 7=2,
namely,‘the RCI and DHF results for the ground state in
helium are not good compared with the exact nonrelativistic

valuelo)

which is close to experiment.
In Table 2, values of the CSF expansion coefficients in
the RCI and the NRCI czalculations for the ground state in

each system are listed. One sees from the table that the



value of the expansion coefficient for the 1s? main
configuration increases rapidly toward the maximum value of
uanity when atomic number Z becomes large. This means that
the wavefunction for the ground state in very heavy
two-electron atomic systems can well be approximated by a
single jj-coupling congiguration wavefunction.

The calculated RCI energies for some lower excited
states such as 2°S; and 2%P,,;,» in the systems are listed
in Table 3 together with the NRHF11 and the exact
nonrelativisticlo ones and the experimental valuesg. The RCI
energy values for all the excited states in neutral helium
considered here are higher than not only the exact
nonrelativistic energies but also the NRHF cnes. Moreover,
the order of the magnitude of the RCI energies for the fine
structure in the 2%P state in helium does not agreé with
experiment, that is, the RCI energy values for the three 2%P
states having J=0, 1 and 2 in helium are in the reverse
order of the energies observed for them. However, the RCI
energies for the 23P,,:1,, states as well as the 2°S, one in
helium-like neon {(Z=10) are much close to experiment
cempared with the results for helium. This shows the rapid
increase of the relativistic effects in the lower excited
states as well as the ground state in atomic systems when
the atomic number Z increases.

The CSF expansion coefficients for each state in the
systems are listed in Table 4. From the table, one observes
the same behavior of the coefficients for the main CSF in
each excited state as that for the cround state when the
atomic number Z increases: The ccefficient for the main
configuration in each state increases as the atomic number Z
becomes large so that the total wavefunction for heavier
atomic systems is also described appropriately by the single
jj-coupling wavefunction. This means that the independent
particle model such as the DHF one becomes an good
approximation for high Z atomic systems because of the
strong nuclear potential. If we start with the DHF potential

for v(r) in the RCI calculation, improvement beyond the DHF



rniethod could be obtained., However, in this case we have to

deal with the numerical wavefunctions in the calculation.

4. Discussion

Here, any higher order effects such as the Breit
: teracticn and the Lamb shift correction including the
vacuum polarization on the total energy are not taken into
account. Aithough the magnitude of these higher-order
corrections to the total energy for lighter atomic systems
is fairly small, they play an important role in dertermining
the fine structure levels in the state such as the 2°P one.
Howerer, the method of calculating the Lamb shift energy for
many-electron systems is not established, yet. This has
often been estimated for many-electron atomic systems by
usinrg a modified formula of the Lamb shift correction for
one-electron atoms.

In order to obtain an accurate total energy for atomic
systems with these higher-order corrections as a first-order
perturbation, & much more accurate unperturbed wavefunction
for a state in the systems than that obtained with the
present RCI calculation will be needed. ine MCDF methsd las
widely been used to obtain the multiplet structure of the
energy levels in various atomic systems. However, sometimes
one encounters an difficulty in getting the Dirac orbitals
in tie MCDF scheme when the number of configuration
incrsases. This means that one cannot always obtain an
appropriate sclution in the MCDF method. As the RCI method
dose not deal with an additional inhomogeneous wave equation
for the Dirac orbitas, this problem does not happen in this
case., The deficiency of using the CI method is that the
convergence is very slow. Moreover, in the RCI calculation,
the contributic:. from the positive-energy continuum states
to the total energy cannot be taken into account because of
the difficulty in evaluating matrix elements with continuum
wavefunctions. From these reasons, one could not expect that
the RCI method based on the projection operator yields the.

electron correlation energy satisfactorily, even if a



different one—electronivariational potential is chosen. On
the other hand, it is expected that the total wavefunction
for a system will be obtained so as to describe the
relativistic effects in each electron appropriately since
the inner- and outer-electrons have a different intermediate
coupling between the LS- and jj-couplings depending on the

magnitude of the relativistic effects.

5. Concludihg Remarks

Based on the projection operator methed, the
relativistic configuration interaction (RCI) method for
many-body systems is presented. To facilitate the numerical
calculation for the relativistic wave equation containing
projection operators, a variational one-body potentiail v(r)
is introduced into a Hamiltonian, where both a projection
operator and a RCI wavefunction are constructed from the
eigenfunctions for the one-body Hamiltonian involving v(r).
This leads to the most simplified treatment for the
projection operator, namely, one can take no account of the
proisction operator in the relativistic Hamiltonian.
Assuming the variational Coulombic potential and using a
small size of a basis set, numerical applications of the
method to helium-like atomic systems are carried out.
Although the RCI method does not yield the correlation
energy, it could be‘used to calculate the various physical
guantities in heavier atomic systems with Z more than 50
since the relativistic effects can be taken into account

sufficiently with the method.
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Table 1. The calculated energies for the ground state (1!S,)}
in helium-like systems in atomic units, : .

Mathod 7=2 %-10 2=50 7=100
RCI(Coul.) -2.858563 -93.97651 -2556.444 —-11796.84
NRCI{Coul.) -2.8552822 -93.85582 —2468.855 ~9937.605
DHF®) ~2.861813  -93.98279  -2556.452 ~11796.86
pHF?) ~2.8618134 -93.982799
NRHFC ) -2.86168 -93.86111

d)

Exact (NR) -2.9037244 -93.906805

&) -2.9037844 -94.008358

a) Reference
b) Reference
c) Reference
d) Reference
e) Reference

WO o~ v tn



Table 2. The RCI and NRCI energies, exponents and the CSF
expansion coefficients for the ground state in helium-like
systems.

csp?) 7=2 %=10 2=50 2=100
RCT

Energy ~-2.858563 -93,97651 -2556.444 -11796.84
Exponent 1.783 9.737 49.75 99.83
1g? 0.985142 0.999874 0.999995 0.999996
1s2s -0.134618 -0.014016 -0.002892 -0.002490
2s? -0.022693 -0.003143 -0.000658 - .000490
2p-2 0.010623 0.001694 0.000323 0.000:46
2p+2 0.014909 0.002386 0.000430 0.000153
1s3s -0.048384 -0.005304 -0.001088 ~-0.000921
253s -0.009987 -0.001986 -0.000429 -0.000313
3s? -0.004683 ~0.000693 -0.000144 -0.000103
2p-3p- 0.007026 0.001128 0.000213 0.000093
3p~? 0.002308 0.000383 0.000072 0.000031
2p+3p+ 0.009938 0.001594 0.000293 0.000111
3p+?2 0.003265 0.000542 0.000101 0.000041
NRCI

Energy -2.859822 -93.85582 -2468,855 -%$937.605
Exponent 1.786 9.737 49.74 99.73
1s? 0.988251 0.999867 0.999995 10.999999
1s2s -0.138525 -0.014065 -0.002674 -0.001247
2s? -0.022964 -0.003142 -0.0005923 -0.000295
2p? 0.024989 0.004073 0.000794 0.000395
153s -0.049690 -0.005315 -0.001021 -0.000472
2s3s -0.014505 -0.002064 -0.000392 -0.000195
3g? -0.004651 -0.000689 -0.000131 -0.000065
2p3p 0.016953 0.002722 7.000527 0.000263
3p? 0.005546 0.000917 (¢.000178 0.000088

a) p-~ and p+ mean pl/2 and p3/2, respectively.



Table 3.

The RCI and other nonrelativistic energies for

lower excited states in helium-like systems in a.u..
Term Method Z=2 Z=10 Z=50 Z=100
2°s, RCI(Coul.) -2.170032 -60.73404 -1611.201 -7463.047
285 NaHFD! ~2.17426
Exact (NR)P)  -2.1752294 -60.317488
Exp.C) ~2.1753528
23p, RCI{Coul.) -2.128472 -60.32759 -1608.706 -7453.788
2P, RCI{Coul.) -2.328472 -60.32321 -1608.329 -7452.952
23p, RCI{Coul.) -2.128471 -60.31487 -1598.051 -7208.648
23p  NRHFY) ~2.13144
Exact{NR)®)  -2.1331641 -60.055676
2%p, Exp.%! ~2.1332836
2°p, Exp.S’ ~2.1332881
2%p, Exp.S) ~2.1332884
2%p,, .., Exp.%’ -60.379
a) Reference 11.
b) Reference 10.
¢) Reference 9.



Table 4. The RCI energies, exponents and the CSF expansion
coefficients for some lower excited states in helium-like
systems.

Term,and

csrd) 7=2 2=10 Z=50 =100
278,

Energy -2.170031 -60.73404  -1611.201 -7463.047
Exponent 1.995 $.910 49.91 99.93
ls2s 0.866162 0.998540 0.999951 0.999985
2p-2p+ 0.000002 0.000003 0.000010 0.000020
1s3s -0.499749 -0.053953 -0.009846 -0.005382
2s3s -0.001652 -0.002607 -0.000534 -0.000320
2p-3p- -0.000681 -0.000129 -0.000026 -0.000013
2p+3p~- -0.001925 -0.000365 -0.000067 -0.000026
2p-3p+ 0.001925 0.0003606 0.000073 0.000036
2p+3p+ 0.002152 0.000408 0.000076 0.000028
3p-3p+ 0.000001 0.000001 0.000001 0.000002
23p,

Energy -2.128472 -60.32759 -1608.706 -7453.788
Exponent 2.001 9,877 49,85 99 .85
1s2p~ 0.754264 0.997169 0.999911 0.999967
2s52p- -0.012139 0.002643 0.000852 0.000579
3s2p- -0.002987 -0.004586 -0.001150 -0.000857
1s3p- ~-0.656437 -0.074970 ~-0.013261 -0.008063
2s3p- -0.004318 -0.002184 -0.000416 -0.000323
3s3p- -0.001329 -0.000836 -0.000158 -0.000122

a) p- and p+ mean pl/2 and p3/2, respectively.



Table 4., Continued.

3s3p+ : -0.

Term and
CSF 7=2 z=10 z2=50 2=100
25P1
Evergy -2.128472  -60.32321  -1608.329 ~7452.952
"~ Exponent 2,003 9.883 49,85 99.85
1s2p- 0.615619 0.827834 0.998619  0.999954
2s2p- -0.010251 0.001945 0.001121 0.000735
1s2p+ © ~0.4350626  -0.555833 -0.050496 ~-0.004253
2s2p+ - 0.007263  -0.,001224 0.000332 0.000203
3:32p- . .0.002737 -0.001187. -0.000552  -0.000365
3s2p+ 0.001605 0.002497 0.000189 0.000075
1s3p- -0.536541 -0.063139 -0.014379 -0.008550
2s3p- - -0.003240 -0.001786  -0.000323  -0.000272.
3s3p- -0.000959 -0.000689 -0.000122 -0.000102
1s3p+ - 0.379085 0.041651  -0,000921 -0.000596
2s3p+ . 0.002297 0.001224 0.000156 0.000087
3s3p+ 0.000680 0.000471 0.000060 0.000033
2°P, :
Energy -2.128471 -~-60.31487 -1598.032 -7208.648
Exponent . 2.004 9,886 49,88 99.94
CSF ° :
1s2p+ 0.753620 -~ 0.997107 0.999909 0.999967
2s2p+ -0.012758 0.002117 0.000598 0.000137
3s2p+° = -0.003439  -0.001337 -0.000345 -0.000112
1s3p+ -0.657165 -0.075933  -0.013491  -0.008071
2s3p+ -0.003807 -0.002152  -0.000373 -0.000184
001102 -0.000832 - -0.000138 -0.000065




Polarization Plasma Spectroscopy

Takashi Fujimoto
Department of Engineering Science, Kyoto University, Kyoto

In eXperimental plasma spectroscopy, little attention has been
paid so far to an important attribute of plasma emission radiation,
the polarization. When the excitation mechanism of a particular
excited level of atoms or ions is spatially anisotropic, these
excited ions have a spatial anisotropy, the alignment. Then the
emission radiation has a spatially anisotropic intensity distribu-
tion and is polarized. Anisotropic excitation is realized by

Collisional excitation by electrons whose velocity distribution has
spatial anisotropy. An example is a shifted maxwellian distribu-
tion. When excited ions are produced by the charge exchange
process with a directional neutral hydrogen beam, for example,
alignment is also produced.

The most usual situation of our experimental arrangement is
such that we observe a plasma, which may be anisotropic, from a’
particular direction with detectors having different sensitivities
for different polarization directions of radiation. When we ignore
the existence of the alignment in the excited ions or the spatial
anisotropy of the radiation, the observed light intensity is dif-
ferent from what is expected from the upper-level population, and
we would be lead to an incorrect conclusion. On the contrary,
there is a possibility that we may utilize the polarization charac-
teristics of the emission radiation and derive information on the
anisotropy of the plasma. We call the latter approach the pola-
rization plasma spectroscopy.

The first example of the phenomena relevant to polarization
plasma spectroscopy is the intensity ratio of the Lyman doublet of
hydrogenlike ions. For ions for which the relativistic effect can
be neglected, the intensity ratio for 1 ?S;,; - 2 2P;,, to 1 28,,,
- 2 2P;,, should be 1/2. There are several observations in which
the ratio is substantially larger than 1/2. An example is the
hydrogenlike titanium lines observed from JT-60 tckamak. The ratio
is about 1.3/2. Another is hydrogenlike iron from a solar flare
observed by Hinotori satellite.

A possible interpretation to these intensity anomalies is the



excitation transfer from the metastable 2 ?S level by proton col-
lisions to the 2 Z2P,;,s level. The proton density, however, is
too low by two orders of magnitude to explain the intensity anoma-
ly, even for the tokamak plasma. Therefore, other explanations
should be sought, and the alignment is one possibility; These
plasmas have highly anisotropic distributions of electrons, and
alignment is produced in the 2p level resulting in the intensity
anomalies.

Until recently, there has been no calculation on the excita-
tion anisotropy of the Zp level by electron collisions. Dr. R.
Srivastava has performed a Coulomb-Born calculation for hydrogen-
like titanium and iron,! and a substantial alignment is found.

The question, however, whether the effect of the excitation aniso-
tropy actually explain the observation is still open and should be
a subject of future studies.

The produced alignment may be destroyed by isotropic collisions
in plasmé. We call this phenomenon the disalignment. Disalignment
by electron collisions has been studied extensively by, e.g., the
Hanle effect experiment. There has been no experimental investiga-
tion of disalignment by electron or ion collisions until recently.
Alignment is understood as a population imbalance among the mag-
netic sublevels of an excited level. Disalignment is the equili-
bration of these populations. The same alignment may be inter-—
preted as the existence of the Zeeman coherence, or of the off-
diagonal elements of the density matrix. Disalignment is then
understood as relaxation of the phase correlation of the atomic
wavefunctions of the sublevels. This latter interpretation sug-
gests that the disalignment is closely related with the phenomenon
of Stark broadening of spectral lines. This is because the latter
phenomenon is interpreted as relaxation of the optical coherence,
or of the phase correlation of the wavefunctions of the upper and
lower levels. It is thus expected that the rate coefficient for
disalignment by electron collisions is rather close to the corres-—
ponding quantity for Stark broadening.

The group of the present author attempted to measure the dis—
alignment rate by using an afterglow.plasma and the laser-induced-
fluorescence spectroscopy method. Metastable neon atoms in a neon-
helium mixture plasma were laser—-excited with the polarized light,

and the polarized components of the subsequent fluorescence were



observed. From the temporal decay of the polarization degree of
the fluorescence light the disalignment rate was determined. Vari-
ous effects like disalignment by atomic collisions were corrected
for. The electron temperature and density were determined spectro-
scopically. It was found that the resulting rate coefficient is in

agreement with the corresponding quantity for Stark broadening
within 40 %.?
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Abstract

The status of spectroscopic diagnostics in Heliotron E is described.
The spectra from 50 R to 7000 11 are measured by VUV and visible
spectrometers with multicharmel detectors. In VUV region, impurity
spectra are identified, and useful line pairs are indicated to estimate
the density ratio of iron to oxygen applicable to an uncalibrated
spectrometer. In visible region, spectral profiles, the Doppler
broadening, the Doppler shift and the Zeeman splitting, are analyzed to
obtain the ion temperature, the energy components of the injected
neutral beams, and the locations of the impurity. The intensity ra‘tio of
the charge exéhange recombination emission to the Doppler-shifted Ha
emission of the injected neutral beam is useful to estimate the impurity

to electron density ratio.



§l. Introduction

Plasma spectroscopy is one of the significant diagnostics for
understanding plasmas. In Heliotron E, various spectroscopic
measurements have been applied to the currentiess plasma, produced by
high power gyrotrons and further heated by NBI and ICRF. Heliotron E is
a nonaxisymmetric torus with helical coil. The major radius is 2.2 m
and the averaged minor radius is 0.2 m, respectively. The size of the
magnetic surface, the rotational transform and the shear parameter are
varied by applying the additional toroidal field and the auxiliary
verticai field on the helical field [1]. The range of the plasma

parameters is 0.94<B(D<1.9, 0.1<n (107> e

)< 20, T, (keV) <1,
T, (keV) < 0.8, Pypr @W)<2.5, Py (M0)<0.6, 2.14<R(m)<2.24, 0.18< a(m)<
0.23. The recent experimental results are shown in elsewhere [2].

The important plasma parameters, such as ion temperature, poloidal
rotation velocity and electron density near the ablating pellet, are
already estimated [3]. |

In this report, the impurity spectra obtained by a multichamnel VUV
spectrometer are analyzed. The useful line pairs for estimating the
impurity density ratio by an uncalibrated spectrometer is shown. In the
visible region, spectral profiles due to the Doppler broadening, shift
and the Zeeman splitting are investigated to provide the plasma
parameters: ion temperature, energy components of the neutral beam, and
the locations of atoms and low ionized ions. Finally the method to
estimate the impurity and electron density ratio by using the intensity
ratio of the charge exchange recombination and the Doppler shifted H,

emissions of the injected neutral beams is shown.

__.Lgélhﬁk



§2. VUV SPECTROSCOPY
2-1. Instrument

A flat-field VUV survey spectrometer is used to analyze impurity
spectra between 50 R to 400 z?x Figure 1 shows the schematic drawing of
the instrument. The main cumponents are the entrance slit (10 gm width), -
the grating with unequal groove spacing (Hitachi,001-0437) and 1024-
charmel detector (Hamamatsu Photonics,F1208-21PX,S2304-1024FH). The
dispersion is 0.11 ;1 /ch at 50 R and 0.23 ;Jch at 400 Z\ The wavelength
resolution is about 1 A. The minimm integration time is 10 ms. The AD
converter is 10 bits in full scale. The data are stored and analyzed by
a personal computer (NEC PC9801-VX4) [4].

The absolute wavelength is calibrated by helium gas puffing and
Ne-seeded pellet injection. Figure 2 shows the three successive spectra
when Ne-seeded pellet was injected into a neutral beam heated plasma.
The integrated time was 10 ms and the-pellet was injected during the
frame 6. The observed neon lines are Ne VIII (88.1, 98.2, 103.1 Iok) and
Ne VII (106.1 R). The obtained dispersion has a good agreement to the
calculated one. Upper traces are time behaviors of the electron density
and Ne VIII resonance line (770 Zg) observed by a single chammel VUV
monochromator (McPherson 247V).

Absolute sensitivity is inevitable to discuss the impurity density
quantitatively. But this instrument has not been calibrated yet. No
suitable line pairs for branching ratio was available unless additional
injection of the interest elements. Only at the limited wavelengths, the
relative sensitivity is measured using the doublets from Na-like iron
and nickel (Fe XVI 335.4 A, 360.8 A, Ni XVIII 291.9 A, 320.6 A). The

relative sensitivity at these wavelengths is nearly same.



2-2. Spectra

Figure 3 shows the time behavior of impurity spectrum between 50 R
and 400 éo\, which was observed in the plasma heated by neutral beams with
2.2 MA. The integrated time was 10 ms. The average electron density

increased to 6 x 1013 3

cm -~ and the central electron temperature was 450
eV. The wall of the vacuum chanber is stainless steel and titanium was
flashed for gettering. The prominent line emissions are described in
figure 4. The highest ionization stages of these impurity lines are Fe
XVIII, Ni XVIII, Cr XVI, Ti XVIII, Cl XV, O VIII, and C VI.

Figure 5 shows the spectra observed before and‘ after the carbonization.
Applying the carbonization on the wall of the vacuum chamber, metallic
impurity lines except titanium disappeared.

Figure 6 shows the titanium spectrum, when titax.ﬁ.um dropped into the
plasma accidently. Nineteen shots of titanium drop were found in 562
shots. The observed titanium lines were Ti XI (386.14 R), Ti X (360.13,
289.58 R), Ti IX (296.28, 278.71, 267.9%4 R), Ti VIII (263.56, 258.61 E),
Ti VII (264.82, 254.69 A), Ti VI (255.38, 251.07 A).

Figure 7 shows the time behavior of the spectra, when pellet is injected
into a beam heated plasma. The low icnized impurity emissions had been
less affected and intensities of rmultiply ionizeci impurity emission
increase, which indicates that the change of the electron density near

the edge is small and at the central region large, and also impurities

accumilate to the center of the plasma column.
2-3. Line Ratios of Fe IX (171 A) and O VI (173 A)

The main impurities are oxygen and iron in the beam heated plasma.

It is important to estimate the density ratio of iron to oxygen, and



fraction contributing to Zeff‘ Since this instrument has not been
calibrated in whole spectral region, the line pairs of Fe IX (171 ;x)' and
0 VI (173 2\) were used to measure the density ratio of iron to oxygen,
The wavelength difference is only 2 R The relative sensitivity seemed
to be same at these wavelengths. The ionization potentials are 240.eV
and 134 eV, respectively, and the difference is not so large. The
intensity of these two lines are described as I=ng Dimp Q(Te), where
ne,nl.mp, and Q(Te) are electron and impurity densities, and excitation
rates. If these impurities locate where their ionization potentials
are equal to the electron temperature, the electron density and
temperature dependent-Q are easily estimated. The density ratio of Fe IX
and 0 VI is about 1/50~1/100. The iron fraction contributing to Z off

is about 2~5 7 of oxygen.

§3. VISIBLE SPECTROSCOFY
3-1, Instrument

It is necessary to analyze spectral profiles due to the Doppier
broadening, shift and the Zeeman splitting for measuring plasma
parameters. A 1.26 m visible spectrometer (SPEX 1269) with a
512-charmmel detector (Tracor Northern, TN6133) is employed. The
dispersion of this system is 0.1 R/ch, and the minimum integration time
is 5 ms. The plasma emission is guided to the entrance slit of the
spectrometer through a lens and fiber optics. The spatial scamning is
made by using the mirror in the vacuwm chamber. The sightline
intersects the neutral beam, which is injected perpendicularly into the
plasma. An angle between the sightline and the beam varied from 63 to 76

degrees. Figure 8 shows the geometry of the neutral beam line and



sightlines in the vacuum chamber. The magnetic flux surfaces are also

shown.

3-2. The Doppler Broadening
| The Doppler broadening of the charge exchange recombination lines,
C VI(3435 A), and O VITI(2981 A), is measured by using heating neutral
beams. Lines, C V(2271 1:.), 0 V(2781 R), and C III(2977 R) are also used

to measure edge ion temperature.

3-3. The Doppler Shift

Two kinds of the Doppler-shift are measured. The firslt is the
- plasma poloidal rotation to estimate electric field [3]. The second is
Hy emissions from the high energy neutral beams to measure the energy
components [5] and beam attemuation profiles [6]. The beam injection _
energy is varied from 20 to 30 kV. Figure 9 shows the spectral profiies
of the H emissions observed by two different sightlines, (-03) and (0),
which intersect the neutral beam line. There are three peaks near the
unshifted Hy, emission. They are the Doppler shifted H, emissions of the
beam neutrals excited mainly by electron collision. The wavelength
shifts correspond to the beam energy E(23.5 kV)V, E/2 and E/3, which are
originated from the acceleration of H+,H;,and H; ions. The fraction of
the energy components are estimated easily.
If the electron density profile is known, the attenuation profile of the
injected neutral beam is also estimated [6)]. Figure 10 shows the beam
density profile, where the electron density was assumed to be a

parabolic profile.



3-4. The Zeeman Splitting

It is important to know the locations of the impurity and neutral
emissions. Usually the passive spectrocopy tells. no space-resolved
emission intensity along the sightline. If. the Zeeman splitting is
observed and the spatial variation of the magnetic field strength is
given, the location of the emission will be identified [7]. Figure 11
shows time behaviors of the specral profiles of Cr I(4274 R) , H (6563 R)
and C II(6578, 6583 ;\), where the Zeeman splitting is clearly observed.
Figure 12 shows the levels and their corresponding emission lines of Cr
I (4274 R) in the magnetic field of 2 T. There are three groups of
emission lines, two of which are (@ -components and the other is 77-
components. Intensity of theJ-components is proportional to (1+c0326),
and 7T-components to sinze, where 8 is an angle between the sightline and
the magnetic fieid line. If 9 is small enough, only (J-components are
observed, and the magnetic field strength at the emission is calculated
from the splitting width. Figure 13 shows .the magnetic field strength
and the angle 9 along the sightline. Figure 14 shows the Zeeman
splitting of Cr I (4274 ;x) at the variéus sightlines., The magnetic
field strength of about 2.3 T was derived from the splitting width. A
and B are two locations, where B = 2.3 T, in the each sightline as shown

12 dn-3, aI‘ld

in figure 15. At B, the electron density is larger than 10
the .ionization length of chromium is less than 1 cm. The most probable
location of neutral chromium is considered at A near the wall.

Figure 16 shows the time behavior of H, Zeeman profile in ECH plasma.
Figure 17 shows the Zeeman splitting width and corresponding magnetic
field strength. At the first and decaying phase, H, emissions locate at

the magnetic field of 2 T, and during ECH pulse at B = 2.4 T. There are



two possibilities for B = 2 T, A and C as shown in figure 18. The
measurement by a thermal Li beam probe showed that the plasma radius is
smaller at the first and the decaying phase than during the ECH pulse

[8]. The emission region moved from C to B, and to C.

3-5. Line Ratio of the Charge Exchange Recombination Emission and the
Doppler-shifted H, Fmission

The density ratio of the fully ionized oxygen and carbon to
electron density can be estimated by the intensity ratio of the charge
exchange recombination emissién to the Dopper-shifted H emission of the
beam neutrals. The intensity of the charge exchange recombination is

described as

I = GR(M) él no (B/5) timp { 0ex (E1k) Vi (E/K) )

imp

and the Doppler-shfted H  emission is

3
Ig:p =GR (Ag) kgl ny (E/k) e (Uez Ve )

where G is geometrical factor and R(A) are seﬁsitivity at the
wavelengths, and g, and O-ex are cross sections for charge exchange
recombination and electron excitation and ny is beam density.

The intensity ratio of these emissions can be related density ratio of

the impurity (fully ionized oxygen or carbon) to electron density.

I ROW ey o U BIR)0a(B/RVIE/D)

Iy R() n (0aV.) S f(B/R)
k=1




where f£(E/k) is fraction of the beam energy components normalized to the

primary beam energy, E..

This method is powerful because the beam density profile is not

necessaly and only the relative intensity ratio provides the impurity

and the electron density ratio.
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Measurement of electric filed from plasma rotation

using CVI lines
Part T
Edge Electric Field Profiles of H-mode Plasmas in JFT-2M Tokamak

K.Ida and S.Hidekuma
National Institute for Fusion Science

Nagoya, 464-01, Japan

Y.Miura, T.Fujita, M.Mori, K.Hoshino, N.Suzuki,
T.Yamauchi and JET-2M Group
Japan Atomic Energy Research Institute
Naka-machi, Naka—-gun, Ibaraki, 319-11, Japan

A structure of an edge radial electric field E, inferred from
poloidal rotation velocity igs compared with that of
particle/thérmal transport barrier for H-mode plasmaé in JFT-2M.
Both of E, and its gradient JE,./dr in the thermal transport
barrier are found to become more negative at the L/H transition.
On the other hand, JE,./dr is more positive in the region of the
particle transport barrier. The shear of radial electric field
and poloidal rotation velocity in H-mode is localized within an
ion poloidal gyro radius near the separatrix, in the region of

ion collisionality Vi3 =~ 20-40.

PACS number 52.55.Fa, 52.55.Pi, 52.70.Kz



Since the H-mode plasma was discovered in ASDEX,l it has been
observed in many tokamaks.2~5 Several theoretical models on the
transition of L-mode to H-mode plasmas have been presented®-11,
Recently a radial electric field (E,) near the plasma periphery
has been found both experimentally and theoretically to play an
important role in the L/H transition.l2-19 A more negative
radial electric field was observed a few ms before the L/H
transition in D-IIID!2 and a decrease in particle transport was
observed with negative Ey, by driving a radial current, in
ccri3.
field have been proposed to explain the L/H transitionl4-17,

Thecoretical models associated with the radial electric

However, the predicted change of the gradient of the radial
electric field (dE,/dr) is different between models. In Shaing's
modells, the poloidal flow velocity changes at the L/H
transition and the corresponding radial electric filed E,
becomes more negative and J0E,/dr becomes more positive and hence
suppresses the fluctuations. On the other hand, Itoh's modell?
predicts positive values of dE,./dr in L-mode and negative values
of OEy/dr in H-mode and that this negative JE./dr reduces the
banana width of ions and the electron anomalous flux by the
improved micro-stability. Thus it is crucial to measure the
éradient or profile of the radial electric field for L- and H-
mode plasmas in tokamaks. In this paper we present the radial
electric field and temperature gradient profile a few cm inside
the separatrix where the transport barrier is produced in H-mode
plasmas in JFT-2MS.

The radial electric field profiles are inferred from
poloidal/toroidal rotation and ion pressure profiles using the

ion momentum balance equation;

ap,
"~ endr = (ByVo = By Vy),



where pj, nj are the ion pressure and density, By and Bg are the
toroidal and poloidal magnetic fields, and v and vg are the
toroidal and poloidal rotation velocities. The toroidal rotation
velocity, ion temperature and fully stripped carbon density
profiles are measured using multi-channel charge exchange
spectroscopy techniquel®/19 at CVI 5292A with toroidal arrays
(two sets of 34 channels) with a spatial resolution of 1 cm. The
poloidal rotation and edge ion temperature profiles are measured
using the intrinsic radiation of CVI at 5292A with poloidal
arrays (two set of 23 channels), which do not view across the
beam line and view only the plasma periphery with a spatial
resolution of 4 mm. In order to avoid the integration problem'of
line-of-sight, an wavelength-resolved Abel inversionl@ is used
to obtain local ion temperature and poloidal rotation velocity
from poloidal arrays.

These two set of toroidal/poloidal arrays view the plasma in
opposite directions to define the zero reference for Doppler
shift measurements.

The electron temperature profile and its gradient profile
are meaured with an ECE radiometer to investigate the location
of the thermal transport barrier. The electron temperature is
obtained from the intensity of ECE with some correction
associated with optical thickness and reflection coefficient at
the wall. The spatial resolution of the measurements set by the
frequency bandwidth of the detector is 3 mm. Bulk electron
density (ng) and temperature (T.) are measured with Thomson
scattering and the edge ng and T, profiles are measured with a
electric probe from 5 mm inside to 30 mm outside of the
separatrix. The uncertainty of the position of the separatrix
calculated with an equilibrium code is estimated to be 5 mm.

Figure 1 shows the time evolution of the poloidal rotation
velocity for a plasma with a current of 250 kA, a toroidal
field of 1.24 Tr‘hp°f 2.8 in a single null divertor

configuration. The neutral beam is injected at 700 ms in the co-



direction with a power of 0.7 MW. A jump of poloidal rotation .
velocity at the L/H transition is observed at 0.4 cm inside the
separatrix, while the significant increase of ion temperature is
observed at ds=-1.3 cm, more inside the plasma. The poloidal
rotation increases in the electron diamagnetic directicon in the
H-mode regardless of the direction of plasma current and neutral
beam injection. The change of poleoidal rotation is prior to the
change of ion temperature and is fairly localized near the
separatrix, while the sharp gradient of ion temperature is also
observed more inside. In H-mode with ELM, no poloidal rotation
velocity shear is observed, however, some steep gradient of ion
temperature is observed. The strong shear of poloidal rotation
velocity is observed in the region of |a-r| < Pp = 1.3 cm. The
profiles of ion/electron temperature, density and
poloidal/toroidal rotation velocity are measured in detail
before (t = 710 ms) and after (t= 740 ms) the L/H transition to
derive radial electric field profiles as shown in Figs.2 and
Fig.3(a). ‘

As shown in Fig.3(b), the electric field profiles for L-
mode and H-mode plasmas are calculated from rotation velocities
of carbon and ion pressure gradients assuming that momentum
exchange between impurities and ions is large enough to make
impurities rotate in the same speed of bulk ions. This is a Qood
assumption, since no difference of rotation velocity between
HeZ*+ and 08% has been observedZ0, Here, ion density profiles is
estimated with electron density profiles and cérbon density
profile319 which is a dominant impurity-in JFT-2M. The electric
field profiles calculated with C°* momentum balance equation,
where the momentum exchange between bulk ions and C2t is
neglected, are shown with dashed lines in Fig.3(b) as a
references. The electric field becomes more negative in H-mode,
due to increase of poloidal rotation in the electron diamagnetic
direction and the increase of the ion pressure gradient. The
gradient of the electric field inside the separatrix, ds = -0.7

cm, becomes more negative, -50 * 10 V/cmz, in the H-mode. The



ion/electron thermal transport barrier is found at 1-2 cm inside
the separatrix. On the other hand, the particle transport
barrier demonstrated with gradient of electron density and the
brightness of CVI emission is much narrower and within 0.5 cm of
the separatrix as shown in Figs.4. The absolute values of the
gradient of electron density measured with electric probes have
uncertainty by factor of two, however, the relative values is
accurate enough to measure the location of particle barrier. The
brightness of CVI emission is roughly proportional to the
product of electron density and cot density, since the
excitation rate in visible region has week temperature
dependence. We note that the particle transport barrier and the
thermal transport barrier are produced in the different region
of the plasma. These measurements (Figs.3 and 4) seem to
indicate that the improvement ¢f thermal transport correlates to
the negative aEr/ar and the improvement of particle transport
correlates to the positive JE,/dr. However these measurements do
not exclude the possibility that the more negative electric
field itself, not the gradient, is important in the L/H
transition.

It is important to compare the measured plasma parameters
such as poloidal rotation, electric field, and pressure gradient
with K.C.,Shaing's and Itoh's mcdels. The poloidal rotation
parameter Up n [=vgB/veBg+Ap/2, hp=pp(dpi/dr)/pi] changes from
2.1 £ 0.4 to 3.4 £ 0.2 at L/H transition 0.9 cm inside the
separatrix. This change of poloidal rotation at L/H transition
agrees with the prediction of K.C.Shaing's modell® within a
factor of two or three. The ion collisionality vs; at 0.7 cm
inside the separatrix decreases from 44 + 7 {L-mode} to 22 * 10
(H-mode) . The measured rotation parameter and critical Vaxj
values do not agree with the critical value of vxy (= 1.5) and
Up,m before L/H transition (= 0.7) in their model. The large
value of critical vxi measured in JFT-2ZM may be explained with

Sahing's model by including the additional effect of fast ion
loss2l, It alsoc is interesting to evaluate the strength of the



gradient of radial electric field JE,./dr, since it can affect
the ion orbit and change the banana width of ions by the factor
of (Il-ug|+C8T‘U2' where € and C are an inverse aspect'ratio and
a numerical coefficient.l3:22 The shear parameter of electric
field ugy, defined by pp(dE./dr) /vypBg, is 0.4 * 0.3 for L-mode
and -1.0 £ 0.2 for H-mode at 0.7 cm inside the separatrix. The
gradient of electric field measured in H-mode is large enough
to change the banana width. This shear parameter ug is 1.0 in L=
mode and -2.3 in H-mode in Itoh's modell?. The pressure gradient
parameter A [=-(Te/Ti}Pp{(dng/dr) /ng+®(dTe/dr) /Te)} 1 defined in
his model changes from 0.5 to 1.3, at L/H transition and is
consistent with the critical value of their model (A, = 1) We
observe qualitative agreement of characteristic parameters in
the L/H transition with Itoh's model and K.C.Shaing's model.
However both models are point model and do not fully explain the
structure of edge electric field, negative O0E./dr in thermal
transport barrier and positive 0E,./dr more outside. In
conclusion, both of Er and JE,/dr become more negative in the .
thermal barrier in L/H transition. Positive dE./dr and particle
transport barrier are observed more outside of this thermal
barrier both for L- and H-mode plasma.
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and K.C.Shaing (ORNL) for their useful discussions. Comments by
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Figure captions

Fig.l Time evolution of (a) poloidal rotation velocity and (b)
ion temperature at 0.4 cm (open circles) and 1.3 cm (closed
circles) inside the separatrix. The L/H transition occurs at t =
725 ms.

Fig.2 Radial profiles of (a) electron temperature measured with
ECE radiometer (circles) and electric probes (squares), (b) ion
temperature measured with toroidal (circles) and poloidal
(squares) arrays and (c) electron density measured with Thomson
scattering (circles) and electric probes (squares), for L-mode
(t=710 ms, open symbols) and H-mode (t=740 ms, closed symbols)

plasma, where r/a is a normalized minor radius.

Fig.3 Radial profile of (a) Poloidal (circles) and toroidal
(squaree) rotation velocity and (b) radial electric field, as a
'function of the distance from the separatrix, for L-mode (t=710
ms, open symbols) and H-mode (t=740 ms, closed symbols). A ds is
negative for inside and positive outside of the separatrix.
Dashed lines in figure (b) are radial electric field calculated

from momentum balance of C°* impurity.

Fig.4 Gradients of (a) electron temperature measured with ECE
radiometer (circles) and electric probes (squares) and ion
tehperature (cross for t=740 ms, triangles for t=760 ms) and {b)
electron density measured with Thomson scattering (circles) and

‘electric probes (squares) and the brightness of CVI emission
(triangles), as a function of the distance from the separatrix
for L-mode (t=710 ms, open symbols) and H-mode {(t=740 ms, closed
symbols) plasma.
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Part II

Electric field profile of NBI heated plasma in CHS

K.Ida, S.Hidekuma, H.Iguchi, H.Yamada, H.Sanuki
and CHS Group
National Institute for Fusion Science,
Nagoya,464-01, JAPAN

Abstract

Ion temperature and poloidal rotation velocity profiles
are measured with 68 channel space resolved spectrometer using
beam emission spectroscopy technique in CHS. The electric field
profiles derived from poloidal rotation velcocity has a large
shear near the plasma edge and the absolute value of this edge
electric field increases from -70 V/cm to -110 V/cm as the ion
collisionality Vx4 is increased from 2 to 20. The values of
radial electric field measured in CHS is larger than the
neoclassical estimates especially near the plasma periphery at
r/a > 0.7.



Ion temperature and electric field profiles are the crucial
plasma parameter in helical device, since the electric field is
expected to reduce helical ripple loss and improve energy
confinement by Neoclassical theoryl‘B. The electric field can be
measured with heavy ion beam probe? or inferred from poloidal
and toroidal rotation wvelocity using momentum balance equation.
The poloidal rotation has been measured with CV line radiaticn
in Helicotron-E devices. The measurements are limited only at the
plasma edge, since the electron temperature in the core plasma
isAhigh enough to ionize c4t to higher ionized stages. No |
measurement for poloidal rotation velocity near the plasma
center has  been done in helical devices. In most of tokamak
plasmas beam emission spectroscopy techniques have been used to
measure ion temperature and toroidal rotation velocity even in
the region where carbon or oxygen impurities are fully stripped,
however they have not been well established in a helical device
due to its complexity of magnetic configuration. In these
techniques, the ion temperature, rotation velocity and fully
stripped impurity density are measured respectively from the
Doppler width, shift and amplitude of the radiation for the high
n level transition ( visible region) of hydrogen-like impurities
excited by the charge transfer between fully stripped impurities
and the heating neutral beam’s 8,

Compact Helical System (CHS) 6, which is an 1 = 2
heliotron/torsatron type device with the major radius of 100 cm
and the averaged minor radius of 20 cm. A 28 GHz gyrotoron with
the injection power of 100 kW produces ECH plasma with low
density below 1 x 1013 cm™3 , while tangential NBI can sustain
the plasma with high density up to 1 x 1014 cm~3. A 68 channel
space resolved 1 m visible spectrometer system using CCD
detector coupled with image intensifier has been developed to
measure spectrum in poloidal cross section., Two set of 34
channel optical fiber arrays, one viewing a fast neutral beam
and the other viewing off the neutral beamline to subtract

background radiation, have been installed in CHS. These optical



fibers with 100 i mm diameter are led into the entrance slit of
1 m Czerny-Turner spectrometer with 2400 grooves/mm grating. At
fhe exit plane the light from each fiber gives the spectrum from
one spatial position. The-light from all of the fibers is
focused onto an image intensifier tube coupled with CCD TV
camera. The resolution of the wavelength is 0.1 A/ch (100
spectral channels) , while its time resolution is only 16.7 ms.

The background radiation is mostly due to the reaction
between fully ionized impurity and background thermal neutral in
the plasma periphery. This background emitted from the cool
plasma edge is proporticonal to the neutral density at the plasma
edge and depends on.the clearance between plasma edge and inner
wall (the position of magnetic axis) and the amount of gas puff.
The background is too high to derive ion temperature profile for
the plasma with the magnetic axis of < 92 cm even without gas
puff. The most measurements have been done using CVI 52924 (n =
8-7) for low or medium density plasma with a weak or medium gas
puff.

For ECH plasma the beam emission spectroscopy techniques
can not be used due to the lack of neutral beam. The intrinsic
line radiations emitted from the plasma edge are measured to
derive poloidal rotation velocity . Even though the measurements
of poloidal rotation cover whole plasma ( 84 cm < R < 107 cm})
the measured velocities represent the component of poloidal
rotation velocity to the line of sight and the emission is
localized at r=0.7a. Plasma rotates in ion diamag direction
with the velocity of 3 km/s for the low density ( ng = 4 x 1012
em~3 ) plasma produced by ECH. The radial electric field
averaged along the magnetic surface is 16V/cm (positive). The
central electron temperature is 900 eV. This indicates that the
plasma potential is positive in the collisionless regime of Vxg
= 0.2,

On the other hand, the beam emission spectroscopy
techniques can be used for the NBI plasma. The emission is more

localized at the cross section of neutral beam line (midplane)



and -line of sight. The measured velocity is more likely:
poloidal rotation velocity at each point, although the space
resolution becomes poor near the plasma center due to the
integration effect along the neutral beam. The plasma heated by
NBI rotates in the electron diamag direction and has strong
shear near the plasma periphery. The poloidal rotation velocity
at the plasma edge depends on the collisionality of the plasma.

Radial electric field profiles are obtained from the profiles
of ion pressure gradient and toroidal/poloidal rotation with the
use of momentum balance equation., The toroidal rotation velocity
at.r > 0.7a ( epn>€x ) is damped to be almost zero by the |
viscosity due to helical ripple and has very narrow profile at
the center. In order to investigate the dependence of
collisionality two discharges, one is low electron density and
the other is high density, are.compared. The electron
temperature and density profiles are measured with Thomson
scattering, while ion temperature profiles are measured with CXS
as shown in Figs.l. The ion collisionality of vy is 2 for low
density discharge and 20 for high density discharge. The
poloidal rotation profile for these discharges has a strong
shear near the plasma edge as shown in Fig. 2(a). The poloidal
rotation velocity profiles of these discharges show the
significant differences near the plasma periphery. The radial
electric field in CHS has a strong electric field shear at the
.plasma periphery as shown in Fig.2(b). This edge electric field
iﬁcreases as the electron density is increased. This negative
electric field is -70 V/cm for low density and -110 V/cm for .
high density plasma.

It is interesting to éompare the radial electric field
profiles measured in CHS to neoclassical estimates, since the
electric field in heliotoron/torsatoron devices is expected to
improve confinement by reducing helical ripple loss. Figure 3
shows the comparison of electric field profiles measured in CHS
to the calculated electric field profiles with neoclassical

theory presented by Kovrizhnykhl and Hastingsz. These calculated



electric field profiles are smaller than those measured from
poloidal rotations. The electric field calculated with
Kovrizhnykh formula gives smaller values than that with Hastings
formula, since symmetric ambipolar fluxes play a role to reduce
electric field produced by asymmetric ambipolar flux in
Kovrizhnykh formula. However, these theory do not explain the
electric field shear near the plasma edge. This large electric
field measured near the plasma edge can be explained with orbit
loss.

Negative electric filed has been observed in tokamak
pla_smas9 and this negative electric field has been found toc be
more negative at the edge in H-model0: 11, Radial electric field
should be related with the improvement of confinement. In order
to demonstrate the location of good confinement, the gradient of
electron pressure is calculated by fitting electron pressure
profile measured with Thomson scattering. The good confinement
region for high density case is at r/a = 0.7, where the both of
negative Er and JE,/dr are observed. On the other hand, no
significant good confinement region is observed in low density
case and electric field profiles has no shear near the plasma
edge. We note that profiles both of electric field and of
pressure gradients in high density case are similar to those
measured in H-mode in tokamakll, However no bifurcation
phenomena has been observed in CHS plasma between low density
case and high density cases. '
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Figure captions

Fig.l (a) electron density and (b) electron and (c) ion

temperature profile for low density and high density cases.

Fig.2 Profiles of {(a) poloidal rotation velocity and (b) radial
electric field for low and high density plasma produced by NBI.

Fig.3 Radial electric field profiles measured in CHS and
neoclassical estimates. Solid lines are calculated radial
electric field for high density plasma, while the dashed lines

for low density plasma.

Fig.4 Radial profile of electron pressure gradient measured with

Thomson scattering.
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Fig.3 Radial electric field profiles measured in CHS and
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electric field for high density plasma, while the dashed lines
for low density plasma.

Fig.4 Radial profile of electron pressure gradient measured with
Thomson scattering.
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X-Ray Spectra from High-Temperature Plasmas

~ Shigeru Morita
National Institute for Fusion Science

X-ray spectra (1-5A) of Ti, Cr, Fe and Ni ions have been observed from
the JIPPT-IIU tokamak and Heliotron E using crystal spectrometer. These
spectra obtained are analyzed under considerations of various atomic
processes in plasmas. The report gives brief summary on recent these
results. In addition, a new crystal spectrometer is under construction for
CHS stellarator to observe soft x-ray lines in a wavelength region of 10-40A.
Some calculations are presented for oxygen lines.

(11 JIPPT-IIU tokamak

A crystal spectrometer installed on the JIPPT-IIU tokamak is
illustrated in Fig.1. The radius of focusing circle of the spectrometer is 3m
and the crystal used is quartz(2023) with a area of 50x80mm2. The spectra
are displayed typically with a time interval of 10ms or 20ms.

Spectral resolution largely depends on a resolution of a crystal
spectrometer. Figure 2 shows such a dependence. Upper two spectra are
obtained using a crystal spectrometer with a focusing radius of 1m. The
crystals used are different. Ge (2d=4.00A) and quartz(2023) (2d=2.749A) are
used for top and middle displays, respectively. In a bottom display the
quartz(2023) with a focusing radius of 3m, as described in Fig.1, is used.
The spectral resolution obtained is indicated at each display. The
corresponding ion temperature for each display is 100keV, 5keV and 300eV,
respectively. From the top display we can get charge state distribution of
the plasma. In contrast to it, detailed structures of heliumlike spectra of
titanium ions are observed from the bottom spectrum. Using the bottom
spectrum we can get ion temperature, electron temperature and toroidal
rotation speed of the plasma.

A ‘typical example of Doppler-broadened heliumlike titanium
resonance line is shown in Fig.3. The plasma is additionally heated by



9MW ICRF injection during 140-200ms. The ion temperature obtained is
indicated at each display. The line fitting with Voigt function which is
indicated by solid curve is carried out at shorter wavelength side of the line,
because many higher-order satellites are included at longer wavelength
side of the line. The ion temperature obtained is compared with one from
Fast Neutral Particle Energy Analyzer (FNA) as shown in Fig.4.
Agreement during ICRF heating phase is very good. However, there is
some disagreement between ion temperatures obtained from the crystal
spectrometer and FNA in ohmic heating phase. The origin is not clear at
present, |

The toroidal rotation speed of the plasma is determined from Doppler
shift of the heliumlike titanium line as shown in Fig.5. In ohmic phase the
direction of the toroidal rotation is opposite to that of the plasma current
and the speed is about 5x103m/s. In ICRF heating phase the rotation is
accelerated to 2x104m/s. This acceleration is related to an increase of a
radial electric field due to an increase of a plasma potential.

Typical example of an electron temperature measurement from an
intensity ratio of n=3 dielectronic satellite lines to heliumlike titanium
resonance line is shown in Fig.6. A dotted curve is obtained from ECE
measurement calibrated with Thomson scattering. The discrepancy is
remarkable at the ohmic phase, whereas it is small at ICRF heating phase.
The difference clearly depends on the electron density. In the ICRF phase
the electron density reaches 1x1014cm-3. Runaway electrons accelerated by
a toroidal electric field are disappeared at such a high-density region.
However, the electron density is normally less than 4x1013cm-3 at the ohmic
phase. There are lots of runaway electrons in the ohmic phase. It leads to
enhancement of the heliumlike titanium line intensity. As a result, higher
electron temperature is given from the calculation of the line intensity.

On the other hand, we can calculate a quantity of the runaway
electrons or nonthermal electrons from the discrepancy of the electron
temperature at the ohmic phase. The result is shown in Fig.7. At low
electron density region the nonthermal electron abundance nt(=ng/ng)
increases up to 0.6% (ng:nonthermal electron density, ne:thermal electron
density), since a collision frequency of the runaway electrons largely
decreases for decreasing electron density. At high electron density of



8x1013c¢m-3 the nonthermal electron percentage is close to zero. It can be
well explained with the analysis on the runaway electron in tokamak.

A full spectrum of iron 2p-1s transitions is shown in Fig.8. It is
noticed that inner-shell excitation lines are very strong. From these line
intensities we can see that beryllium like ions are dominant in the ICRF
heated plasma. These spectral feature is strongly related to a transport of
the ions in the plasma as described later. The analysis of the spectrum is
in progress.

[II] Heliotron E

Charge state distributions of titanium ions in a central column of the
Heliotron E ECH plasma were measured using a broad-band crystal
spectrometer. The typical result is shown in Fig.9. The electron
temperature and density are 800eV and 1x1013¢m-3, respectively. The
intensity ratio of the 2p-1s transitions among charge states is a function of
the transport coefficient of the ions. Calculations on the intensity ratio are
carried out to determine the transport coefficient of the titanium ions in the
ECH plasma, as shown in Fig.10. A value of D indicates the transport
coefficient and it is called "diffusion coefficient". A particle confinement
time T, of the ions in the plasma can be related with the diffusion coefficient
(1p=r2/5.8D2, r:plasma radius (20cm)). The spectrum obtained
experimentally can be explained with the diffusion coefficient of 3000cm?2/s.
This value shows roughly good agreement with a result of impurity
transport study using laser-blow-off experiment. However, a detailed study
is disturbed by a lack of the knowledgel on the detailed line structure and
some uncertainties on the emission rate of the titanium 2p-1s transition.

[III] CHS stellarator

A new crystal spectrometer is designed for the x-ray spéctroscopy of
CHS stellarator. The spectrometer is constructed for an observation of
carbon and oxygen Ko transition and titanium, chromium and iron Lo
transition. Typical wavelength range of the spectrometer is 10-40A.
Spectral dispersion is 135mm/A at heliumlike oxygen 21.6A and spectral
resolution will be more than 104. Calculations for the study are done on
heliumlike oxygen ions as shown in Figs.11 and 12. In the case of an
electron temperature of 100eV (see Fig.11) lithiumlike satellites may be



observed. The intensity ratios among the heliumlike ions (w: resonance
line, x,y: intercombination line, z: forbidden line) are a function of the
electron temperature and density. Then, at higher electron temperature
(see Fig.12) the resonance line w becomes dominant. As a result, this
tendency gives us an information of electron temperature and density.
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Fig.1 High-resolution crystal spectrometer installed on JIPPT-IIU.
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X-Ray Amplification at 54.2 A on Balmer &« Transition of
H-Like Sodium

H.Shiraga and Y.Kato

Institute of Laser Engineering, 0Osaka University
2-6 Yamada-Oka, Suita, Osaka 565

Abstract .
Planer and foil targets coated with NaF were irradiated with
high intensity 351 nm laser radiation of 130 ps duration. Time-

integrated gain of Na XI Ha at 54.2 A were measured to be
1.2:¢-8 cm™ 1,

Introduction

Cne of the important objectives of the current X-ray laser
research is to develop a soft X-ray laser useful for high-
resolution holographic imaging of biological specimens. Recent
theoretical study shows that the optimum laser wavelength for
this application will be very close to, but slightly longer than
the carbon K-edge at 43.7 A [1] . With electron-collisional ex-
citation, amplification at 53.0 A was observed with Ni-like Yb [ 2]
and theoretical evaluation for the Ni-like W laser at 43.1 A has
been reported [ 3]

Isoelectronic scaling of the recombination-pumped Ha laser
to shorter wavelength requires target irradiation with short
wavelength and short pulse laser at high irradiation intensity.
We have performed an experiment on the Ha laser in order to ob-
serve amplification near and below 50 A. Stripe targets were ir-
radiated with a 351 nam, 130 ps laser pulse and evidence for gain
on Na XI Ha at 5H4.2 A was obtained in time-integrated measure-
ment [ 4]

Experfmentalwggﬂiltigns

The experiment was carried out on GEKKO-XII neodymium glass



laser facility at the Institute of Laser Engineering, Osaka
University. One of its 12 beams were used for this experiment in
an optical layout shown in Fig. 1. The laser beam of 1053nm
wavelength and 32 cm beam diameter was freduency-tripled to 351
nm with two KDP crystals. A combination of a weak negative
cylindrical lens and an f/3 1 m aspheric lens produced 7-mm long
line focus on target. The width of the line focus measured from
the time-integrated X-ray emission pattern was 59 g m in FWHM in-
tensity. The UV laser energy on target was 63 J at a pulse length
of 130 ps, corresponding to the intensity of 1.4x1014 w/cm2.

The foil target was a 0.2 u m-thick NaF coated over one sur-
face of a 0.13 u m-thick CH plastic fovil. The target was posi-
tioned carefully relative to the line focus so that the 6 mm
length was completely covered by the 7 mm long line focus in or-
der to avoid the edge effectis.

Two XUV spectrometers were used for spectroscopic diagnos-
tics. Each of these spectrometers was equipped with a 30 grazing
incidence spherical focusing mirror which formed a 10:1 reduced
astigmatic image of the source onto the siit. The first
spectrometer, aligned onto the target axis, had a 1200 lines/mm
variable spacing diffraction grating for flat field recording of
the spectra operated at 3.20, With X-ray film recording, it gave
spectra from 30 A to 370 A with a resolution of 0.2 A at around
50 A. The second spectrometer positioned 609 off-axis had a 2400
lines/mm variable spacing grating operated at 1.2° grazing angle.
It gave photographic spectra from 6 A to 150 A with 0.1 A resolu-
tion near 50 A. The spectra were recorded with calibrated Kodak
101-07 film. Time integrated X-ray emission image of the target
was recorded with an X-ray slit camera which was composed of two
orthogonal slits to provide a higher magnification perpendicular
to the line focus.

Results
The procedure for gain determination used in this experiment

was to compare the intensities emitted along (l;) and transverse

{I{) to the X-ray laser axis. Approximating the plasma as a long



column of length L and  area A, these intensities are given
respectively by I=IgpA [ exp(gL)-1] /g and I=1gpAL, where Igp i5
the spontaneocus emission intensity per unit volume. This is valid

when the opacity along the transverse direction is small. Since
Ia/1¢ = [exptgly-1] /gl - (D)

we can determine the gain-length product from 1,/1;.

High spectral resolution achieved by recording spectra with
the film enabled us to resolve and accurately assign spectral
fines, and to determine gain or loss of each line. Line shapes of
the axial and transverse spectra of NaF near 54 A are shown in
Fig.2. The Na XI Ha 1is composed of a doublet structure, J=5/2-
3/2 line at 54.194 A and J=3/2-1/2 line at 54.052 A, and is
closely overlapped with Na IX 4p2P-2s52S5 at 53.860 A and slightly
with F IX 5d2D-2p2P at 53.527 A. Although these lines are not
clearly resolved in the spectra shown in Fig.2, we can determine
the relative intensities and evaluate mutual overlaps knowing the
wavelength of these lines and the spectiral resclutiaon curve of
each 'spectrometer derived from nearby isclated spectral lines.
The thin dotted curves in Fig.2 show the deconvoluted shapes of
each line and thin line-dot curves are the convoluted lines
shapes. The agreement between the data and the convoluted shape
is less in Fig.2b due to smaller intensity of the transverse
spectrum. From this analysis, we can evaluate the overlaps of the
nearby lines to the Ha J=5/2-3/2 line which should show the
highest gain. :

' Comparing the axial and transverse spectra shown in Fig.2,
we find that the intensities of the Na XI Ha doublet relative to
the Na [X 4p2P-282S line are stronger in the axial direction. By
using the calibration data for the relative sensitivity of the
spectrometers the actual I,/1¢ ratio is determined for each line
and the result is given in Fig.2c. The Ha doublet have 1,/14
" larger than 1 showing that they have gain, whereas the resonance
line of the Li-like Na has Iz/14< 1 showing it has absorption.
_The J=5/2-3/2 component of Ha has a higher gain than the J=3/2-



1/2 component as expected. The gL value is determined from the
I1,/1y ratio using (1) and then the gain coefficient g using [=0.6
cm to be 1.2%9-§.

Conclusion

We have presented time-integrated measurement of gain on Na
X1 He at 54.2 A, Planer foil targets coated with NaF were ir-
radiated with 351 nm laser light. Gain coefficient of 1.2*9:-8 was
obtained. Finally we note that in the present experiment, gain on
Mg XIT Ha at 45.5 A was also measured and a time-integrated gain
larger than the value for Na XI Ha was obtained. These results
suggest that it will be possible to achieve significant gain at
the wavelength'near to, and possibly within, the water window

when the irradiation conditions are optimized.
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$Introduction

The selection of tools of studying electronic structures in
plasmas sometimes needs special care because of the complicated
electronic environment in plasmas. Since many highly ionized ions
are moving and interacting each other in plasmas, the number of
orbitals should be accounted is usually much larger than that in
an isolated system. Very sophisticated and accurate methods do
not necessary work well in this field. Among these the discrete
variational Xo method (DV-Xa method hereafter) provides one of
the effective and practical tools. Thought this method has been
applied to a plenty of molecules, solids, and solid surfaces, its
basis idea is not familiar in the field of plasma physics. So, we
like to review the fundamental idea of the DV-Xa method and
‘numerical procedure for the better understandings and the help in
the future application.

This report provides. a brief sketftch of Xo approximation
first. Next, the numerical procedure of the DV-Xo method is
summarized, As one of examples, we show how we calculates the
charge transfer cross sections with the wavefunction obtained. An
interesting result obtained by this method is reported elsewhere
in this brochure as a separated article.

$Xa Approximation.

A modern understanding of the Xa-method takes it as a varie-
ty of density functional methods. However, starting with an
ordinary Hartree-Fock equation and deriving the Xo approximation
fellowing J.C.Slater?) is easy to understand and get the idea of
it. Let's start with a total energy expression Eyp of the Ha-
tree-Fock scheme. With the total wavefunction of n-electon system
%(r1,r2,...,rn) in a single Slater determinant

Ueeny, Ueg), oo L)
Wy, o, Pa) = =
RN ; o

Kulh), Uath) | --- Ualiy)
the total energy Egp is
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where f; stands for the kinetic energy. and nuclear Coulomb poten-
tial for i-th orbital and rq; represents the distance between Iq
and ry.

A variational method minimizing Exrg leads the well Kknown
Hatree-Fock equation,

¥
Felheary+ [ Pony Za dn ey 2 fujon 7, aeenrdnfugen)
| = S Ue(N), |

As is known well, the third term in eq. 2 is called the
exchange interaction. This can not be written in the form of
local potential and differs between orbitals. Most numerical
difficulties comes from this integration. The Xa approximation is
drived so to eliminate this non-local potential and modifies it
into a fairly accurate unique potential for every orbital by
averaging with the weight of the probabilities finding an elec-
tron at position r in the k-th orbital: i.e.,

UK*(M Uk tn)

4
T Ufm - upn)
U d
With this manipulation the exchange interaction becomes
i ¥
: 2 S\A; CRRE Lr,.l’“/mujcmu;cmdm
(Vﬂ/ﬁlau = 9 d —_ 5

2 U&*CV\.] U, ) .

The next step of the Xagapproximation is to substitute the real
set of the wavefunctions with that of non-interacting ideal gas
which has the same electron density p{r) as that of the real
system at position r.

Substituting U; in eg. 5 with 1/fv-exp(iki.r1), the straight-
forward calculation makes the exchange interaction into

(V) gy = U _i‘z}SMPG(K*‘KJ)‘(V‘;~V‘.)J/V‘uoW‘l
Walay = - = T

3 % 6
= — { (—Eﬂ— P(lﬂll .

Now we get an unique potential Vgy(r) for every electron. This
procedure mentioned above was originally derived by J.C.Slater.
However, Kohn and Sham2) took a different approach to get a local
exchange potential applying an interacting electron gas with full
account of electron correlation. Their results reduces the ex-
change correlation of the Slater by the factor 2/3. As is shown
by Kohn and Sham, the total energy of the n-electron system can
be written as an unique functional of charge density p{r). So it
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is practical to introduce an uncountable parameter  and write
the exchange correlation,

i
4
3 3 , .
Vi) = = 60 (2= pom ] . ,

The total Hamiltonian of the system with Xe approximaticen can be
written as, :

Exa = Z\SU;*fi Ui df, + 5 ES P Z/Vh/o("\)“l"‘ vy
[y y ‘? .
TR | P dn 8
We started the discussion with the single Slater determinant
eg.1. Adjusting the parameter ®, it is possible to make the total
energy calculated by the Xwa-approximation be the same with that
calculated with a superposition of number of Slater determinants.
This means we can indeed take the exchange c¢orrelation into
account in the framework of Xo approximation. However & is fixed
to be 2/3 or 0.7 throughout the calculation.

$ Discrete Variational Method

Though Xa-approximation reduces much of computational ef-
fects, we still have to over come multi-center integration for
many atom systems. The integration technique depends on the basis
function we use, i.e., Slater or Gaussian type. The DV-Xo method
uses a kind of Monte Carlo integration with numerically soived
Slater-type atomic basis functions. Let's write the one-electon
molecular wavefunction u(r) in the scheme of Linear Combination
of Atomic Orbital {LCAQ-MO)

Utrl = 32 C; X;cr) - 9
J
where X(r) is what we call symmetrized can be written as
' J- m @, m
» n = 2-21 w JJ; (| 1
%) m g,m A Tho ) °

where W are the coefficients which reflect the geometrical symme-
try of the system.

The atomic basis function ¢ho in eq. 10 is the product of
radial wavefunction R(r) and spherical harmonics le(e,¢) around
the p-th atom.

.m, 2, m | m A
é:u = RJu,m..Q(n—&)‘) P_Q (9.‘;) 11
where R;; stands for the position of u-th atom.

The radial wavefunction R(r) satisfies the Schoedinger equation
around the p th atom.

LD 2 A(L+1) = ¢ 12

[~E & s v s T JRen o™ Yune Rum

The ordinary variation method leads the secular equation

for the coefficients C in eg. 9 with the Hamiltonian and overlap
matrices Hj4 and Sij
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HC = ¢ SC

Hip = <WLHAY Y sy = iy

d 13

Discrete Variatiomal integration replaces the 3-dimensional
integration by the weighted sum of the integrand at random sample
point ry. For example, Hj 5 is replaced with

HRJ= Z_. Dirgy Wty W ony U (re) 14

where D{(rk) is the weight at ry.

The distribution of sample point around each atomic core is
taken to be Fermi-like function because the most radial wavefunc-
tions oscillate near nuclei and damps smooth at infinite. With
regard to the effectiveness of this integration method, consult
the references 3.

|

.
/D(M o< LA p (20— R.) 13

The self-consistency of the calculation can be achieved by
repeating the computation till the initial and obtained charge
distribution come to be the same.

$ Charge Transfer Matrix Elements.

In the frame work of one electron Perturbed Stationary
Stated (PSS) method, we find the solution of time-dependent
Schroedinger equation?)

M2 Vi, e, z) = H¥(r R, 2) 16

where r and R stand for electron and nuclear coordinates.
Omitting the electron translational factors we assume the solu-
tion of eq. 16 is in the form *

.{S&Jdi‘

1D(P&t)= X A:@E) U crR)E 17
H t J d d

where uy satisfied the Schroedinger equation at fixed atomic
configura%ion.

Substituting eg.17 into eg. 16, we get the close coupling
equation for the time dependent coefficient a(t).

e~ ) (e
-dé*-QJ(t)= Z.—-s<udl}‘{l%?Q;(t)up[-*S(&-iJ)ob‘] 19

Since u(r) depends on time only through the interatomic wvector
R{(t) we can rewrite the matrix elements as

2 - O | s 4R
<Ud‘['§€lﬂg>— 4114\‘}',?\“1? & 20
This expression is valid not only for diatomic system but also
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This expression is valid not only for diatomic system but also
for polyatomic systems. However, we can reduce this expression in
simpler form in the case of diatomic case. Since diatomic colli-
sion takes place on a collision plane, we can introduce the polar
coordinate centered at the center of mass. With radial and rota-
tional matrix elements defined as

e .
wlgrlyy Luplatylug > 21
the close coupling equation eqg.|{is written in the form

4 0; = Z{Vedllrup+R b wlilgu\ase) wplifler 2t )

where Vip and b are the radial velocity and impact parameter
respectively.
In eq.21 Ly represents the angular momenta

Ly= 2 (22 -2 &) 23

22

and d/dR stands for the derivative respect to interatomic dis-
tance R.

As described in the previous section, the DV-Xa method
writes the molecular wavefunction u as

— dJ £
U= C: 22 w A m,
n—Ru)
J J Mo B SmLon TAo ¢ + 24
M, m L m m A D
AO = ‘Q/u,m.ﬂ(r“kﬂ)& (9}‘,@‘)

u(r,R) depends on R through the electron coordinate r—%p .
Let's apply an operator d/dR to u(r,R).

d de . - : M, o, Lm
U, RY= 22 53t 2 w '
ar J IR R m A g m qé&
J ol um L m 2>
+5_’,CJ ¥ oow o R Fhs '

v Y amem M

The second term in eq.25 can be calculated putting s=r-Ry
and differentiating respect to s.

d 4 . ds _ _ o

-d-_R- I & deA As 26

The atomic basis wavefunction ‘ﬁAo is a product of radial wave-
function R(s) and real spherical harmonics P1™M. So, we can write

B% Pao = ds Resy P8 @ ) + Rmdg P8, °3) 27

The first term in eg 27 can be numerically obtained using cubic
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Spline method because we use the numerically solved radial wave-
function. On the contrary the second term can be analytically
derived using the expression :

O n™ 9‘1 _@_ ™ 1 ag
PQ (8 Sb /\2)\ ‘;_{Pg(g$);r§ +33pﬁ,(é'q$\
where x,y, and z are the Cartesian coordinates and satisfy

X = cneuu{;\
g = 0O akp
2= AMO

Let's turn to the first term in eq?gagain. dC(R)/dR is the
derivative of coefficient with a infinitesimal shift of atomic
configuration. We replace this with a finite difference {C(R+dr)
-C(R)|/dr. Though two calculation at R and R+dr may not align the
phases of the wavefunctions. So we flip the sign of wavefunction
so that the largest component of atomic orbital has the same
sign. This works well if dr is less than 2% of R

Phase of coupling matrices depends on that of wavefunction,
too. There is no relation between the phase of wavefunction at
each mesh point because calculation with fixed atomic configura-
tion is indeed independent each other. To get the smooth coupling
matrices, we again flip the sign of matrix elements so that the
second derivative of coupling respect to the interatomic distance
takes the minimum. This can make the phase of matrices elements
consistent for the whole region of the interatomic distance.

"
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Charge Transfer Process in Collisions of Highly Charged Ions in
Tokamak Plasma

Fumihiro Kotke
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Recent progress of tokamak . plasma diagnostics! has pointed out that the charge transfer process
between highly ionized ions is important as the mechanism of the excited state formation of impurity
ions. We decided to examine this point from the view point of atomic physics and to formulate the way
of calculating the charge transfer cross sections in such the highly ionized collision systems. As one of the
prototype of the collision systems, we took up the system consisting of titanium and oxygen ions; we

investigate the following charge transfer process:
Ti2%(1s%) + 0% (15'2s") — Ti'"™(1s*n=5,0) + 0" (1s7),

here n = 5, ! indicates that the transferred electron is populating in the excited atomic orbitals with the
principal quantum number n =5 and all the possible angular momentum quantum numbers [ . We
developed the method according to the following strategies.

1). To give useful data for plasma diagnostics, such as the total charge transfer cross sections and
the intensity distributions of the charge transferred final states in principal as well as angular

momentum quantum numbers.

2). To develop a numerical method which requires only a reasonable amount of the machine time

retaining enough accuracy for the purpose of the plasma diagnostics.

To formulate the collision process, we took into account the following characteristic properties of

the collision system.

1). The interatomic relative velocity, which lies typically between 0.05 atomic unit and
0.8 atomic unit, is very slow compared with the electronic orbital-velocity, which is typically
5 atomic unit. Therefore, the molecular-orbital method may fit for the description of the elec-

tronic state.

2). The de Broglie wave length of the interatomic relative motion is typically in the range between
0.008 a; — 0.0005 a,, and this length is quite short compared with the characteristic length of
the interatomic interaction, which is typically 0.1 a;. Therefore, we may describe the interatomic
motion classically, and in this case we will investigate the time-development of the electronic

states.

We have adopted the Discrete Variational Xa { DV-Xa ) method24 for the calculation of the
quasi-molecular electronic states. We have adopted the semiclassical time-dependent coupled-channel
equations 9 for describing the collision process. Because the details of the electronic-state calculation is
presented by Fujima elsewhere in the present proceedings, we try to concentrate ourselves, in this report,

mainly on the description of the dynamics of the collisions.

Now, we take Hy(r;R) as the total electronic Hamiltonian, where r and R represent the set of the
electronic coordinates and the internuclear distance, respectively. We take ¥(r;2) as the total electronic
wavefunction. Then, the semiclassical time-dependent Schroedinger equation of the system is written as

.0
Ha(r;RY¥(r;R) = i—r¥r;R), (1)
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where 1t is the time and i is the imaginary unit. The total wavefunction ¥(r;R) may be expanded in terms

of the basis quasi-molecular electronic wavefunctions $,{r;R).as
i
YriR) = ¥ cexp [—if E,-dt']!I),-(r;R), (2)
i

where ¢; is the amplitude of the i 'th channel, say, of the i 'th quasi-molecular state, and where ¢, is the
electronic energy of the i ’th channel. And $;,(r;R) and ¢; are given by the following stationary-state
Schroedinger equations.

Hy(r;R)®{(r;R) = e,8(r;R). (3)
Substituting egs. {2) and (3) into eq. (1), we obtain the following set of coupled-channel equations.
. 8 !
¢ = — 5 <®i|—|®>exp [zf [s,-—sj)dt' ] £ (4)
i*j ot
j
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Fig. 1. Quasi-molecular potential energies ¢; in units of Hartree as functions of
the internuclear distance R in units of Bohr radius a,

The numbers from 1 to 7 on the curves indicate the associating channels. The
channel number & is the initial channel, which is correlating to the state
Ti*®*(1s%) + 0**(1s'2s") in the separated atom limit. The channel numbers
from 1 to 5 are the charge transferred final channels, which are correlating to
the states Ti'®™"(1s’n=5,) + O""(1s"), in the separated atom limit. And the
channels 1, 2, 3, 4, and 5 correspond to the states with [ =4,3,2,1,and 0
ywespectively. The channel 7 is a direct excitation channel, which is correlating
to the state Ti*"*(15%) + 0%*(1s'2p") in the separated atom limit.

We solve this set of equation under an appropriate initial condition for the set of ¢; The probability

Pi(b) of finding the system in the state ®,{r;R) after the collision is given for a specified impact parame-
ter b by

Py(b) = ]ci(00)|™ (5)
The total scattering cross section for the specified channel i is given by

o; = j;w27er,-(b)db. (8)
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To solve eq. (4), we need to evaluate the dynamical coupling matrix elements <&, I |'I> >. Because

we are now considering slow collisions and the charge transfer is considered as to take place at fairly large
internuclear distances, we, firstly, neglect the rotational couplings between the quasi-molecular states, and
we, secondly, neglect the effect of the so called Electron Translation Factor (ETF). Then we need only to

evaluate the following radial coupling matrix elements.

I
<‘I‘5|E|@j ”R<‘i‘|l |‘i’ 2 (7)

dR . . .
where vy = E is the radial collision velocity.

In Fig. 1, we show the quasi-molecular potential energies e; as functions of the internuclear dis-
tance R , which are obtained by solving eq. (3) by means of the DV-Xa method. Although the DV-Xa
calculation has been carried out on the 23-quasi-molecular states in total, we have shown in this figure
only the 12-states that are included into the dynamics calculation. But in the present prototype calcula-
tion, we included only 7-channels. They are indicated by channel numbers from 1 to 7 in this figure. The
channel ¢ = 6 , which is indicated as 6 in Fig. 1 and is correlating to the state Ti***(1s%) + 0**(1s'2s") in
the separated atom limit, is the initial channel for the present charge transfer processes. The energy
curve of the channel 6 undergoes avoided crossings at around R = 5a, with a bunch of the energy curves
which are of the channels correlating to the states Ti'**(1s’n=5,]) + O"*(1s'). The charge transfer reac-

tion can be interpreted as to take place mainly in this curve-crossing region.

9.1 T | T T T

0,05

Fig. 2. Examples of the radial couplings at around the crossing radius B = 5a,

Horizontal axis: internuclear distance R in units of Bohr radius a, . Vertical
{7}
axis : coupling matrix elements <&, | |<I> > in atomic unit. The combinations

of two digits on the curves indicate the pairs of coupled channels.

In solving the coupled-channel equations (4), we have taken into account all the radial coupling
matrix elements which are realized by possible combinations of the channels; we do not make any a priori
choice of the couplings according to their magnitudes or to their importance to the transitions for the
current interests. This is only the way which can avoid introducing any unexpected truncation errors into

the result of calculation. In Fig. 2, we show several examples of the radial couplings at around the
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crossing radius R = 5a,. We can see that the initial channel 8 couples primarily with the channel 1,
which is correlating to the charge transferred state with angular momentum quantum number | = 4.

In Fig. 3, we show the cross sections for the charge transfer into the various angular momentum
states Ti'®*(1s%n = 50 = 0, 1, 2, 3, 4). We find in'this figure that the cross sections have a sharp thres-
hold at about 1.0keV of the collision energy. This threshold energy is determined mainly by the strength
of the Coulomb potential between the colliding ions; below 1.0keV the collision system can not access the

potential-curve crossing region at around R = 5a6 due to the Coulomb repulsion.

-

0.5¢x <5 inc = 10
1e-24 {y < le-18 inc = 10 -

Fig. 3. The cross sections for the charge transfer inte the various angular
momentum states Ti'**(1s’n = 5,1 = 0, 1, 2, 3, 4).

Horizontal axis: collision energy E in units of log(keV) . Vertical axis : cross
sections o; in units of log(cm?). The numbers on the curves indicate the associ-
aﬁng channels. The solid line with no symbols represents the total charge

transfer cross sections.

We are now in the course of the extension of the numerical calculations changing the collision sys-

tems. The result will be seen elsewhere in forthcoming reports.
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Collision processes involving doubly excited states
of He and H°
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Here we report our theoretical studies on collisional
behaviors of He atoms and H™ ions in strongly correlated doubly
excited states in order to understand correlation effects in
¢collision dynamics. Therefore we focus our studies mainly on the
intrashell doubly excited states, in which electron correlation
plays a decisive role,

We have calculated the energy levels and the wavef;ncpions of
the doubly excited states of He and H™/1,2,3/ using the hyper-
spherical c¢oordinate approach. This approach enables us to take
the correlation effects fully into account. ¥e have iﬁvestigated
excitation of He by charged-particle impact such as e and C%*/4,5,6
/., excitation of He and H™ by neutal-particle impact such as Ar
/17.8,9/ and double photoexcitation of H /10/. We look for some
systematic trends, i.e.propensity rules in these collision
processes to understand how an atom(or ion) in the strongly
correlated doubly excited states behaves whén interacts with other
particles perturbatively.

To interpret the results obtained,we employed the classi-
fication scheme of the doubly excited states,ie, [N(K,T)®n]1%5* 1170
proposed by Lin/11/ and rely on the rovibrator model by Kellman

and Herrieck /12/,in which e is viewed as a floppy "e-He " -e

linear triatomic molecule. Here ¥(n) is a principal quantum number
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of an inner{outer) electron, K and T are the so called angular
correlation quantum numbers, while A4 is the radial correlation
quantum number. It is convenient for understanding of the

character of the excitation processes studied here to introduce the
vibrational quantum number v(=N-X-1) of doubly degenerate bending
modes of the "floppy linear triatomic molecule”, and the radial
bending quantum number n:{=(v-T}/2]. The latter is the number of

the nodes of bending vibrational wavefunctions on the body-fixed

frame.
In the following, we mainly discuss electron-impact excitation
processes of He in the doubly excited states/1,2.3/. We have
evaluated the Born cross sections for excitation processes between
the doubly exéited states with L<2 using the hyperspherical wave-
functions
We have found some systematic trends in these collision
processes, ie, a set of propensity rules ., namely, a radial
propensity rule
AA=0 (1)
and angular propensity rules,
Av=0, and AT=0 (2)
The latter rules lead to the following one,
Anz=0 (3)
These rules indicate that a He atom in the stronly correlated
doubly excited states tends to conserve their internal states
as the "floppy linear triatomic molecule” during the excitation
processes. This can be interp;eted as a result of isomorphism
of the surface density plot of the squared hyperspherical channel
functions between the initial and final states/5/.
For the singlet-singlet optically allowed transitions

with|4Lj=1, the radial propensity rule (1) is incompatible with
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the angular propensity rules (2) because two atomic electrons obey
Fermi statistics. In other words, this arises from the Pauli
exclusion principle for two atomic electrons. For the initial
states with A=+, the radial propensity rule dominates over the
angular ones and the latter are modified into the fqllowing ones,

Av=1l and AT=1 (2a)
However,nz tends to be conserved. Here it should be noted that
the ground 'S¢ states have only A=+. On the other hands, for
the initial states with A=-, the angular propensity rules (2)
prevail over the radial propensity rule (1). The latter is
changed into the following propensity rule:

AAKD (l1a)

A set of propensity rules, (1),(2a) and (3) applies to double
photoexcitation of He in photoabsorption of He as is expected
/2/. This also applies to double photoexcitation of H™ as is
observed in the photodetachment of H™/10/.

For Ar-impact excitation of He and H™, one sees similar trends
though there are some difference in the propensity rules. Further-
more, the selectivities becomes weaker for neutral-particle impact
/7.8,9/. This is considered to be due to the short rangeness of lHe,
H™ and Ar interaction.

In conclusion, we have theoretically found that the He and
H™ in strongly correlated doubly excited states tend to conserve
their internal states as the "floppy linear triatomic molecule”
during the excitation processes betwveen the doubly excited states
except for the restrictions arising from the Pauli exclusion
principle. We may conjecture that this physically simple statement
for collision dynamics for the doubly excited states may be
generalized to the multiply excited states if we succeed in

finding a language to describe collective motion of atomie
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electrons in the multiply excited states of the atoms.
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ELECTRON SPECTRA FROM DOUBLY EXCITED CHARGED IONS

Y. Kanai, H. A. Sakaue*, K. Ohta*, M. Kushima*, T. Inaba**,
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The Institute of Physical and Chemical Research (RIKEN),
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INTRODUCTION

Recently multi-electron transfer processes in slow highly-
charged ion-atom collisions have been studied lby energy gain
spectroscopy[1-3], ejected electron spectroscopyi4-101, and x-ray
spectroscopy[ll,iz]. Those studies are being done for the follow-
ing two purposes; (1) to study the atomic structure of highly
charged 1ions, (2). to investigate the mechanism of the multi-
electron transfer processes in the highly-charged ion-atom colli-
sions. In the double electron transfer into bear nucleus projec-
tiles by collisions with the single target atoms such as He and
Hz, only the singlet states of the doubly excited configurations
can be produced unless the collision has changed an electron
spin[13]. When the doubly excited states produced in such colli-
sions are the ( 2lnl’ ) configuration, a possible final state

after ejecting one electron should be the 1s state of H-like
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ions. Therefore, in these collision systems, the electron spectra
should be simple enough to analyze easily. Here we report the
spectroscopic studies of ejected electrons from autoionizing

state of doubly-excited He-like ions[14].

EXPERIMENT AND RESULTS

We measured ejected electrons produced by the following
double-electron transfer collisions;
67 keV C8% + He(1s?) > ¢4+ (21n1) 1L + HeZ

l_ (1)
> Cs+(ls) + e~

> B3t (21n17) 1L + HeZt

|_ (2)
> B4+(ls) + e .

The bare projectiles were produced by the ECRIS( Electron Cyclo-

50 keV BY* + He(1s2)

tron Resonance Ion Source) which was constructed as an ion source
for RIKEN AVF cyclotron[15]. Ejected electrons were measured by
the technique of the zero-~degree electron spectroscopy. Experi-

mental procedure will be published elsewhere[l6].
(1) c6* on He syvstem

Spectra observed for the collisions of the 13CS+ with He are
shown in figure 1. The energy scale of the spectra was calibrated
by using Auger peaks from the 15252p(2P) and lsZs(3S)Bd(2D)
states of Li-like carbon ions which were produced by double
collisions with target He atoms at high iarget pressure of 3 x
1073 Torr{ figure 1b). The energy values of these Auger lines
from Li-like carbon ions were determined by Mann[17]. The meas-
ured spectrum at a low gas pressure( 3 x 1074 Torr), which is
considered as a single collision condition, is shown in figure
la.

There are two features of the spectrum shown in figure la:

(1) no peaks of the 2121’ configurations{ around 270 eV) and (2)
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peaks of 21nl’ configurations in a wide range of n( >3 ) are
observed. These features can be explained in terms of a "reaction
window”". From the estimation of the reaction window[18], the
crossing radius R, to produce the 2121° states in the double-
electron transfer collisions is estimated to be outside the
reaction window under our experimental conditions.

High resolution spectra of ejected electron from 2131’
states are shown in figure 2. By comparing theoretical calcula-
tions[19-22] with observed spectra, we identify each peak as
denoted by vertical 1lines in the figure. Experimental energy
values of ejected electrons from C4+(2131’) are listed in Table 1
together with the theoretical ones{19-22,28]. The determination
of the energy for 2p3d 1p% has large uncertainty( + 0.5 eV)’
because the ejected electrons from this state do not show a clear
peak. In Table 1, the term representations( K, T, and A) with the
correlated classification scheme are shown as well as the
single-particle notations. Theoretical values noted as Lipsky are
extrapolated values from those of Lipsky et all[l19] by using a
method described by 'Lin [23). Observed peak positions in the
energy spectra are shifted due to the PCI effect. The PCI shift
is given by Mack et al[9},

E = - Q[1-V/|V-v,|)/2V1, (3)

where Q is the charge of the PCI-inducing collision partner, V
the projectile velocity, Vo the ejected electron velocity and 71
the life time of the decaying state.

Energy values of PCI shift wusing the theoretical 1life
timef[24] are also 1listed in Table 1. Experimental values of
ejected electron energies from the 2131’ states(ls. 1P) are in
good agreement with theoretical values of Ho[20] and

Safronoval[28) after the PCI correction.
(2) B%* on He system

Spectra observed for the collisions of the 11B5+ with He are
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shown in figure 3. The measured spectra at a low gas pressure( 3
x 10-4 Torr) and at high gas pressure( 3 x 10-3 Torr) are shown
in figure 3b and 3a, respectively. In this system, we observed
the ejected electrons from the 2121' states. This is consistent
with the calculated "reaction window"[18].

High resclution spectra of ejected electrons from 2121°' and
2131’ are shown in figure 4 and 5, respectively. We identify each
preak as denoted by vertical lines in the figures. Precise analy-

gis is in progress now.
DISCUSSION

Total angular momentum L-distributions in the double elec-
tron transfer processes have been discussed for 06+(3131’),
N°*(3131°)[8], c4*(3131°)[9], and 0%*(1s%2pnl) n=6,7 [25}. Those
previous studies suggest that high-angular momentum states are
dominantly populated .by double-capture <collisions of highly
charged ions. In the present observations, most of the ejected
electrons( about 80 %) come from D and F states rather than § and
P, as shown in figure 2 and 5. If we assume that all of the
magnetic sublevels m; are equally populated, differential cross
sections for electron emission in the forward direction will be
proportional to the total emission cross sections for the respec-—
tive L-states. Under this assumption, we could conclude that high
L-states are dominantly populated in the present collision sys-
tems for C®% + He at 67 kev and BS* + He at 50 kev. At the
present, however, since we have no accurate information on the mp,
population[26], systematic observation of spectral behaviors as a

function of ejection angles are needed[27].
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Figure 1 Ejected electron spectra produced by
the collision of C®* with He atoms. (a) Spectra
from C4+(2lnl’) n>3 configuration, obtained under
the single collision condition. (b) Spectra ob-
tained at the high target pressure. Auger peaks
from the Cs+(lszlnl’) n>2 states are observed as
well as the peaks from the C4+(21nl’).
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Figure 2 High resolution ejected electron spec-

trum from the 2131’ configuration of C4+.

119—



INTENSITY { arb. units)

8Is2nt) 50keV B> ~He

Double . Collision

(a)

n=2 B ( 2nl*)

.Singlle Collision

(b)

456

160 180 200 220 240 260 280

ELECTRON ENERGY (eV)

Figure 3 Ejected electron spectra produced by

the collision of B9+

icns with He atoms. (a)
Spectra obtained at the high target pressure.
Auger peaks from the Bz+(1321n1’) n>2 states are
observed as well as the peaks from the B3+(21nl’)
states. (b) Spectra from B4+(21nl’) n>2 configu-
ration, obtained under the single collision condi-

tion.
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Figure 5 Highresolutionejectedelectrbnspectrumfromthe
2131' configuration of B3+.
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RESONANCE STATES OF MUONIC MOLECULES AND MUON-CATALYZED FUSION

Isao Shimamura
RIKEN, Hirosawa, Wako, Saitama 351-01, Japan

The d-t and d-d fusion catalyzed by muons without the need
of high-temperature plasmas has been the subject of increasing
experimental and theoretical interest particularly in these years.
It has been established experimentally that a single muon can ca-
talyze d-t fusion about 150 times on the average during its life-
time in a dense mixture of deuterium and tritium under certain
conditions.l_s) In the pure deuterium without tritium less effi-
cient muon-catalyzed d-d fusion occurs.

The clue to the mechanism of the catalysis is the formation
of muconic molecular ions (dtp)+ or (ddp)+,1’6’7) which are essen-
tially Coulomb three-body systems similar to the hydrogen molecu-
lar ions HE, DE, HD+; etc. The equilibrium internuclear distances
R, of the muonic molecules are smaller than the R, of the electr-
onic molecules by a factor of about 207. This greatly reduces the
Coulomb barrier against nuclear fusion in muonic molecules com-
pared with the barrier for electronic molecules, thus enhancing
the intramolecular fusion rate by, for example, ninety-five or-
ders of magnitude in going from DTt to (dtp)+.8)

The high intramolecular fusion rates have stimulated exten-
sive theoretical and computational studies of bound states of
muonic molecules.7’9_12) Particular attention has been paid to
weakly bound states, since they are considered to be formed effi-

ciently in thermal collisions
d+ tp = (dem)Y + AE or d + dp — (ddm)’ + AE (1)

between a deuteron in a deuterium and a tp (or dp) atom in the
ground state. This is because the excess energy AE‘is'Small for
weakly bound states of the muonic molecule, and is efficiently
absorbed by the vibrational-rotational motion of a hydrogenlike
electronic molecule d+(dtp)+e—e_ for d+(ddp)+e"e_], in which the
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muonic molecular ion (dtp)+ [or (ddp)+] has a much smaller size
than the electron orbitals and plays a role of a "pseudo-nucleus"”
in the electronic molecule.

Most dy atoms and many of the tp afoms are formed initially
in highly excited states and are then deexcited down to lower and
lower states. In a Do-To mixture, tp atoms in the lower states
are formed also in the muon-transfer processes t + dp — d + tp,
which appear to occur with a higher rate for excited states than
for the ground state.l3) Therefore, many tp and dp atoms are ex-
pected to be in the metastable 2s state for quite a long time. An
interesting question to be posed, then, is whether processes (1)
may occur with a high rate when the tp (or dp) atom is in the 2s
or 2p state. If they do, they may play an important role in the
muon—-catalyzed fusion. Especially, they may play a role as inter-
mediate resonance states in the muon-transfer processes that de-
termine the population densities of different states of muonic
atoms.

For processes (1) with tp(n=2) or dpu(n=2) to occur apprecia-
bly the ex cess energy AE must be small enough to be transferred
efficiently to some degrees of freedom of motion, such as the
vibrational-rotational motion of an electronic molecule, Jjust as
in processes (1) with atoms in the ground state. In other words
the (dtp)+ or (ddp)+ molecule must have a level or levels lying
considerably close to the dissociation limit d + tp(n=2) or d +
dp(n=2). Such levels are autodissociating or resonance states,
because they are embedded in the continuum above the dissociation
limit d + tp(n=1) or d + dp(n=1).

The purpose of this paper is to study the possibility of
existence of resonance states of three-body muonic molecules that
might be relevant to muon-catalyzed fusion. Resonance states of
the (dtp)+ molecule are studied also in Ref.14, but they are re-
ported to lie at several eV above the dp(n=1) threshold, i.e.,
far below the tp(n=2) threshold, and appear to be formed by a
mechanism different from that discussed in this paper.

The region of the configuration space that is most crucial
to the preseﬁt arguments is the asymptotic region where particle

3 with positive charge +e and mass Mg lies far from-the atom con- .



sisting of particle 1 with charge +e and mass My and particle 2
with charge -e¢ and mass Ms. We define a set of Jacobi coordinates
(r,R), r being the position vector of particle 2 relative to par-
ticle 1, and R being that of particle 3 relative to the center of
mass of the atom (1,2).

Let Jh and Mh be the total angular momentum and its 2 compo-
nent. To describe the angular-part wave function of the three-
body system we form eigenfunctions of (Jﬁ)2 and Mh from spherical
~harmonics Ylm(f) and Ylnm-(ﬁ). The space-part wave function may
be expanded in terms of these angular functions and the radial
wave functions of the atom (1,2).

For energies close to the level n=2 of atom (1,2), the only
channels in this expansion that are important in the asymptotic
{(i.e., large-R) region are those three with n=2.(0One of the chan-
nels vanishes for J=0, leaving only two important channels.) Sub-
stituting this expansion with only these three channels into the
Schridinger equation for the three-body system, projecting this
equation onto the angular functions and the atomic radial wave
functions, expanding the potential matrix in terms of inverse
powers of R, and retaining only the leading term, we obtain three
coupled second-order differential equations in which the poten-—
tial matrix elements are proportional to R—z. This long-range
potential is due to the linear Stark effect, and is a result of
the degeneracy between the 2s and 2p levels.

These coupled equations may be diagonalized (because the
potential matrix may be diagonalized) by a unitary transformation
of the channels. This leaves three uncoupled single-channel equa-
tions with potentials proportional to R_z. It is easy to prove
for low J that the potential in one of these channels is attrac-
tive and strong enough to support an infinite number of bound
states. For dtp and ddp, for example, there are an infinite nuﬁ-
ber of states for all J smaller than and equal to seven.

The wave function of any of these bound states is complicat-
ed for small R. For large R for which our three-channel expansion
is valid, the wave function is a modified Bessel function of the
second kind and of imaginary order, and is easily calculable. An

approximation of small binding energy (or high-lying bound state)
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leads to a simple formula for the levels E, measured relative to
the n=2 dissociation limit, namely, E,=-Aa", where A and a are
constants and v is an integer for labeling the bound state. The
constant a is calculable in terms of J and M; only, and is smal-
ler than unity. Thus the infinite number of bound states converge
to the n=2 dissociation 1l1limit. These bound states change into
" resonance states due to a weak coupling with the 1s channel. The
size of the muonic molecules in these states satisfies a simple
formula {4Jqﬁﬂ:(€VTT}_l in angstroms. Therefore, the molecules
lying within an electron volt from the n=2 dissociation limit are
quite large and can no more be regarded as ’pseudo-nucleus.’

Validity of this theory mayv be tested on the resonance posi-
tions available in the literature.ls) Figure 1 proves the validi-
ty of the approximate EV expression. Figure 2 of the wave func-
tions is also instructive.

The highest-lying resonance found in the literature lies at
about 1.2 eV below the n=2 threshold. This work has shown that
resonances exist at positions within any small energy from_the
threshold. If the relativistic and QED effects are taken account
of, however, the 2s and 2Zp states split and the number of reso-
nance states becomes finite.

Further details of this work is reported elsewhere.ls)
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Code ATOM for calculation of atomic characteristics.
L.A. Vainshtein
P.N.Lebedev Physical Institute, Moscow, USSR.

1. Introduction.

In applications of atomic physics to the problems of plasma
diagnostic it 1s necessary to know atomic characteristics -
energies, transition probabilities et ct. for very many 'atoms,
lons, transitions. Two approaches are possible. |
i. Compllation of blg data Dbase 1including experimental
data,results of sophisticated calculations that were provided by
different authors usihg different approximations.
i1. Development of general Code for calculation of many types of

atomlc characteristics based on the general but comparatively
-simple approximate methods.

The second approach gives oI course less accurate data but the
errors have the simllar origin the quality belng useful 1in
applications. The data obtained with such a code can also provide
an Initial basis for the compilation mentioned above.

The program ATOM is the attempt to use such a general code. The
program was developed 1In Lebedev Physical Institute. In this
report I give short description of the methods used, the
possibilities and the limitations of the Code.

There are two kinds of data - .energles (wave-lengths) and
probabilities (cross-sectlons, rates). They require entirely
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difrerenf-approaches. For probabilities the accuracy of the order
of 10% is acceptable In most cases and 1% accuracy 1is a very good
result. For energies the accuracy better then 10~%1s required  in
most applications. One can not achieve that with any simple method
The computer codes exploring such sophlsticated methods as
multi configuration Hartree(Dirack)-Fock or Z-expansion are
available. The last method 1s used in the MZ-program developed 1in
our laboratory.

Below the atomic units with Ry=0.5au for energy are used. The
asymptotic charge of the atomic electron 1is -

Z =7Z-N+1 _ C(1.1)
where 7 1s nuclear charge and N is the number of electirons. We use
also the designations

[J,0,...0 = (20 +1)+(23,+1)-...)"/2
G(J1J2... ,J;Jé...) = G(J',J1)-6(Jé,J2)... (1.2)

2. Energles and wave functions of atomic electron.
The Code ATOM does not calculate precise values of energies.
. The calculation of probabilities and cross-sections 15 based on
one-electron approach. The corresponding wave-functions and
energles of the optical (atomic) electron that is responsible for
transition are calculated using the semi-empirical method

4 1(1+1) 20(r/w)
+ - + s]-Pnl(r) = - 2G(r/w)/r. (2.1)

a2 P r

Here U(r)=-{(r/w)/r - approximate potential with scale factor w.
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Exchange part G/r usually 1s omitted. The program uses the library
of energles s.(experimental values or calculated in other works)
in the file A.LIB. If € for a given state is included in A.LIB
gscale factor w 1s calculated as eigen value of eq.(2.1). If € is
not found in A.LIB 1t 1s calculated as eigen value of eq.(2.1).

Eq.(2.1). can not describe the relativistic effects. It means
that using the experimental value of &€ for large z it 1is necessary
1o subtract the relativistic part.

3. Transition characteristics.
The characteristics of the following processes can be
calculated by ATOM:
- radiative transitions between discreet levels - f, A;
- radiative lonization and recombination - Opys Tpr &ys
— collisional excitation and ionization by electron impact - o,
<VO>;
- collisional excitation and ionization by point heavy particle
(Born approximation only) - o, <vo>;
- dielectronic recombination - #,;

d
- autoionization - Wa;

3.1. Radiative transitions
Radliative characteristics are the simplest for calculation.
Oscillator strength for transition a,-a, 1s equal
g,,f(a,-a,) = Q(a,-a,)-1(12) (3.1)
where Q 1s the angular factor depending on orbital and spin quan-
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tum numbers only, f(12)=f(21) is the "radial part" or ( symmetri-

cal) one-electiron oscillator strength:

£(12) = [1112][11121] IOOP1P rdr , (3.2)
00 0Jo e |
Similarly photoionizatlon cross-section
°v1(31) =7 Q(a1)-ov(n1l1,E12). (3.3)
1
2

one-electron cross-section 0,(12)=0,(n,1,,El,) 1s expressed simil-

arly (3.2). f(12) and ¢,,(12) are calculated by ATOM using solu-

tions of eq.(2.1) for the orbitals n 1. E,, n,l E,. It 1s often

convenlent to use Gaunt-factor G

12y = 0O o 64/373.137 e
Q. = {d i, g., = - o
Y v Y ARS/2 (14E/AR)3

or generalized Gaunt-factor G':

1 4 arctgX -
G = (1+X2)10+1uxp[;ﬁ(1 - ) |- t1-exp(-2n/v))
1 2 (3.5)
1 1+(8X/n,)" 1/2
« 10, 0 G, x= (EB)/2.
N 1+X

They can be obtained from classical asymptotic approximation. G'
1s also calculated in ATOM.

4. Electron - atom (lon) collisions.
ATOM éxplore Born (B, for z=1) or Coulomb-Born (CB, for z>1)
approximations. In both cases exchange and normalizatlon can be
included.

For transition 31-a2 cross-section
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0(a1~aa) = g[ Q&(a1-aa)oé(12) + Q;(a1-ae)o;(12) ] (4.1)

® =2 N S - : wmin=|l1~12|, mﬁax=l1+12

min’“min max

where Q_, Q7 are the angular factors, o' and o" are one-electron
cross-sections; o' includes direct and mixed parts, o" - exchange
part. In B approximation (without exchange) a simple g- represen-
tation 1s possible

K +K, d
o2(12) = &, | [RB(q)|? = (4.2)
Ky Kok q '

B llaeoo
R¥(q) = [&1 1,1 O O 0 j P (m)P,(r) L] (qr)-0,  Irdr
CB approximation as well as B with exchange or normalization
require more elaborate partial wave representation

% el Ve 7 Sm i) (4.3)

where hi are orbltal momentum of the outer electron and partial

cross—-sections ox(xfxg) are expressed through radial integrals .of
the type

1,1,% K *®) o o 1-ae
Rm = [1 1}[0 0 G][h A }[g 0 O] g g F1F2P1P2 rm+1 dr, dr (4.4)
with Coulomb radial functions F(r). Introduction of distorted wave
(DW) functions'wduld not give a considerably more complicated pro-
gram. We however prefer B or CB approach. The physical meaning of
DW 1s the result of a short distance attraction of outer electron
to the center of atom. However the dlstance between optical and

outer electrons is not reduced and can even increase do to their
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repulsion (polarization of atomic orbltals). Consequently in the
vicinity of maximum o”">o® the last usually being greater then
experimental one. Of cause 1f atom polarization is included as for
example 1n many channel close coupling method the DW basis can be

preferable.

4.1. Exchange.
As is well known the Born-Oppenhimer (Op) approximation with
permutation of variables iIn transition amplitude

£ = <a (1)e,(2)|r7}1a, (2)e, (1)> (4.5)

overestimate the cross-section more then 10 times. This deficiency
is greatly reduced in the close coupling method, however for 1
order approximation speclal methods are necessary.

1. Ochkur metod (Och)s keeps only the first term in series Eak/Ek.

This gives for transition amplitude
: 2

foch g§<1|eiqr|2>b(s1,sa) : (4.6)
K ‘
i.e. we get q-representation - important advantage of the method.
However this approach is applicable only to neutral atoms.

i1. Orthogonaliezed functions method (OF). In Op approximation the

total wave-functions of the system are not orthogonal:
<aT(1)e1(2)|aE(2)ea(1)> # 0

because a, and e, correspond to asymptotical charge 2z and z-1.

1
In OF method functions g are used in place of F, =[A ,>:
g, = F,-<F {P,>P,0(1,,A ) o

g, = F,—<F,[F,>P,0(1,,A,), <F|{P>=[FPdr (4.7)
0

it
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This method require partial wave representation. It is .applicable
both to atoms (z=1) and lons (z>1).
In the code ATOM both methods are present and one can choose

Och or OF cross—-sections.

4.2. Transitions with AS = 0.

Intercombination transitions with change of spin A3=1 in
I5-coupling are possible only due to exchange. For allowed
transitions with AS=0 exchange is correction. The total
cross-section has the form

o(a,-a,) ~ 14(1% - 19%)5(8,,8,) + (1%)%b((5,,5,)  (4.8)
where 1%, f°* are direct and exchange amplitudes. Two possible
cases are 1llustrated on fig.1. Energy transfers are

SE%=AE=E -E,,  OES™=£+E,, .
We see that near the threshold (E~AE) if AE»E2 (case 1a) OEFmOES
and therefore

4~ 1%, 0~ b((8,,8,)0®  (case 1a)
For He-like lons, S=0 we have b='/4, 0«o". In the case 1b E_»AE,
SESX»5EX. For large energy €»AE also 8ES*»8EY. Therefore

145 %%, o wo%wo®  (case 1D)

We see that for transitions with AS=0 exchange may be very import-
ant in the vicinity of threshold if AE~E, «E,. On 1ig.2,3 cross-
sections for 1'S-2'P transition in He and He-like ion FeXXV are
shown.

One can see on fig.2 large disagreement between o(OF) and

0(Och) near threshold. In this case the orthogonalization (4.7) 1is
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not gives small difference of two large very contributions. On
fig.2 the cross-sections without contributions from waves that
were orthogonaliezed 1s also shown. Note that we met such a - .
situation not often in our calculations. On fig.3 we See that

contribution of orthogonaliezed waves is small.

4.3. Ionization.
The calculation of icnization cross-section is similar to cal-
.culation of excitation cross-section. The main difference is that
additional sum over the angular momentum 12 and energy E2 of the

ejected electron greatly increases a required computer iime.

5. Normalization.
he normalization is the part of the general problem of non
linear channel interaction. We use the K-matrix method to solve
the problem.
In the I order approximation scattering S-matrix is not.

unitary. We can however calculate in the I order the K-matrix

Kij = Ki:j o <31h1k1lV12|a212k2> (6.1)
and calculate S-matrix with matrix relation - |
s=--1+18 (5.2)

This S-matrlix is unitary over the chammels included in K-matrix.
The general approach is released In the optional program EXIN In
the ATOM itsel?f only the normalization in own channel is included.

In this approach normalized partial cross-section
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I
. O_ (1A, ,2A,)

Te(1hy52h;) = e o \2

* (1+¢0, (1A, ,22))

o.~|K|® 1s the I order (without normalization) cross-section L 1s
a slightly modifiled value. In particular when V124m, G;*w’ but

0240. The close coupling calculations support this result but

K-matrix method can overestimate the effect.

6. Dielectronic recombination.
The rate of dielectronic recombinatlon through the level 7

X, (85) » X210, (1) ~ X (") (6.1)

zZ

-> Xz(a') + e T=anlLSJ

PR g EMa ) W)
LT W ()WL)

(6.2)

The number of terms in the sum (6.2) 1s very large and we can't
apply usual analytical methods to sum over LSJ because eq.(6.2) is
nonlinear.

In ATOM the simplified method 1s used. We suppose that in the
denominator W 1s independent of nlLSJ and replace W, by averaged
value W ~ 0, (a,-a,)/n°, where o 1s a threshold value of
excitation cross-section. The one-channel or 2-3 chamnels
approximations are possiblelin ATOM. _

It worth note that the secondary processes of collisional
redistribution over 1 sub level and lonization are important for
final dielectronic rate. However such secbndary processes are out

of frame of the code ATOM.
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Figure cuptions.
Fig.t. Illustrations to excitation process;
1a - direct excltatin, 1b - exchange excitatin.
Fig.2. Excitatin cross-sections for 1's - 2'P transition in He.

Born approximation;
2 ————— - Born with excange, CF - method;
3 «+++++ — the same without contribution of
 orthogonaliesed waves;
4 —e~e-e ~ Ochkur method.
Fig.3. The same as on fig.2 for He-1like ion Fe XXV.
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Differential Cross Sections for Electron-Impact Excitation

of Atomic lons

Yukikazu Itikawa and Kazuhiro Sakimoto
Institute of Space and Astronautical Science

Yoshinodai, Sagamihara 229

We have been working on a theoretical study of electron-impact
excitation of atomic ions. Recently our calculation has been extended
to differential cross sections (DCS). Differential cross section gives
much detailed information about the excitation mechanism. In particular,
it is interesting to see how the DCS change along an iscelectronic
sequence and how is the difference between the DCS for ions and that for
neutral atoms. Fﬁrthermore, BCS is useful in making clear the difference
in various theoretical approximations.

The present calculation is based on a distorted wave method. In some
cases, use 1s made of the Coulomb-Born approximation for comparison.
first we introdhce‘a distortion potential, U"Y. 1In principle, any
potential can be chosen as U°¥, I[lere we employ a spherical average of the
electrostatic potential of the target i1on in its initial state. We use
the same distortion potential for beth the initial and the final states.
Ve take into account an electron exchange only between the two electrons
interacting with each other. The last but very important point is that,
in our method, an accurate target wave function is used as far as possible
. In most cases of electron-ion collision, the accuracy of the target
vave function is essential in obtaining reliable cross section., More

details of the present calculation are given in a previous paper.!
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Figures 1 and 2 show the DCS calculated for the excitations of

2 3§ and 2 'S states of He-like ions, respectively. To show the BCS for

different ions along the isoelectronic sequence, we multiply the DCS by

Z* (Z being the nuclear charge of each ion) and compare them at a givén

electron energy 1in threshold units. The DCS shown in Figs.l and 2 are

calculated at a given value of X (X=E/AE, AE being the excitation

energy). For the excitation of 2 *S state {Fig.l1), the angular

dependence of the cross section is similar for all the ions.

Even the

cross section of neutral He has qualitatively the same angular dependence.

This means that the essential mechanism of the excitation is the same for

He and all the He-like ions. On the contrary, the cross section for the

excitation of 2 'S state (Fig.Z) has a different feature depending on the

nuclear charge. The cross section of He has a minimum at around 60°

but the cross section for highly charged ions has no such structure.

cross section of Li* has a shape in between. The DCS calculated for

The
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other transitions and/or other energies are shown in our papers.?’'?

Now one typicél example is shown of the usefulness of the DCS in
understanding the. collision mechanism. In Fig.3, the integral cross
sections for the 2 'S excitation are plottéd against collision energy.
Excitation cross sectioﬁ of neutral atoms usually starts from zeroat the
threshold. In the case of ions, however, cross sections start from a
finite value. Then as the collision energy increases, some cross section
(e.g., 0°*) goes down, but other one {(e.g., Li*) goes up. What makes
this difference? Figures 4 and 5 show the corresponding DCS calculated at
X=1.2 and 1.8. The cross section is roughly divided into two parts: the
forward scattering and the backwardone. In the case of 0%', the forward
scattering decreases but the backward one increases, as the collision
encrgy goes down to threshold, The latter increase overcomes the former
decrease so that the integral cross section increases. In the case of
lithium, the forward scattering decreases also, but the contribption of
the backward scattering does not change much, (Actually the backward peak
increases but the area under the curve does not change.) As a result, the

integral cross section of lithium decreases as the energy goes to

115—2'S
0.8 -
0.6 i
Ny
v >
™~ . .
0.4 S Li*
He
" 05"-
0.2~ : |
‘Z:OQ
0y ) e B
X

Fig.3
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threshold. In the case of highly charged ions, the incident electron is
attracted by the strong Coulomb potential and comes closer to the target.
This effect is enhanced near threshold, because the electron speed is
relatively low. Thus the short-range interaction dominates near threshold
in the excitation of 0®'. This is the reason of the increase of the -
backward scattering for 0%*.

As in this example, we can understand the collision process more
clearly with the use of DCS. More recently we have calculated the
orientation and alignment parameters in the excitation of H- and He-like
iong.* Those parameters provide another detailed information about the
collision mechanism. These our calculations would be helpful in the

spectroscopic study of high temperature plasmas,
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Plasma Diagnostics Using Line Intensity Ratios

Kuniaki MASAI]

Plasma Science Center, Nagoya University
Nagoya 464-01, Japan

ABSTRACT We discuss atomic concepts for electron temperature and
density diagnostics of plasmas by use of l1ine emission therefrom.
The principle is related to competitive processes for the Jevel
population of atoms. Results of the measurement on the JIPP T-
ITU tokamak are presented to demonstrate their usefulness for
plasma research. The Tg measure deduced from the l1ine intensity
ratio indicates wunderionization of oxygen in the plasma
peripheral region, suggesting a presence of significant transport
toward the higher temperature region.

1. Introduction

Spectroscopy of radiation from'plasmas is of practical
importance for - diagnostics as well as of interest of atomic
physics. Spectra of various species in a plasma give information
of their abundances and ionization states, and also of the
electron temperature (Te) and the electron density (n.) which are
the primary quantities of the plasma. Although the temperature
and the density of a plasma can be measured also by ofher meéns,
e.g., Thomson scattering, the ones derived from line spectra have
another meaning; they directly reflect the environment of the
emitting ion to be a probe for the local plasma conditions.

In view of atomic physics, basic concepts for obtaining Te
and n, are so simple as to be applied easily for various
configurations of atomic structure. We here discuss Te and ng
measurements by use of line spectra of oxygen and iron. These
are the representative impurity species in laboratory plasmas and
also the key elements in astrophysical plasmas because of their
stable atomic nuclei. In the following section, excitation
process associated with T, measurement is discussed for 1line
pairs of oXxXygen ions with L-shell electrons. In"section‘3 we
discuss n, dependence of line intensity ratio of B-like iron.

All examples shown here to demonstrate Te and n, sensitivities

— 144 —



are those observed from tokamak plasmas on the JIPP T-I1U device
of - National Institute for Fusion Science. We have watched the
line spectra to obtain T, and n,, however, our interest has not

been focused only on this subject. Based on Te and n derived,

e
we have further tried to investigate the physical surroundings of
the emitting 1ions. From this peoint of view, in section 4 we
mention the impurity transport suggested from the Te measurement

by line emission.

2. T, sensitive line pairs

(]

We <consider electron-impact excitation which is immediately
followed by line emission. In practical applications for plasma,
where the electrons are substantially in a Maxwell distribution,
so called rate coefficients are more convenient rather than cross
sections. Integrating the c¢ross section over the electron
velocities with a Maxwellian kernel, one can obtain the rate
coefficient straightforward in a form

C(T)=<ov>x<g>T, (1/2* @) o~E/T¢, .

whére ' E is the excitation energy, g the cross section, g the
Gaunt factor, and the bracket <A> means the average of the
quantity A over the Maxwellian characterized by the temperature
Te-
of spin change; a==0 for electric dipole transitions (El1), and

a is a numerical factor introauced to represent the effect

a>0 for transitions - accompanied with spin gquantum number

Te'(1/2+a), is of practical importance

changes. The dependence,
at temperatures higher than a temperature T,, at which the rate
coefficient reaches its maximum. Because of a weak dependence of
this part, the application is not good for temperatures higher
than Tg;

temperature. Therefore, the temperature diagnostics is wvalid

also <g> is noted to depend weakly on the electron

practically at Te<Tm' where the exponential part in eq. (1)
plays a dominant role. _

Line intensity 1is proportional to the excited-state
population, which is determined generally by a couple of
.equations of all the transitions among all the energy levels.
However, the problem is much reduced for two extreme cases of the
electron density, which is compared to the radiative transition
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probability divided by the rate coefficient of the competitive
collisional procéss. At a high density limit, de-excitation is
dominated by c¢ollisional transitions, and the population is ruled
by a Boltzmann distribution, as described in more detail in the
next section. On the other hand, at electron densities so 1low
that radiative transition dominates de-excitation, the population
of excited state is negligible in comparison to - that of the
ground state, in other words, corcna condition holds. Here we
consider the latter case which is approximately attained for
tokamak plasmas.

Under a corona condition, since the excitation is followed
immediately by radiative decay to lower levels, the radiation
intensity is directly proportional to the rate of excitation from
the ground state. = Then, for the intensity ratio of two 1lines
fellowing excitation from the ground state, we have

I'/I=<o'v>n'/<ov>n
oc(n'/n)(<g'>/<g>)Tg (0"~ )= (E'-E}/Tg, (2)

where n and n' represent the ground state populations .or
immediately the ion abundances if corona conditions are attained.
As readily seen, eq. (2) further reduces by an appropriate choice
of the line pair with n'=n and a'=a=0; the former means the
same jionic state of the same species, and the latter suggests a
use of El transition 1lines, which are favorable also for
satisfying corona c¢onditions because of their larger values of
radiative transition probability and for little influence of Ta
on <g'>/<g>. Furthermore, a line pair with large difference in
the excitation energy is useful because a large value of (E'-
E)/T, means a good sensitivity to the electron temperature.
Finally, one has to recall the practical validity of application
for temperatures lower than Ty- Wwhich should hold for a line at
least of the pair.

We have applied the above concept to diagnose the peripheral
region of plasmas in a way complementary to the measurement by
use of Thomson scattering technique. We use 2s-3p to 2s-2p ratio
of resonance series lines of B-, Be- and Li-like oxygen.l) The
25-2p 1lines are the resonance lines of such ionic states with
incomplete L-shells. The excitation energy for the resonance
line 1is rather small because of the transition between the same
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principal quantum numbers. Therefore, the combination with the
25-3p 1line is good to realize the requirement of much different
excitation energies.

In Figs. 1(a), (b), (c) shown are the time evolution of the
line intensity ratios of 2s-3p to 2s-2p transitions of 0 IV, OV
and O VI, respectively. These 1line intensity ratios were
observed for the ohmic discharge with additional heating by radio
of ion cyclotron range of frequency (ICRF) accompanied with gas

2) In coincidence with ICRF heating and

puffing at around 150 ms.
gas puffing, a rapid decrease in the line intensity ratio was
observed for all of O IV, O V and O VI. This indicates a rapid
decrease of the electron temperature in the environment of these
ions. When RF turned off, the intensity ratio or the electron
temperature recovered from its level during the RF heating phase.
The behavior found by the O IV-VI lines were confirmed by Thomson
scattering focused specially on the outermost region of the
plasma. In contrast to the plasma peripheral, a monotonic
increase of the electron temperature by RF heating was observed
for the plasma core region.

The same manner was applied for a plasma after
‘carbonization', which 1is a technique to coat the vessel wall
with carbon to suppress the radiation loss due to metal
impurities <c¢oming from the wall surface. The intensity ratios
obtained from the 0 V and VI lines after carbonization are shown.
in Fig. 2. In comparison with Fig. 1 before carbonization, one
can see the T, measure being kept at a low level still after ICRF
turn off. This may be explained straightforward by 'Te
suppression’ triggered by the application of ICRF. It could bhe
entirely the case if the electron density in the environment of
the oxygen ions were not changed. If we recall the oxygen ions
are in an ionizing condition, however, the apparent decrease in
Te
comparison with the results from other diagnostics reveals that

may be accounted for also by‘an increase 1in Ng- Finally,

the hydrogen recycling rate, which tends to be enhanced after
carbonization, 1is increased by stimulation of the wall surface
through the application of ICRF and results in suppression of the

T. measure observed. T, and n, measurement by emission lines has

e
a meaning different from usual one such as Thomson scattering,
and their c¢ombination gives more fruitful results for plasma

research than what each measurement does.
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3. Ne sensitive line pairs

Radiative transition probability (Einstein's A coefficient)
of hydrogenic ions is proportional to 24 for E1, where Z is the
nuclear charge, while the rate coefficient of collisional
transition is proportional to 2”3 at a characteristic temperature
'vTe/ZZ normalized to a hydrogenic ionization potential.
Accordingly the density to satisfy a corona condition increases
roughly in proportion to z7 with increasing the atomic number in
the case ¢of a level associated with electric dipole transitions.

In a tokamak plasma, the corona condition is primarily
satisfied for resonance series lines of oxygen. This gives a
theoretical ground for their intensity ratios to be a measure of
Te Wwithout significant influences of the electron density. For
some metastable excited levels, however, the corona population is
not attained; this means a possible application for density
diagnostics. For illustrative purpose, a schematic energy
diagram of O V is shown in Fig. 3, where 2s52p(3P) is a metastable
excited level. Excitation rate to 252p(3P) is in proportion to
n, and the excitation rate to 2p2(3P) therefrom is again in
proportion to Ng- If de-population of 2529(3P) state 1is
dominated by excitation to 2p2(3P), the intensity of following
line emission, 252p(3P)-2p2(3P), is to be nearly proportional to
nez. Thus, the intensity ratio of this line to an El1 transition
line excited directly from the ground state, e.g., resonance line
2s2(1s)-2s2p(lp), should exhibit a  density dependence
proportional to Ng. In practice, however, the level population
with metastable excited levels is complicated more than the above
qualitative account because of various ‘possible branching in
transitions,l) and the resultant intensity of 1line emission
following excitation from the metastable level is not always
proportional to nez. i .

As seen also from the above argument, density diagnostics by
line intensity ratios is based on the level population in the
intermediate regime between a corona distribution and a Boltzmann
distribution. Focusing on this point, we here discuss the
electron density dependence of a line pair of B-like iron.3) The
ground state of such highly ionized iron with incomplete L-shell
consists of two or more sublevels being multiplet. At a low

density limit the population of the upper sublevel is negligibly
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small compared to the lowest one. With increasing the electron
density, the population of the upper sublevel increases and
results in the enhancement of line emission following excitation
therefrom. Therefore, the intensity ratio of a line excited from
the upper sublevel to a line excited from the lower sublevelr is
to be a measure of n,. It should be noted, in contrast to the
case of temperature diagnostics, that a line pair of close
excitation energies is favorable for density diagnostics to be
free from a significant influence of T, dependences.

A box in Fig. 4 shows a schematic diagram of energy 1levels
related to the density diagnostics, the doublet ground state and
the upper state excited therefrom, of B-like iron (Fe XXII).
Here the energy levels are referred to the indices, level 1 to 4,
on the right hand side of the respective 1levels. Physical
quantities related to transition are distinguished thereby with
ijs Eij
level i to level j, as also shown in Fig. 4 for rate coefficients

subscripts as Aij' C and so forth for the transition from
of c¢ollisional excitation. At the beginning we consider a 4-
level atom to give a simple account for density dependences, and
afterward present the results from computation including more
levels.

The 1line intensity ratio of I4, (114 A) to I3y (117 A) can
be written approximately,

142/I3I=(b42/b31)[(C14/C13)+(Cz4/013)(nzlnl)], 7 (3)

where bjk=Ajk/(EiAji+“eEicji) represents the branching ratio of
the radiative +transition, and ny and n, are the population
densities of level 1 and level 2, respectively. For the 4-level
system, the relative population is easily obtained from a balance

of transitions as,
n2/n1=[ne(Clz+C14B42) ]/[ne(C21+C24B41)+A21]. (4)

Wwhere By=(Ag+n,Cup)/ (LB 5+n L Cy;) is the branching ratio
for the transition from level 4 to k.

The radiative transition probability, Ap;=1.39x10%s71,
compared to other competitive c¢ollisional transitions from
level 2 gives a clue for the density dependence of I,45/I3;. The
density dependence of the line intensity ratio can be classified
into three regimes depending on the population of the ground
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state sublevels, as (I) corona equilibrium, (II) intermediate
regime and (M) Boltzmann equilibrium with increasing the
electron density. We begin with two extreme cases, [ and II.

(I) At densities so low as “e<<A21/C2j for a given 3j in
eq. {(4), n2/n1=%21'1 is much smaller than unity or the
population of level 2 is negligible compared to level 1. This is
just a requirement for a corona condition as described in
section 2. Then eq. (3) much reduces to

14211312(b42/b31)(C14/C13), (5)

and in proportion to the ratio of the excitation rate
coefficients which are functions only of Ta- Because of a small
difference of the excitation energies, temperature dependences of
Cy4 and C;5 are very similar to each other as seen in Fig. 4.
Thus, eq. (5} gives a value nearly c¢onstant in a wide electron
temperature range. This corona regime is attained for electron
densities practically as neﬁnolzcm_3, and is established at
nt,_.Slollcrn'3 which gives a corona limit value, I4,/I3,=0.17.

(Ill) Now we consider the opposite extreme case. At “e>>A21/c2j'
the population of the ground state is determined by a collisional
balance. Then, - ny;/n; is independent of ng, and the resultant
line intensity ratio is given by

142/131=(b42/h31)(C24/C13)[(C12+C14B42)/(C21+C24B41)], (6a)

which depends much weakly on ne, through Byi- With increasing Ng.,
Byx approaches C4klzic4i which is independent of ng,, and the
population of the 4-level atom is ruled completely by collisional
processes to be a Boltzmann distribution. Then, eq. (4) reduces
npy/ny;=C;,/Cyy==2, where the 1last expression comes from the
statistical weight taking into account E;2¢(T, of interest for B-
like 1iron. Hence, at a high density limit the line intensity
ratio is approximated by

142/131=2(b42/b31)(C24/C13). (6b)
As seen from Fig. 4, since the value 024/013 is almost unity over

a wide range of Te' eg. (6b) may further reduce to 1421131
:=2(b42/b31)==2.3. This value or eq. (6b) is wvalid for
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ne2102°cm_ , and eqg. (6a) is attained for n321015cm_ . where
the line intensity ratio is little sensitive to n,.

(II) In the intermediate region, 1012$n851015cm_3, the
intensity ratio is to vary from the value at the regime I to one
at the regime II. On account of the Ne dependence in eq. (4), we

introduce a parameter defined as,

with which the line intensity ratio is approximately expressed as
what is proportional to ne(l'Q)/(1+Q). After some algebra, we
can derive the line intensity ratio in a form

I45/13,=0 1(byp/byy)(Cq4/C13) (ng/ngg) 17T/ (14Q), (8)

where ﬂeoEqA21/(Cz1+cz4B41) is the density at which the power of
n, takes its maximum value. Since q remains nearly constant
being =1/3 in the range of ne=dol3—1014cm'3, eq. (8) gives a

1/2 97his is realized in particular at

dependence as 142/I3I¢ne
around n,,. Wwhere the line intensity ratio is most sensitive to
n, according to its definition.

The result of computations for a 10-level system is shown in
Fig. 5. We take into account possible competitive transitions to
and from all n=2 levels, including excitation by proton and
deuteron impact, for which rate coefficients are denoted by CP12
and Cdlz, respectively as shown in Fig. 4. Fig. 6{(a) shows the
intensity ratio observed for the tokamak discharge of H/D mixed
gas, where ICRF is applied with gas puffing through 120 ms to
160 ms. In comparison, shown in Fig. 6(b) is the line-averaged
electron density measured by use of microwave interferometer; one
can see that the line intensity ratic exhibits a time behavior
very similar to the line-averaged ng . The line intensity ratios
at 100 ms and 140 ms are plotted on Fig. 5 against the 1line-
averaged n, and the central ng obtained by Thomson scattering. A
disagreement at 140 ms, the excess of 142/131, can be ascribed to
an additional contribution of the suprathermal deuterons enhanced

by ICRF.

4. Summary and remarks
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In the previous sections principles for the measurement of
temperature and the density are discussed in view of atomic
processes, Fig. 7 demonstrates combination of the temperature
measure from O V and the density measure from Fe XXII observed
for 4 conditions of tokamak discharge. Here one can see a good
response of the line intensity ratios to the respective plasma
conditions. The temperature and the density in the environment
of the 1ions responsible for emission are an immediate outcome
from the line intensity ratios. It should be noted, however,
that T, and ng measurement by emission 1lines stands on a
different meaning from one by such Thomson scattering as on an
absolute spatial coordinate; the local values of T, and n, from
the former are referred not to the geometrical structure of a
plasma but to the thermal structure through the 1location of
emitting ions, and this difference gives valuable information in
a different way.

We briefly mention nonequilibrium ionization reflecting
transport of impurities from the wall surface toward the plasma
center. As seen in Fig. 1, the electron temperature deduced from
the 1line 1intensity ratio is high relatively to the ionization
state; at such a high temperature oxygen could be more ionized if
collisional ionization equilibrium were attained. Deviation from
ionization equilibrium can be represented by a collision time
effective for ionization process. Without transport, time
reguired for ionization equilibrium at a given '1‘e is roughly
estimated as tEQ*vO.l(ne/1013cm"3)'13. Under a presence of the
transport as significant as vVWnTe>tEQ_1, where v is an inward
velocity characterizing the transport, however, any equilibrium
condition is not attainable in a time-like trajectory. Hence, in
the case of v2&00(ap/10cm)(ne/1013cm_3) cm s~1, where ap is the
plasma radius, the impurity transported toward the higher Te
region is in a stationary state of underionization compared to
one in an equilibrium at the local Te' This suggests another
aspect of the temperature diagnostics by line emission for the
impurity-transport study.
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Plasma Diagnostics of Solar Flares with SOLAR-A/

Bragg Crystal Spectrometer (BCS)

Tetsuya Watanabe
National Astronomical Observatory

Mitaka, Tokyo 181, Japan

Abstract: The BCS experiment on the Japanese satelliite of SOLAR-A
launched by ISAS in 1991 has capability of observing the highest
temperature solar flare plasma from 3 to 100 million deg. with
increased sensitivities and temporal resolutions. The primary
scientific target of this experiment is to reveal plasma heating
and dynamics of solar flares at their impulsive phases, which has
keys to understand the mechanisms of energy release and energy
deposition of solar flares in the outer atmospheres of the sun.
The instrument has four crystals, which cover the wavelengths of
the resonance lines of helium-like ions of sulpher, calcium, and
iron and the Lyman alpha line of the hydrogen-like iron. The
onboard microprocessor of BCS controlsrits ohserving mode, taking
the shutter speed of spectra less than a second at the initial
phase and gradually longer ones in the decay phase of flares.
Combining the increased sensitivity of crystals and detectors,
and the increased capability of the onboard microprocessor, the
SOLAR-A/BCS will contribute in understanding the problems left

unresolved in the last maximum of solar activity.
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TABLE OF SOLAR A BCS CHANNELS

Channel Ton Tmaz - Crystad 2d  Crystal area Wavelength Sensitivity
no. (X) (A) cmxecm Range (A) w.r.t. SMM
1 S xv 1.6x 107 Gelll 65331 3.8x 11.4 5.0160 - 5.1143 63.

2 Ca xix 3.2x 107 Ge220 4.000 3.8x 11.4 3.1631 - 3.1912 5.8
3 Fe xxv 7.1x 107 Ge220 4.000 3.8x17.9 1.82083 - 1.8942 8.7
4 Fe xxvi 158x 107 Ge220 4.000 3.8Xx 17.9 1.7636 -~ 1.8044 9.2

" With respect to the SMA FCS, scanning at 100 azc sec per second.
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BCS Scientific Objectives

~-plasma dynamics and heating during
~ the impulsive phase of flares-

Plasma Dynamics

nonthermal (turbulent) motion

£, & 44-170 km/sec (FeXXV; Hinotori)

-no systematic limb effect

anti-correlation with source size

FeXXVI v.s. line broadening
?multiple mass ejection + directed convective motion
?turbulence assoclated with magnetic reconnection

blue-shifted component
Vt g 300-400 km/sec
+ chromospheric evaporation « electron beam

+ thermal conduction

?energetics
?completely shifted + double peak + blue enhancement

?multiple structure

Plasma Heating during the Impulsive Phase

?transient ionization <+ 10} neti s 1
?heating prior to 15>(106 K with a high resolution spectrometer

T rowtherwaa)  eleatrow h:n&{ug’

Superhot Component

?location and heating mechanism of FeXXVI
+ chromosgheric evaporation, nonthermal broadening

Plasma Diagnostics

?differential emission measure determined from broad band spectra
? Moguastic Suppe't  foe- OXT awmd HXRT

Abundance

?line/continuum ratio
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He-like Spéctra from laboratory piasmas and
solar flares

Takako KATO
National Institute for Fusion Science, Nagoya 464-01

May 15, 1990

1 Introduction

X-ray spectra of He-like ions have been measured {rom tokamaks and solar flares. Sev-
eral physical parameters of a plasma can be derived from X-ray spectra of He-like
ions. The ion temperature can be derived from the doppler width of a resonance line.
The electron temperature is obtained from the intensity ratio of dielectronic satellite
lines to a resonance line. In Fig.1 the energy level diagram for the prominent lines are
shown. The following notations for the spectral lines are used in this article;
w(2'P—115), 2(2°R —-115), y(2°P —115), (235 -115), ¢(1s2s2p *P —
1s%25 28), B(1s2s%2p 'P — 15225 15), 7, k(1s2p? 2D — 1s°2p ?P).

The lines j and k are pure dielectronic satellite lines. Then the intensity ratios
I /1y, I; /1, give the values of the electron temperature, where I, I; and I, indicate
the intensities of the satellite lines k and j and the resonance line w, respectively. On
the other hand, the line q in Fig.1 is produced mainly by the inner-shell excitation
of Li-like ions and the line B produced by the inner-shell excitation of Be-like ions.
Then the intensity ratios I /I, and Ig/I, give the ion density ratios n(Li)/n(He) and
n(Be)/n(He), respectively, where n(He), n(Li) and n(Be) indicate the ion densities of
He-like, Li-like and Be-like ions. The intensities of the intercombination (x and y) and
the forbidden lines z are affected by the recombination from H-like ions. Then from the
intensity ratios I, I, I, to I, the ion density ratio n(H)/n(He) can be derived. The
synthetic spectra including excition, tonization and recombination processe are fitted
to the measurements.

In this article we will discuss He like X-ray spectra of titanium ions from a TFTR

tokamak plasma[l] and of iron ions {from Solar flares[2] in particular attention to a
presence of high energy electrons which affect the spectra and ionization balances.
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We consider a model that a hot component interacts with a bulk plasma. With this
model, the time evolution of the spectra and ionization balances derived therefrom can
be described consistently.

2 Atomic data

The rate coefficients for He-like lines and for Li-like satellite lines of Ti ions are adopted
form ref [3]. For dielectronic Be-like satellite lines, the data in [1] are used. The inner-
shell ionization which contributes to z line is calculated by Lotz formula[4]. The cascade
contributions from highly excited states and the recombination of H-like ions are taken
into account[5]. The effective excitation rate coefficient calculated by our code for z
for Ti ions is smaller than that of ref.[1] by a factor of 1.8[12]. The values in [1] is
overestimated and their corrected values is 20 % larger than ours[6]. The effective
excitation rate coefficients for x and y agree within 10 %. The effective recombination
rates agree within 20 %. In Fig.2, ionization, recombination and excitation rate coef-
ficients for Ti ions are compared for w, z, q and k lines. Cff and o%// indicate the
effective excitation and recombination rate coefficient to produce z line, respectively.
S, is the inner-shell ionization rate coefficient from 15%2s 25 + ¢ — 1825 3S + 2¢. The
intensity I, has three components due to the excitation of He-like ions, the inner-shell
lonization of Li-like ions and the recombination of H-like ions.

I, = CHnn(He) + S,nn(Li) + o nan(H) : (1)

The line q is produced predominantly by the inner-shell excitation of Li-like ions (C,)
and the line k arises from the dielectronic recombination of He-like ions only (C5),
where €, and C; indicate the rate coefficients for q line and k line through the inner-
shell excitation and dielectronic recombination, respectively. Solid lines in Fig.2 are
rate coefficients used in our clculations. Rate coefficients C; by [7] and S, from [1]
are shown by dashed lines for comparison. Dot-dashed line indicate o’y for the
resonance line by high energy electrons including relativistic effect[8],[9], where o is
the cross section and v velocity of electrons. For iron ions, data produced by [10] and
[11] are used and they are compared with recent results by [16].

3 Spectra from TFTR tokamak

‘The spectra observed in the initial phase of ohmic heating show that the intensity of w
is smaller than those of x, y and z[1] as shown in Fig.3. This suggests the contribution
of the recombining plasma, where the effective recombination rate for w is smaller
than those of x, y and z at T, < 1keV. Hence, in order to get a hetter spectral
fit, we introduce some amount of H-like ions. In the early phase of discharge, z and
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q are remarkably strong. Both z and q are produced by the inner-shell ionization
and the inner-shell excitation in Li-like ions which are sensitive to the amount of the
high energy electrons as shown in Fig.2 by S, and C,. These phenomena imply the
contribution of high energy electrons in order to produce H-like ions and z and q lines.
We consider a time - dependent plasma model assuming that a small fraction of a hot
component is produced in a bulk plasma at the beginning of the discharge. Then, the
lonization process advances very rapidly by hot electrons, and H-like and He-like ions
can be produced in an early phase. Since H-like ions produced in a hot component
interact with a low temperature bulk plasma, the lines x, y and z are produced through
recombination of H-like ions effectively.

We tried to fit the observed spectra with the model mentioned above. The param-
elers for spectral fits are the electron temperatures T}, and T, the ion density ratios
n(Li)/n(He) and n(H)/n(He), and the fraction 7 of a hot component which interact
with a bulk plasma. The derived temperatures of a hot component from the spectra
and ion abundances are 7, 8 and 30 keV for the periods of 180 - 300, 300 - 420 and 420
-340 ms, respectively. The fractions of the suprathermal electron component are 0.03
% and 0.1 % for 180 - 420 ms and 420 -540 ms, respectively. The spectra predicted
from the intermixing plasma are compared with the observed spectra in Fig.3. The
contribution of a hot component is shown by hatched regions. This model can explain
the observed spectra as well as the ion abundances derived from the spectra.

The ion density ratios n(H)/n(He) and n(Li)/n(He) derived from the spectral fits
are plotted as a function of electron temperature of the bulk plasma in Fig.4. The values
in the 1onization equilibrium are plotted by dashed curves. As the electron temperature
of the bulk plasma rises with time from 0.45 to 1.0 keV, the derived ion density ratio
n(Li)/n(He) decreases and n(H)/n(He) increases. The value of n(Li)/n(He} is always
larger than that in the ionization equilibrium. This indicates that the plasma is in an
ionizing phase. On the other hand, the derived value of n(H)/n(He) is much higher
than that in the ionization equilibrium and increases as the temperature rises, as seen
in Fig.4. This implies that the plasma is over-ionized and the ionization process still
dommates H-like ions. The calculated ion ratios assuming the temperature variation
of the bulk plasma are shown by dott-dashed lines, and those including suprathermal
electrons are plotted by solid lines.

Although a hot component can account for the enhancements of the ion abundances
and the spectra, it does not work on the intensities of x and y. The intensity of z must
be always larger than x and y with any mixture of n(H), n(He) and n(Li) at any plasma
conditions. But the measurements show the spectra that x and y are stronger than z in
the period after 420 ms. In order to solve these problems, we consider other processes
in the followings. '

1. ion - ion charge exchange
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We explained a large excess of x and y in the later phase in JIPPT-IIU tokamak
plasma with neon puffing[12] by charge exchange between H-like titanium ions
and neon ions. We consider the charge transfer between H-like Ti ions and O
ions. Assuming that the effective charge transfer recombination is 107! emds—!
at low temperatures (< 1keV)[13], {14], oxygen contamination is required to be
more than 5 % in order that the charge transfer recombination is comparable to
the electron recombination at low temperature. At high temperatre (~ 1.5 keV)
when the excitation process is effective, the charge exchange recombination rate
is comparable to the excitation rate for n(H)/n(He) = 0.07 and 10% of oxygen

comtamination.

2. two electron excitation

In order to produce the intercombination lines x and y, two electron excitation-
following the autoionization can be considered,

18%2s + ¢ — 153dnf — 1s2p + e. (2)
If the effective rate coefficient for this process is greater than 3 x 10 R¢m3s™!

at 7 keV and 8 x 1071 ecm3s7! at 1.5 keV, the discrepancies for the lines x and y
would be explained.

3. others

Polarization by the suprathermal electrons might affect the intensities x, y, z and
w(15] '

Another problem for x and y are the intensity ratio of two lines. The observed
spectra show always larger intensity for y than for x. The theoretical intensity of y
is larger than that of x by excitation process and contrary by recombination process.
But the differences of two lines is within 20%.

4 Spectra from solar flares

The high resolution X-ray spectra of highly ionized H-like and He-like iron ions from
solar flares were observed by the Hinotori satellite[2]. From the spectral analysis they
found that the ion ratios n(H)/n(He) of iron ions are always higher than those in
the ionization equilibrium, although He-like spectra show the normal thermal spectra.
The time dependent electron temperatures were derived from the intensity ratios of
the satellite lines to the resonance line for both the H-like and He-like spectra. The
derived electron temperature from H-like ions T,(H) is often higher than those derived



- from He -like spectra 7T.(He) near the peak temperature.

In Fig.5, the ion ratios are plotted as a function of temperature following the time
sequence for the large flare on 7 October 1981. The electron temperatures are those
derived from He-like spectra I;/1,, every 70 second intervals. Attached number indi-
cates the order of the time evolution. The ionization equilibrium values are shown
by dotted lines. Two dotted lines are the values by two different atomic data. The
derived ion ratios n(H)/n(He) show the different trajectries between rising phase and
decay phase of the electron temperature, which means that the plasma is not in the
ionization equilibrium. The ion ratios n{H)/n(He) increase in the rising phase and
decrease in the decay phase; the plasma is ionizing in the rising phase and recombining
in the decay phase, although the values are always higher than the equilibrium values.
The ion ratios n(Li)/n(He) also show the different tragectries for the rising phase and
the decay phase.

We consider a hot spot model for solar flares similar to the previous section. Time
resolved calculated ion abundances taking into account the time variation of the tem-
perature are plotted as a function of T, in Fig.6 for the two cases; (a) without high
energy electrons and (b) with 5% of 8 keV high energy electrons. As shown in Fig.6(a),
the ion ratios increase towards the ionization equilibrium as the electron temperature
increases. That indicates the plasma is in the ionizing phase. In the ionizing phase
the ion ratios are always smaller than the equilibrtum values. On the other hand, the
ion ratios decrease after the maximum temperature which indicates the recombining
plasma. Including the 5% of 8 keV suprathermal electrons, the ion ratios become larger
than those in the ionization equilibrium as in Fig.6(b). This result imply the possibility
to explain the behaviour of the ion ratios by suprathermal electrons. It is estimated
that at least 3% of suprathermal electrons of ~10 keV is necessary to explain the ion
abundances. In order to be consistent with the observed spectra which can be fitted
well by thermal electrons, the effect of the high energy electrons for the spectra should
be examined.

‘We have compared the calculated spectra using the data by [11], [12] with those by
recent data in [13). For He-like spectra, we found the differences for n=3 satellite line
intenisties about 40%. This difference is not effective for the present analysis since
the electron temperature is derived from 1,/1,,, but is important for the temperautre
diagnostics using the intensity ratios of the n=3 satellite lines to the resonance line.
The satellite intensities by [13] are always larger than those by [11]. The derived tem-
perature by [13] is higher than that by [11] by 0.1 keV at 1.5 keV.

For H-like ions, the values in [13]} are also larger than those in [12] by 40% for n=3 and 4
satellite lines. Since wavelengths of these satellite lines are included in the region of the
Lyman «1 line, the intensity at Lyman al line differes 17% at 1.5 keV. This difference
makes the temperature about 0.1 keV higher for the data by [12] than that by [13]. At
the temperature higher than 2.5 keV, the difference is negligibly small. For the inten-

— 165 —



sities of the satellite lines at 1.787 - 1.789 A (1525 'S —2s2p ' Py, 1s2p *P - 2p° 'D3 P
), 25% of difference’is found. The intesities of the strongest satellite lines near 1.792
A (1s2p 1P, — 2p? 1D,, 1s2p 3P, — 2p® 3P, ) agree within 6%.

Figure Captions

Fig.1 The energy level diagram of the prominent lines for He-like ions.

Fig.2 Excitation, ionization and recombination rate coeflicients for lines w, z, q and k
of Ti ions. Solid lines are those used in our calculations. Dashed line for C, is from [8]
and for S, is from [1].

Fig.3 Observed (dots) and calculated (solid lines) spectra of He-like Ti ions in 60 ms
intervals from an ohmically heated plasma of TFTR discharge. Hatched regions rep-
resent the contribution of a hot component.

Fig.4 lon density ratios of n(Li)/n(He) and n(H)/n(He) for Ti ions against the electron
temperatures. Dashed lines are the calculated values in the ionization equilibrium.
Dott-dashed lines indicate the ratios assuming the temperature variation of a bulk
plasma. Solid lines are those including a hot component. The ratios derived from
the spectral fits are plotted by circles for n(Li)/n(He) and triangles for n(H)/n(He),
respectively.

Fig.5 Derived ion density ratios n(H)/n(He), n(Li)/n(He) and n(Be)/n{He) for Fe ions
from the solar flare spectra on 7 October 1981 against the electron temperatures.
Dashed lines are the values in the ionization equilibrium.

Fig.6(a) Calculated ion abundances for Fe ions taking into account the temperature
vartation of the solar flare at 1981 October 7. The arrows indicate the direction of the
time.

(b) Calculated ion abundances including 5% of § keV suprathermal electons.
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