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Ionization and Excitation of ‥ons by Electron Impact

-Review of emplrical formulae-
●

Takako XATO

Department of Physics, Nagoya University

We review here the emplrical formulae for ionization and

excitation by electron impact, especially for highly-ionized

lOユIS. The reliability and applicability of various emplrical

formulae are discussed.

A. Excitation

Tbe excitation cross sections for ions have not been

investigated so much on either theoretical or experimental

side, but it is often necessary tO know cross Sections for

plasma diagnostics

､and

for astrophysics･ So it is convenient

to find a emplrical formula in order to calculate cross

sections easily.

In order to calculate line intensities from a hot plasma,

we have to know the cross section for excitation. When the

excitation from levels other than ground state and the

cascade effect are neglected, the intensity Pji Of transition

from level j to i is expressed as

pji = NgNeαgjD〕ihv･

where αgj

(1)

is the rate coefficient of collisional excitation

from ground state to excited level j,
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branching ratio, Ng the density of the ion, Ne the electron

density and A- is the spontaneous radiative transition
コ1

probabilifty･ αgj Can be obtained by integrating the cross

sectionロ OVer a Maxwelli∂.a distribution,

･gj
- ∫f(Ⅴ)ovdv･ (2)

The collision strength are defined by i?

k…uiO,
where o t･he

cross section in unit

of甘a喜,k…
the energy of the incident

electron in redbergs associated with level i, ui is the

t

statistical weight of level i. As the collision strength n

is a slowly varylng function of energy, taking the averaged

collision strength百

8.63×10-6

αgj 百･r-1/2(oK)exp(-Egi/kT)cm3sec-1, (3)

where ug is the statistical weight for the ground state, T is

the electron temperature, and王gj is the excitation energy･

●

1_･ Approximation Met些

We survey here the approximation methods in a simple

way. More detailed reviews are found in Bely and Van

Regemorter (1970).

出｣辿望tum theory

The total wave function V is expanded in terms of the

multiple of unperturbed atomic eigenfunction ¢n(yl･
･

･Y且)

and･of the wave function
xn(y) of incident electron･ like

v(yl●=●Y見, Y)
≡

A盈¢n(Yl････Y丸)xn(Y)･ (4)
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It is necessary to make a partiaトwave analysis in which the

differential equations are SOlved for each value of the

total angular momentum and of the total spln in order to

make accurate calculations. This type of analysis requires

a long time of computation.

(a-1) The close-coupling approximation

This is the approximation assumed only a finite number

of state in the expansi?n (4)･ Then one has to solve a

finite set of coupled integTOdifferential equaこi()ns using

numerical techniques.

(a-2) Born approximation

When the incident energy is large compared with the

interaction energy, the wave function may be appTOXimated by

a plane wave and the cros5 SeCtion i5 prOpOrtional to

･]<v:.Ivlvn,I2･
(5)

Vn I

¢nFn and Vn- =申nTFn- where Fn and Fnt are plane

waves. Born approximation is va,lid for high incident

energleS･ For collision with positiv'e ions, Fn and Fat

should be taken as Coulomb waves. This is called the Coulomb-

Born approximation. Born approximation which takes into

account the distortion of the wave function by the static

atomic field is called the distorted-wane Born approximation.

There are several other improved Born approximation (for

example see Rely and Van Regemorter (1970)).

Vainsbtain and Sobelman (1968) made calculations for
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the cross sections of neutral a.tons and listed their res-ults

in Tables. They introduced a approximate analytical expres-

sions for.the cross section,

o
=

Ta三(Bi)2(聖)3/2
QC

E‥
1コ

Eo (2見o+1) (w+¢)

where Eij: threshold ener･gb,

I:o

El

丸o

(6)

ionization potential for the initia･1 state,

ionization potential for the final state,
′

the electron angular momentum of the initial

State,

q : depends on the transition (the ofbital angular

momentum of an electrons 丸 and the total orbital

angular momentum L), the expression of q for each

transition is given in the text (q = tbe number

of elect∫ons),

E : in.cident energy,

w :E-Eij
E‥
1コ

The rate coefficient i5

α
≡

1.-8(Ai.fi)3/2e-y__i_生血生⊥,

Eij Eo 2且o+1 y+x

(7)

where y
≡

Ei)/KT･ Thevalues of c, ¢, x, QandAare given

in Table. This approximation is used by Beigman, Vainsbtain

and Vinogradov (1970). For the i?tercombina,tion transition

(△s ≠ 0), the approximation is not good because they used
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the Ochkur (1963)'s met.hod *hich is not so reliable in the

■

case of spin exchange transitions.

旦ニ3) Glauber approximation

This is the method for the scattering on a target which

con5islニS Of many body, and the dynamics of a many body system

is considered.

Good results are Obtained for the atomic sねtteTing

(for example NaTumi and Tsuji (1975)). For low energleS,

smaller values are obtained than by Born approximation.

良二旦) Bethe ap空roximation

At higll energies, the distant encounters are important

and the colliding electron remains outside the atom most of

the time. Bethe asymptotic formula for optically allowed

transitions is expressed simply using the absorption oscil-

1ator stTengtb

o
-

4va喜(IH/Eij)2fiju~1叫bu)I

where u
≡

E/玉ij and IH 】･S the hydrogen ionization energy

(13.6 eV). Seaton (1962a) introduced the effective Gaunt

ねctor
g(u) and gave the following formula

o

-詮4wa培2fij
g(u) u~1

-

1･28×10~15(a,2fij
g(u) u-1･

(8)

This is sometimes called the g empirical formula.
●
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(b) Semiclassical theory

(b-1) Impacトpa rameter method

Seaton (1962b) introduced the semiclassical impact-

parameter method for atom-electron collisions, and the results

are much better than Born approximatlOn at low energies. The

results should be reliable to within 50 % for strong allowed

transitions from the ground state or between n + n + 1 levels.

This method requires a knowledge of the oscillator strength

f. If the c`)lliding electron Temains outside the target, the

dipole approximation is valid, and this glVeS the same

expression as Bethe formula.

●

ⅠⅠ･ g emplrical for!準ula bヱBethe‡ aprp39ilPI

This approximation is often used as it is simple and

practical. There are several methods depending on the form

Df the gaunt factor g(u) in eq.(8), and typical examples

which are currently used are discussed. We use the same

notation as 'in the section before; u
=

E/Ei3･ and y
= Eij/kT

(1) Post (1961)

For the case of high velocity impa,cts, he assumed

g(u)
= 丸n u,

and the ･rate coefficierlt is

･
-

;e4;1(≡三,6fijh(y) cm3sec~1,

whe王･e

- 6 -

(9)

(10)



也(y)
EEl(チ)

y
=

Eij/kT

El(y)
- ∫

00e-a

エー__ dz

y Z

E
= 2.7183

and Te is the electron temperature in eV･

(室)Va? Re革ePOrter (1962), Allen (1973)

This formula has been used often in astrophysics.

o- 1･28 x

10-15培)2fij
g

lコ

(ll)

首is a function of x
-

m7宅古and
its values are given in

Table. g canわe taken to be a constant
～

0.2 at low energies

for positive ions. But from the recent results of Coulomb-

Born Iand II methods, g is generally larger than 0.2 for the

transition of the same principal quantum numbers (n
=

nf)

and smaller than､0.2 when n幸nT.
This expression of富has

been improved by Mewe (1972) as wi.u be discussed later.

The rate coefficient is

･
- 1･70×10~3fij T~1/Z(｡Ⅹ)

E;壬(ev)e~yp(y)
The values of

p(y)
-

∫:盲(Ⅹ)e-yX2d(yx2),

are glVen in Table.
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(3) I)rawin (196E

0.083 u

0.275×(u-1)

u

g(u)
≡

and

where

V2(Y)

for lミu5 5･85

丸n(1･25u) for u'3･85

α
- 8･69×1.-8 βij.fij

Z;3ff生v2(y)y

0.302

I;●…5ye~zdz
･

I;.85y[(1一昔)e-z叫1･25-;)]dz

βij=0･8～1･2

yl
≡ 1･58 × 105 z2/T(oK)

The values of v2(Y) are given in Table in the text and Zeff

is the effective charge 己eff ≡ Z - Ne + 1

(4) Mewe (197Z)

He assumed

g(u) =A･ナBl1-1 +cu-2 +1)Anu.

D is taken to be /3'/2 accわrding to the Bethe limit in the

case u >> 1.

α
- 1･70×10-3 T-1/2(｡K)

E;言f-
P(y) e~y

lコ
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p(y,
-

y ey I;g(.u,e-yudu

=A+ (By-Cy2+D) eYEl(y･) +Cy･

where

El(y)
-

Iyo●宕dz
It can be written within 3.5 % accuracy:

0.4

eyEl(y) --

An(均一前アy

Mewe got the values of coefficients A, B, C, D, for

several transitions of H-, He-, Li- and Ne- like ions by

fitting the tbeoTeて:ical and experimental results available.

We listed them in Table I. For all other sequences,

(i) A= 0.15, B=C= 0, D= 0.Z8 (allowed, △n手 o)

(ii) A = 0.6, B = C = 0, D = 0.28 (allowed, n= 0)

(iii) A = 0.15, B = C = D = 0 (forbidden monopole or quadru-

pole transition)

(iv) A= B =D
= 0, C = 0.1 (spin exchange transition)

are to be taken･ In the case of a forbidden transition･ fii

values are defined as that of the nearest allowed transition.

For example, for the transitions ls -

ns and ls -

nd, the

fij-Value of ls -

np isねken･

From eq.(3) and (17), we get

訂= 1･97×102 fij P(y) wi/Eij･ (18)

We compare in Table II the value dQM Which is calculated from

-
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eq.(18) with the more accurate value which is obtained

theoretically or experimentally･ The average value is <6M/n>

≡ 1.9. We get good agreement for the allowed transitions near
fP

the ground state.

P(y) for the sequences other than H-, He-, Li and Ne-

sequences in the case of (i), (ii), (iii) and (iv) are shown

in Fig･1 as a function of-y =王ij/kT･

This emplrlCal formula by Mewe is considered as the best

of the formulae discussed above in (1), (2), (3) and (4).

ⅠⅠⅠ. Com arlSOn

We compared the effective Gaunt factor g.(u)
for the four

emplrical formulae discussed in §ⅠI and showed them in Fig.2

as a function of u
≡

E/Eij･

The comparison of the ･excitation rate coefficient is

shown in Fig.3(a) for the transitions of NeVII (Be-seq.)

2s2(1p) - 2s2P(1p) and of 2s2(1p)
-

2s2p(3p). The dotted

line shows the result obta,ined by eq.(3) using the collision

strength i?, calculated theoretically by Osterbrock (1970).

Black points are the experi･mental results by Johnston Ill

and Kunze (1971), for which the error may be about a factor

of 2. As seen in Fig.3(a), the formula of Drawin (1966)

gives the la.rgest values and that of Van Regemort占r (1962)

the smallest. As Mewe (1972) gave the values of coefficients

A, B, C and D for the H, He, Li, and Ne-sequences (see §ⅠⅠ

(4)), we choose Be-sequence for comparison. Much better

agre･ement would be expected for transitions of H, He, Li and

Ne-sequences that for othe.I Sequences in the case of Mewe's
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formula. The comparison of the rate coefficient for the

transitions of OVII Is2(1s)
-

1s2p(1p) and of ls2(1s)
-

1s2p(3p) is shown in Fig.3(b). There is not so much difference

between the values in the temperature ran･ge of 106 - 107 oK･

The experimental results by Elton and
.'K6ppendLirfer

(1967) are

also shown in Fig.3(ち). All the calculated values are in good

agreement with the experimental values within an expe.rimental

error smaller than a factor of 2.

B. Ionization

Ionization theory is much more difficult than excitation

theory, since there are now two free electrons to consider,

the eJe･Cted electron and the scattered one, after an ionizing

collision. But the r･esults obtained by various approxim?tions

are in better agreement With the experimental data than for

excitation. After Van Regemorter (1970), 50 % accuracy is

generally reached, and emplrical formulae with an accuracy of

a factor 2 can be glVen easily for ionization while it is

difficult for excitation.

Ⅰ･ Appro申mation T叩ethod

(a) Clas_sical theory

Tbomson (1912) introduced the following simple forⅢula

for the first tine

o
-

4E(IH/I)･2 u-1 (1 -

u-1)
¶a三,

(19)

wbere ∈ is the electron number of a shell with binding energy

I･ u = E/I and IH IS the ionization energy of hydrogen･

ー11
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If we define a reduced cross section by

oR(u)
≡ (=/IH)2∈-1o,

r

oR(u) is then a function of u only:

2

oR(u)
≡ 4u-1(1

-

u-1)甘ao

(20)

(21)

It is important that a reduced cross section depends only

on energy but not on other atomic para7r.eterS. For high

energies o - logs/E due to the quantum effect,and eq･(19)
t

is not valid. Tbomson-s theory glVeS linear threshold low

which agrees with the quantum mechanical results (Rudge ち

Seaton (1965)).

Gryzinski (1965) derived a fairly simple expression for

the ionization cross section of atoms, improving the classical

theory,

G = Oo q(u)∈′=2

oo= z2× 6･56×10-14 ev2cm2

g(u)
-

ui(uS)3/2{1･喜(1-⊥)叫2･7･'u-1)1′2,}2u

where

(ち) Semiclassical theor

(22)

Burgess (1963, 1964) improved Thomson'-s theory by taking

into account some quantum-mechanical properties, particularly

exchange between the two electrons. Furthermore he combined
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this theory with the high energy results given by the impact

parameter method. This is the same method that we already

discussed in §A, I(ち) for the case of excitation, and it

requires the knowledge of the oscillator strength f(free-

bound). The agreement with experimental data is good.

(c) quantum theory

In the case of ionization, it is difficult to find the

asymptotic form of the field, since both eコeCted and scattered

electrons a.re in continuum state. There are several approxi-

nation methods used in the quantum theory, and they are

reviewed in articles by Rudge 8 Seaton (1965) and Rudge (1968).

We note here only the characteristics of some approximation

methods.

･ Born approximation (a), (b); Born (b) is extensively

used at present. If the wave function describing the bound

state of the target is good, we can expect 50 % of accuracy.

･ Born Oppenheimer approximation glVeS better results for

highly ionized ions.

･ Born-exchange approximation', Good agreement between

theory and experiment is obtained for H(1s) and for He'(1s).

･ Born (b) and Born-exchange are considered as the best

available approximations now, but recently Glauber approxi-

nation has also been used for the ionization problem and

has glVen good results.

･ For bigb energleS, from the Bethe form

o =A log(E)/E + B/E.

- 13 -
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Odmivar (1969) gives analytical expressions for A and B

for hydrogenic systems in their ground s･tates. Inokuti and

Xim (196苧) gave accurate values of Åand B fro H-･

ⅠⅠ. Em irical formula

It is not as difficult to find an emplrical formula in

the energy range E/Ⅰ ≦ 10 as in the case o王excitation,

whereas the theory itself is more difficult. As we can

suppose from
eq･(21), the reduced cross section might not

l

depend on the species of ion. In fact almost all of tbeore-

ticaland experimental reduced cross sections oR agree with

each other within a factor of 2･ Most of the. empirical

formulae are based on this result. The scatter of the

reduced cross sections increases at high energleS.
■

EIwert gave first a simple empirical formula and many

other formulae have been proposed later. We discuss here

several typlCa】. formulae.

(_1) Post (1961)

Tbe cross section is expressed by

o-掌buiknu-｢(ev)u

o･4×10-13辿cm2,

where u
=

E/I, and the ionization rate coefficient B is

4Te4 .A._.ー_､

_
1.4×10-4

ち h(Ⅹ) ≡

(2甘mkT)
1/2kT

T…/2
(ev)

(24)

bh(Ⅹ) cm3 sec-1, (25)

where x ≡ Ⅰ/kT. T九e definitions of h(Ⅹ) is the same as
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eq.(10), and b -- 0.2.

(2) Drawin (1966)

The cross section for Z and for i-state is

o
- 2･,4 ×

1.-16(i,2∈iui叫1.25yiu)
cm.

2

I u

(26)

The values ∈i are listed on Table for the case■of i - 1

(ionization from the ground state). For all other excited

states (i'1), ∈i芸1･ The value ofyiis of the order of

1 and is● written approximately

yi=1+

Zeff
-1

Zeff+ 2

(27)

where Zeff三Z - Ne + 1 is the effective charge Seen by the

electron in i-state.
､

The ionization rate coefficient is

･ -

1･46×10-10∈i(草2Tl′2(｡叫(Ⅹ,
yi) cm3sec-1･

The values of中1(Ⅹ･ Yi) are given on T･able･ aLnd中1 Can be

approximated by

o1(Ⅹ'Yi)
⊇

(S=)[⊥
･

kn(1･25yi(1･主))】
1+Ⅹ 20+Ⅹ Ⅹ

(3) Lotz (1967, 1968)

Lotz deduced a cross section from many experimental

- 15 -
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results

N

o=j≡1ajぢj
r

肋(E/Ⅰ･j )

EI〕
(トbjeXp卜cj(E/Ij-1)】),

where lj(ev) is the binding energy of an electron in j-th

subsbell (j ≡ 1 means the outermost subshell), ∈j is the

number of equivalent electrons of j-subshell･ and aj･ b)･ cj

are individual constants which have been determined by a

reasonable guess･ The values aj･ b〕, cj are given in Tables

for Certain ions from bydr9gen tO Calcium by Lotz (1967) and

from Scandium to Zinc by Lotz (1968). For the cross sections

known experimentally, this formula glVeS accurate results

within experimental error. For the ions ioni･zed more than

four times･ he assumed that ai
I 4･5 × 10-14 cm2 (ev)2, bi =

0 and ci
≡ 0 in order to have agreement with the theoretical

calculation5 0f 且udge and Schwartz (1966) for hydrogen-like

lions, as there are no experimental data. He mentions that

the validity of this assumption for ions not hydrogen-like

might be questionable. The number N of subshells to consider

was taken to be 2 for ions from H to Ca, and to be 3 from Sc

to Zn.

The rate coefficient is

β ≡ 6.7×107

N

∑ -

j-1
T喜

aj∈j

iiii5l

∫;j′Te.｡jy
-e-x呈上y)-

dy‡

‡

Ij/Te

望出dz
_.bjeXPCj∫:,.,TeZ工j′Te･Cj

- 16 -
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He gave the cross section
'curves for atoms and for singly

charged ions, and he estimated the error to be not higher

than :4{s%･
Tbe calculated values of β are listed numerically in

Table for all ionized states for the temperature of 1 - 104

eV. The error becomes large for temperatures lower than the

ionization potential.

(ヰ) Seaton (1964)

R
Seaton approximated uo as a straight line (u <～ 2) like

o=2.2(ら)2∈Ⅰ

(u-1)
_(2Trao

u

β ≡

2･0×10-8Tl/2(｡K) = ∈j(-) =3:2(n,丸) e

and

_iKT

(32)

cm3sec-1

(33)

where ∈j is the number of electrons in subshell (n,見), Ij(ev)

is the ionization energy. This formula is good for highly

charged positive ions, and for low energleS. Jordan (1969)

used this formula to calculate the ionization equilibrium in

a hot thin plasma for the elements from C to Ni.

(5) Hydrogen-like ions

Percival (1966) gave formulae to calculate the average

cross section for ionization from excited state of hydrogen

and hydrogenic ions. There is no limitation on the energy

range of validity.

i) ionization from the ground staLte (i = 1) for hydrogen

- 17 -



atom

H

,cTl

≡

(1･19且n ul
+ 5･26)(ul

- 1)

u至･
1･67ul ･ 3･5･J7

(34)

ii) ionization from the excited state (i > 1) for hydrogen

atom

o?,1
(1･28i-1 Lnui + 6･67)(ul

-

1)

u至･
1･67ul ･3･S7

iii) hydrogenic ions (charge number Z)

oz-o?[1･
2.3

(1-Z-1)2 + 2(ul-1)2

甘a2i4
0

(35)

(36)

It is necessary to do numerical calculations for getting

･ the ionization rate coefficient β.

Jacobs (1972) gave a formu】.a for β adjusting the numerical

constants to the experimental results for Z = 1 and Z = 2 and

to tlle Calculated values for Z = 50.

･ - 6･67×10~9(2･.2
-む旦･ 9#)｡芝)4/郡司~e~Ⅹ(37)

Z

ⅠⅠⅠ. Com
●

arlSOn

We show in Fig.4 tbe comparison between the values

calculated by some emplrical formulae discussed above, and the

experimental results of Aitken and Harrison (1971), for the

- 18 -



ionization cross section of OIII十0ⅠⅤ. The result by Seaton

(1964) is good at low energies, but is too large at high

energleS. The formula by Lotz glVe underestimated results
●

near threshold, but gives good agreement at high energies.
●

The values by Post (1961) and by Drawin (1966) are smaller by

a factor of 5 and 1.7 respectively than the experimental

results.

We show in Fig.5 tbe results of various emplrical formulae

for the ionizatj.on rate coefficient β. As the approximation

method for evaluating the integral depends on the emplrical

formula, the trend of the absolute value of β does not always

coincide with that of cr. For example, the cross section by

Post (1961) is small but his rate coefficient gives a value

larger than any other result. The result calculated by

Seaton (1964) is larger than that by Lotz.

Tbe same comparison as in Fig.5 for the rate coefficient

of FeXV十 FeXVI are shown in Fig.6. Rudge and Schwartz

(1966) calculated the ionization cross section and rate

coefficient using the Bon-exchange approxim早tion, and they

are shown in Fig.6 with dotted line. The values by Seaton

and by Lotz are both larger than the theoretical results in

the high energy range.

Tbe formulae (32) (33) by Seaton are simple and can

be used easily, but they are not suitable at high energleS

(u > 2, Ⅹ > 2). The formulae by Lotz are rather complicated

but we can use the tabulated numerical results for rate

coefficient.

- 19 -



Figure Captions

Fig.1 Integrated gaunt factor P(y) in eq.(17) which is

f

proposed by Mewe (1972) to calculate electron colli-

sion excitation coefficient for the sequences other

than H, He, Li and Ne-sequences.

p(y) =A+ (By - Cy2 +D)eyEl(y) +Cy

where y is the ratio of the excitation energy Eij

to the electron temperature kT.

(i) allowed七ransition △n干0

(ii) allowed transition △n = 0

(iii) forbideen monopole or quadrupole transition

(iv) spln eXCbange transtion

Fig.2 Comparison of effective gaunt factor g(u)
between

several emplrical formulae as a function of u. u

is the ratio of the electron energy E to the excita-

tion energy Ⅰミ

o
= i･28×10-15(=H/Eij)2fijg(u)u-1

(1) Post (1961〕, (2) Van RegemoTter (1962), (3)

Drawin (1966),' (4) Mewe (1972)

Fig.3 Excitation rate coefficient as a function of temperature.

0

(a) For the transitions of NeVII 465A 2s2(1s)
- 2s2p

O

(1p) aⅠ1d NeVII 895A 2s2(1s)
-

2s2p(3p).

post (1961), Van Regemorter (1962), Drawin

(1966), Mewe (1972) ･-I

empirical formula.

Osterbeck (1970)
==

tbeory.

Johnston III and Run,,_e (1971)

- 20 -

experiment.



○

(b) For the transitions of OVII 21.6A Is2(1s)
-

1s2p(1p) and OVII 21.8A Is2(1s)
-

1s2p(3p).

O

Post (1961), Van Regemorter (1962), Drawin

(1966), Mewe (197Z)
--

empirical formula.

Elton and K6ppend8rfer (1967)

･‥ 11s十(21s+21p)

･-

11sす(23s.23p)

･- 11so十 21pl

exper iment

Fig･4 Ionizationcross section for e + 0+2十e + 0+3 + e

Aitoken and HarTison (1971) --･

experiment.

Post (1961), Seaton (1964), Drawin (1966), Lotz (1967,

68) -･-

empirical formula.

Fig･5 =onization rate coefficient for e + 0+2 + e + o+3 + e

Post (1961), Seaton (1964), Lotz (1967, 68), Drawin

(1966) --･

empirical formula.

Fig･6 =onization rate coefficient for e + Fe+14 + e + Fe+15

+ e

Seaton (1964), Lotz (1967, 68) .････

empirical formula.

Rudge and Schwarf.z (1966) ･････ theory.

- 21 -
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TAB LE II

COMPARISON OF VALUES OF COLLISION STRENGTHS

Ⅰso¢1.

SequenC

f

Transition Ⅰon
○

入(A)

Osci.stroll_.

ど
i?M i?nM/S1

Be

-

2s2-2s2p

2s2-2s3p

2s2-2s3s

2s2-2s3d

2s2-zs紳

zs2-2s4d

2s2-2s4f

NIV

NeVI

NⅠⅤ

765.1

465.2

247.2

0.64

0.41

0.SS

5.9

2.3

0.67

3.4(1)1.7

ら.7(2)1.04

1.糾(1)1.25

3.OS(2)o.75

o.23(1)2.9

0V 172.2. 0.S9 0.50
o.14(1)3.6亀

NeVI. 97.令 0.45 0.22 o.os4(1)4.1

NⅠⅤ 2S7.1 (0.5S) 0.34 o.23(1)1.5

0V 178.2 (0.59) 0.2S o.o79(1)3.1

NeVⅡ 100.2 (0.4S) 0.■108 o.o37(1)2.9

NⅠⅤ 233.0 (0.5S) 0.31 o.23(1)1.3

0V 163.2 (0.S9) 0.23 o.26(1)o.88

NeVI 93.ら (0.45) 0.10 o.o7(1)1.4

NⅠⅤ 197.2 0.13 0.126 o.ll(1)1.1

0V 135.S 0.138 0.092 o.o45(1)2.0

NⅠⅤ 194.3 (0.13) 0.0も0 o.1S(1)o.4

0V 140.0 (0.138) 0.046 o.o4(1)1.15

NeVⅡ 75.0 (0.165) 0.0295

:..o.1,;≡ll;;...7辱0V 133.3 (0.138) 0.044

2s2-2sヰs 0V 136.7● (0.138) 0.04S o.o34(1)1.3

Mg 3s2-3s3p

3s2-3s3d

FeXV

FeXV

284.3.

137.1

1.18

(1.18)

4.0

0.38

3い37(3)1.2

2.7(4)1.5

o.312(5)1.2

o.18(4)2.1



TABLF II (continued)

Ⅰsoe1.

Sequence
TでanSition Ⅰon

○

入(A)
Osci.stren.

f
i?M E] ‰/n

A1 3s23p-3s3p2 FeXIV 260. 0.53 ･9.84 10.2(5) 0.96

3s23p-3s23d
tー

lコ

En

ーー

ーー

2ユ1.3 0.63 10.6 10.3(与) 1.03

3s23p-3s24p 95.2 (0.27) 0.37 o.45(5) 0.82

3s23p-3s24s 71.5 0.062 0.12 o.o47(5) 2.5

3s23p-3sZ4d 59.0 0.273 0.46 o.12(5) 3.8

3s23p-5s24f 56.4 (0.27) 0.22 o.47(5) 0.47

Si.

｣

3sZ3p2-3s3p3 FeXⅡ【 246. 0.22 5.9 6.4(7) O.92

3s23pZ-3p3d(3D) ロ

ーー

201. 0.49 10.7 15.98(7) 0.67

3s23p2-3p3d(1F) 177.1 (0.49) 0.55 o.228(7) 2.4

Ⅹ 3p63d-3p64f FeVⅢ 131. 0.604 3.9 o.94(6) 4.1

3d-4p
ーt

ロ

ーー

ロ

196 0.039 0.38 o.179(6) Z.1

3d-5｣ 108 0.24 1.2 o.369(6) 3.2

3d-6f 98.5 0.117 0.57 o.18(6) 3.2

5d-7f 93. 0.034 0.16 o.103(6) 1.6

Notes for Table I

(1) W･ D･ Johnston Ⅲ and H･ J･ Kunze (1971), Physical Review A,生,
962.

(2) D･ E･ Osterbrock (1970), J･ Phys･ B･,互, 149･

(3) 0･ Belyand M･ Blaha (1968), Solar Physics旦, 563･

(4) D･ R･ Flower (1971), J･ Phys･ B･,生, 697･

(5) M･ Blaha (1971), Solar Physics圭ム 99･

(6) S･ J･ Czyzak and T･ K･ Drueger (1966) Ap･ J･ iii, 381･

(7) D. R. Flower and G. Pineau des Forets (1973), Astron. and
Astrophys･ ii, 181･
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