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Abs七rac七

Cross sections or effective collision streng七hs are

compiled for electron-impact excitation of helium atoms and

He-like ions. An evaluation is made to recommend the nbestn

values for use for the transi七lons lls-21･3s and lls-21.3p of

target ions of Z=2,3,6,8,12,20,22,26,28,34 and 42.

℡わe resulting recommended values are fiモモed to an analytical

●

formula and 七he fiモモ土ng coefficients are glVen in a table.

℡♭e rate coefficlenヒs calculated there from are shown

graphically. ℡be reliability of the recommended data is

roughly estimated.
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コ∴

1. 工ntroduction

Da七a 王or excitation rate coefficients of helium atoms and

He-like ions by electron impactr which are of principal
●

importance for plasma diagnostics and energy losses in fusion

plasmas. are evaluated. ℡ransitions ls2 1sす1s2s 1-3s
and

ls2p
i,3p

are considered. For usersl convenience, the rate

coefficients are fitted to an analytical formula as given by
■

=tikawa et al･1r who evaluated electon-impact excitation data

for all ions of carbon and oxygen.

Literature sources are taken from the bibliographies on

excitation of positive ions by electron impac七wbicb were

published by Itikawa et a1.2. =n additionr the more recent

li七era七ure sources are taken from the 工nternat土onal Bulletin

on Atomic and Molecular Data for Fusion which has been

published by the International Atomic玉:nergy Agency. and a

recent lis七 which is maintained in 七he Research 工nforma七ion

Center of tnstitute of Plasma Physics, Nagoya University.

2. Data Source and Evaluation

A review of the 七heore七ical methods used and results on the

exci七ations of positive ions by electron impact up to 1981

was made by Henry3 following Seatonls work in 19754･

Henry concluded that for He-like ions the cross sections can

be very sensitive to the cbo主ce of target wave functions.

particularly those for the transition ls2 1s + 1s2s ls in low

Z (atomic number)
ions, and at energies near threshold

resonance effects mus七 be included in order to obtain cross

sections accurately.
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After Henry's review was published, the importance of

resonance effects has been demonstrated in distoreted-

wave(DW) , close-coupling (CC) and A-matrix(氏-mat)

calculations. Resonance effects result in a very slgnifican七
●

enhancement of the cross sections for most of the forbidden

transitions and are less important for optically allowed

transitions. In addition to the autoioni2:ation effect (A=),

it has been pointed out by Pradhan5 that intermediate coupling

(IC〉 and dielectronic recombination effects(DER) are

important for highly ioni2:ed ions of high Z elements (Z>_20).

Data which were obtained using accurate target

wave functions, and taking into account resonance effects for

all Z, and intermediate coupling and dielectronic

recombination effects for Z≧20, are thus selected from the

literature as the recommended data for electron impact

excitation of He-like ions.

Data for the transitions ls2 1s + 1s2s i,3sr
and ls2 1s +

ls2pl,3p of targets of Z=2( 3r 6T 8T 12r 20r 22t 26r 28r 34

and 42 in helium atoms and He-like ions from the above

selection are evaluated in this paper.

2.1 Comparison of Data Sources

Some collision sヒreng七hs and remarks on the selected

●

sources are glVen below.

2.1.1. He

比any experimental and theoretical data are available for

helium atoms● Aggarwaユe七al･6 assessed七bese data a-nd gave

the excitation rate coeffici~ents over a wide range of the
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electron temperature･ RecentlyT Berrington et a1.7 calculated

cross section by an 19-state R-matrix method. Their

calculatエons gave smaller cross sections 七han previous ones

calculated by ll-state8 as well as 5-state9, and showed the

importance of coupling to higher ch･annels in close-coupling

and R-matrix calculations. ℡he differences between the 七wo

calculaセエons in refs. 7 and 8 are generally 2 - 5 亀 and within

■

10%. A comparison of data between ref. 6, 7 and 8 is given

in Fig. 1. A solid line shows the recommended value for the

lls十 21s 七ransi七ion.

2.i.2. Li+

Five-state close coupling calculations have been reported

by Van Wyngaarden et al･10 for Li+. c4+. o6+ and Si12+･ =tikawa

and Sakimotoll and Naka2;aki12 carried out by the distorted

wave method and by the first order Coulomb-exchange

approximation, respectively, using the same target wave

functions employed by Van Wyngaarden et al･r and Badnell13

calculated collision strenghs using 七be distorted wave

approximation for =e-like ions between Li+ and Fe24+･ These

calculations did not 七ake resonance effects into account.

christensen and Norcross14 have examined the sensitivity of

the cross sections 七o the scattering approximation′ targe七

wave functions and resonance effects by using five-state

close-coupling and distorted wave calcula亡ions for工一i+ a七

energleS near threshold. Only one experiment. by Ro匂ers et
■

a1.15r has been reported so far on the cross section for the

transition lls + 23p in He-like ions. Collision strengths for

the transitions lls + 23s, 23p, 21s and 21p are shown in
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figures 2
-

3 as function of X ≡

E/A玉:,i.e ヒbe incident

electron energy in threshold units. solid lines indicate the

values taken for 七he fits which will be discussed in See. 3.

2.i.3･ C4+r o6+I and山g10+

R-matrix calculations. wbicb explicitly include resonance

and channel coupling effects and are therefore likely to give

the most reliable data for electron impact excitation of ions

at low energleS. have been carried out for He-1エke 土ons with
●

Z = 6,8,12 by Kingston and Taya116-20. The results were

expressed in effective collision strengths because of the

complex resonance structures.･ they explicitly included the

ls3Cnlel resonance series･ Eleven target statesT Is2 1st ls2s

1,3sl ls2p
i,3pr ls3s i,Ssr ls3p i,3p

and ls3d i,3D
were

included in their calculations and their wave functions are

constructed from ls, 2s, 2p, 3s. 3p′ 3d. 4s and 4p orbi七als

(4 means pseudo orbitals). ℡hey have confirmed 七ha七 the

●

exci七atlon energleS and the length and velocity values of

osci11ato工 Strengths obtained in their calculation were in

good agreement Wi七h 七he observed values, and with those of

schlff et al･21･ other ealculations which can be compared

with the R-matrix approximation are examined. pradhan eヒ

a1･22,23 performed a distorted-wave calculation including

autoionizing resonances and presented effective collision

strengths･ Steenman-Clark and Faucher24 also calculated

excitation rate coefficients for the forbidden transitions

ls21s + ls2s
3s for ions with Z = 8r12t20 and 26 taking

account of the effect of resonances and their radiative decay

by using the distorted-wave method.
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エn ℡able 工′ we glVe SOurCeS Of data for electron impact
●

excitaion of He-like ions of Z I 6r 8r 12 which are given aS
●

effective collision strengths and which include resonance

effects.

Figures 4 -

7 show a comparison of the temperature

dependence in effec七i∇e collision s七reng七hs for C4+. 0帥and

J4glO+ ions for the transitions lls + 21,3s and lls + 21･3p.

These data are taken from the A-matrix calculations with

resonance effects. These figures show that the temperature

dependences for C4+ and 06+ are quite different at low

七empera亡ures except for llsヰ21p.

Recently, Zhang and Sampson25 gave excitation rate

coefficients for 18 ions in the range 8 ≦ Z ≦ 74. Their

calculations were done 土n intermediate coupling. and the

resonance contribution from ls3e-In-e=
-

were included. They

compared their results with those in ref.19 and found no

significant difference for the transitions lls + 23sr 23p of
●

机glO+'

2.1.4. Ca18+, Ti21+, Fe24+, Ni26+, se32+ and出o40+

For high Z ions. configuration interaction efferlvtS may be

small and the target wave functions may be represented

simply. However, the LS coupling approximation breaks down･

and ZC effects must be included. Jones26 investigated the =C

effects on ions with Z = 14. 20, 26 using the distoreted wave

approximation. Ee found that collision strengths for the

transitions llso + 23pl increase relative to LS coupling

valtleS for ions Z ≧ 20. So far, calculations with =C have

been made and i+. has been seen that for the ions with Z ≧ 20
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the results by七he Coulomb-Born method with exchange agree

closely with those by七be distoreted wave method.

pradhan27-30 investigated the role of resonances for ions

with Z = 20, 26' 34 and 42 using nine-state close-coupling

and distorted-wave approximations. He concluded that all

three effects considered in his study. departure from工一S

coupling, resonance enhancement due to autoioni2:ation, and

reduction in autoioni2:ation enhancement due to dielectronic

recombination. can be of considerable importance in the

collision strengths of highly ionized ions with Z ≧ 20. The

resonance contributions in ref.22 and 30 are mostly in

disagreement With those in ref.25 by a factor of 2, but the

total effective excエセation rate coefficients are in agreement

to within 20%. The rate coefficients for Fe24+ lls - 23s by

pradhan30, steenman
-

clark and Faucher24 and Fancher and

Dubau31 are compared in Fig･8･ ℡わe results in ref･30 are

always larger than those in ref.24 by 20-40% and by 10-20% in

ref.31 as shown in Fig.10.

2.2 Evaluated data source

Since the electron energy range for the data referred to in

See. 2.1土s limited to low temperatures. they are not

sufficien七 to gl∇e recommended rate coefficients for the wide
=

temperature range needed especially in fusion plasmas･

Generally in an ionizing plasma' such as a tokamak plasma'

the temperature where the ions exist is relatively high

compared with that in ioni2:ation equilibrium･ We therefore

combine the rate coefficients obtained by CC or 氏-mat methods

a亡1ow temperatures with七he cross sections obtained at
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●

relatively high energies by DW methods to get the recommended

data. 工t is requested to present the data not only in low

temperature ranges where resonance effects are important but

also in high temperature ranges.

The references from which the recommended data are selected

are listed in Table =I for each ion with their temperature

rangeS･

3. Data Evaluation and Fits

Once 七he recommended cross sections have been determined. a

fit was made to analytical formulas, which facilitates their

application. The orlglnal data are mainly presented as the
● ●

●

effective collision strength γ, which is glVen by

r
- ∫.7ne-EIKTed(E/kTe,

-y I:ne-yK此
(1)

where X ≡

E/△E. y
≡ △E/k℡e. ℡e is 七he elec七ron七emperature

and △E is the excitation energy. ℡わe exc土ta亡土on rate

coefficient can be calculated in the form

R= 8.O10 x 10-8 e-yr/ (wi ℡e(eV) ) cm3s-1, (2)

where wi is the s七atlstical weigh七 of the lower state.

=n the fitting procedure the collision strength E2 is assumed

to be expressed by the following formula

f2=A+a/Ⅹ+C/Ⅹ2+D/Ⅹ3+ElnX.
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Then, the effective collision strength r is obtained as

fo11ows =

r= y ((A/y+C) + D/2(i-y) +
eYE1(y) (B-Cy+Dy2/2+E/y)), (4)

where

Elk,-I,oe-i/tdt･
工n principle four parameters A′ B. C and E (D=0) for

allowed transitions and A, B, C and D (E=0) for forbidden

transl七ions are used in fitting procedure･ The fiモモing error

is usually less than 10% and always less than the estimated

uncertainties of the recommended effective collision

strengtbs.

When rcan not be fitted well by eq. (4), the effective

collision strength in the resornance region nReff is
●

introduced as follows′

f2≡ f2R(Ⅹ) + f2NR(X).

f2NR(Ⅹ). the non-resonant collision strength, is defined

for X > Ⅹ1 by eq. (3).

and f2R(Ⅹ) =PX+Q for 1≦Ⅹ≦Ⅹ1

■

Here γ 1S Written as

γ= rNR+ γR'

where

rNTt
-

ye(1~Ⅹ1)y ((A/y + C/Ⅹ1 + D/2(1/Ⅹ12- y/Ⅹ1) + E lnXl/y)

+ eyXIEl(Xly)(B-Cy + Dye/2 + E/y)),

and
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rR
- P(1+1/y)(1-e(1~Ⅹ1)y(Ⅹ1+1/y)/(1+1/y))+ Q(1-e(1-Ⅹ1)y). (8)

The quantities p'Q and Xl are determined by equating the

effective collision strength r calculated with 5(a) and 5(b)

to γ given in the original literature source. since the

parameters are derived to fit the effective collision

strength r, the collision strength t2, calculated from the fit

parameters has no real meaning.

For Li+ ions, the data by山odel II (CC and target i) in

ref.14 are used. Since the contribution of resonances for lls

- 23s is estimated to be about lO亀. we neglect the resonance

contribution near threshold. ℡he data used for evaluation

are shown by solid lines in Figs. 2-5.

The values of the collision strength f2 approach

4wifij/AElnX at high energies where fiョ is the osc土11a七or

strength for the dipole transition lls
-

21p and AE the

excitation energy in unit of Ryd. We fit E2 or r with a given

value of 4wifij/AE for parameter E in eq･(3) for lls
-

21p,

and derived the values for A, a and C (D=0). Fitting With

●

four parameters A. B. C and王: glVeS better results than three

parameter fits with A,B, and C, but we used three parameter

fits since the difference between the two methods is less

than 8% and the fitting error is less than 10%. At higher

temperatures 七his method is expected to be much more

reliable. as the asy爪p七otic value in the Bethe limi七is

obtained.

In ℡able 工Ⅰエ. the fitting coefficients as de臼ned above are

given together with the excitation energy and accuracy･ When

eq.(5)
is used, the parame七ers王'. Q and Xl are also tabulated
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for E2R. =n such cases. the coefficients A, a. C, D, E are

for f2NR Only･ The recommended values of the rate

coefficients which are reproduced with the use of the 臼七

parameters' are sho仰n in the Graphs. When using the present

recommended data, one should note their validity range and

accuracy, both of which are shown in ℡able 工工 and 工Ⅰ工,

respectively. We have derived the analytical formulas of the

effective collision strength by a 臼tt土ng procedure over a

finite range of temperature for which the orlglnal data
● ●

exist. 工t 土s risky to simply extend ヒbe formulas outside of

their validity range. Extrapola七土on is permissible to some

extent, but its accuracy depends on the transition. Finally,

the accuracy in ℡able 工工工 should not be considered very

rlgOrOuS. Since it represents only an --educated guessりin
●

most cases.
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Table i

Data sources for effective col一ision strengths including resonance effects for

n=1
I

n=2 of C4+, o6+ and MglO+.

Authors Ref. Ions

No.

pradhan 23 C4+

(1981) 06+

steenman-clark 24 06+

(1984) MglO+

Kingston&Taya1 17 06+

(1983)

Tayal&Kingston 18 06+

(1984)

Tayal&Kingston 19

(1984)

Transitions Data

Reported

lls - 23s

23p

21s

21p

lls - 23s

- 23s

lls - 23s

- 23p

lls - 21s

21p

23s

23p

- 23s

- 23p

- 23s

- 23p

20 C4+ 11s - 21s

- 21p

★★

Y

R

Y

Y

Y

note: DM I Distorted wave, 5R-mat = 5 states R-matrix

+2(4) -

1(7)K
= 2×104 ～ 1×107K

-14-

Temperature Method

Range

2(4ト1(7)'K DU'

3(5)-5(6)K Dh(

7(5ト7(6)K

★★

1(4ト1(7)K 5R-mat ,

11R-mat

1(4ト5(6)K 5R-mat,

11R-mat

1(4ト1(7)K 5R-mat,

11R-mat

4(4)-4(6)K 5R-mat,

11R-mat



Table II

Evaluated data source and temperature (energy) range

Ref. No. Temperature(Energy)range Data

Reported

Teニ5(3ト5(4)K

Te=1(6) -3(6)K

X = 1.0 - 1.2

X = 2.0 - 5.0

X = 1.05 - 42.0

Te=4(4) - 4(6)K

Te
=6(6) -8(8)K

X = 1.0 - 30.0

-15-

i?, R

i?, R

Method

R-mat

E

E

E

R-mat

E



=glO+

ca18+

Ti20+

Ni26+

se32+

lls-23s

-23p

lls-21s

-21P

19

13

25

Te = 1(4) - 1(7)tK

X = 1.0 - 5.0

Te=6･9(5)
-

1･7(7)K

T
=2(6)-1.6(8)Ke

X = 1.2 - 7.0

Te
=4.3(6)

-

1.1(8)K

Te
=6･3(6)

- 5(8)K

X = 1.2 - 10.

Te ≡ 8.8(6) - 2.2(8)K

X = 1.2 - ll.7

-16-
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C..q+DNr

DUE



Mo40+

lls-23s 27 X = 1.2 - ll.4

28 Te - 5(7ト3(8)K

lls-23p ヽ 27 X ≡ 1.2- ll.4 DM

Note:

DW = Distorted Wave, CC = C一ose Coupling, R-mat ≡ R-matrix, E ≡ Evaluated

CB = Coulomb Born

y = Effective colljsion strength, i? = Collision strength,

R = Rate coefficient

一17-



Fi(7tJre CaF･tions

Fig. 1 The effective col一ision strength y as a function c･f electrcr; temperature

Te(K) by Aggarwal et al･6 and Be-･ngton et a17･ A solid line shows the

recommended data.

Fig'2 Comparison of the collision strength for Li+ lls + 23p･

A solid line indicates the recommended value.

Fio･ 3 Ccmparison of the collision strength for Li+ lls + 21F･
こ=

A solid line indicates the recommended value.

Fig. 4 The effective collision strength y by

of the e一ectron temperature Te(氏) for

Fig･ 5 The effectiveACOllision strength y by

of the e一ectron temperature Te(K) for

Fig. 6 The effective collision strength y by

of the e一ectron temperature Te(K) for

Fig. 7 The effective collision strength y by

of the e一ectron temperature Te(K) for

ll states

lls +23s

ll states

lls⇒ 23p

ll states

lls+21s

ll states

lls+21p

Fig. 8 Comparison of the excitation rate coefficients

with those by Steenman-Clark and Faucher24 and

-18-

P. -

matrix as a function

of C4+, o6+ and MglO+･

R -

matrix as a function

of C4+, o6+ and MglO+･

R -

matrix as a function

of C4+ and 06+.

R -

matrix as a function

of C4+ and 06+.

of Fe+24 by Pradhan30

Faucher and Dubau31.



He lls-21s

ト.

5.0

Log Te(K)

Fig.I
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u'( 1s21s-, 1s2p8p)

101

E:Lectron energy E/AE:

Fig.2
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Li+( 1821s-, 1s2plp)

101

Electron energy E/AE

Fig.3

ー21-

C:

｣=
■J

lコ)

⊂

Q)
｣
⊂=J

の

⊂ lo一l

.9∽
4-

●■■■■■■■■■Jl

l亡≡±≡コ

0
U

1 0-2



Eii

′

′

Te(K)

Fig.4

-22-

ii::I

ト､
iコ

i:コ

iこコ

c4+



■i=!

ii::ヨ

ii:::ヨ

iコ

ill

Te(K)

Fig.5

-23-



1s2 1s→1s2sls
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Fe24+ lls-23s
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Explanation of Table Ill

Tab一es III. Fit Paramaters for the Recommended Rate Coefficients

Fit parameters in
eq.(3) and eq.(5) are tabulated for each excitation process

and each ion specie. For instance} 1s2
1s

- 1s2s
ls

means the excitation from

the -over state ls2
1s

to the upper state of ls2s
l
s
.

AE

Accuracy

Excitation energy in (eV)

Estimated accuracy of the resulting rate coefficient.

1 for the error within about 20%

2 for about 50富

3 for about a factor of 2

A, B, C, D, E, Fit parameters

P, Q, XI Fit parameters for詑R and the upper energy of the resonance

region, when considered (eq.(5)).
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Explanation of Graphs

Gr･aphs. Excitation Rate Coefficients

Excitation rate coefficient (cm3 s-1) against electron temperature Te(ev)･

The initial and fir'al states are glVen at the top of each figure using the same

notation as in Table Ill together with the ion species. Calculated rate

coefficients are glVen for the whole temperature y.ange displayed. The validity

ranges of temperature are glVen in Table II for each transition.
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