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Experimental and theoretical data are reviewed on cross

sections of transitiわns between various neutral helium states.

Semi-empユ.rical or empirical formulas are fitted to these Cross
● ●

●

sections. Analytical expressions are 9ユVen for rate coefficients.

i.e.
, for excitation, de-excitation, ionization, three-body

recombina七土on and rad土a七ive recombina七ion.
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=NTRODUCT= ON

=n the study of plasma spectroscopy, knowledge of cross

sectionlS for transitions of atoms and ions by electron colli-

sions as well as of radiative transition probabilities is

essential requirement in order to
mike a- deta-i●1ed-anLalysi:s･ of･

ionization-recombinatidn of the plasma and of th占population

density distribution of excited species in it. Helium is of

particular interest from this poi虫t., since it is frequently

used in gas discharge plasmas including gas lasers, in fusion

research plasmas and so forth. ‡t is also important in astro-

physical plasmas. Therefore, it is of some value to compile

these basic quantities for heliⅧ in a form which is convenient

to be applied to these practical problems.

Radiative transition probabilities
(l･2)

between discrete

levels of helium are well established. However, cross section

data by electron collision, especially for excitation, were

n.ot suf.ficient until recent years, when such a large number of

experimental and theoretical data have accumula七ed 七bat one

a_an make a reliable estimate of many cross sections.

=n this report a brief review is made for cross sections

of excitation and ionization by electron collisions and of

photoionization for various neutral helium states･ These cross

sections are fitted by semi-empirical or empirical formulas,
■ ●

■■
●

and finally transition rate coefficients are given in analytical
■

forms fo.1r COlliding electrons with the Maxwellian velocity

distr土bu七土on.
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i. EXC=TAT=ON

i) Op七まcally allowed or d土pole 七ransi七土on

For the transitions from lls to nip states (pricipal

quan叫m number n ≧ 2) there a･re several experimental(3-12) and

theoretical data.
(13-15)

For transitions between excited

states several theoretical calculations are available
(13-20)

as well as a recent experiment.
(21)

Examples are shown in

★

Figs. i, 2 and 3.

* zn Fig.14 of ref.15 the curve for the quartet contribution

to 23s + 23p excitation is understood to be multiplied by 10.

This removes the inconsistency among refs. 13, 14 and 15.

For the excitation cross section from the state p to q the

● ■

semi-empirical formula is given in the fom

o'u'-

4(㌫'2
f,,q Tao2 y'u'･ 'l'

where U = E/xp,q is the kinetic energy of the colliding electron

in the threshold unit, fptq is the absorption oscillator

strength for the transition. R and a are the Rydberg constant
O

(13.6 eV) and the Bohr radius (0.529 A)∫ respectively. Various

expressions ▲for the shape factor Y(U) have been proposed by

seder-al auth･6rs. Here the one proposed by Johnson and Hinnov(22)

土s adopted:

y(u) I u-l[1
-

exp(-t(U+i))]且n(U+6),

- 3~-
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t =

β(fp,q a/xp,q)-Y･ (3)

I

℡he parameteri-岳 β. y and 6 are adjusted to give a best fit

of the expression (i)
- (3) to the existing data. Examples of

this fitting are shown in Figs. 1, 2 and 3. The set of values

of 6, y and 6 thus determined are tabulated in Table 1. For

other transitions than those given in the table, values of B,

●

y and 6 are glVen aS 0.5, 0.7
tTmd

0.2, respectively, as

☆

recommended in ref.22.

* =n ref.22 these parameters are adjusted so that the calcu-

1a七ed population dens土七y d土s七r土bu七ion for n ≧ 3 exci七ed

■

states gives the best fit to the measured one in the low-

pressure afterglow, resulting in the set of values, 0.5,

0.7 and 0.2 for a, y and 6, respectively, for all the

transitions. However, under this plasma condition the

calculated population density distribution is insensitive

to the magnitudes of the excitation and de-excitation r早te

coefficients for which xp,q >> kTe holds, (k is the Boltzmann

cons七ant and ℡ 七be elec七ron七emperature) i.e‥ for
e

transitiQnS Starting from Or ending toモhe lowest-lying

st串teS (n=1 and 2). Therefore, this set of values thus

determined applies only to the transitions between high-

lying states. =ndeed, it is seen in Table i that various

se七s of parameter values should be employed for the

七rans土七土ons from n
= 1 or 2.
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-曾he excitation rate coefficient

(co

c`p,q'= jvt:o(Ⅴ) v f(Ⅴ)dv (4)

is derived for electrons with a Maxwellian velocity distribu一

七土on, f(Ⅴ)∫ a上土emperature･ ℡e･工n
eq･(4) vth denotes七he

velocity corresponding to the threshold energy. =t is some-

times convenient to calculate the de-excitation rate co-

efficient F(q,p) first,I then C(p,q) is given by

c'p･q,

-一語;
F'q･p'e-u･ (5)

where g(p) is the statistical weight of the,state p and u =

xp,q/kTe･ Now the de-excitation rate coefficient is given as

F'q･p'-

K浩【u~l(An.'1･6'･exp{(l･6'u}卜Ei{-(1･6'u''I

- 【β(fp,q R/xp,q)-Y + u]-lexp卜2β(fp,q R/xp,q)-Y】

･ inn(l･6)･ exp【(1･6)(β(f,,q 氏/x,,q)~Y +
u)]

･ (-Ei=(1･6)‡β(f,,q R/x,,q)-Y.

u‡])i一′

K=4母2f,,q
2.19 × 10

/T-
a2呈空o

/m-
掘電

~10(｣L)2 /F f
kTe e P,q
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m is the electron mass and T i革-in the.,qrliモー-qfニヰeg軍eeS.貰.
e

The exponential integral is defined as

E土(-t)ニ
ー

のe~Ⅹ

-dx
.

t X
(8)

When the electron temperature is so low that the argumer!t t

in eq･(8) is large (≧ 10) ono･ may employ an asymptotic

formula
(2:u

tetト･.h卜t))巴
七2 + 4.0･364q七+ 1.15198

+ 5.03637七 + 4.19160

(9)

ii) Optica11y forbidden transition without a spin change

There are several experimental(3･5,9･10･2]･,24-33) and

theoretical(13-20,34′35) cross section dat且for the low-lying

states. Another semi-empirical formula(22) is employed.

o(u) =4(一旦_) B¶a2y(u) ,

xp′q
o

where 七be shape factor is

y(ロ) =ロー2(1
-

exp(一七U)‡叩-1+6)

t - i.6

βB-Y{(?'2
52i!'l-y

o
4R

and

(10)

(ll)

(12)

★ ★
●

■

Here r is given by ao np nq with the effective principal
O

quantumnnmbers of the states p and q, and BL is the scale factor

in the Born approximation, which is ta;ken as oine half of the

interpolated value(36･3,7)
to give tlhe hydrogenic approximation･ Tb
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adjustable lparameters β. Y and 6 are determined to. give a

reasonable fit of the cross section (10) to the existing data.

several -examples of the cross sections are shown in Figs. 4

and 5. For ail the transitions other than shown in Table 2,

モーbe parameter values are taken as 0.5, 0.7 and O･2 for β. y

and 61 reSPeCtively･ The de-excitation rate coefficient is

■

glVen by

F(q･p,

-･Ⅸ一浩結-a;t-
(i-"

x (-Ei(-u)eu -卜Eiト(t･u)‡exp(t･u)]
e~t)i･

(13)

K- - 2･19 ×

10~10(｣L)u′電BkTe

3
-1

Cm SeC . (14)

where

土ii) Excitat土on w土七b a spin change

Data are no七 suff土cient except for七he transitions from

the ground(3′5･9･11′12､′17･24′28･29′31-33,38′39) and between

the n
I 2 states.(13-15･17) The cross sections from the

ground state are approximated by a modified version of the

formula of ref.40 as

o(u)
-帥a三‡TU-9

･ Q(-U~5. u-3)i, (15)

wh早r早 T and Q are adjustable parameters. Examples of fitting

of eq･(15) to the existin9 data are shown in Figs･ 6 and 7,

and T and Q are given in Table 3. The de-excitation rate

7

co占fficient is glVen by
●
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ー
2

'(-Ei(-u)Jeuu(i-
i)]

u3 . u4 u与.･u6､

F(q,p) =K

fi
g(p) /^r4+'u-u(Q【
g(q)

ヽ■‥
6

,2

･T[;(l一芸.ui_30~言+ニ~~L+エ~~エ+与論)30 120 360 720

7
u

=

_5040
eu(-Ei(-u) )] ),

R･- ≡ 2.19 × 10-10 u2 /F
e

wbe re

3 -1
Cm SeC ′

(16)

(17)

For transitions between the n - 2 states 七here are

several calculations.
(13-15,17')

The following formula has been

found to 91Ven a reasonable fit to these data;
●

op'-

4Ta三Q'U#,･
(18,

where the scale factor Q is
adjusted.

An example is shown in

Fig.8, and Q.s determined are given in Table 4. The de-

excitation rate coeff土cient 土s

F(q,p) - K Q出払【u
-

u2eu(-Ei(-u))].
11

g(q)

(19)

2. =ON=ZAT=ON

Experimental cross section are available only for七ransi-

tions from the ground state(41) and 23s.(42,43) The follわwing

formula(40)土s fi上土ed七o七hese data;

(u'-如a三(芸'2滞kn'1･25βU'

- 8ー-
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where- xp is the ionrization potential of the state p, and U ≡

E/xp･ Here n and β are adjusted
to g.ive

la
reaSO-nable fit to

the existing data,阜nd these are shovn in Table 5. For other

畠tateS Tl and β are given values of 0.66 and i, respectively,

to give a hydrogenic approximation'(40) For the three-body

recombination, i.e.
, the inverse process of ioni2:ation, the

rat色 coefficient is calculated as

2b3
α(p'-

-¶a三';'2式監怯【志.
kn{1･･25β(1･i'}】

･w m
u

≡ 4.58 × 10-26(A)
Xp

2 g(p) TI

T有蓋【志･
Ln{l･25β(1･主'''

u

cm6sec-1, (21)

wher色h and u. are Plar).ckls constant and the partition function
l

of the ion (put equal to 2 except at very high temperature) ,

and u is
xp/kTe･ The ionization rate coefficient is given by

the relation

S(p) -

α(p)/Z(p)

Z(p) =

2Wi -2TrmkTe
)3/2eu.

cm3sec-1 ′ (22)

く23)

where

3. PHOTO=ON=ZAT=ON

For the ground(44) and the two metastable states(45) experi-

mental data are available. Serveral theoretical calcula-

t土ons(46-50) have been made f∝ the n
≡ 2 s七a七es. An example of

these data is shown in Fig.9 for 23s. For the n1,3p (n - 3, 4

- 9
-
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and 5) states an experiment has been made(51) by the method of

stepwise excitation and ionization with dye laser light, but

the cross･Psection data thus- obtained corresporld te) those_ -for

ioni2:ation of aligned excited atoms by polari2;ed pho･tons instead

of ordinary cross section for unpolar土zed pho七ons. For七be

case of hydrogenic ions, on the other hand, there are several

calculations of the photoionization cross sections(52) op(～) or

the Gaunt factor(53) G(v).

4 10

op(v)
=

26 TT-e-ym 1 1

ぎきG,(v)I3G ch6 n

(24)

where ㌔) is the frequency of the ionizing photons. =n the case

of helium this approximation should be valid for large azimu-

thal quanttm number且. The experimental cross section data(51)

for nl,3pt even though they are for九- lr are converted into

the cross sections for unpolarized photons by using the indi-

vidua1見
+ 且 + i and 丸 + 且 - i cross sections in ref.52.

comparison of this and the hydr｡genic cross sections

(n…
in

eq･(24) is replaced by

n,n;4)
is shown in Fig･10 and a good

agreement is seen especially for nip states･

Therefore, the hydrogenic Gaunt factor seems to be a

reasonable approx土ma七土on七o 七hese states and上s appl土ed七o all

the states except for lls and 21,3s states･ The Gaunt facto･r

is found to be approximated well by

with

log Gp(v) i- loggo +a(- to) +b(t -to)2 (25)

t -

log(%)･

- 10
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TheseLcoefficients are given in Table 6. =n Fig.10 this

appr+o丈imation glV,es a small deviation compared to the widths
●

of the lines. Tf'he radiative recombination coefficient is

=

given aS'

B(p) =Lg(p)

with

x-i+a+blogx e-u(x-i) dx

L=L
T5e10

3/亨m c3h3(

=8.15
× 10-7

m

2 Trk℡
e

1 1

n n★4
p p

★4
℡e3/2 npnp

3 -1
Cm SeC

′

(26)

(27)

and u
=

xp/kTe･ Unfortunately eq･(26) does not lead to an

analytical express土on･エns七eadl for the states lls and 21′3s

■

simple expressions are 91Ven COrreSpOndin9 tO七he approximate

cross sections (ov ∝

v-2) in Fig･9･

β(lls) - l･60 × 10-ll

g(lls)/ノ電
cm3sec~1,(28a)

β(2l･3s) - 5･45 × 10~13

g(2l･3s)/乍cm3sec~l･(28b)

4. DZSCUSS=ON

For the excitation cross sections from the ground state

the shape as well as the magnitude is well established for

high energy region (u ≧ 3) where the Born approximation is

- 11 -



valid･ (S.ee Fig昆･､1. 4, 6 and 7)･ Di甲greementS年mOng the

●

vario一斗S data are. typically 3･0% fo羊eXCitat主on to the singlet

states aFld a factor 2 fQr the主ptriT)let st早七es･
.,zHowever,

in
i

~
■■

the low-energy region near threshold substantial disagreement.s
●

exist, as is seen in Figs., 4 and 7 as examples, by a factor

of 2 for the singlet excitations and by an order in the case

of triplet excita七ions. For the transitions between the exc土七ed

states much less is known, and disagreements among the data are

more severe, especially between the recent experiment(21) and

the theoretical calculations. (See Figs. 3 ar)d 5). Fitting of

the analytical expressions (1), (10). (15) and (18) is based

primarily on the recent experimental data. The resulting cross

sections lie within a spread of the data as seen in Figs. 1
～

8.

For the transition of An > i between the high-lying states (n >

8) , where hydrogenic approximation should be approximately

valid, another semi-empirical formula(54) is available. Compari-

son of this and the sunof the cross sectionsr-(i) and (10) gives

agreements within a faLLtOr Of 2.

ェnstead of cross sect土on 土tself exci七a七ion rate coeffエー

cient
A data are available for several transitions from experi-

ment.(55-58) For the transition 23s ++ 21s the theoretical cross

sec七土on of refs. 13′ 14 and 15 reproduces七he exc比at土on(56) and

deexcitation(55) rate coefficients. Reference 57 gives experi-

mental estimates of the rate coefficients for the several dipole

tran･sitions: 21,3s." 21,3p and 3l,3s十+ 3l,3p. Excellent

agreements'are obtained between these values and the rate coeffi-

cient (5), givirig a confidence i-n eq.(1). For several

- 12 -



●

transitions between the n
-- 3 states ref.58 glVeS experimental

rate coefficients, but those for the dipole transitions

are smaller than eq.(5)
by one to two Orde上s of magnitude. The

orlgln Of this large discrepancy is not known.
● ●
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Table i. β, y, 6 i血eqs. ('1)･, (2) and (3)-.

E]

p

r

2lp 3lp

u

>4lp

lls 0.1.0.3.0.0 0.15,0.2,0.0 0.2.e.1.0.0

ヽ

21s 0.8.0.7′0.0 0.1.0.7.0.0 ■0.1,0.7.0.0

q

p

23p 33p >43p

23s 0.5′0¢2.0.0 0.ユ.0.1.0.1 0.i,JO.i,0.i

Table 2. B, y, 6 in eqs. (9), (10) and (ll).

.q
p

21s 31s >41s

lls 1.0.0.て′o.15 0.l√o.2′0.07 0.3.0.5.0.02

q
>31s >31D

p
l:コ

21s 0.3′0.7′0.2 0.3′0.7′0.2

q

p

>33s >33D
I-

23s 0.3.0.7′0.2 0.3,0.7′0.2
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Fig. 1 Excitation crosssection for 1 ls→ 2 1p. Experimenta一 data,･ -･- : Jobe, ref. 4.

o : MoustafaMoussa,ref. 5. ･ :van Eck,ref.6. + : Donaldson,ref. 8.

卓: Hall,ref.9. △: D‖on,ref. 10.卓:Chutjian,ref.ll. 0 :Joyez,ref. 12.

Theoretical data;I--･･ : Vriens, ref. 8.
-･･- : Burke, ref. 13 and Berrington,

ref. 14. -･･- : Oberoi, ref. 15. Semi-empirica一,･- : eq. (1).
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Fig. 2 Excitation cross section for 2 3s → 2
3
P. Theoretica一 data; -･- : Moiseivitch,

ref. 16. I---～-I : Vriens, ref. 18. -･･- : Burke, ref. 13andーBerr蔓ngton, ref. 14.

-･･- : Oberoi, ref. 15. -

: Flannery. ref. 19. -･- : F:lannery, ref. 20.

SemトempiricaI; - : eq. (1).
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Fig. 3 Excitation crosssection for2 3s→ 3 3P. Experimenta一 data; 香: Khakhaev.

ref. 21. Theoretical data; -･- : Moiseivich, ref. 16. -･･- : Ochkur, ref. 17.

--- : Vriens, ref. 18. - : FIannery, ref. 19. -･- : Flannery, ref. 20.

Semi-ernpirica),･ - : eq.川.
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Fig. 4 Excitation crosssection for 1 lsヰ2 1S. Experimental data,I -I- : Zapesochnyi.

ref.24. ･ : Vriens, ref. 28.至: Rice,ref.30. - : Brongersma.ref. 31.

手:Trajmar, ref.32.垂:
Halt, ref.9.

A : Ditlon,ref. 10. o :Joyez.ref. 12.

Theoretical data; --- : Bell, ref. 35. Vriens, ref. 18. ----: van den Boss, ref. 34.

-･･- : Burke. ref. 13 and Berrington. ref. 14. -･･- : Oberoいef. 15.

Semi-empir.tcaI; - : eq, (10).



Fig. 5 Excitationcrosssectionfor23s-, 3 3D. ExperimentaJ data,･ ≡: Khakhaev, ref. 21.

Theoretica=】ata; -･- : Moiseivitch. ref. 16. ----: Ochkur, ref. 17.

-- : Vriens. ref. 18.
-:円annery.ref.

19. -･- : Flannery. ref. 20.

Semi-empirica),I- : eq. (10).
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Fig･ 6 Excitation9rOSSSe.Ctionof 1 l蔓→2 3S. Experimental data; ･ : Vri-ens.ref. 28.
>-

- : Brongersma, ref. 31･卓: Hall,ref･9.章:Trajmar,ref.32. o :Joyez.i
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ref. 12. -･･- : Burke, ref. 13 and Berrington, ref. 14. -･･- : Oberoi,7ef. 15.

Semi-empiricaI; - : eq. (15).
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Fig. 7 Excitation crosssection for 1 ls→ 2 3p. Experimental data; -･- : Jobe, ref. 4.

垂:Hall, ref.9.壬: Trajmar,ref.32. i : chutJ'ian,ref. ll. o :Joyez,ref. 12.

Theoretical data; ---: Ochkur, ref. 17. Semi-empirica一; - : eq. (15.1.



Fig1 8 Excitationcrosssection of2
I

s→ 23p･ Theoretica[data,I -･･- : Burke, ref 13,

Berrington, ref. 14. -･･- : Oberoi, ref. 15. Semi･empirical; ･- : eq. (18).



ゝ -占ニーf阜---･■
-一ー■ ■-ー--､ユj

■
-

E=ニコ

rl

∈
U

ヽ-

⊂

.望●J
U
qJ

tI)

y)
[¶

0
[空

くJ

⊂

.9局

.e!⊂

.90
◆■

0
｣=
i

I

ゝ=_ .I_
I

T r. I

1

Photon frequency (see-I)

･

1016

Fig. 91=I
't

;Photbionization;cross岳ection fro巾2 3s. Experimentaトdata,･ ｡ :･Stebbihgs, ref. 45.

･7h紳輔由l三data;
--一-

: Norclro'ss, ref. 47. + : Be fr,ref. 49., o
I:
Jacobs, ref. 50.

Approximation; -･- :
q=9.3× 1012l)-2cm2.
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Fig. 10 Photoionization cross section from i)1
･3P-.in

= 2,.3.4 and 5). Experimenta一 data..

(sca壬edl;L卓(for-nlFP-,).and一章(for.n3p): Dun_ming, ref. 51.
,The9狩t蔓c司f

data

o (for2 1
p) and口(for23P): Jacobs, ref.~50. Hydrogenic ai)pFoxima-tions;

---(Torn lp) and- (forn3p): eq. (24).




