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I. INTRODUCTION

In connection with the detailed development work in progress in a

number of countries on designs of the tokamak reactor (OTR, INTOR, FER, NET) a

good deal of attention is being devoted to resolving the problem of impurity

flux control and removal of the helium produced from the burning of the D-T

plasma. Evaluations show that the impurity content in the plasma should be

such that Z = 1.5. For this purpose, it is necessary to use various

methods to prevent impurities from penetrating into the central part of the

plasma column. Currently under consideration are either various types of

divertors (poloidal and ergodic) or pump limiters. In any case, to shield the

plasma from impurity fluxes one has to generate a sufficiently cold and dense

boundary plasma layer. At present, for a number of reasons, the operation of

the divertor (single-null or double-null) in a regime with a dense and

relatively cold plasma (n = 10 to 10 cm , T = 5 to 100 eV) is

e e
considered the most attractive. The divertor is also necessary for pumping

20
helium. Evaluations show that about 10 particles per second have to be

pumped in order to maintain the relative helium content at a level not

exceeding 5%. To determine the actual velocity of the pumping devices, we

have to know as accurately as possible the concentration of neutral helium

near the pumping nozzles. This value is determined by the dynamics of helium

ions reaching the divertor and their interaction with the basic plasma ions

(deuterium and tritium), electrons and impurity ions. Thus, to solve these

two problems (determination of the shielding and pumping properties of the

divertor), we should know how to determine the characteristics of the divertor

plasma with a sufficiently high accuracy. It should be noted that for the

above-mentioned plasma parameters, in determining the ionization state of the

deuterium-tritium and helium plasmas in order to calculate the radiation

losses in such a plasma, we need to consider the complete collisional-

radiative model for determination of the level population of the hydrogen

atoms (henceforth we shall everywhere neglect the isotopic effects and the



word "hydrogen" will refer to both deuterium and tritium) and of the helium

atoms and ions, and that we cannot confine ourselves to considering the

limiting cases (local thermodynamic equilibrium or coronal equilibrium). It

is obvious that calculations by the collisional-radiative model require

reliable data on the probabilities of various radiative transitions and on the

collision cross- sections of electrons with hydrogen atoms and helium atoms

(ions) for different inelastic processes. One must also note that the same

data are also needed to solve a number of problems arising in low-temperature

plasma physics and a number of diagnostic problems in both laboratory and

astrophysical plasmas.

The analysis of data for electron collision cross-sections with helium

atoms, which were collected earlier during the solution of some astrophysical

problems, shows that the available information is very meagre and

fragmentary. Moreover, the cross-section values for the same processes at

identical energies given in different sources differ considerably and

sometimes by an order of magnitude so that the data should be evaluated with

sufficient care.

The situation is somewhat better with the data for the hydrogen atom,

in which case for an extensive range of processes the electron collision

cross-sections have been calculated in a large region of energies, in using

different approximations. Data on radiative transition probabilities can be

obtained with any degree of accuracy, and the problem reduces essentially to

representing the probability of radiative processes in a form sufficiently

convenient for carrying out extensive numerical calculations.

The purpose of the present work is to analyse as much as possible the

whole of the existing data on the helium atom, to calculate the required

cross-sections (and reaction rates) in a number of cases and to represent the

recommended cross-section (or reaction rate) values in a form convenient for

practical use in the numerical modelling of the behaviour of the helium plasma

in the region of relatively low electron temperatures (T = 3 to 100 eV).



In the case of hydrogen, we shall only give the results of comparison of the

cross-section calculations for a number of processes contained in different

studies and present the necessary data for the probabilities of radiative

processes. We should point out that for helium we shall mainly analyse data

obtained after 1978 since those published before 1978 are analysed in

Ref. [1]. We must stress, in particular, that in the temperature region of

interest to us the experimental data are very scanty.

II. KINETIC MODEL

In the collisional-radiative model developed in Ref. [2] and used later

by a number of authors (see discussion in Ref. 13]) the change in the level

population N(n) of the hydrogen atom with the principal quantum number n is

described by the coupled equations of the form:

- - N(n) [neKnc • n, £ K n m • £ A(n, q)] * ne £ N(q)Kqn +

+ Z N(q|A(q.nH-N<HV,a|;>+N(H-) n,aj>j , (1)
q > n

where K is the ionization rate of state n, K is the rate of the
nc qn

collisional transition q -> n, A(q,n) is the probability of radiative

transition q -> n, N(H ) is the proton density, a . is the coefficient of

(2)
three-body recombination into level n, and a. . is the coefficient of

radiative recombination into level n. In the quasi-stationary approximation,

which can be applied satisfactorily under the conditions considered (for more

details see, for example Ref. [3]) all N(n) = 0 except the level with n = 1

(ground state). Then, as is well known, the rate of change in the population

of the first level is described by the equation:

dN(1)
,ff,n) tf,(). (2)

dt

where S f f is the effective ionization rate, which depends on the

temperature T and electron density n (it is determined in a complex
e e

manner by the collisional and radiative transition probabilities) and a



is the effective recombination coefficient, which depends also on T and
e

n . Thus, by solving system (1) (using the condition N(n) = 0 for n * 1) we

can determine S ,.,, a , and the populations of all excited states, i.e.
err erf

all the characteristics needed to calculate, for example, the radiation

losses. In order to solve this sytem, we have obviously to know the values of

K , K , A(q,n), a. . and a. .. The rates of the direct and inverse
nc nq (n) (n)

processes are connected with each other by the Klein-Rosseland relations so

that we only need information on the rates of the corresponding direct

processes (we assume that the electron distribution function is Maxwellian).

The cross-sections for the direct and inverse processes are connected with

each other by relations resulting from the detailed balance principle.

To calculate the level populations of the helium atom, we can use

virtually the same system of equations (1). The difference from the hydrogen

case is that the dielectronic recombination rate has to be added to

(2)
coefficient o. .. and that the numbering of levels for the helium atom

does not coincide with the principal quantum number of the level. This is due

to the fact that, in the case of helium, there is no accidental Coulomb

degeneracy (i.e. the energy depends on n and on L, the orbital quantum

number). However, the hydrogen approximation is applicable to the states of

the helium atom with sufficiently large n since levels with the same n but

different L have practically coinciding values of energy. The analysis of the

energy spectrum structure (for details, see below) shows that for n >_ 5 the

hydrogen-like approximation is valid. Therefore, in the case of a helium

plasma, the data on the cross-sections of different collisional transitions

for levels with n = 1 to 4 are of interest.



III. DATA BASE

1. STRUCTURE OF THE SPECTRA

For the sake of a complete description and convenience of use, we

briefly review the systematics of the energy levels of the hydrogen and helium

atoms.

The value of the level energy of the hydrogen atom with a principal

quantum number n is determined, as is well known, by the expression:

Under the conditions considered by us it can be assumed that the

population of the sub-level nS. is determined by the statistical weight of

this sub-level, i.e. by:

2/ + 1.

N(n/1 r-N(n). (4)
n

For the hydrogen atom the probability of radiative transition between

levels with principal quantum numbers n, n' (n is the upper state) can be

determined from the relation:

A(n, n'>-8,014-109( — - - — )* 1n- — Is"1]. «5)

where f . is the oscillator strength during absorption and g is the
n n n

statistical weight of the level with principal quantum number n. The values

of f , for a number of transitions can be found, for example, in
n n

Refs [4, 5]. In Ref. [6] the following approximation is suggested for f , :

here 1 (nn')1

-1/n2) (n'-n'7)

', x) - v»0 (n') + <Pi (n')/

1.133. n'» 1,

1,0785. n'-2. <8'

0,9835 + 0,2328/n' - 0.1296/(n')2. n > 3,



-0,4059, n'» 1,

-0,2319, n'=>2, (9)

-(0,6282 - 0,5598/n' + 0,5299/(n')1 )/n', n' > 3,

0,07014, n'« 1,

[(n-)=J 0.02947, „'- 2. HO)

(0.3887- 1,181/n'+ 1,47/(n'):)/n', n ' > 3 .

Unlike the hydrogen atom, the helium atom has two term systems -

singlet (corresponding to the case S = 0, S being the total spin of the system

of two electrons) and triplet (corresponding to the case S = 1). Moreover, in

contrast to the hydrogen atom, the energies of levels with identical principal

quantum number n but with different L are different. A partial term diagram

of the helium atom is given in Fig. 1. It can be seen that the dependence of

the term energy on L is substantial only for states with n < 5. Therefore,

levels with n >. 5 can be regarded virtually as hydrogen-like. For this

reason, in analysing the data on the cross-sections for transitions between

different levels of the helium atom we shall henceforth confine ourselves to

considering the transitions between levels with n = 1 to A for both the

singlet and the triplet term system. It is convenient to analyse the helium

data separately for the allowed transitions (LI = +1), forbidden transitions

(A8. / +1, AS = 0) and intercombination transitions (AS ? 0). We first

consider in greater detail the data for the helium atom and then compare the

results of some calculations for the hydrogen atom.

2. ANALYSIS OF COLLISION CROSS-SECTION DATA FOR THE HELIUM ATOM

2.1. Allowed transitions

In this work we consider only the single-electron excited states,

i.e. states of type lsnl, so that obviously L = 8, (L now is the total

orbital moment of the atom). In the LS-coupling scheme valid for the helium

atom, dipole transitions are allowed in accordance with the following

selection rules: AS = 0, AL = 0, +1; L + L' >. 1 (L, L' are the orbital

moments of states between which the transition occurs). Table 1 gives the

values of transition energy, eV, oscillator strength during absorption and

8
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Fig. 1. Partial term diagram of the helium atop

Table 1

Transition

2'P- 1'S,
3'P- 1'S,
4 'P - I 'S ,
2'P-2'S
3'P-2'S
4'P-2'S
3'S-2'P
4'S-2'P
3 '0 -2 'P
4'D-2 'P
4 '0 -3 'P
4'S- 3'P
2'P-2'S
3'P-2'S
4'P-2'S
3'S-2'P
3 '0 -2 'P
4 '0 -2 'P
4'S- 3'P
4'P-3'S
4 J D- 3'P
4*S-2*P

4E,eV

20,5
22,3
2258

0,6
2,4
3,07
1.6
2.4

1.8
2.4
0.63
057
15
3.07
3.75
1,7
2.07
2,72
0.57
058
0,7
255

fabs <51

0576
0.073
0,03
0,37
0,15
0,05
0,04
0,008
0,711
0,12
0,647
0.103
0,54
0.06
0.02
0,07
0,6
0,125
0,145
0,04
0.48
0,01

A, 10* S - ' [51

1759
5,66
2.46
0,02
0,13
0.07
0,19
0,06
0,64

05
0,07
0.046
0,1
0,1
0.05
058
0,7
055
0,06
0.006
0.067
0,1

f_L_ f'ATOM
aus \

0,310
0.09
0,034

0,34
0,16
0,05
0,04
0,008
0.69
0,12
0/515
0.094
054
0,063
0,025
0,06
0,67
0,122
0,145
0.05
0.48
0,0098

radiative transition probability A, s , in the group of levels with n = 1

to A. The table contains the values of f taken from Ref. [5] and those

calculated by the "Atom" program described in detail in Ref. [7].



The data on the electron-impact excitation cross-sections for allowed

transitions are given in Refs [8-21]. References [8-10, 21] contain

experimental data and the remaining references give the results of calculation

using different approximations. The studies referred to were carried out

mainly by the usual methods of cross-section calculation. Thus, the R-matrix

method is used in Refs [12, 19]; in Ref. [12], account is taken of the pseudo-

states, which, in the opinion of its authors, lead to better values of

polarizability than those in Ref. [11]. In Refs [13, 14] the method of

distorted waves is used in the 30-200 eV region. In Ref. [14] it is shown

that the existing differences between calculation results and experimental

data can be reduced substantially if the contribution of the pseudostates is

taken into account. Moreover, in Ref. [14] the calculation uses five

different approximations for the wave functions (with and without allowance

for exchange). It should be pointed out, however, that different methods are

used for calculations of some, to a certain extent arbitrarily chosen,

transitions in a very limited energy (temperature) region. Thus, in Ref. [20]

data are given for 10 transitions in the region of T = 0.08 to 4.3 eV,

whereas information is needed for hundreds of transitions in the

T = 3-100 eV region. It is therefore necessary to calculate the cross-

sections systematically. In the present study the electron-impact excitation

cross-sections were calculated in the Born approximation with allowance for

exchange and with normalization of the cross-sections by the K-matrix method.

The normalization was performed to one eigenchannel [22]. Exchange was taken

into account in most cases by the method of orthogonalized functions (for

details, see Ref. [7]). It should be noted that in the case of transitions

from the ground state of the helium atom the substractive procedure of

orthogonalization becomes inefficient since each term is greater than the

difference by an order of magnitude. In this case, a more stable method,

suggested in Ref. [23], was used (see also Ref. [7]). Normalization with the

help of the K-matrix cannot be used for the Ochkur method; however, for

10



transitions from the ground state the effect of normalization is small. The

cross-sections were calculated numerically by the "Atom" program developed at

the Physics Institute of the USSR Academy of Sciences (FIAN) (for a detailed

description of this program, see Ref. [7]). After the numerical calculation,

the cross-sections a and excitation rates <vo> were approximated (using

the method of least squares) by analytical functions with two parameters:

C and <p (for c) and A and x (for <vo>)*.

In the cross-section calculation we used the single-electron

semi-empirical atomic functions, which are solutions of the Schrodinger

single-electron equation with experimental energy level values and a scale

factor in the potential. The same functions were utilized to calculate the

oscillator strengths for absorption, which are given in Table 1. It can be

seen that the chosen form of wave functions is quite adequate since the

calculated oscillator strength values are sufficiently close both to

experimental data and to the results obtained by more complex models.

It is obvious that a sufficiently correct calculation of the excitation

cross-sections requires complex and laborious calculations with a computer.

It is natural therefore to seek a simple calculation method that w'ould give an

acceptable accuracy in a number of cases. The semi-empirical formula proposed

by Van Regemorter [24] is used widely at present. In the case of cross-

section a and excitation rate <vo> for transition 0 -* 1 we have,

according to Ref. [24], the following expressions:

AE u +1

<yo)0l -3.2- «r
Tf0,(—)

s/*0l/2e"*P«n l-£=H. <t2)

AE s

Here f is the oscillator strength for absorption, AE is the transition

energy, u E £/AE - 1, £ is the incident electron energy and (J = AE/T. The

values of function y(u) can be found, for example, in Ref. [7]. For u » 1

[*] It should be pointed out here that the "Atom" program can be used to
calculate the cross-sections for both allowed and forbidden and for
intercombination transitions.

11



we have: y(u) » 0.27 ln(l + u). Function P((3) for P « 1 has the following

asymptotic form: P(3) ̂  -/3/2irEi(-P). The results of tabulation of P((B)

for some values of 3 are given in Table 2 [24].

Table 2

0.01
0.02
0.04
0,1
0.2
0,4
1
2
4

10
> 10

P«J)

1.16
0556
0.758
0,493
0.331
0.209
0.1
0,063
0.04
0,023
0.066 r"z

In Ref. [7] the excitation cross-sections are represented in the

following form:

oOI »»ra5(—>
2(—)3'2 *(u). 113)

DE Eo 27O + 1

Here a is the Bohr radius, DE the scale factor (the most frequently used
o

2
values are DE = fiE and DE = 2 Ry; for neutral atoms Z = 1), E , E are

the energies of the lower (o) and upper (1) level, respectively, reckoned from

the ionization limit, 8. the electron orbital moment in the initial state,
o

Q the so-called angular factor and u = £/DE - 1. In the present study we use

the value of DE = 2Ry. Function $(u) has different forms for calculation of

the contribution due to the direct and mixed part to the cross-section and for

calculation of the contribution due to the exchange part. For function

$'(u) (direct and mixed part) we have:

-\/u/{u+a\ • (14)
u +<p

For •*'(u) (exchange part) we have:

where o = AE/DE.

12



Consequently, the excitation rates are written in the form:

" Q - cm 3

Here (B E DE/T, 3 = AE/T = (5AE/DE.

tfB( «
0 + X

U+X

The so-called angular factor Q for transitions with AS = 0 is equal to one

except for excitation from the ground state, where Q = 2. For transitions

with AS = 1 Q = (2S + l)/4, where S is the spin of the final state.

For intercombination transitions with excitation from the ground state Q = 3/2.

It is obviously of interest to compare the results of calculations by

the semi-empirical formula of Van Regemorter, by the Coulomb-Born

approximation, and also with the available experimental data. A detailed

experimental study of the cross-sections for some transitions in the helium

atom is contained in Ref. [21]. Table 3 gives the results of Ref. [21] and

the results of calculations of <vo> in the Coulomb-Born approximation for

T = 3 eV (in units of 10~5 cm3/s) [21].

e

From the data in Table 3 it can be seen that inclusion of normalization

in the Coulomb-Bom approximation (which obviously, in the case of the neutral

atom, coincides simply with the Born approximation) considerably improves the

degree of agreement between the experimental and theoretical results. It is

also seen that there is satisfactory agreement between the results of

calculation by the single-parameter formula of Van Regemorter (12) and those

by the two-parameter formula (16).

We now systematically compare the available data for a number of

transitions, including our own calculations (present study).
1. 11S - 21P transition [4, 7, 12-14, 17, 18, 22, 24]. (In the

o
2

subsequent tables the values of a are given in cm .)

13



Table 3

Transition <«"exp <vo> 121!
CB.)

<vo) [211
with.normal-
ization

by fomula
(12)

3»S-3'P
3'S- 3'P
2'S-2'P
2'J-2'P

1,4 ± 0,3
2,4 ±0,5
0.1 ± 0,02
0,2 ± 0,03

2,3
3.6
0,18
0,38

CB - Coulomb-Born approximation

1.3
2,4
0,11
0,25

1-2
2,3
0,08
0,15

Table 3A

e. eV 18!
exp [ill (141 [18! Present

study

124!

40 7,7.10-" 7.6.1O-" - S S . K T " 10.7.10-" 9.6.10~"
102 1,0.10"" 1,4.10"" 1-36.10"" 8J0.10-" 8,5.10"'', 75.10-"

Table 3B

e.eV

20
15.3

Table

c.eV

40
50

I9I exp

6.10-' T

3C

181 exp

1.57.10-"
2.1(T"

[151

4.10" "
2.6.10- "

[131

7.10-"

(181

75.10""

(141

5J.1CT"

Present

study

93.10-'T

3£.1(T"

Present

study

4.4.10-"
4,7.10""

[24!

1,17.10""

(24|

3.1CT "
4.10-"

Table

«. eV

50

3D

110J

3,37.

exp

1 0 " "

(24!

1,38.10"1 7

From the data given in the table, it can be seen that the theoretical

results agree satisfactorily with each other and with the experimental data,

except the result of Ref. [11] for £ = 40 eV, which differs from the

remaining results by a factor of about 8-10.

2. 23S - 33P transition [9, 15, 18, 24].

3. 23S - 23P transition [12, 15, 17, 18, 24).

4. 23S - 43P transition [15, 18, 24].

5. 11S -
o

transition [8, 14, 18, 22, 24].

14



6. l1So - 4
1p transition [18, 22, 24].

7. 21S - 21? transition [1, 12, 14, 17, 18, 21, 24].

8. 21S - 3XP transition [15, 18, 21, 24].

9. 21S - 4*P transition [15, 18, 24].

10. 21P - 31S transition [10, 24].

It can be seen that for the 2 P - 3 S transition there is a huge

discrepancy (a factor of ~40) between experimental data and the results of

calculations by the Van Regemorter formula. Since there are no grounds at

present to doubt that the Van Regemorter formula satisfactorily describes the

cross-sections (with an accuracy of ~2-3), the result given in Ref. [10]

appears to be erroneous.

2 . 2 Forbidden and intercombination transitions

The data for the forbidden and intercombination transitions are

contained in the following sources:

(a) Transitions from the ground state in Refs [1, 9, 11, 15, 17-20,

25-31, 32];

(b) Transitions between excited states in Refs [1, 9, 12, 14, 17, 18,

31, 33-35].

The experimental data are given in Refs [9, 25, 29, 34], while the

remaining studies contain the results of calculations using various

approximations (Coulomb-Born approximation, the R-matrix method and the

distorted wave method). Thus, a modification of the distorted wave method was

used in Ref. [26] to calculate the cross-sections in the 25 < £. < 150 eV

region. The results of calculation of cross-sections for a number of

transitions in the 21.4 < E £ 30 eV and 80 < £ < 200 eV regions by the

R-matrix formalism are given in Refs [11, 12, 28]. In Refs [13, 14, 27] the

cross-section calculations were performed by the distorted wave method in the

30-300 eV region. It should be noted that this method is most successful in

the calculation of the excitation cross-section for level 2 S. The analysis

15



carried out in Ref. [14] shows that in the case of the excitation cross-

section for level 2 S the difference between the theoretical and

experimental data in the 50-200 eV region can be reduced if the contribution

of the pseudostates is taken into account. The diagram formalism of the

many-body theory was used in Ref. [30] to calculate the excitation cross-

sections for triplet levels in the 30-250 eV region. In Ref. [32] the

excitation cross-section for 3 D was calculated with the use of the

Oppenheimer approximation. According to the opinion expressed in Ref. [29],

this approximation ensures better agreement with experimental data than the

approximation used in Ref. [16). In Ref. [15] the excitation cross-section

was calculated in the Born approximation and with the use of the Vainshtein-

Presnyakov-Sobelman approximation (see, for example, Ref. [22]). In Ref. [33]

the Glauber approximation was used and some results of other authors were

compared.

We now compare the existing data for the transitions of interest.

A. Transition£ from_the_ground state

1. 11S - 21S transition [1, 11, 12, 14, 17, 18, 20, 25-27].
o

It should be noted that the data given in the different studies differ

from each other (this applies to both experimental and theoretical results).

— 1.8 2
Thus, for £ = 29.6 eV, according to Ref. [25], a = 6 x 10 cm , but

-18 2
according to Ref. [11], a = 2.2 x 10 cm . Since the available experimental

data are very scarce (there are data only for two values of incident electron

energy in Ref. [11] and for three values in Ref. [25]), we have to rely on the

calculations, which agree with each other and with the available experimental

data.

Table 4 gives such "averaged" cross-sections for several values of

£, eV. For comparison, we give the results of calculations by the "Atom"

—1 ft ? — 1 8 2
program: cr(£ = 30) = 7.3 x 10 cm , o(52) = 5 x 10~ cm ,

-18 2
o(100) = 2.4 x 10 cm .

16



Table 4 Table 5

e.tf

22
25
30
39
52
60
80
100

( 7 , 1 0 - " c m 1

1.2
2.6
Si
5.2
4.4
2.6
2.1
1.8

T.

0.43
0.65
036

1.72
2.6
4.3

< vc> .cur's "

calc . by "Atoi11 progran

3.8.10-"
B3.10-1*
1.4.KT1*
7.8.10-"
1.7.1(T"

[201

6,4.10-»*
6,3.10-"
13.10-1*
1.74.10-"
8^-10-"
1.7.10-"

Table 5 presents the calculation results for <vo> by the "Atom"

program obtained in Ref [20]. It can be seen that the strong coupling method

gives approximately the same results as the Born approximation, when the

exchange effects are included and the normalization is performed.

2. 1 S - 3 S transition [1, 14, 22, 21).

o
There are no experimental data for this transition. The calculation

results given in Refs [14, 27] differ from each other by a factor of about 2-3

—18 2
(thus for £ = 50 eV, according to Ref. [14], we have a = 0.84 x 10 cm ,

—18 2
whereas, according to Ref. [23], a = 0.298 x 10 cm ).

3. I S - 41S transition [1, 22].
o

4. l1So - 2
3S transition [1, 12, 14, 17, 20, 22, 25, 27-29, 31].

The experimental data for £ = 29.6 eV and 40.1 eV are given in

Ref. [25] and those for £ = 20 eV in Ref [29]. The remaining studies contain

the results of calculations using different approximations. Table 6 compares

the results given in the various sources.

Table 6

e.eV
a, na\

[251exp 1291 e x p [12] (13) 1171 [28 J [30] [311 exp

20 - 7,2.10"' 9,9.10"' - 3.10-1 4,8.10-' - 2,8.10-'
30 8,0.10"' - 5,6.10"' 33-10- ' 15.10"' 4JB.10"'
40 - - - 1JB.10"1 0J3.10-1 - 2,2.10-' 2,3.10"'
60 - - 4,6.10-' - - 6.4.10-*
80 - - 3,1.10"' 2 .10" 5,3.10"' 3,8.10"' -

100 - - 2,3.10"' 22.10"' - 2.3.10"' 2,2.10"'

17



The values of a and <vo> are given in Ref. [18] and they agree to a

satisfactory degree with the experimental data at low energies. Thus, for

-2 2
£ = 20 eV, according to Ref. [18], a = 2.8 x 10 ira and, according to

Ref. [31] , a = 2.8 x 10~2ira2.
' exp o

5. 11S - 33S transition [18, 22].
o

The results of calculation of <vo> given in Ref. [18] differ from the

values obtained by the "Atom" program in the low-temperature region

(T < 40 eV) by a factor of about 1.5. In the high-temperature region the

decrease in a and <vo>, according to Ref. [18], occurs much more slowly

than that according to Ref. [22].

6. 11S - 43S transition [18, 22].

The comments on the preceding transition apply equally to this

transition.

7. 11S - 23P transition [1, 12, 17-19, 22, 28].
o

Since there are no experimental data, we confine ourselves to comparing

the results of the various calculations (Table 7).

Table 7

28,6
30
30
32,4
40
40
40
80
80
80
81,6
82.5

100
100
100

Source

129!
(181

(11
(17!

(11
M7I
(181

(11
(17!
(181
[281

(121
HI
(12)
(281

63.10- '
25.10"'
2.8.10"'
1,76.10"
1.76.10"1

1.38.10-'
3.4.10-'
25.10"1

2.8.10"'
25.10"'
10"'
3.8.10-»
1,710"'
1JB.10-*
3.7.10-'

The results of calculation, for example, for T = 40 eV by the "Atom'

program show good agreement with the results of Ref. [18]. The following

empirical formula for o is given in Ref. [1]:

18



—j r ) . (19)
X X

where x = £ /AE.

The comparison of the values of <vc> obtained by formula (19) and

those by the "Atom" program shows sufficiently good agreement.

8. 11S - 3 P transition [18, 22].

o

The results of Ref. [18] and those obtained by the "Atom" program agree

satisfactorily with each other. Thus, for T = 40 eV, according Ref. [18],

we have <vo> = 1.7 x 10 cm /s, while the "Atom" program gives

<vo> = 1.8 x 10 cm /s; for T = 100 eV we have, respectively,

9 x 10" 1 1 cm3/s and 9.7 x lO"11 cm3/s.

9. 11S - 43P transition [22].

o
10. 11S - 33D transition [31].

o
11. 11S - 43D transition [22].

o

B. Trans_it>on£ between excited spates

1. 21S - 31S transition [1, 15, 17].

The cross-section calculation results given in Refs [15, 17] differ by

a factor of 2-3. Unfortunately, the formula given in Ref. [1] contains

undetermined parameters so that it cannot be used directly.

2. 2XS - 3 D transition [1, 15, 17].

3. 21S - 23S transition [1, 12, 17, 18].

It should be pointed out that the results of all calculations

(experimental data do not exist) agree well with each other in the low-energy

region, but in the region of fairly high energies (~100 eV) there is a very

strong discrepancy (by a factor of up to 10-100) between the results of

Ref. [18], obtained on the basis of the semi-empirical formula proposed in

Ref. [1], and those of our calculations by the "Atom" program. Figure 2 shows

the dependences of <vo> on T , which were calculated by the two methods.

e

As to this discrepancy, we should point out the following. The cross-sections

for intercombination transitions with AS = 1 should decrease asymptotically,
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2JS-2'S

10

10
10"' 10" 10' 101 10J 104

T.«V

Fig. 2. Dependence of the excitation

rate for the 21S-2^S transition on

Te: 1 - [18]; 2 - present study.

_3
for large £ , as £ . In the cross-sections calculated by us this

behaviour takes place automatically. The reason for the discrepancy with

Ref. [18] is not at all clear at present and, therefore, the latter's data for

this transition are doubtful. Some slowing down of the decrease in the

cross-section for moderate energies could indeed be produced by effects of a

3 3
strong coupling with the 2 L - 2 L*' channel. But at high energies the

3
law a ~ 1/ £ should be preserved. At present, detailed calculations of

this effect are not known to us.

4. 21S - 23P transition [1, 12, 17-19].

The comments made on the preceding transition are also valid for this

transition.

5. 23S - 21? transition [12, 17-19].

The calculation results of Ref. [17] show good agreement with the data

of Ref. [18] for low temperatures.

6. 21P - 2 P transition [12, 17-19J.

It should be pointed out that the results of Refs [12, 17] for

£ = 100 eV differ by an order from those of Ref. [18] but are close to each

3
other. Table 8 compares the values of <vo>, cm /s, taken from Ref. [19]

and those obtained by the "Atom" program.
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Table B

Transit ion

2 ' P - 2 ' P

Calculat io

•ethod

119)
"ATOM"

0,086

3.3.10-'
2,7.10"'

0

1,3
10"

17

to.-'
i

0,43

2,7.10-'
1,9.10-'

T,

0.65

3,11.10"
1J96.10"

eV

i

i

3
1

0,86

,15 10"'
,89.10-'

1

2,8
1,5

.72

.10-'
10-'

2.6

2,610"'
158.10-'

4.3

19,5.10-'
SB 1 0 "

7. 2 S - 3 S transition [15-28].

Comparison of the calculation results (experimental data are lacking)

shows that calculations by the "Atom" program give values differing by a

factor of 2-3 from those presented in Refs [15, 28].

8. 23S - 33D transition [1, 9, 15].

Comparison of experimental data [9] with calculation results [1, 15]

shows that for £ = 10 eV calculation gives cross-section values lower by a

factor of 3-4 than the experimental data but for £ = 20 eV the results exhibit

sufficiently good agreement.

9. 23S - 43D transition [8, 9].

The results of calculation by the "Atom" program agree satisfactorily

with experimental data [9] in the £ = 3-20 eV region. Thus, for £ = 20 eV,

-17 2
according to Ref. [9], we have a = 2.3 x 10 cm , while our

-17 2

calculation gives a = 2.2 x 10 cm .

10. 2 S - 31? transition [9, 34].

The results of experiment [9] and calculation [34] show satisfactory
-17 2

agreement with each other. Thus for £ = 10 eV a = 1 0 cm and
exp

-17 2
a,. = 1.8 x 10 cm . The calculation results of Ref. [34] are
theor

presented in Table 9.

11. A1? - 43D transition [33].

The experimental data for = 4.65 eV are contained in Ref. [33].

12. 23S - 31D transition [34].

13. 23S - 4XS transition [34].

14. 2 S - 4 P transition [34].
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Table 9 Table 10

e. eV

4

5
6
8

10

15
20
30
40

50
100

a. nal

2.1

1.5
054
0,41

0.21
0.063
0.027
8.10-'
3.10-'
1.7.10-1

10- '

- eV

3
4

5
6

8

10

15

20
30
40

50

70
100

2 ' S - 3'D

32
2
1 2
0,52
0 ^ 6

0,078
0.033
0,0097
42.10"'
2,1.10"'
7,7.10-*
2,6.10"*

2 ' S - 4 ' S

-

0,15
0.14
0,11
0.083
0.039
0.021
7,6.10-'
3.6.10"'
15.10-*
7,6.10'*
3,7.10'*

Transition

2 ' S - 4 ' P 2 ' 5 - 4 ' D

026 0.62
0.46 0,77
0.32 0.5
0,15 022
0,076 0,1 1
0.023 0,034
9,6.10-' 0,014
2 S . 1 0 " 42.10"'
12-10"' 1JB.10"'
62.10"* 9.1.10"*
2,3.10"* 3,3.10**
7JB.10"' 1.1.10"*

2 ' S - 3 ' S

0,44

32
1.9

12
0,52
0.28
0,092
0.043
0,014

6.5.10"'
35.10"'
1,3.10"'
4,7.10"*

15. 23S - 41D transition [34].

16. 2 S - 31S transition [34].

2
Table 10 gives the values of a, ira , calculated in Ref. [34]

for some values of incident electron energy.

2.3 Recommended excitation rates

Thus, from the foregoing discussions of available data on the

electron-impact excitation cross-sections for the various levels of He, it can

be concluded that the results of calculations by the "Atom" program are in

sufficiently good agreement with the existing experimental data. In cases

where experimental data are lacking there is quite reasonable agreement (to

within a factor of 1.5-2) between the results of calculations by the "Atom"

code and those by the strong coupling method (taking into account various

numbers of states). This code was used, therefore, to calculate the

cross-sections and to determine parameters A and x entering into forumlae

(17) and (18). These parameters are given in Table 11. We give some

explanations about this table. The first column gives the transition

(IS - 2P, 2P - 3D and so on) and the second column the multiplicity of the

initial and final states. The third column contains the value of k = |8.o - 8̂ 1

The fourth and fifth columns give the energies of the initial and final states
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Table 11 Approximation parameters

TR S S J K SO £1 A/X

1 S 2 S
IS -??
I3 -3D

1S-3D
i n ^ P

1111
1S-3S

l ? J
11 1

I S t 1
IS- ' iS 1

2P-3D

2P-5P
IP-JS
2P-3S

no
2P-00
2P-0D

Ji
33

Ml
3p-qP

2P-1S

Irs
HUP w i
15:18 II 8
2S-3D 13 2
S 3 « 11 i
tf:tf II I
2S-3P 31 1
2S-3P 33 1
2S-JS 13 0
2S-JS 19 P

?s-un
2S-'in
?S-'JO
2S-an
2 S - U F

3!
33
ii

2S0F 13 3
?*-HF JJ }
?S-'ic II 1
?a-up n i

?5-UP 31 1

11:25 U [o
S H 5

1.P07?
1.8072
1.807"
1.607.
1.8072

1.S072
1.P072

1.8072

l.flO72

0 . 1 1 1 3
0 . 1 1 1 3

l :H?i
1 . 8 0 7 J
1 . P 0 7 ,

0.1290

0.0626
8lO625
0.0625
0.0626

0.0606
0.069B

0-.2S06 0 .1112

0.2663
0.2506

0.2663
0.2663
0.250ft
0.'2S06
0.2663

0.2663
0.2506
0.25O6
0 2 6 6 3

3
0.2663
0.2663

8 i i8S
kilt)
0.2506

0.1162
0.1370

0.12J5

0.0626
0.0626
0.0626

0.0626
0.0625
0.0625
0.0625
0.062S

0.0626
0,06«7
0.0672

0.2663 0.0730
0.29t9 0.2506
0.2919 0.2663

0.3505 0.2506
0.3505 0.2663

l:\W 8:f!l!
0 . 2 " t 9 0 . 1 1 1 3

8:?:

: g :HfW?:¥I
.23E-10 3.96E+00/1.00

J.23E-1O J.53E+00/O.05
0.51E-02 0.07E-01/0.23

O.53E-0
0 . 0 9 E - 0

3.19F-01-/2.09
1.OTEtOI/0.06

8.76E-10 2.56E+00/0.02

.32E-02 5.07E-01/0.22
" c - 0 2 O.35E-01/2.11

a.xae-oJ/0.38
o.aiE-0J/2.}3
l.ol£»0l/0.06

i.ooE»ot/t.et
a.oBE*oo/i.io
.'2Etoo/o.oi

08E+00 9t33E+02/0lll

2.08E+00 2.67E+02/8.gi

1I60E-03 slael*oi/si11
1.06E-08 I.O2E+C2/0.50

* " ' E " o j o l 7 ? n
-08 1 . 3 1 Ei

I 9 F - 0 8 1.3IE<

. 9 7 E - 0 2

. 0 7 E - 0 1
6 5 E 0 1

/ 6 .

3.65E-01 a.2P|t02/0.22
S:6SE-01 3.15Et02/9.75
3.70E-01 3.l5E»02/9.87

3.70E-0t 3.99E+02/0.21
" " 1.06Et02/0.60

a.30Et02/2o,7
3.80E*02/25.a
a.l7Et01/0.62

I.92E-01 2.2aE*0l/3.10

s:S4e-o{ i:oz£*ii/i:\b

2l00Et02/10.3

0.3505 0.1113 2.20E-02

0 . 3 5 0 5 0 .1162
0.29|<? 0 .1370
0.2<M° 0 .1229

8:3?8i km

0*.3505 0.0626
0.2919 0.0625

I).2919 0.0625
0.35P5 0.0625
0 . 351S 0,
0,2'I 9 0.
0.2919 0.

0.3505 0.0626
0.35P5 O.06O6
O.2"I9 0.073"
0.2919 0.0670
0.\505 0.0672

6 .37E-02
0 .62E-0J
8.7OE-O9
3 .92F -03
l . lOE-oA

a.62E+00
0,606*00
5.08E+00
5.07E+00
1.96E+03

1.76E+01/0.Ifl
9.61EtOO/5.28
a.38E+01/0.66

l i l l l l ' A U

25 i:?»l:
tu
7.O5E-02
1.18E-02
2 .55E-02
1.20E-03
0.6BF-09
1.29E-03

1.70E+02/9.65
6.86tf01/0.87
2.27E+01/1.03

2.08F.+02/2O.3
I ,09F.t02/19.5

0.25E+01/9.28

.10F+01/0.

.26E+01/0.

. J6E + 0I/6.7

.50E+01/O.C
6 5 t O l / B o

99
11
76
C
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Table 11 (continued)

TR SS K EO El A/X

O.3";o5 0.0731
0.1113 0.11 -

3S-JP 13 1

3S-3P 31 1

0.1225 0.116?

3 S 3 3
JS-3P 3
3S-3S 3
JS

3S--ID
3S-MP
33-"F
33-iF

0 .1 3 7 «
0 . 1 3 7 'I
0 .1 3 7 'I
o. 2?5

o

0.137a

0.1?25
0.137«
0.157a

0.1113
0.1162
0.IJ2S
0.06?h
0.0626

0.0626
0.062b
0.0625
.0625
.0625

0.0625
0.0626
0.06U6
0.0626
0.06U6

an-ao

<JP-'lF
aF-OF

ap-an
•'l P - a 0

ap-'io
ap-aF

flP«F
ar-ap

8:1^2 8:
0.0626 0.

0.0626 0.
0.0626 0.
0.0626 0.
0.0626 0.
0.0625 0.

0.0626 0.
0.0626 0.
0.0606 0.
0.06a6 0.
0.0626 0.

0.0626 0.
0.06O6 0.
0.0606 0.
0.564b 0.
0.0672 0.

0626

3.7PE-09 2.12E*O1/O.e:
• --- -- i.^7E+02/«.li
3 . 7 E 0
1 .37E-0«
J . 1 aF-O<J

1.60E-07 1 .66E+02/8.96

2.69E-0" a.97Et02/0.35
5.07E+OO 5.57E + 03/0.1 1
5.07E»00 a.52E*02/lJ.6
5.07E+O0 a.52EtO2/13.6
5.07Et00 5.57E+O3/O.1 1

.lOE+02/0,33

.0?EfO5/iJ.J

.61E +0?/lo.q
1,07t*0?/0.22
J.a3ttOl/0.7«

J.I If + Ol/fl.a?
1 .6iE+01/B.2?
6.0«t*01/0.77
1 .OOE*Ofl/0.37

i/a.jj

6.09E+0.
S.51E-03
3.67E-O3

3I36E-01

l.S5E*00

I:331J88

3.
5.
2

7 l E 0 1 . 0 5
17E + 0 3 / 0 . 2 8
P t E 0 l 32 . P t E l 3 .

1 ,<>(JE«03/0. l a
8 . a « J E * 0 1 / 1 0 . 7

7.52E+02 1.01EtO3/23.5

7.52E + 02 1 .10E + 03/0,69
I.OPEtol/lJ.2

l!07E»02/l2.2
a. 17F. + O2/O.aa

2.03E*01/a.50
3.36E+0l/a.62

06E-01 a.3aE+00/3.3O

.1OE + 00 1.33EtOl/3.<'7

.90E-01 2.16E+03/0.19

. 37F.-02 5.6UF. •00/3.61'
2.11E+02/0.67
3.27E+01/10.5

,2aE + 02 1 . ' ^ T U 1 M ; , -
.28E+02 9.67Et01/0.6?
,09EtO5 2.03Et02/0.fl<'
.09E+05 1.75E+02/17.6

1.69E+02/17.0

56E*0a 1.78E+02/0.91
• -- -- J.lbEt02/0.10

i.a?E+01/10.9
.07E»0l/9.1O
.97Et0l/0.58

3.90E+00/0.3B
1.61EtOl/a.91

i2E+0l/8.92

!:3?li
6.10E-01
6.05E-01
5 2 E 0 0

,96Et01/a.67

a.aoE+oa/o.38
1.36E*0l/a.S6
l.23EtO!/a.Q7
2.38E+0a/0.31
5.33E*02/0.a8

5.23E+00
\.071*02
1 07F 02

2.51E+02 6.23E»02/0.a8
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Table 11 (continued)

TR SS K EO E1 A/X

as-un 13 2 0.0672 0.0626 2.50E+02 2. 95E*00/0,26
OS-'iD 1J 2 0.0672 0.0626 2.50E + 02 2.95E +00/0|26
1S-OD 31 2 0.P73O 0.0626 «.<>OE + O2 5,29E+00/q.aZ
1S-'i0 33 2 0.0730 0.0626 0.93E+02 6. 77E + 02/0.18
3S-uF 11 3 0.0672 0.0625 6.27E+0O 8.8t£+01/0.19

0S-aF 13 3 0.0672 0.0625 6.27E+00 9.O6E+00/5.09
QS-UF 31 3 0.0730 0.0625 1.25E+05 1 ,55E+01/5.62

«:tf H ? 8r8£7S 8:tti? kffim \:\llim:ll
OS-OP 13 1 0.0672 0.0606 O.ISE-OI 3.16E-0I/2.6O
as-iP 31 1 0.0730 0.0626 I.O6E+00 2.51E+00/a.11
OS-OP 33 1 0.0730 0.06fl6 1.21E+00 8.60Et03/0.2fl
OS-IS 31 O 0.0730 0.0672 5.39E-03 7.81E-01/3.«8

(E Q, E ) in Ry, reckoned from the ionization limit. The sixth column

presents the value of F. The relationship between the oscillator strength f

of the electrical 2k-pole transition and the F value presented in the table

(for transitions from IS F should be doubled) is given by:

k + 1 Ae ,
12/,, + 1 )f - -7T- -( l^-'F, (20)

2:k"'k((2k-I)!!]1 137

where k = |l Q - I | and A is the energy of transition in Ry. It

can be seen that for dipole transitions (k = 1) the value given in the table

is the invariant quantity (28. + l)f (with respect to the direction of

transition). The seventh column contains the values of A and x- The set of

values of A and x together with formulae (16)-(18) forms a system of data

which can be recommended for calculation of the electron-impact level

excitation rates for the helium atom in the group with n = 1 to 4. It should

be noted that the error of the approximation formulae in most cases does not

exceed 25%. Figures 3-20 give the excitation rates, calculated by the "Atom"

program, for various transitions in the helium atom.
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2.4. Ionization and recombination cross-sections

The electron-impact ionization cross-sections for the helium atom and

ion from the ground state were calculated in the various approximations by a

number of authors.

The results of the various studies are analysed in detail in Ref. [36],

which gives the recommended values for both ionization cross-sections and

ionization rates. The comparison of the results of Ref. [36] with those of

calculation using the data of Ref. [22] shows that the agreement is

sufficiently satisfactory. The data of Ref. [22] can be used to calculate the

cross-sections for ionization from the excited states of the helium atom with

n = 2 to 4, while for levels with n ^ 5 the numerous calculation results for

the hydrogen atom can be employed.

The cross-sections for photorecombination into the different levels can

also be found by the "Atom" program. According to Ref. [7], the rate of

photorecombination K (a) into a particular level a with ionization energy

E is given by the expression:

KJa) •= 10"' (DE/Ry)
1/: ~ [—),

where DE = |2Ry|, P = |DE|/T.

The multiplier Q depends only on the angular moments of state

a [22]. For the He ion Q = 1 while for the He ion Q = 1/2 for

2

recombination into the ground state Is and Q = 1 for recombination into

the excited states. The values of parameters A and x for recombination into

some states are given in Table 12. The contribution of the recombination into

a level with a given S is proportional to (2S + 1).

For levels with n ^ 3 the results obtained in the case of the hydrogen

atom can be used with satisfactory accuracy.

The Burgess formula can je used to calculate the total dielectronic

recombination rate of the He ion. For high electron densities we should

take into account the corrections obtained in a number of studies (see, for
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Table

C o n s t a n t

A

X

1;

s

j

Level

1'S.

2.57.1O-4

0.12

2'S + 2»S

1,73.10"*
3.8.10*1

2*P + 2'P

6.7.10-*
0,48

example, Ref. 137]). The contribution of the dielectronic recombination to

the level population of the helium atom with a fixed value n can be evaluated

with the use of the results of Ref. [22].

2.5. Probabilities of intercombination radiative transitions

For relatively low electron densities or low electron temperatures, not

only the collisional processes can be substantial but also the radiative

processes associated with spin-changing transitions (AS = 1 ) . In the case

3 1
of the helium atom, the most important radiative transitions are 2 P - 1 S ,

2 P - 2 S , 2 P - 2 S , and for their probabilities the following values are

given in Ref. [38]: W(23P1 - = 1.8 x 102 s"1

W(23P - 2XS ) 0.027 , W(21P1 - = 1.55 s In determining the

the 2 P level population it is of interest to evaluate the limiting density

n , which separates the regions where the predominant role is played by
cr

collisions and by radiative processes with change of spin (for n > n the

principal role is played by spin-changing collisions and for n < n the

principal role is played by spin-changing radiative processes). The values of

n for a number of values of T are given in Table 13.
cr e

It can be seen that in a boundary plasma with n = 10 to 10 cm

3
and T = 3 to 100 eV, in determining the 2 P level population, the

e

contribution of the intercombination radiative transitions cannot be neglected

in advance.

Table 13

T..eV

3
4
5

10

ncr. cm"'

2.1014

2.10"
101 -
1 0 "

Te.eV

15
20
30
50

n.crvc""'

7.10"
6.10"
6.10"
7.10"

Te.eV

70
100

ncr,Ci - '

1 0 "
1,3.10"
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3. ANALYSIS OF COLLISION CROSS-SECTION DATA FOR THE HYDROGEN ATOM

In Ref. [6] we find the semi-empirical dependences for K - the
nc

electron ionization rate of the hydrogen atom in state n, for K - the
nm

electron-impact excitation rate for the transition between levels with

(2)
principal quantum numbers n and m and for a - the radiative

recombination into level n. According to Ref. [6], we have:

Knc(Te)=> 1.17935- 10 'VT , nJ Y ^ j f n , T e ) [ — 1 ,

•-,(". T.J - An(E, (Yn)/Yn - E, (Zn)/Zn] +(Bn - An In 2n5) x

x tf(Yn)-$(Zn)], (21)

2 " - ^ - ( 2 2 )
n 0\ ii i>

•i - v - j . o

Y n " ' n / T
e ; Z n " Y n + rn • HO " E0 ( t ) - 2E , (t) + E, (t) ,

where E.(t) = Je x dx and I the ionization energy of level n (I and T , eV);
I t n n e

3

Kn « 1.17935 • 1 0 ' V T , * n m Y n m * w l ' 1 ' m > T«H"~~~] • (23)

>w{n, m. T.) - Anm [ ( - ! — + ^)E, (Ynm) - { J _
nm * nm

x E, (Zn m ) l + (Bn m - Anm ln ^ J I E , (Y n m ) /Y n m _ E, ( Z n m ) / Z n J .

Y n m " ^E n m /T . ; Z n m - Y n m + rnfn; * n m - 2nJ x ,

n
r * r ' X x = 1 — ( — ) i

m

Bnm ' *nm d + f * ^> /™ 3 ' A ™ " ^-m »™ < (24)

_ f - 0.603. n - 1.
bn * \ (4 _ 18,63/n + 36,24/n2 - 28.05/n3 )/n, n > 2,

fb.45. n - 1,

11.94 r T 1 ' " . n!

Here AE is the transition energy, eV.

Qn
5 ' = 5,197 • 1O' | 40n"*exp(-0n )£. f ' - 1 C »« w.£2L_i (25)

i-o

where P = I /T .n n e
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Approximate formulae for the rates of the above processes are also

given in Ref. [22]:

J__\w: A' . (26)
I. 0+1 0 + Xi

where |3 = I /T ;
n e

P+X:
(27)

where E , E are the energies of levels n and m, reckoned from the
n m

ionization limit;

(28)

where p = |E |/T .
n n e

The parameters A , A , A , x, . X-» X3 for a number of levels are

given in Ref. [22]. Figures 21-26 present the results of comparison of the

ionization and excitation rates calculated in accordance with Refs [39, 6, 40]

and Ref. 122]. We note that the data of Ref. [22] agree satisfactorily with

the results of the corresponding calculations by the "Atom" program. It will

be seen that in the temperature region of interest to us the agreement between

the results of calculation by the different models is fully satisfactory.
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Thus, in the case of the hydrogen atom we can recommend the use of the

excitation cross-sections for the different levels and the ionization cross-

sections calculated in Ref. [22].

IV. RESULTS OF KINETIC CALCULATIONS

Applying the kinetic model described in Section II, for calculation of

the populations of the different levels of the hydrogen and helium atoms with

the help of the data on reaction rates given in Section III, we calculated a
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number of characteristics of the optically thin hydrogen and helium plasmas.

In order to determine the number of levels of the atom which are formed in the

plasma, we used the evaluations which took into account the influence of the

Lorentz ionization and the ionization in the static microfield of ions in the

plasma. For the characteristic parameters of the divertor plasma, about

25 levels are usually taken. In the calculations n. . was chosen in the

bound
form:

n r p= max(25, n ° ) .
(29)

5.6 104Zv/Te / [ne(z+1)]

13 -3
Here Z is the charge; T in units of eV and n in units of 10 cm

It is of utmost interest to find the dependence on n and T of
e e

such characteristics as the effective ionization rate, the effective

recombination rate, the "ion cost" and the power of line radiation (both total

and for individual lines). Table 14 gives the results of calculation of the
10 16 3

ionization rate for the hydrogen atom in the region of n = 1 0 - 10 cm

and T = 1 - 1 0 eV and Table 15 the effective recombination rates for the
e

hydrogen plasma. There is good agreement between the results of calculation

and those of Ref. [41], indicating the reliability of the chosen data and

calculation scheme. Table 16 presents the data for the "ion cost" in a

hydrogen plasma ("ion cost" usually means the sum of ionization potential and

energy radiated by the atom during the time up to ionization). Table 17

contains the results of calculations for the reduced line radiation intensity

of the hydrogen plasma in eV.cm . s~ . Table 18 and 19 present the data

for the reduced

intensity of the H and Ho lines in eV.cm .s . Table 20 shows the effective

ionization rate for the helium atom with allowance for multistep processes.

Similar calculations were performed for the helium plasma also. Table 21

gives the values of the effective rate of recombination with helium atom

formation. Table 22 gives the "ion cost" (C. ) for He . Table 23

ion

presents the values of the reduced line radiation intensity for the helium
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Table I1* Ef fect ive ionizat ion rate for the hydrodgen atom, cm /s

VeV

I- '
2 • 0
3 • 1
J

4 . 0

5 • 0
6 • 0
7 • 0
3 • 0
3 • •>

1 • • T

3,-, • 0
4,; . 0
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fl • . 0
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j
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3 . 4 A fl-
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•* • k

3 2 *" 9 -
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Table 15 Effective recombination rate in the hydrogen plasma, cn3/s

T , e V

1

1 - 0
2 - 0
3 . 0
4 . 0
3 . 0
6 - 0
7 . 0
9 - 0
, . 0

I n ' I I

2 G - 0
3 ; • 0
4 0 - 0
3 0 - 0
ISO*0
7 j . 0
80 • 0
9 0 -a

l^G • 0
200 • 0
5g 3 . fl
4 n c . n
3 1 0 • 0
6 O o - O

7 0 c • 0
80 0 • 0
9 0 0 . 0

1 on0 -o

1 . 0 0 0 * 1 3

2

0 . 4 2 8 - 1 2
C . 2 3 8 - 1 2
0 . 1 7 0 - 1 2
0 . 1 3 4 - 1 2
O . l H - 1 2
0 . 9 3 1 - 1 3
C . 3 3 3 - 1 3
0 . 7 * 5 - 1 3
5 . 6 7 0 - 1 3
n . Al 1 - 1 3
0 . 3 2 3 - 1 3
5 . 2 2 1 - 1 5
0 . 1 6 6 - 1 3
0 . 1 3 2 - 1 5
0 . 1 0 « - 1 3
0 . 9 3 1 - 1 *
0 . 3 0 8 - 1 4
0 . 7 1 2 - 1 4
C . 6 3 3 - 1 *
C . 2 9 2 - 1 *
C . 1 8 2 - 1 *
0 . 1 2 9 - 1 *
0 . 9 8 9 . 1 5
0 . 7 9 2 - 1 3
3 . 5 5 3 - 1 3
: . 5 5 6 . 1 5
0 . 1.8O- 15
C . ( . 2 1 - 1 5

n , rij-3
6

I . 0 0 0 * 1 1

"" 3 "
J . * 8 9 - 1 2
0 . 2 3 3 - 1 2
3 . 1 7 8 - 1 2
3 . 1 3 8 - 1 2
0 . 1 1 * - 1 2
0 . 9 6 9 - 1 3
0 . 8 * 6 - 1 3
0 . 7 3 J - 1 3
3 . 6 7 7 - 1 3
0 . 6 l 6 - l 3
0 . 3 2 6 - 1 3
0 . 2 2 ( 1 - 1 3
3 . 1 6 6 - 1 3
0 . 1 3 2 - 1 3
3 . 1 0 9 - 1 3
3 . 9 2 9 - 1 *
a . 8 0 6 - 1 *
a . 71 a - 1 *
0 . 6 3 3 - 1 *
3 . 2 9 1 - 1 4
3 . 1 8 2 - 1 4
3 . 1 2 9 - 1 *
0 . 9 8 6 - 1 3
0 . 7 8 9 - 1 3
3 . 6 5 3 - 1 3
0 . 5 5 4 - 1 5
0 . 4 7 8 - 1 5
0 . 4 1 9 - 1 5
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4

0 . 6 1 3 - 1 2
0 . 2 8 7 - 1 2
0 . 1 9 2 - 1 2
0 . 1 * 6 - 1 2
0 . 1 1 * - 1 2
0• l o O " 12
0 . 8 6 9 - 1 3
0 . 7 6 9 - 1 3
0 . 6 9 0 - 1 3
0 . 6 2 6 - 1 3
0 . 3 2 6 - 1 3
0 . 2 2 0 - 1 3
0 . 1 6 5 - 1 3
0 . 1 3 1 - 1 3
0 . 1 0 9 - 1 3
0 . 9 2 3 - 1 4
0 . 8 0 1 - 1 *
0 . 7 0 ' " 14
0 . 6 2 9 - 1 4
0 . 2 8 9 - 1 4
0 . 1 8 0 - 1 4
0 . 1 2 8 - 1 4
0 . 9 7 9 - 1 5
0 . 7 8 * - I5
0 . 6 4 9 - 1 5
n . 5 5 0 - 1 5
0 . 4 7 3 - 1 5
0 . 4 l 7 - l 5

5 . 0 0 0 * i 2

5
0 . 7 9 0 - 1 2
0 . 3 2 7 - 1 2
0 . 7. (J 9 - l 2
0 . 1 3 3 - 1 2
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0 . 7 8 8 - 1 3
0 . 7 0 4 - 1 3
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0 . 3 2 7 - 1 3
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0 . 1 3 0 - 1 3
0 . 1 0 8 - 1 3
0 . 9 1 6 - 1 4
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0 . A 9 9 - 14
0 . 6 2 4 - 1 4
0 . 2 8 7 - 1 4
0 . 1 7 9 - 1 4
0 . 1 2 7 - 1 4
0 . O 7 1 - 1 ?
0 . 7 7 8 - 1 5
0 . A 4 4 - 1 5
0 . 5 4 6 - 1 5
0 . 4 7 2 - 1 5
0 . 4 1 3 - 1 3
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0 . 9 1 2 - 1 4
0 . 7 9 0 - 1 4
0 . 6 9 6 - 1 4
0 . 6 2 O - I 4
0. 2 a 3 - U
0 . 1 7 8 - 1 4
0 . I 2 6 - I 4
0 . 9 6 6 - 1 5
0 . 7 7 4 - 1 5
0 . 6 4 O - I I
0 . 5 4 3 - 1 5
0 . 4 6 9 - 1 5
O . * l l - 1 3

5 . 0 0 0 * 1 ?

7
0 . 1 3 7 - H
O . * 5 9 - l 2

0 . z 5 * - l 2
0 . 1 7 9 - 1 2
0 . 1 3 8 - 1 2
jj • H3-12
0 . 9 5 8 - 1 3
0 . 8 3 2 - 1 3
0 . 7 3 6 - 1 3
jj . 6 6 Q - 1 T

0 . 3 2 7 - 1 ,
0 . 2 1 7 - 1 ,
0 . 1 6 2 - 1 3
0 . 1 2 8 - 1 3

O . I O 6 - I 3
0 . 8 9 7 - 1 4
0 . 7 7 7 - 1 4
0 . 6 8 * - U
0 . 6 0 9 - 1 4
0 . 2 * 0 - 1 4
0 . 1 7 5 - U
0 . 1 2 * - U
0 . 9 4 9 - 1 ,
0 . 7 A 0 - 1 5
0 . ^ 2 9 - 1 5
0 . 3 3 4 - 1 5
0 . * 6 1 - l 5
0 . * 0 5 - l 5

1 . 5 0 0 * 1 *

8

0 . 1 7 0 - U
0 . 4 0 3 - 1 7
0 . 2 7 , - L 2
0 . 1 8 9 - ^ 7
0 . l * 3 - i 2
Q . 1 1 7 - 1 2
0 , 9 ' 5 - i 3
0 . 8 5 1 - 1 3
0 . 7 3 0 - 1 3

0 • * 7 0 " I '
0 . 3 2 7 - 1 3
0 , 2 l 6 - i 3
0 . 1 6 0 - 1 3
0 , 1 2 7 ~ i 3
0 . 1 0 3 - 1 3
0 . 8 8 8 - 1 4
0 . 7 6 9 - 1 4
0 . 6 7 7 - ^ 4
0 . 6 0 3 - 1 *
0 . 2 7 7 - 1 4
0 . 1 7 3 - 1 4
0 . 1 2 3 - 1 4
0 . 9 3 8 - i 5
0 , 7 5 2 - 1 3
0 , ^ 2 3 — 1 5
0 . 37 .A-15
0 , 4 3 7 — ^ 5
0 . 4 o o - 1 5

' . 0 0 0 * 1 4

"•9

0 . 3 2 1 - U
0 . 7 2 0 - 1 2
0 , 3 5 6 _ l 2
0 . 2 2 9 - 1 2
0 ! 1 6 7 - 1 2
0 . 1 3 1 - 1 2
0 . 1 0 8 - 1 2
0 9 1 6 - 1 3
0 7 9 6 - 1 3

o.V-1'
G . 3 2 7 - 1 3
0 ' 2 1 3 - 1 3
0 , 1 5 7 - 1 3
0 . 1 2 3 - 1 3
0 . 1 0 2 - 1 3
0 , 8 6 0 - 1 4
0 ' 7 4 3 - 1 4
0 ', 6 5 3 - 1 4
0 . 5 8 2 - 1 4
0 ' 2 6 6 - 1 4
0 , 1 6 6 - 1 4
0 . 1 1 8 - 1 4
0 . 9 0 4 - 1 5
0 , 7 2 5 - 1 5
0 . 6 0 1 - 1 5
0 . 5 1 0 - 1 5
0 ' 4 4 1 . 1 5
0 . 3 8 7 - 1 5

1 . 0 0 0 * 1 5

10

0 . 4 6 2 - 1 1
0 . 8 * 5 - 1 2
0 . 4 0 7 - 1 2
0 . 2 « 2 - 1 2
0 . 1 7 9 - 1 2
0 . 1 3 9 - 1 2
5 . 1 1 3 - 1 2
C . 9 4 9 - 1 3
0 . 8 1 9 - 1 3
0 . 7 7 1 - 1 3
0 . 3 2 8 - 1 3
0 . 2 1 2 - 1 3
0 . 1 3 3 - 1 3
0 . 1 2 2 - 1 3
0 . 1 0 0 - 13
0 . 8 4 8 - 1 4
0 . 7 3 3 - 1 4
0 . 6 4 4 - 1 4
0 . 3 7 3 - 1 4
0 . 2 * 1 - 1 4
0 . 1 6 3 - 1 4
0 . 1 1 6 - 1 4
0 . 8 8 6 - 1 5
0 . 7 1 0 - 1 5
0 . 5 - 9 - 1 5
0 . 4 O 9 - 1 3
0 . ' • T 2 - 15
Q . 3 7 9 - 15

1 • J 0 C * 1 A

H
0 . 1 3 1 - 1 -
0 . 1 5 3 - U
a . 3 7 4 . 1 2
0 . 3 2 5 - 1 2
0 - i 2 y - 1 2
0 . 1 6 5 - 1 2
0 - 1 3 1 - 1 2
0• 1 0 9 - 12
0 . >3 1 - 13
Q . 1 1 2 - 1 3
0 . 3 5 4 - 1 3
a . 2 2 5 - 1 3
0 . 1 6 3 - 1 3
0 . 1 2 7 - 1 3
0 . 1 0 4 . 1 3
3 . 1 7 2 - 1 4
0 . 7 5 C - 1*
0 . 5 3 6 - 1 4
0 . 3 4 2 - 1 4
(1. 2 6 0 - 1 4
0 . 1 6 1 - 1 4
0 . 1 1 3 - 1 4
0 . 1 6 3 - 1 3
0 . 5 9 0 - 1 5
0 . 3 7 c - 1 5
0 . 4 8 2 - 15
0 . 4 1 6 - 1 5
0 . J 6 5 - 1 3



Table 16 Ci o n in the hydrogen plasma, eV

T

I

3

4

A
7

«
9

13
20
31

*o
JO
A3
73
«0

9 n

Inn

,eV

'. • n

.- • o
i-n
_ • (i

4. -»

.-. • 1

7 . n

.i • *

> • o
,-c
- • 3

. r,

. 1

. • o
.. • •>
j-n
3 • 0

5 > 0
.. • 0

j.n
3-0
j.O

- -o

*
i

i

i

2

4

: . : ^ *

:. 5 ?. ? *
:. i A n *
7. a 3 c .
j . : " > : *

5 . 3 0 ? *

(. . ? ?**

»!3°2-
.. 42B.
J. S32*
5.i"6*
«.:o4*

: . - : o *
:.3 T'*
' . 84fl »

. . 3 * 1 *

!.3.'1O*

:.*iz*
! .307*

:.30fc.
.,1".
..S35*
I. 330*
.8*3*

.8?'*

. 3«A*

. A " ' *

.734*

\

•>

2
1
1
i_

1
1
1

I
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
I

* •

7 .

j .

j .

•- .

j .

j .

3 ,
2 .
; .
I.
i .
i .
2.
2.
I .
2.
i. .

2.
2.
2.
2.
2.
I.

.1 " . *

S4?-

26:-
0 77*
3 4 7 *

fl A ;-
.T4T
547-
239*

°67-
786-
104-
92..-
i;>
floe*
78 -
7 A9-
759-
753-
749*
750-
767-
78i-
709-

813*
«23»
836-
946-
835-

: 1

3
2
7.
.1
1
I
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.
1
1
1

t .

1 .
\
0

A .

«i .

t ,
4 .
•<, .

3 .

3 .
7. .
7. .
7 .
2 .
7. .
7.
2.
Z.
2 .
7. .

2 .
7. .
2.
2.
2.
2.
7 .

c:s*

7244.

0 A 3*

; 7(<*

; 19*

Z«l*
519 •
1 ' 2 *

884*
6'6*
521*
914-
7 » 2 *

7 1 7 *
6 9 3 *
6 A 4 *

652*
645*
641*
639*
648.
669*
688*
70^*
7 l 9 .
732*
744*
754.
7A4*

1 7

1

2

1
I
I
1

1
I
1
1
I
1
1
1
I
I
1
1
1
1
1
1
1
1
t
I

c
1.

7
5 .

4 .
4 ,
3 .

3 .

3 .
3 .
2 .
2 .

2 .
Z.
2 .
2.
2 .
2.
2 .

2 .

2 .
2.
2.
2.
2.
2.
2 .
2 .

n? : *

n 'a-
4fl G*

no 1 *
A«.a •

A 5 8 •

I 1?*"*
7"! fi .

3? 1*

i;c*
222*
736*
Al 2*

.lAO*

^20 *
513*
308*
5C6 »
50 6*
325*
530 •
37 1*
3 89*

r,03*
A19*
63 1*
A43.
A53*

ir

2
-t

1
1
1
!
1

1
1
I
I
1

1
1
1
1
1
1
^

1
1
1
1
I
1
I
1
I

1.

7 #

1 .
7.
5.
1.1

3.
3.
3.
3.
3.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.

vc

!"?n*

3 7 4*

2,3*
C ?5*
lflO*
3 i < > *
8 T 4*
528*
3i«-
li7*
0*3*
622*

'12*
46fl*
*46*

430*
4 2 7 *
4 2 7 *
427*
t 3 2 *
4 7 8 *

»0i*
520*
'37*
'51*
344*
376*
'16*

M-J

13

7
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3.
8.
3.
3.
3 .
3 .
2 .
2.
2.
2.
2.
2.
2 .
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2 .
2 .

000*

74?*
433*
074*
942.
39?.
083.
882*
744*
A43*
367*
279*
210*
184*
174*
170*
170*
171*
174*
177.
213*
247.
272*
294*

M 2 *
328*
3*3*
355.
36 7.

11

•y

1

1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.

2.
6 .
4 ,

si2 .
2.
2.
2.
2.
2.
2 .
2.
2.
2.
2.
2.
2,
2,
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.

con •

6r« *

658 *
2l8*
371*
957.
7 1 7 *

3 A 2 *

<«53*

3 7 7 *

3\8*
097 *
046*

030*
024*
024.
026*
0?9 •
0 3 3 *

018*
080*
11**
141*
164*
1«3*
199-
214*
227*
239*

lu

7.
1
I
1
1
1
1
1
1
\
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
I

5 .

?
3',

z'
2 .

1 .
1.
1.
I.
1.
I.
1 .
1.
1,
1.
1 .

1 .
1 ,

1 .

1.
1.
1,
1.

1.
1.
1.
1.
1 .

00 0 *

413*
342.
4*8*
1»Z*
99 4.
" U 1 *

841*

BOO •
77 0*
747*
665*
650*
648*
630*
634*
658*
663*
668*
673*
714*
74,*
77 0*
79(j*

HUB*
824*
838*
830*
862*

U

1
I
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1

1.

5

z.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
I.
1.
1.
1.
1.
1.

ccc*

8-«3*
4-8*
995*
81 4*
7 24*
67 1 *
67 7*
61 3*
39«*
383*
337-
329*
329-
371*
333*
338*
342*
343*
349*
379*
602*
621*
618*

652*
664-
675*
686*
695*

15

1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

I .

I .

1 .
1 .
1 .

1 .
1 .
1 .
1 .

1 •
1 .
1.
1 .
1.
1.
1.
1 .
1.
1 .
1.
1 .
1 .
1.
1.
1.
1.
1.
1 .

1 .

3! J*

359*
** fl Q *

1.33*
••12*
40 7 *

39ft*

392.

389*
387*
386*
380*
380*

380*
380*
381*
381*
382*
38?.*
383*
388*
391.
395*
397*
400*
< > O 2 *

4 < J < . .

V O A *

403*

IA

1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1

OJ
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Table 17 Reduced power of line radiation of the hydrogen plasma,

1

2

4

5
A

8
0

2 -
3 -
- "
5"
A "<

7 »

3?

. eV

l - K

:-o
3-n
4 - P

» • o
3 - 0
7 • 0
6 - 0

- - a

.

.
^ *

.
J " *

•j • o

. • a
; • n

1 . 3 5 ^ .

" • ? ?. -
: ! ! " * _
i . : ° a -
: . s * r. -
4 , j ^ a -
6 . 6 9 a -
3 .3* -? . -
1 . 3 0 3 -
i . : 0 5 -
i . » ^ 9 -
7 . 7 1 6 -
3 . 7 1 6 -

<-. 1 ° 1 -
4 . . " " > -

* . 6 * < - -
4 . 7 1 5 .
4 . 3 * 2 -
4 . 1 1 « -
4 . , 4 J -
" • . f l C 5 "
4 . , 4 1 .

«. . 3 1 1 -
4 . 1 1 * -
: . ; 4 3 -

; . 33 *•-
3 . J * a -
3 . 5 6 * -
3 . » 7 C -

* *•

^

a
f

f

7

"•

•j

f

• »

t

T

7
•F

-»

1

V

T

T

?
V

K

—

;

* •

6

j

-

„

••
j

3
j

j

3

. 0 3 . *

. 125-

. 1"6-

. S A 0 -

. 6 2 4 -

. 3 ?. 7 -

. 3 8 4 -

. ft7: -

. 0 7 2 -

. 2 T C -

. 4 -* ° -
! S 5 ; -
. 6 3 4 -
. 1 0 1 -
. 3 9 1 -
. 3 * 7 -
. 6 9 6 -
. 7^3 -
. « 2 : -
. 3 4 7 -
. 7 1 7 -
. 4 6 4 -

. 2 3 3 -

. 3 * 7 -

.J«i-

. 7 4 4 .

. 6 2 2 -

. 5 1 4 -

. 4 1 3 -

1 1

'.0
8
9
8
8
«
8
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

1 . COO*

n . i ? s -
n . i ° 3 -
i . a i s 3 -
2 . 5 5 2 -
4 . 3 * 3 -

f> . 3 * 6 -

8 . 3 5 3 -
1 . 3 3 1 -
1 . 2 2 0 -
1 . 4 0 0 -
: • 7 2 e -
3 . 4 - 7 -
3 . 9 2 4 -
* . 2 !5 5 -
4 . 3fl 5 -
4 . « n, 3 -
4 . 5 ' ! -
4 . 6 2 6 -
4 . 6 3 4 -
4 . 5 4 4 -
* . 3 0 9 -
4 . 0 " 7 -
3 . ? 1 6 -
3 . 7 6 2 -
3 . 6 2 9 -
3 . 5 i. 2 -
3 . 4 C 9 -
3 . 3 1 * -

12

•

A
7

7
7
^

7
7

7

7
7
7

7

T

7

7

7
7
7

7
7
7
7

5 . n n c *

2 . 1 2 * -
C . J. • 9 -

I . n 3 1 -
2 . 4 5 6 -
"• . .'. 1 5 -
ft . n ^ e -

7 . 0*-8-
9 . 7-»ft_
1 . 1 5 * -
1 . 3 2 3 -

; . ^ 4 6 -
3 . 2 * 1 -
3 . A O 5 -

3 . ° 6 3 -

"• • 1 7 7 -
* . 2? 1 -
4 . 3 2 6 -
4 . 3 7 4 -
4 . 4 0 4 -
' • . 3 2 0 -
4 . .' C 3 -
3 . S i_ 4 -
3 . * 4 7 -

3 . A 0 3 -
3 . 4 7 9 .

3 . 3 7 1 -
3 . 2 * 4 -
!,iu.

12

1 -
H
*

n
8
A
8
7
—
7
7
7
7

7

7
7
7

7

7
7

7

7
7

7

7
7
7

1

l<

3
1
2
4

3
7
9
1
1
2
3
3
3
3
4

4

4

4

4

3
3
3
3
3
3
3
3

V cm-3

. "00*

• *37 -
, l R 7 -
• 0 i 0-
.3 .J3-
. 0 T 2 -
. 8 * 5 -
. 6 6 9 -

• * 3 1 -
. 1 1 2 -
. 2 7 4 "
. ' • ' , 3 -
. 1 3 9 -
. ' 4 9 -
. Sfjf l-
. 9 7 8 -
. 0<i 0 -
. 163 -
. 2 ^ 4 -

. 2 4 4 -

. 1 T 8 -

• ' * ! -

. 7 O 7 -

. 6 , 9 -
. 3o3"
. 3 8 5 -
• 2 8 1 "
. 1 8 9 -
. 1 5 ft -

13

10
8
A

A

A

A
A

a
7

7

7
7

7
7
7

7
7
7
7
7
7
7
7

7

7
7

7
T

9 . 0 0 0 *

0 . 1 2 3 -
0 . 1 7 7 -
0 . 9 2 9 -
2 . 1 3 7 -
3 . 6 2 1 -
3 . 1 6 3 -
6 . 7 0 2 -
8 . 1 9 * -
9 . 6 2 2 -
1 . 0 9 8 -
2 . 0 9 6 -
2 . 6 7 1 -
3 . 0 2 * -
3 . 2 3 3 -
3 . 4 0 7 -
3 . 5 1 1 -
3 . 3 8 3 -
3 . 6 3 3 -
3 . 6 6 6 -
3 . 6 5 8 -
3 . 3 ! * -
3 .372 -
3 . 2 * 6 -
3.13,6-
3 . 0 3 9 .
2 . 9 3 3 -
2 . 8 7 7 -
2 ,808 -

n

io
8
8
8
8
8
8
8
A
7
7
7
7

7

7

7
7
7

7
7
7
7
7
7

7
7

.7
7

1 .

0 .
0 .
0 .
1 .
3 .
* .
6 ,
7 .
8 .
9

1 .
2 .
2 ,
2 .
3 .
3 .
3 .
3 .
3 .
3 .
3
3 .
2 .
2 .
2 .
2 .
2 ,
2 .

COO*

1 2 3 -
1 6 9 -
8 7 0 -
9 9 1 -
3 f l7 -
6 8 0 -
0 1 8 -
3 5 0 -
4 0 1 -
78ft-
8 5 1 -
3 5 8 -
6 7 6 -
8 8 3 -
0 2 7 -
1 2 7 -
1 9 7 -
2 * 7 -
28 2 -
3 1 2 -
2 0 * -
0 8 9 -
9 8 * -
8 9 1 -
S08-
73 * -
6 6 8 -
6 0 7 -

l *

10

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

J ,

0 .
0 .
0 .
1 .
2 .
2 .
3 .
4 <

4 t

i\
1 .
1 .
1 .
I ,
1 .
1 .
I .
1 .
1 .
2 ,
z\
2 .
1 .
I .
1 .
1 .
1 .
1 .

0 0 0 *

113 -
133-
6 1 1 -
3 0 3 -
0 6 4 -
8 3 0 -
3 6 4 -
2 6 0 -
9 1 7 -
535-
012-
293-
480 -
613 -
710 -
7 8 4 .
8 4 1 -
8H5-
9 2 1 -
O H -
054-
0 3 0 -
9 9 8 -
965-
933-
902-
873-
846-

U

10
8
8
8
8
8
8
8
8
8
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

I .

0 .
0 .
0 .
0 .
1 .
I .
2 .
2 .
3 .
3.
6 .
8 .
9 .

1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .
1 .

000*

1P3-
105-
449-
9 1 9 -
4 1 8 -
9 C 7 -
3 7 2 -
8 1 1 -
2 2 3 -
6 1 0 -
499-
3 1 6 -
3A8-
0 4 8 -
1 1 7 -
1 7 1 -
2 1 * -
2 4 8 -
2 7 7 -
* 0 7 -
4 3 8 -
* * 3 -
4 3 8 -
4 2 9 -
4 1 8 -
406-
3 9 4 -
3 8 2 -

15

10

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

1 .

0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
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I ) .

1 .
1 .
1 .
1 .
1 .
1 .
1 -
1 .
2 .
2 .
2 .
2 .
2 .
2 .
2-
2 .

- 2 .

one •

J9Q-
2 2 3 -
' 8 . 1 -
146-
2 1 3 -
2 7 A -
J 3 9 -
3 9 5 -
448-
49 8-
S 7 6 -
123-
.502-
4 3 8 -
5 4 6 -

6 3 4 -
/ 0 7 -
/ 6 9 -
i 2 3 -
123-
263-
• > * 5 -

4 0 0 -
4 4 1 -
* 7 l -
496-
516-
J32-

l f t

u
9

9

8
8
8
a
8
8
8
8
8
8
8
A
8
8
8
8
8
8
8
8
8
8
8
8
8



Table 18 Reduced power of H^l ine rad ia t ion ,

T eV
e

1

: • "
: • < ]

3 • 0
» • o
t . -o
o - 0
7 - 0
o - 0

9 • 0
1 0 . 0
? •;. • 0

3o • n
4r . 0
9,, . 0
Ac • n
7,. . 0
Bo • 0
9 : . 0

no • o
2 ° C • 0
3'3 0 • 0
4" c • 0
3 0 0 - 0
6 0 c - 0
70c • 0
8 0 r, • 0
9 n c . o

1 0 0 C • 0

: . : 15 • : "

2

« - i o • t

* • •* 3 - ^ *

0.2 1 "- - '
3 '-.7 5 - °
3 . 7 2 B - 9
3 . 9 « 4 _ 9

O . l 2 f t - 8
O . l ^ Z - 8
3 . 1TB- 8
0 . 3 6 A - 8
0 , 4 7 6 - 8
0 . 3 3 9 - fl
a . 3 7 B - 8
0 . 6 0 3 - 8
0 . 6 1 9 - 8
0 . « 2 8 - 8
3 , 6 3 f c - 8
0 . 6 3 7 - 8
0 . 6 1 6 - 8
0 . JflO- 8
O . 3 4 8 - 8
0 . 3 2 2 - 8
0 . 5 0 0 _ 8
0 . 4 8 1 - 8
0 . 4 6 4 - A

0 . 4 3 0 - 8
0 . 4 3 7 . 8

* . o a : * : i
3

J . 3 l w - ! 3

o . ; 2 ; - : o
u.«9«- lc
0 . 2 4 0 - 9
J . 4 6 3 - '

J . 7 0 9 - <
0 . 9 6 7 - <
0 . 1 2 3 - 1
J . 1 4 6 - 1

0 . 1 7 3 - 1
J . 3 3 e - I
0 . 4<S3- (
0 . 3 2 9 - <
0 . 9 6 3 - <
0 . 3 8 8 - <
0 . 6 0 3 - '
0 . 6 1 3 - (
0 . n l c - <
0 . 6 2 2 - <
0 . 6 0 J - (
0 . 3 6 7 - <
0 . 3 3 7 - (
0 . 3 1 2 - (
0 . 4 9 0 - <
0 . 4 7 2 - <
J . 4 3 6 - «
a . 4 4 2 - a
a . 4 2 ? - 8

t 1 n n «. • .,- . - - . t

4

-| 1 n 9 - • 3
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n . - 3 1 - 9
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0 . 4 8 8 - A
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0 . 9 0 6 - A
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0 . 4 1 3 - 8
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0 . 6 4 7 - 1 , .

5

!

L
1
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0 . 2 3 4 - f
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O . 4 o 7 -
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1

I

J

S
J

5
9
J
)
J

)
i
1
1
1
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7
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0 . 9 9 ^ - 1 1
0 . 3 7 6 - 1 .

S.997 - lg
0 . 1 7 0 - 9
0 . 2 9 2 - 9
0 . 3 3 6 - 9

O . * 2 1 - 9
0 . ? 0 3 - 9
0 . 9 8 3 - 9
0 . 1 2 2 - 8
0 . 1 6 3 - A
0 . 1 9 1 - A
0 . 2 1 1 - A
0 . 2 2 ' - A
0 . 2 3 6 - A
O . Z * ' ' - 8
0 . 2 3 1 - 8
0 . 2 9 6 - a
0 . 2 7 3 - s
0 . 2 7 5 - s
0 . 2 7 2 - A
0 . 2 6 7 - 8
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0 . 2 5 8 - A
0 . 2 3 4 - A
0 . 2 5 0 - A
0 . 2 * 6 - A
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0 . 2 7 7 - 1 , ,
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0 . 2 9 7 - 9
0 . 3 3 9 - 9
0 . < > l l - 9
0 . 8 , 7 - 9
0 . 1 1 3 - 8
0 . 1 3 9 - 8
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0 . 1 6 0 - 1
0 . 1 6 8 - 8
0 . ! 7 9 - «
0 . 1 8 0 - 8
0 . 1 8 4 - 8
0 . 2 0 1 - 8
0 . 2 0 4 - 8
0 . 2 0 3 - 8
0 . 2 0 1 - 8
0 . 1 9 9 . A
0 . 1 9 6 - 8
0 . 1 9 4 - 8
0 . 1 9 2 - 8
0 . 1 9 0 - 9

3, 0 0 0 * 1 4

9
0 . 124-13
0 . 2 * 3 - 1 1
0 . l 3 3 - l 0
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0 . 989-10
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0 . 1 4 4 - ^
0 . 1 6 9 - <
0 3 3 6 - <
O . < > 9 1 -
0 5 3 2 -
0 . 3 9 3 -

0 . 6 4 0 -
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0 7 0 8 -
0 \ 7 3 2 -
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0 ! 8 9 3 -
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?
j

J

)

)

}

>

1
1
)
}

)

»
)

)

)
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0 . 6 X 7 - 1 0
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0 . 8 8 3 - 1 0
0 . 1 0 1 - <
0 . 2 0 3 - *
0 . 2 7 3 - 1
0 . 3 2 3 - 1
0 . 3 6 2 - 1
0 . 3 « 2 - 1
0 . 4 1 6 - 1
0 . 4 3 6 - 1
0 . 4 3 2 - 1
0 . 4 6 7 - 1
0 . 3 4 0 - <
0 . 3 6 8 - <
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0 . 3 9 0 - <
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0 . 3 9 2 - 1
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11

0 . 3 7 9 - 1 4
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0 . 3 0 3 - U
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0 . 1 3 1 - 1 0
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0 . 3 4 6 - 1 0
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0 . 5 0 7 - 1 0
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0 . 6 2 0 - 1 3
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3 . 3 1 5 - 1 0
0 . 3 5 5 - 1 0
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0. )dk. In
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0 . 8 3 1 - 9
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0 . 9 3 3 - 9
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0 . 3 2 4 - <
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0 . 3 9 2 - ^
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0 . 4 ^ 8 " ^
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0 . 6 7 2 - <
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0 . 3 2 ^ - 1 0
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0 . 2 6 5 - ,
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0 . 3 0 7 - <
0 . 3 1 6 - <
0 . 3 1 8 - <
0 " 3 l 8 - «
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0 . 3 1 3 - 1
0 . 3 1 * - ,
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O.3o3- i2
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0 . 9 * 9 - 1 1
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0 . 296-10
0 . 347-10
0 . 767-10
0 . 1 0 * - 9
0 . 1 2 6 " '
0 . 1 * 2 - 9
0 . 1 5 * - 9
0 . 1 6 3 - 9
0 . 1 7 1 - 9
0 . 1 7 7 - 9
0 . 1 B 2 - 9
0 . 2 0 * - »
0 . 2 l * - 9
0 . 2 1 6 - 9
0 2 1 7 - 9
0 l 2 l 7 - 9
0 . 2 1 6 - 9
0 . 2 1 6 - 9
0 . 2 1 3 - 9
0 . 2 1 * - «

) , 0 0 8 * 14

c . 4 3 C - l 3

3 . 1 * « - 1 2
0 , B 8 7 - 12

o ! 2 1 9 - U
0 4 3 8 2 - U
0 * 5 6 0 - 1 1
0 . 7 * 3 - U
0. 9 3 0 - H
0 111- lQ
0 . 1 2 9 - 1 0
0 . 2 7 8 - i f l
0 . 3 8 3 - 1 0
0 * & 0 - l 0
0 . 5 1 9 - 1 0
0 , 363 .10
0 . 6 0 2 - 1 0
0 . 6 3 2 - l Q
0 . 6 3 8 - 1 0
0 . 6 7 9 - 1 0
0 . 7 9 o - l O
0 . 8 3 0 - 1 0
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0 . 3 2 7 - 1 3
0. 1C7-12
0. 3 9 6 - 1 2
0 . 1 * 1 - 1 1
0 . 2 * 1 - 1 1
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0'. * 5 8 - 11
0 . 3 f 8 - U
0 . 6 7 6 - 1 1
0. 7P1 -11
0. 166 -10
0 . 2 2 9 - 1 0
0 . 2 7 3 - 1 0
0 . 3 1 1 - 1 0
0 . 3 * 0 - 10
0 . 3 6 3 - 1 0
0 . 3 H 3 - 1 0
0 . 3 9 9 - I O
O . * l 3 - i o
0 . * 9 0 - l 0
0 . 3 2 2 - 1 0
0 . 3 3 8 - l 0

0 3-*8-lO
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0 . 3 3 7 - 1 0
0 . 3 6 0 - 1 0
0 . 3 6 1 - 1 0
0 . 3 6 2 - lo
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0 . 2 0 7 - 1 3
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0 . 2 0 5 - 1 2
J . 3 3 * - 1 2
0 . 4 6 8 - 1 2
0 . 5 0 4 - 1 2
0. / 3 9 - 1 2
0 . 3 7 0 - 1 2
0 . 9 9 8 - 12
0 . 2 0 7 - 1 1
0 . 2 8 6 - 1 1
0 . 3 * f i - l l
0 . 3 9 4 - 1 1
0. * 3 3 - U
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0. * 9 3 - H
0 . 3 1 8 - 1 1
0 . 5 3 9 - U
0. 4 6 6 - 1 1
0. 7 3 1 - U
0- 7 7 J - U
0 , 3 0 1 . 1 1
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0 . 3 3 6 - 11
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0 . 3 7 8 - 1 1



Table 20 Ionization rate for the helium atom, cnr/s
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* . 0
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7 . 0
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7 0 . 0
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1 . 5 9 f t -
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9
9
9
•
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A
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7. . 3 6 9 -
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8
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O . * 2 l "
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o . i * » -
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2 . 5 6 6 "
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9
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8
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•) 7 3 9 - 1
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2 . 2 7 9 - (
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2 . 3 3 7 -
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0 . 2 3 7 - <
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3 . 6 * 0 -
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Table 21 Effective rate of recombination with helium atom formation,
r.3/.
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3

•1 . A 7 4 - i 2
0.271-12
•1.16 3-12

0.126-12
0.122-12
0.1*7-12
0.196-12
0.J60-12
0.333-12
0.408-12
0.886-12
3•040-12
0.868-12
0.777-12
0 • «°0-l2
0 . Al3-i2
0.531-12
0 . 496*12
0 .430-12
O.?l7-i2
0 . t 36-t2
0 . o 3 7 - ; 3
0.726-13

0.578-13

0 .476-13
0 .402-i3

0 . -*6-13
0 . 1*3-1 3

1.00C*l2

4

0.952-12

0.32i-i2
0.184-12

0.133-12

O.H*-12
0 . H--12
0 .126-12
0 . 1**"12

0.166*12
0.139-12
0.323-12
0.327-12

0.29.5-12

0.261*12
0.231-12
0.2g 5 - i 2

0.183*12

0.163*12
0 . 1*5-12
0.719-13
0 . * * 9 - l 3
0 . 3 1 8 - 1 3
0 . 2 4 2 * 1 3
0 . 1 9 3 - 1 3
0 . 1 3 9 * 1 3
0 . 1 3 5 - 1 3
3 . 1 1 6 - 1 3
0 . 1 0 2 - 1 3

3 . C O O * 12

5

0 . 1 2 2 - 1 1
0 . J * * - i 2
? . 1 9 1 - 1 2

0.136-12
0 . H 3 - 1 2
0 . 10*-12
0.1C3-12
0.110-12
0 . H 7 - 1 2
0.123-12
0.1 T3-12
0.143-12
0•1*6-12
0-128-12

0 . H 2 - 1 2
O . " 3 - 1 3
0 . 874-13
0. 7 8 3 - 1 3

0 . 706-13
0.334-13
0.2C7- l 3

0 . 1*6-13
C • 1*0-13
0 . 878-1 4
0.722-14
0 . * lo- 1*
0.523-14
0 . * 3 8 - l 4

1.00o*13

6

C. l ? 8 - U
0.3?9-12
0. 1*8-12

0.1-0-12
0.ll*-L2
0.103-12
0.1*0-12
0.1*2-12
0.105-12

0.-10-12
0.137-12
O.*28-12
0. l12-l2
0.*'0-13
0.8*4-13
0.7*2-13
0.657-13
0.388-13
0.529-1"
O. 2*8-1I
O.-*3-l3
0.107-13
0. 8li-l4

0.6*3-1*
0.528-1*

O . - * 5 - l *

O.3"2-14
0.314-1'.

3.000-13

7

0.207-11
O.*3»-l2
0.237-12
O.16*~12
0.12A-1?
o.ioa-i2
0.992-13
O."*A-13
0.923-13
0.917-13
0.887-13
0.77--13
0.63--13
0.354-13
O.*7«-13
O.*l*"l3
0.363-13
0.32*~13
0.29t"l3
0.133-13
0.813-1*
0.366-1*
O.*2«-l*
0.33A-1*
0.27--1*
0.231-1*
0.198-1*
0.17--1*

1.0:0 . l *

8

0.262-11
0.32*-l2
0.26*-l2
0.1 7»-l2
0.135-12
0.11*-l2
0.132-12
0.9*7-13
0.9*6-13
0.8*0-13
0.762-13
0.638-13
0.331-13
O.**7-l3

0.3**-l3
0.33i-i3

0.2°0-l3
0.237-!3
0.230-13
0.135-13
0.633-1*
o.**i-i*
0 . 3 3 ! - i *

0 . 2 * 1 - 1 *

0 . 2 1 3 - 1 *
0 . 1 7 9 - 1 *

0 . 1 5 3 - 1 *
(.133-1*

3 . 0 0 0 * 1 *

9

0.338-11

0.820-12

0.370-12

0.231-12
0.168-12
0.133-12
0.113-12
0.102-12
0.226-13
0.862-13
0.38*-l3
O.**8-i3
0.338-13
0.29*-l3
0.2*8-13
0.212-13
0.183-13
0.163-13
0.1*3-13
0 . 6 * 2 - 1 *
0.383-1*

0.266-1*
0. J 9 8 - 1 *

0.136-1*
0.127-1*
0.106-1*
0.9o*-l3
0.78*-l3

1.000*1*

10

0.790-11
0.103-U
O.**4-12

O.26«-12
0.1*0-12
0.1*0-12
0.12*-12
0.107-12
0.941-13
0.877-13
O.33*-13
3.3"3-13
0.310-13
3.2*3-13
3 . 2 U - 1 3
0.131-1-
0.137-13
3.138-13
0.123-13
0. 338-1*
0 . 322-14
3.221-14
3 . 163-14
0.129-14
0.105-1*
0.877-15
0.7*8-13
0.6*8-1'

1 .000*1*

11

0.218-13
0.191-11
0.696-12
0.387-12
0.259-12

0.193-12

0.153-12
0.12,7-12

0. Io8-12
0.948-13
O.*39-l3
0.291-13
0.2 I 7- 1 3
0.172-13

0.1*1-13
0.H9-13
0. 1-3-13
0.9 0G-1*
0. 797-1*
0.342-1*
0.2 03-1*
0.1-8-1*
0 . I o 2 - 1 *
0. 793-15

0.643-13
0.33*-l5
O.45*-13
0 . 3-2-13



Table 22

V e V

1 . 0
2 . 3
3 . 0
<• . 0
? . 0
6 . Q

7 . 0
8 . 3
9 . 3

1 0 . 3
20 .3
33 . 3
<-0 . 0
" C O
60 . 0
7 0 . 0
" 0 . 0
90 . 0

ISO . 0
230 . 0
3 0 0 . 0
* 0 0 . 0
300 . 0
6C0 . 0
7iJ0 . 0
8 0 0 . 0
9<J0 . 0

1 0 0 0 . 0

Cion °f

1 . 3UQ *

l - - « 6 -
2 . 0 * 3 -
: . i 9 i •
. » . 8 9 n -

7 . 4 9 7 *

4 . 6 9 5 *
4 . 1 4 9 .
n . 7 9 6 .
J . 3 1 6 -
J . 2 9 7 -
- . 3 - 0 -
- . 3 2 - *
3 • 8 6 6 -
3 . 7 7 5 -
3 . 7 1 7 -
J . 6 8 1 *
3 . 6 3 6 -
3 . 6 3 9 *
3 . 6 2 8 *
3 . 6 2 8 *
3 . 6 6 8 *
J . 6 9 6 *
3 . 7 0 « *
3 . 7 1 8 *
3 . 7 2 6 *
3 . 7 3 2 *
3 . 7 3 6 *
3 . 7 * o *

He*

10

3

2
1
1
1
1
1
1
1
1
1
*
1
1
1
1
1
1
1
1
1

iI
l
I
i
I

in the

1 . n O O *

' . . -93-
I . - « 0 *
l . l ' l *
* . « 3 9 *
- . 3 3 2 -

6 . 1 6 6 *
4 • C6l*
* . 7 C * *
3 . 436*
* . ?26*
4 . 3 0 3 *
3 . o " 2 *
3 . * 3 9 *
3 . 7 3 1 *
3 . » 9 6 *
3 . A I S O *

3 . * 3 6 *
3 . « 2 0 *
3 . « 1 0 *
3 . « 1 2 *
3 . * 5 2 •
3 . « 7 9 *
3 . * 9 3 *
3 . 7 0 3 *
3 . 7 1 1 *
3 . 7 1 7 *
3 . 7 2 2 *
3 . 7 2 3 *

Telium p l a s m a

11

3
2.
2
1
^
1
1
1
^
1
1
1-
1
1
1
1
*
1
1
1
1
»
1
1
1
1
1
1

1 . 0 0 0 *

6 . 4 6 . . *
1 . 3 4 4 -
9 . 3 3 8 *
7 . 3 - 7 *
4 . 4 2 7 *
6 . 0 5 « *
3 . 6 4 * *
3 . 3 8 *
3 . 1 6 3 *
4 . 9 9 ' . *
4 . 1 9 9 *
3 . 9 I H *

3 . 7 7 9 *
3 . 6 9 9 *
3 . 6 3 3 *
3 . 6 1 4 *
3 . 3 9 5 *
3 . 3 a o *
3 . 3 7 ! -
3 . 3 T 9 *
3 . 6 2 0 *
3 . 6 * 8 *
3 . 6 6 2 *
3 . 6 7 3 *
3 . 6 8 1 *
3 . 6 8 8 *
3 . 6 9 3 *
3 . 4 9 7 *

. eV

1 2

2
2
I
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

5

2
7
6
6
3
3
5
4

4

4

4

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

. C C 0 *

• o T o *
. 9 8 4 *
. 9 * 8 -
• 3 ? 4 -
. 3 < » 4 *
. 2 * 7 *
. J 3 4 *
. 8 7 g .
. 7 3 6 *
. 6 1 8 *
, 0 2 a *
. 7 9 9 *
. 4 « 3 «
. 4 1 7 *
. 5 7 6 *
. 3 * 8 -
. 3 3 0 *
. 3 1 9 *
. 3 1 2 *

. 32a*

. 3 7 2 *

. 6 0 1 *

. 6 1 8 *

. & 3 0 *

. 6 * 0 *

. 6 * 7 .

. 6 3 3 *

. 6 3 8 *

1 2

2
1
1
1
1
1
I
1
1
1
1
1
1
1
1
I
1
1
I
1
1
1
1
1
1
1
1
I

V

1 . 0 0 0 *

1 . 2 * 1 *
6 . 6 1*
6 . 0 ' 3 *
3 . 3 i 3 .
J . 1 ° 2 *
4 . 9 8 6 *
4 . 7 « 7 .
4 . 4 4 7 *
4 . 3 * 1 *
4 . 4 3 5 *
3 . 9 ' o *
3 . 7 - 7 *
3 . 6 2 3 *
3 . 3 6 4 *
3 . 3 7 7 *
3 . 3 0 2 *
3 . * « 6 *
3 . « - 6 *
3 . « " l *
3 . f c n l *
3 . 3 - 4 *
3 . 5 6 6 *
3 . 3 * 4 *
3 . J 0 B *
3 . 6 0 8 *
3 . 4 1 6 *
3 . 4 7 3 *
3 . 4 2 8 *

I -

1

I1
1

1
1
1
1
1
*

t

1

-
*1

1

1
1
1
1
1
1

3 . 00"*

7 . 2 . , ? *
3 . 1 0 3*
4 . 9 ; 3 *
4 . 6 3 « *
* . * 6 l *
4 . 3 2 9 -
* . 2 2 - *
fc.l3-*
4.o6n*
3 . 9 9 8 *
3.63«*
3.512*
3 . 4 3 « *
3 . 3 9 2 *
3.36A*
3 . 3 4 - *
3 . 3 3 7 *
3 . 3 3 1 *
3 . 3 2 3 *
3 . 3 3 4 *
3 . 4 0 1 *
3 . 4 3 2 *
3 . 4 3 ? *
3 . 4 6 8 *
3 . 4 8 . , *
3 . 4 9 f
3 . 4 9 0 *
3 . 3 0 T *

1 -

1
1
1

I
1
1
1
1
1
1
1
1
1

*

1
1
1
^
1
1
1
1

1
1
1

1 . .: 1 0 *

4 . 3 * 2 *
4 . 7 3 6 *
4 . 3 5 7 *
4 . 3 3 5 *
4 . l 8 * »
4 . 0*6*
3 . 9"6*
3 . 9 1 4 *
3 . 8 3 3 *
3 .8C2*
3 . 3 1 9 *
3 . 3 9 8 *
3 . 3 3 4 *
3 . 2 9 8 *
3 . 2 7 6 *
3 . 2 6 1 *
3 . 2 3 2 *
3 . 2 4 7 -
3 . 2 * 5 *
3 . 2 7 4 *
3 . 3 1 7 *
3 . 3 4 8 *
3 . 3 6 9 *
3 . 3 9 5 *
3 . 3 9 8 »
3 . * 3 9 *
3 . 4 1 9 *
3 . 4 2 7 *

I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3 .

3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
2 .
2 .
2 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .
3 .

0 0 0 *

08Q*
?36»
7 4 9 *
622*
529*
4 6 3 *
M l *
3 6 9 *
333*
306*
148*
079*
043*
023*
Oil*
003*
999*
997*
997*
025*
061*
088*
i o a *
J23*
139*
1 5 1 *
161*
171*

1 4

1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1

L o a n *

4 . 4 7 7 *
3 . i'. 4 •
3 . S98*
3 . i 3 » *
3 . 2 2 2 *
3 . 1 - 3 *
3 . 1 3 9 *
3 . 1 1 1 *
3 . 0 8 7 *
3 . 0 6 7 *
2 . 9 6 1 *
2 . 9 1 3 *
2 . 8 9 1 *
2 . 4 7 7 *
2 . 8 - 0 *
2.865*
2 . B 6 3 *
2 . 8 6 2 *
2 . 8 6 3 *
2 . 8 8 8 *
2 . 9 1 9 *
2 . 9 4 4 *
2 . 9 6 3 *
2 . 9 7 9 *
2 . 9 « 2 *
3 . 0 0 3 *
3 . 0 16*
3 . 0 2 5 *

1
I
1
t

.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1 • o o o •

2 . 8 - 0 *
2 - 6 5 2 -
2 . 6 1 7 .
2 . 5 9 7 .
2 . 3 « 5 .
2.37-J-
2 . 3 7 2 *
2 . 3 A 8 *
2 . 3 * 4 *
2 . 3 * 2 *
2. 346*
2.340*
2 . 5 3 7 *
2 . 3 3 3 *
2 . 3 3 * *
2 . 3 3 * *
2 . 3 3 * *
2 . 3 3 * *
2 . 3 3 4 *
2 . 5 4 2 *
2 . 3 5 0 -
2 . 3 5 7 *
2 . 5 « 4 *
2 . 3 « 9 *
2 . 3 7 4 *
2 . 3 7 9 -
2 . 3 8 3 -
2 . 5 8 « *

16

I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Co



Table 23 Reduced power of line radiation of the helium plasma,

T,.eV

1.0
2.0
3.0
*.O
5.0
o . a
7.3
8.0
9.0

10.0
23 . 0
30.0
*0 . 0
«0 . 0
60.0
T0.0
50.0
" a . o

1 3 0 . 0
2 0 0 . 0
3 3 0 . 0
*C0 .0
5f)0 . 0
6 0 0 . 0
700 . 0
8 1 0 . 0
900 .0

1000 . 0

1.000*

0.**5-
0.H7-
0.31A-
0 . 1 6 7 -
0.**A-
g . 8 6 4 -
1 . 3 8 3 -
1 . 9 7 3 -
2 . 5 9 B -

3.2* n-
H.960-
1.29J-
1.5'A-
1.79 2-
1.961-
2.106-
2.22A-
2.33 2-
2.*2l-
2.933-
3.132-
3.207-
3.219-
i.199-
3.167-
3.125-
3-077-
3.027-

13

I"
1C
o
A
0
9
?,
p

f.
r
»,
7
7

7
7
y

y

y

y

y

7
y

7
7
y

7
7
7

i . o o o *

0 .4*0-
i) . 1 1 * -
9 . 3 1 3 -
0. 16*-
0 . 4*0-
0. A 5 0 -
1 . 3 6 2 -
1 . 9 * 1 -
2 . 1 5 8 -
3 . 1 9 1 -
A . 8 ? 8 -
l . ? 7 5 -

1.9'»"
1 • 768-
1.937-
2.080-
2.201-
2.303-
2.393-
2.902-
3.100-
3.i75-
3.tS9-
3. i7l-
3. i * o -
3. 098-
3.1.31-
3.nO2-

11

15
10
9
8
8
8
8
8
8
8
8
7
T

7
7
7
y

y

y

y

7
7
7
y

7
7
7
7

I . 000*

3.*3l-
0.997-

0 . 2 A 3 "
0 . 1 4 4 "
3 . * 3 3 "
3 . 7 3 5 -
l • 2i,s-
1.815-
2 . * 9 2 "
3 . 0 9 9 -
3 . * A 5 -
1 . 2 3 1 "
1. 5 0 6 -
l . 7 l . -
1.883"
2.024-
2.142-
2.244"
2.333-
2.840"
3.038"
3.114-
3.131-
3.116-
3.08a-
3.0**-
3 . 00 1-
2 . 9 5 3 "

12

15
11
9
A
A
4
S
.1
8
8
8
7
7
7
7
7

7
7
7
7
7
7
7
7
7
7
7
7

5 . o c a *

0.3:5-
3. 7*0-
3 . 2 2 0 -

j.121-
0.3*3-
2 .6 76-
1.1C7-
1 .6C3-
2.1*3-
2.7C3-
7 . 8 9 3 .
1.139-
i.*27-
1.633-
1.799-
1.937-
2.034-
2.1?4-
2.2*3-
2. 748-
2.9*9-
3.029-
3 . a 3 o -
3 . 3 * 0 -
3 . 0 1 2 -
2 . 9 7 5 -
2 . 9 3 3 -
2 . 5 " 8 -

12

13
11
9
8
8
3
8
8
8
8
8
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

•

1.000*

o.z-v-
(J . 6*0-

0.1°7-
O.Ul-
0.313-
0 .628-
1.034-
1.3n6-
2.019-
2.355-
7.338-
1.113-
1.3'd-
1.55 0-
1.7*2-
l.» T8-
l.» o3-
2. 0"»2-
2.1-9-
2.6M-
2.8A2-

2.9«3-
2.'«9-
2 .9<!l-
2.9"!7-
2.»22-
2.»82-
2 . 8T9-

«-3

1?

17
11

9

n
a

9
9
a

8
7
7
y

y

7
7
7
7
7
7
7
7

T

7
7
y

T

3.000*

0.189-
0.50/1-
0.161-
0.91S-
0.26?"
0.531-
0.878-
1.283-
1.727-
2.19?"
6.59A-
9.819-
1.21*'-
l.*03-
1.332-
1.67*-
1.78?-
1.87*-
1.931-
2,*27-
2.623-
2.712-
2.7*4-
2.7*3-
2.729-
2.703-
2.67a-
2.633-

13

ir
11
9
»

A
•

5
8
«

e
8
y

y

y

y

7
7
7
7
7
*
7
7
7
7
7
7

i .do*

0.1 75-
0.*68-
0.1*8-
0.8*5-
0.2*1-
0.4*7-
0.807-
1.179-
1.3«6-
2.0l*~
6.Q79-
9^066-
1.127-
1.299-
l.*38-
1.55*-
1.63*-
1.7*0-
1.81T-
2.263-

2.*36-
2.3**-
2.379-
2.385-
2.37*-
2.332-
2.323-
2.49*-

l*

13
11
(
(
1
(
(
(
(

1
1
7
7
7
7
7
7
7
7
7
7
7

7
7
7
7
7

3. 000*1*

0.1*6-13
0. 36"-U
0.H3- !
0.63*- 1
0.179- 1
0.360- 1
0.39*- 1
O.«66- 1
1.16*-
l.*76- (
*.*56- 1
6.669- (

I

8.312- »
9.601- 8
1.065-
1.13*-
1.230-

r
r
t

1.297- 7
1.356- 1
1.71*- 1

t
t

1.880- 7
1.963- 7
2.008- 7
2.026- 7
2.030- 7
2.023- 1
2.011- 1
1.993- T

r
1
1

1.000*

:.i29-
0.303-
3 .909-
0 .3»3-
3.1*1-
0.283-
0 .463-
3 .678-
O . 9 o « -
1.13?.-
3.*78-
3.213-
6.31(1-
7.331-
8.372-
9.03*-
9.497-
1.U23-

i . o r i -
1.369-
1.316-
1.398-
1.644-

1.668-
I.680-
1.683-
1 .679-
1.672-

1?

15
11

10
9

1
(
(
(

(
(
)
(
(
1

j

1
1
!
!
I
!
J
1
)
)
8

a
7
7
7

7
7
7
7
7
7
7
7

1 . OOC*

0.4?7-
0. 744-
0 . 24) 3 -
0. 1 O 9 -

0. 3 o l -
0.593-
0.97*-
3. 1*1-
0.189-
tl.239-
0.721-
1.088-
1.3*3-
1.587-
1.773-
1.93*-
2.07*-
2.198-

2.310-
3.068-
3.51*-
3.8l5-
*.030-
*.190-
*.3U-
*.4q6-
*.*79-
4.3,7-

16

16
12
10
<

1
(
(
!

(
(

)



plasma in eV.cm .s . Comparison with the results of Ref. [42] shows that

in the low-temperature region (for which we have only the results of

Ref. [42]) the agreement is sufficiently satisfactory. It should be noted

that in our calculations the effective recombination rate increases more

strongly with density. In the T > 6 eV region, where dielectronic

recombination makes an important contribution, the results of the present work

cannot be compared with those of Ref. [42] since the latter study was confined

to the consideration of the T < 6 eV region by not taking dielectronic

recombination into account. The results of calculation of the collisional

dielectronic recombination coefficient for the reaction e + He show fair

agreement with the result given in Ref. [3]. Our values of the effective

ionization rate for the helium atom are also characterized by a stronger

increase with rise in density in comparison with the results of Ref. [42].

For the convenience of using the results we give: in Fig. 27 the

dependence of the effective ionization rate in a hydrogen plasma S. on T (for

I e
different n ), in Fig. 28 the dependence of S. on n (for different T ),

e I e e

in Fig. 29 the dependence of effective recombination rate a on T (for
rec e

10
10"

10"

— 1 10'

10-

- i 11 H i i t H I M i t limit i t iinii t i n m
1 10' 10' 10' 10*

Fig . 27. Dependence of the effective
ionizat ion rate in the hydrogen
p l a s i a on T f .
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Fig. 28. Dependence of the effective
ionization rate in the hydrogen plasma
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Fig. 29. Dependence of the
effective recombination rate in
the hydrogen plas»a on Te.

1000

I O I t rtTiTiT i H I M —11 ill.,

too

Fig. 30. Dependence of ^ion
in the hydrogen plasma on T e .

different n ) for a hydrogen plasma, in Fig. 30 the dependence of C. on T

(for different n ), in Fig. 31 the dependence of the total reduced radiation

intensity of the hydrogen plasma on T , in Fig. 32 the reduced intensity of the

H -line and in Fig. 33 the reduced intensity of the H -line (we recall
a |i

that in order to obtain the true intensity, we have to multiply the reduced

intensity by N n , where N is the density of hydrogen atoms). Similar
o e o

results are presented for the helium plasma: in Fig. 34 the dependence of the

effective ionization rate on T (for different n ) for helium, in Fig. 35 the
e e

dependence of S. on n (for different T ), in Fig. 36 the dependence of the
I e e

effective recombination rate in the helium plasma on T (for different n ), in

Fig. 37 the dependence of a on n (for different T ), in Fig. 38 the
rec e e

dependence of C. (with He ion formation) in the helium plasma on T and
ion e

in Fig. 39 the dependence of the reduced radiation power of the helium plasma on

T (for different n ).
e e
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In order to determine the effective rates of ionization and

recombination during the interaction of electrons with the He ion, we can

recommend the results of a number of calculations for hydrogen-like ions with

Z > 1 (see, for example, Refs [2-4]), which agree satisfactorily with each

other in the region of interest to us.
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