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1. 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 Zeff = 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. 1In 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 (ne = 1014 to 1016 cm_3, Te =5 to 100 eV) is
considered the most attractive. The divertor is also necessary for pumping
helium. Evaluations show that about 1020 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 (Te = 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.

1I1. KINET1C MODEL

In the collisional-radiative model developed in Ref. [2] and used later
by a number of authors (see discussion in Ref. [3]) 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
antn) = — Nin){n K, + 1N, z Kom * Z Aln, g}l +n, Z Nla)K,p +
at m»n qQq<n qQ#»n
+ D Nia)Alg. n)+ N(H Indal )+ NIH') neaf?} (1)
a>n

where Knc is the ionization rate of state n, an is the rate of the
collisional transition q * n, A(q,n) is the probability of radiative
transition q = n, N(H+) is the proton density, agii is the coefficient of
three-body recombination into level n, and °§i; is the coefficient of
radiative recombination into level n. 1In the quasi-stationary approximation,
which can be applied satisfactorily under the conditions considered (for more
details see, for example Ref. [3])) all ﬁ(n) = 0 except the level withn =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)
dt

= — St ngN(1) + aff n N(H"), (2)

where Seff is the effective ionization rate, which depends on the

temperature Te and electron density ne (it is determined in a complex

manner by the collisional and radiative transition probabilities) and o ff



is the effective recombination coefficient, which depends also on Te and
n,- Thus, by solving system (1) (using the condition N(n) = 0 for n » 1) we
and the populations of all excited states, i.e.

can determine Se , a

ff eff
all the charcteristics needed to calculate, for example, the radiation

losses. 1In order to solve this sytem, we have obviously to know the values of
(3) (2)

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
coefficient 3(2)

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

and that the numbering of levels for the helium atom

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.



I111. 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:

E, = '—}6 [ (3)

Under the conditions considered by us it can be assumed that the
population of the sub-level nt is determined by the statistical weight of
this sub-level, i.e. by:

+ 1.
=— N{n). (4)
n

21
N(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:

1 1 .
Aln, n')-a,om-w’(w-;,—)’ f..'ng—"IS"l. (5)

n

where fn is the oscillator strength during absorption and 8, is the

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

of fn'n for a number of transitions can be found, for example, in
Refs [4, 5]. In Ref. [6] the following approximation is suggested for fn‘n:
form =2 eln’, x), (6)
ne {nx)?
where 1 (nn')?

X = - I}
(/n't =1y (n?=n"Y

wln’, x) = o (n') + ¢, (n')/x + q (n')/x2 {7
1,133, n' =1,
wo(n')={ 1,0785, n' =2, (8)

0,9835 + 0,2328/n" -~ 0,1296/(n")?, n'> 3,



—0,4059, n' =1,
¢r(n') = {—0,2318, n" =2,
—-(0,6282 — 0,5598/n" + 0,5299/(n")3)/n’, n' > 3,

(9

0.07014, n' =1,
0.02947, n' =2, (10
L {03887 — 1,181/n" + 1,47/(n"}*V/n’, n' > 3.

v1in’) =t

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 § = 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 4 for both the
singlet and the triplet term system. It is convenient to analyse the helium
data separately for the allowed transitions (AR = +1), forbidden transitions
(A% ¥ +1, 84S = 0) and intercombination transitions (4S8  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 1lsni, so that obviously L = 2 (L now is the total
orbital moment of the atom). 1In 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
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Fig. 1. Partial term diagram of the helium atom

Table 1
Transition| O V[ fabs [ST| A 10%S=0 (81}t {'arom)
2'p-1's, 205 0278 1799 0310
3'p-1's, 223 0,073 5,66 0,09
4'p -1's, 2298 003 2,48 0,034
2'p-2's 086 0,37 0,02 034
3prP-2's 24 0,15 013 0,16
4'p~2's 307 005 0,07 0,05
3's-2'p 16 0,04 0,19 0,04
4's-2'p 2.4 0,008 0,06 0,008
3D~ 2'P 18 0,711 0,64 069
4'p-2'p 2.4 0,12 02 0,12
4D-3'°P 063 0647 0,07 0515
4's-3'p 057 0.103 0,046 0,094
2'p - 2'S 12 054 0,1 054
3'p-2’s 307 008 0,1 0,063
4p - 2's 37 o0om 0,05 0,025
3*s - 2'p 1,7 0,07 028 0,06
3D -2 207 06 0.7 057
4D - 2%p 2,72 0,125 025 0.122
4’s - 3'p 057 0,145 0,08 0,145
4°p - 3's 098 0,04 0.006 0,05
4D - 3P 0,7 0,48 0,087 0,48
4’s - 2°p 255 0,01 0.1 0,0098

radiative transition probability A, s_l. in the group of levels withn =1
to 4. 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]. 1In Refs [13, 14] the method of
distorted waves is used in the 30-200 eV region. 1In 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 Te = 0.08 to 4.3 eV,
whereas information is needed for hundreds of transitions in the
Te = 3-100 eV region. It is therefore necessary to calculate the cross-
sections systematically. In the present study the electron—impacg 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. 1In 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 o and excitation rates <vo> were approximated (using

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

C and ¢ (for o) 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 Schrddinger
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.
1t is natural therefore to seek a simple calculation method that would 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 o and excitation rate <vo> for transition 0 » 1 we have,

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

Ry rlu) (1n
- . 10716 . £ T2 DAL
Og 3810 fol(AE ) +1 [C' ].
3
(vodg, = 3.2 - 10"fo,(-AEE!-)”’B"’e”P([3) [-9:—-1. (12)

Here f01 is the oscillator strength for absorption, AE is the transition

energy, u = £/AE - 1, £ is the incident electron energy and B = 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 1ln(l + u). Function P(B) for B « 1 has the following
asymptotic form: P(B) = —-v3/2wEi(-B). The results of tabulation of P(R)

for some values of 8 are given in Table 2 [24].

Table 2
g P(g)
0.01 1.16
0.02 0,956
0.04 0.758
0.1 0,493
0.2 0.331
04 0,209
1 0.1
2 0,063
4 0.04
10 0,023
>10 0.066 g~ '"*

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

following form:

Q
; d(u). (13)

Here ao is the Bohr radius, DE the scale factor (the most frequently used
values are DE = AE and DE = 22Ry; for neutral atoms Z = 1), Eo, E1 are

the energies of the lower (o) and upper (1) level, respectively, reckoned from
the ionization limit, Qo the electron orbital moment in the initial state,

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:

, c
®(u)= - /u/lu +a) - (14)

u+y

For &''(u) (exchange part) we have:

"

S P S— v (15)

(u+y " Hu+1)?

where a = AE/DE.



Consequently, the excitation rates are written in the form:

R 'EI\ n Q - e 3
- e 4GB (—I.
DE-Eo} 2+ 1 6 [ : ] (16}

(va)o, = 10"(

Here B = DE/T, B = AE/T = BAE/DE.

A8V (1+0)

G'(8) (1+ap) V2, 17)

372

(1+ef)”" (18)

G'(f) =
B+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, + 1)/4, where S

1 1 is the spin of the final state.

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

It 1s 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
Te = 3 eV (in units of 10_5 cma/s) [211].

From the data in Table 3 it can be seen that inclusion of normalization
in the Coulomb-Born 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 (1l6).

We now systematically compare the available data for a number of
transitions, including our own calculations (present study).

1. lls° - 21P transition [4, 7, 12-14, 17, 18, 22, 24}. (In the

. . 2
subsequent tables the values of o are given in cm .)



Table 3

Transition (“°kxp [21] (Eg)ﬂzil (va) [21) gy,Fornula
R . it -
vifhigernal- ] oa
3's - 3%p 1,4:03 23 13 12
3's—-3'P 24205 36 2,4 23
2’S-2'P 0132002 0,18 011 0,08
2!s-2'P 021003 0,38 025 0,15
)
*"CB - Coulomb-Born approximation
Table 3A
eeV |8, (1) na (18] Present (24
study
4 7740 716407 - §5.10°'* 10,7.10°'* 98.40"'"°
102 1010'7 1490'" 138.10'" B80.10°'" 85.10°'¢* 79.0'"*
Table 38
e.eV | (9] oyp {151 (18] Present (241
study
20 8.10°'" 4107 75407 99.10'7
15.3 - 2610 - 35.10°'7 1,17.10°"7
Table 3C
eeV | 184y, {13} {14] Present {24}
study
40 1.57.10°'* - 53.10°'* 44.10°'* 310
50 2.10°'* 7.0 - 47.10°'t 490 '*
‘Table 3D
e, &V {10} exp {24)
50 3.37.10°'? 1,38.10~!"

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. 1130 - 31P transition [8, 14, 18, 22, 24].

14



1

6. 118o - 4 P transition [18, 22, 24]}.
7. 21S - 21P transition (1, 12, 14, 17, 18, 21, 24].
8. 21S - 31P transition [15, 18, 21, 24].

1 1 L
9. 2°S - 4"P transition [15, 18, 24].

1 1 L.
10. 2°P - 37S transition [10, 24].

It can be seen that for the 21P - 318 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, 321;
(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 < &€ < 30 eV and 80 < € < 200 eV regions by the
R-matrix formalism are given in Refs [11, 12, 28]). 1In 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 23S. The analysis

15



carried out in Ref. [14]) shows that in the case of the excitation cross-
section for level 218 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 33D 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]). 1In 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.

1. 1lso - 218 transition (1, 11, 12, 14, 17, 18, 20, 25-27].

It should be noted that the data given in the different studies differ
from each other (this applies to both experimental and theoretical results).

Thus, for &€ = 29.6 eV, according to Ref. [25], o = 6 x 10"18 cmz, but

according to Ref. [11], 0 = 2.2 x 10-18 cmz. 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"

18 18

- 2 - 2
program: o(€&€ = 30) = 7.3 x 10 em , o(52) =5 x 10 cm o,

-18 2
o(100) = 2.4 x 10 1 cm .

16



Table & Table 5

e.d |o, 107" cn? (ver.em?s™!

T, eV
22 12 calc. by "Atom™ program 120}
25 26
30 52 0.43 35.10°° 6.4.10°*
39 5.2 0.65 3g.10°%? 63.10° 1
52 44 0.86 8s8.10"*'* 13.10°*°
60 26 1.72 1,4.10°'¢ 1,74.10°'4
80 2.1 2.6 78.10°"? 86.10°'?
100 18 4.3 1.7.10°! 1.710° %

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.

1 1 -

2. 1 So - 3 S transition [1, 14, 22, 27)}.

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

(thus for € = 50 eV, according to Ref. [14]), we have o = 0.84 X 10—18 cmz.

. - 2
whereas, according to Ref. (23], o = 0.298 x 10 18 cm ).
1 1 cy s
3. 1 So - 4”8 transition [1, 22].
4, 1180 - 235 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 ¢ compares

the results given in the various sources.

Table 6
o, ma}

e, eV

(25lexp [ (291 exp[ (12] (13] (17] (28] (301 [ (31)exp
20 - 72.10* 99.10? - 3.10°? 48.10°? - 28107
30 8,0.10"? - 5,6.10°! 38.10° 15.10°* 48.10? - -
40 - - - 18.10°* 08.10"? - 2240 23107
60 - - - 4810 - - 64107 -
80 - - - 31.10°* 2,10 5.3.10°°* 38,10 -
100 - - 23.10" 22107 - 2310 22107 -

17



The values of o and <vo> are given in Ref. [18) and they agree to a
satisfactory degree with the experimental data at low energies. Thus, for
€ = 20 eV, according to Ref. [18), o = 2.8 x 10—2wa§ and, according to

Ref. [31], o - 2.8 x 10 %ya’.
exp o)

5. 1180 - 333 transition [18, 22].
The results of calculation of <vo> given in Ref. [18) differ from the
values obtained by the "Atom”™ program in the low-temperature region
(Te < 40 eV) by a factor of about 1.5. In the high-temperature region the
decrease in o and <vo>, according to Ref. [18], occurs much more slowly
than that according to Ref. [22].
1 3 L
6. 1 So - 4°S transition {18, 22]).
The comments on the preceding transition apply equally to this
transition.
1 3 e us
7. 1 So - 2P transition {1, 12, 17-19, 22, 28]).

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

the results of the various calculations (Table 7).

Table 7

e,eV Source o'na:
286 291} 68.10°7
30 (181 25.10°?
30 4] 2.8.10-°
324 171 1,76.10°"'
40 {11 1,76.10°*
40 171 1.38.10°'
40 {181 34.10°
80 {1 28.10°°
80 {171 28.10°¢
80 {18) 22.10~*
816 {28) 10°?
825 (12} 38.10°°
100 (1 1,7.10°?
100 {12) 18.10°?
100 {281 3.7.10°?

The results of calculation, for example, for Te = 40 eV by the "Atom"
program show good agreement with the results of Ref. [18). The following

empirical formula for ¢ is given in Ref. [1}:

18



1 1
g(x) = 0,18 ma? (?-7), (19

where x = € /AE.
The comparison of the values of <vo> obtained by formula (19) and
those by the "Atom" program shows sufficiently good agreement.
1 3 cy
8. 1 S0 - 37P transition {18, 22].
The results of Ref. [18]) and those obtained by the "Atom" program agree
satisfactorily with each other. Thus, for Te = 40 eV, according Ref. [18],

- 3 . .
we have <vo> = 1.7 x 10 10 cm /s, while the "Atom" program gives

<vo> = 1.8 x 10-10 cms/s; for Te = 100 eV we have, respectively,
9 x 10_11 cm3/s and 9.7 x 10—11 cm3/s.

9. 1ls° - 43P transition [22].

10. llso - 33D transition [31]).

11. lls0 - 430 transition [22]).

B. Transitions between excited states
1 1 -

1. 2°S - 3°S 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.

1 1 -
2. 2°S - 3D transition [1, 15, 17]).
1 3 -

3. 2°S - 278 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 Te’ which were calculated by the two methods.

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

for intercombination transitions with AS = 1 should decrease asymptotically,

19
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100
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&
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53 107°
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1071 3l 1 1 ! 1
10°' 10° 10' 10? 10* 10¢
T.eV

Fig. 2. ODependence of the excitation
rate for the 215-235 transition on
Te: 1 - [18]; 2 - present study.

for large €, as 6_3. 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
strong coupling with the 23L - 23L" channel. But at high energies the
law o ~ 1/ 63 should be preserved. At present, detailed calculations of
this effect are not known to us.

4, 218 - 23P transition [1, 12, 17-19].

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

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

The calculation results of Ref. [17) show good agreement with the data
of Ref. [18) for low temperatures.

6. 21P - 23P transition [12, 17-19]).

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

other. Table 8 compares the values of <vo>, cm3/s, taken from Ref. [19]

and those obtained by the "Atom" program.

20



Table 8

I " Calculatio T, eV
ransition lethod
0.086 0,17 0.43 0,65 086 1,712 2.6 43
2'p— 2p (19} 33107 1,310 27107 3a1.40°* 315107 2810°* 2510 196.10°*
“Atom"” 2,7.10°* 107! 1810°* 19610 189.10°* 1510°* 12810°* 8910

K] K]
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.

3 3 cL
9. 2 S - 4D 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 .
according to Ref. [9]), we have o = 2.3 x 10 1 cmz, while our

calculation gives o = 2.2 ¥ 10—17 cmz.

10. 23S - 31P transition [9, 34].

The results of experiment [9) and calculation [34) show satisfactory

agreement with each other. Thus for € = 10 eV Gexp = 10-17 cm2 and

-17
c =1.8 x 10 cmz. The calculation results of Ref. [34] are
theor

presented in Table 9.

11. 41P - 43D transition [33]).

The experimental data for = 4.65 eV are contained in Ref. [33].
3 1 -

12. 2°S - 37D transition [34].
3 1 o).

13. 2 S - 4°S transition [34].

1
14. 23S - 4 P transition [34]).



Table 9 Table 10

e. ¢V | o, ma? ’ Transition
etV
4 21 2’s-3'D 2's—4's 2's-a'p 2's-4'p 2°s-13's
5 1.5
8 0.94 3 - - - - 0.44
8 041 4 32 - 026 062 32
10 0.21 s 2 0,15 046 0,77 19
15 0.063 6 12 0,14 032 05 12
20 0.027 8 052 0.11 0,15 022 052
30 8.10°? 10 026 0.083 0,076 0,11 0.28
40 3.10-°? 15 0,078 0,039 0,023 0,034 0,092
50 1.7.107? 20 0.033 0,021 96.10°° 0014 0,043
100 10-* 30 0,0097 7.6.10°? 29.10°? 42.10°° 0,014
40 42.10"? 36.10"* 12107 18.10°° 65.10"*
50 2,1.10°° 19.10°* 62.10°* 9,1.10°* 35.10°?
70 7.7.10°¢ 71.6.10°* 23.10°* 33.10°* 1,3.10°?
100 2,6.10°* 3,7.10°* 78.10°¢ 1110 4,7.10"*

3
15. 2°S8 - A1D transition [34].

16. 23S - 318 transition [34].
Table 10 gives the values of o, wai, 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. 1In 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
(1S - 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 = [Ro - !ll.

The fourth and fifth columns give the energies of the initial and final states

22
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Table 11 (continued)
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(Eo, El) 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 1S F should be doubled) is given by:

k+1 Ac
225k ((2k - )11 137

(2, + 1)f = pPR-1E (20)

where k = IQO - % | and A is the energy of transition in Ry. It

1
can be seen that for dipole transitions (k = 1) the value given in the table
is the invariant quantity (ZQO + 1)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, Jonization 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=2to 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 Kv(a) into a particular level a with ionization energy

Ea is given by the expression:

Qr M:/: C"’

remial

K,(a}=107* (DE/R )"

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

The multiplier Qr depends only on the angular moments of state
a [22). For the He++ ion Qr = 1 while for the He+ ion Qr =1/2 for
recombination into the ground state 152 and Qr = 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 >e 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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fable 12

Constants Level
18, 2's+2's 21p+ 2P
A 257.10°¢ 1,73.10°* 6,7.10°¢
X 0.12 38.10°? 0,48

example, Ref. [37])). 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

of the helium atom, the most important radiative transitions are 23P - llso,

1 . Cg ey . .
23P1 - ZlSo, 2 Pl - 2351. and for their probabilities the following values are
2 -1

given in Ref. [38): wW(2°P, - 1'5) = 1.8 x 10° 57",

w<23P1 - zlso) = 0.027 s’l, W(21P1 - 2351) - 1.55 s Y. In determining the
the 23P level population it is of interest to evaluate the limiting density
N e which separates the regions where the predominant role is played by
collisions and by radiative processes with change of spin (for n,>n the

cr

principal role is played by spin-changing collisions and for n, < ncr the
principal role is played by spin-changing radiative processes). The values of
L for a number of values of Te are given in Table 13.

It can be seen that in a boundary plasma with n, = 1012 to 1014 em
and Te = 3 to 100 eV, in determining the 23P level population, the

contribution of the intercombination radiative transitions cannot be neglected

in advance.

Table 13

To. eV| ncr, ca? Te eV{ ncrcm? Te. 8V | nerce?
3 210 15 7.10*! 70 10'?

, 4 2.10"? 20 6.10'! 100 1,3.10'?
5 10'° 30 6.10"!

10 10'? 50 710"
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3. ANALYS1IS OF COLLISION CROSS-SECTION DATA FOR THE HYDROGEN ATOM
In Ref. [6] we find the semi-empirical dependences for Knc - the
electron ionization rate of the hydrogen atom in state n, for Knm - the

electron-impact excitation rate for the transition between levels with

(2)
(n)

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

principal quantum numbers n and m and for a - the radiative

k)
— cm
K. (T,)=1,17935-107%/T, n’Y2d.(n, T /1.

nc''e

®.(n, Ty) = AL E (Y VY, = E((Z,)/Z,) +(B, = A, In 2n?) x

x [E(Y,) = E(Z,)], (21)
2 322 Loy in)
B, = sn’(5+bn): A,,-375-ni§__: e (22)

Yo" 10/ Tei 2o =Y+, E(th=Eolt)—2E, (t) + Eo(t) 4

where Ei(t) = Ie—th_ldx and In the ionization energy of level n (In and Te, ev);
3

3
Ky = 117935 - 1075 V/Ty Wi Yom®Pu (0 m, Tl 1, (23)
S

1 1
+ =) X

1 1
$, (n,m, T.)"A'.",“l(Y +5)E,(Ynm)—(z

am am

x Ey(Zy ) + (Bom = Anen!n W E2 (Y pn WY om — B2 (2o )/ 2, ).

2. =Y _ 4t V. o =2ntx,

nm nm nm’ n

Yom = OB /T

¢
n
Pam = Tn " X x=1-(—)%
m
4 b, 3 - am
m* \Pf‘m“ + 3—x+ x—2)/m ' Anm * ¥Yom fébsp.' (24)

b = {—0,603, n=1, )
n | (4—18,63/n+ 36,24/n* — 28,05/n°)/n, n> 2,

{0,45, n=1,
r =
" hoeantH7, n>2.

Here AE"m is the transition energy, ev.

2 3
all! = 5,197 - 107 B2 exp(~B,) _ w; (n)E,., B, (], 129
s

i=o

where 8 =1 /T .
n n e
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Approximate formulae for the rates of the above processes are also

given in Ref. [22]:

13.6 A
Knc = 10-5( )m e-ﬁ(__a_)m o , (26)
In B+1 Bxs
where B = I /T ;
n e
13, E 1 B+1)
K"m = 10'6 (__:_;_E_)JII( m )3/2 _ﬂA \/B B , (27)

E | 2+l Bexa

am n

where En' Em are the energies of levels n and m, reckoned from the

ionization limit;

IE,] AB?
(2} -13 nl 172 n
al’=10"" ) '
" 13,6 B,*xs (28)

where B = |E |/T
n n' e

The parameters Al, A A

2 A xl, x2, 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. [22). 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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Fig. 21. Dependence of the Fig. 22, Dependence of the
ionization rate of hydrogen excitation rate for n = 1 to 3
atom in the ground state on transition in the hydrogen atom
Te: 1-[39]); 2-[6]; 3-[40]); on Te: 1-[22]); 2-[39]); 3-[6];
4-[36]. &-[40],
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fig. 23. Dependence of the Fig. 24. Dependence of the
excitation rate for n = 1 to 2 excitation rate for the n = 2 to 3
transition in the hydrogen atonm transition in the hydrogen atom
on Te: 1-[22]); 2-[39]; 3-[6]; on Te; 1-[22]; 2-[39); 3-[6];
4-[40]. . 4-{40]).
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Fig. 25. Dependence of the Fig. 26. Dependence of the
ionization rate of the hydrogen jonization rate of the hydrogen
atom in the state with n = 2 on T,. atom in the state with n « 3 on T,.

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 11, 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 nbound was chosen in the

form:
nrp=|nax(25,n?),
(29}

nD =V5.6 10°Zy/Te/(ne(z+ 1))

Here Z is the charge; Te in units of eV and ne in units of 1013 cm—3.

It is of utmost interest to find the dependence on ne and Te of
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
ionization rate for the hydrogen atom in the region of n, = 1010 - 1016 cm3
and Te =1 - 103 eV and Table 15 the effective recombination rates for the
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.cm3.s—1. Table 18 and 19 present the data
for the reduced
intensity of the Ha and HB lines in ev.cm3.s—1. 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” (Cion) for He . Table 23

presents the values of the reduced line radiation intensity for the helium
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Table 14 [ffective ionization rate for the hydrodgen atom, cm3/s

nyGm=3
Ty eV t.a00e12 ) i.00;a11 | 1,00C12 | 5.009+12 | L,%720+L3 | 35,0001y | L.cQoeg& |3 00Cela ] loOnCelS ) 1.3 010
.) N

L- 9,578-16| 9.,698-16| n.97%5-14 ]| vu.142-13] 0.276-13] 0.360.1% | 0,638 |3 L6012 0,270-12) 0.796-212
2.0 0.325-11] J.913-21 | 0.112-1g|-G.241-10 | 0,162-7n [ 0.2350-19 | 0.320-17 | 5 66g-1p ] 0.92i-ln] 0.172- 9
3.0 0.107~- 9 J,116=- 9 N.136- 9 0.160~- 7 0.l7a=- o0} 0,250~ o 3,306- 9 | 0,551~ o 0,7°7- 9| 0.10a-~ 3
“-0 a.4stl- 9] J,638- 9f 0,495~ 5| 0,573- 9| g, 626- 90,835~ 9 ]0.990- 9] 165~ 8] 0,2r2- 8)0.277- A
$.0 0.752- 9| v,10:- 8 n.112- 3 0.127- =n 0.138- a [ 0,178~ ¢4 0.207- 8 | 0,325~ & 0.3%29~ 8| 0.50<. 8
6.0 0.170- %% g.178- 8] n.176- g 0.221- & | 3.237- 8| 0,300~ 3 0.36%- 4 | 0,522~ a8 | C.611- B8] 0.769- 8
7.0 3.76C- 3| 3,27;- 8} 0,207- g 0.331- 8| 0,354~ 8| 0,640~ 4 0.%02- 8 |0, 740~ 5| 0.8%5- 8| 1.251- 1
3.0 g.361- 3] a.376=- 8) n.,499- 5| 0.452~- B | 0,682~ 890,392~ A 0,671~ 8 0,968~ g | 1,108~ A | 1.541- 8
3.0 n..68- 8| 0,487~ 81| 0,526~ 8| 0,5#0- B | 0,616~ 80,750~ 8 [ 0,845~ A | 1 199~ 84| 1,343 8] 1.531- 8
HB Y 5.$79- 81 4,601~ 8| n.668- gl 0.710- 8] 0.752- 8] 0,909- 4 (1,021~ 8|1 629~ g | 1.61%- 8 [ 1l.71l6- 8
25.0 1,587- 8| 1,63%~ 8 1.732- 38 1.846~ 7 1.952~- 8| 2,279- a 2,509~ a4 |3 313~ 8 3.662- 8| 6.20%- 1
30 2,260- 3] 2,320~ 8| 2,644 31 2.512- 2 2.723- 83,161~ 8 | 3,633~ A [ 4 652+ 5| 6,806~ 8] 5,595~ 8
6,0 2.,585- 8§ 2,793~ 8| 2.891~ g 3.078~ =8 3.202- 8, 3.6867- a | 3,993~ 8| 35 135~ 5 5.639- 8 | 6.435- 38
5.3 2.760- 9| 5.931- 8| 3,177~ g | 3.373- A 3,554~ 8]3,996- g | ¢, 339~ 8] 5 333~ A 6,096- 8 | 6.567- 3
6.0 3,139- 8| 5,213~ 8 3.362- 8 3.846- 8 3.697- 8 | 4,203~ g .,5%%- 8 | 5 811~ 8 6.322~- A | 7.30R- 8
7540 3,258~ 8 53.332- 8 3.483- 3 3.6487- 8 3,922- 8 (4,334~ 8 ., 600- 8 5.977-. 4 6,599~ 8 7.529- 8
L 3°3%6- 8| 3.419- 8| 3.561~- 3| 3.766- & [ 3,901~ 8 |4, 616 g |6, 772- 8 [6 063- A} 6.666= A | 7.559- 8
9,.0 3.385. 8| 35.660- 8 | 3.610- g | 3.81¢- 8 [ 3.9.9- 8 [, b61- g )6, 818- 8|6 113~ 4 6.7%6~ 8 [ 7.755- 19
1930 J.415- 8] 3.489- 8] 3.639- 8| 3.861- 8] 3,975~ 8 |4, o84 g |-, 839~ 8|6 133~ 8] 6.79G- 8} 7.403- 8
293+0 3.326- 8| 5,393~ 6 [ 3.526- g | 3,796~ & 3,874~ A 4, 278- g | &, %06~ 9|5 789~ 8| 6,.6-8- 3 7.552- A
Jog-0 3.112- 8| 3,172- 8| 3.271- g | J.e52- 2 3,57~ a8 [3,962- & | 6,245~ 8|5 330~ g | 3.919- 8} 7.282- 8
“ng:o0 2.921- 8| 2.975- 8| 3.08%- g | 3,231~ 8| 3,327~ 8 }3,69L- g 3,991- 8 4 949~ 3| 5,579~ 8| 6.558- 8
S0g-0 2.760- 8] 2.811- 8 2.912- 3 3.0487- 2 3.13%9- B 13.476- 8 |3,711- 8 «,638~ 8 5,172~ 8| 6.320- 8
60qg.0 2.625- 80 2,673~ 8{2.767- 8 2.893- 8 2.976- 8 | 3.291- 3 3,012~ 8| & 381~ 8 L, ,802. 81} 46.927- 3
70g.0 2.510- 8| 2.8553- 8 ] 2.646- 3| 2,763~ 8] 2,840~ 8 (3,137~ 4 3.3s6- 8| 6 165~ A | & 656- 8]5.777- 8
8000 2.611- 8| 2,683~ 8 | 2.538~- 5[ 2.650- 8} 2.723- 8 [3,004- 8 3,201- 8] 3 979~ 8 | 4.4%2- 8| 5.556~ 3
90q-0 2.326- 8| 2.364- 8 | 2.063- 8| 2.952- 8| 2,622~ 8 |2.888- g |3,076~ 8|3 818~ 8| 4.273- 8 {5.36A- 8
1003.0 2,266« 8| 2.286- 8 2.363~ 3 2,665~ 8 2.532- 812,787~ 2,965~ 8 |3, 677~ 8 4,119- 8| 5.198- A

) 0578 — 14. means 0578.10-'*.
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Table 15 Effective recombination rate in the hydrogen plasma, cm3/s
mocn 3
ToeV [1.300-10f 1.00u*11| £.000*12) 5.000%12{ 1.C00%:3 [3.000+1x| t.c00% 4 f 5,000+16 | 1.000°13( 1-30¢*16
1 2 3 a 5 6 7 8 9 10 a1

1+0 | 0,628-12 | y.489-12| 0.615%-12| 0.790-12] 0.%905-12 {0.137-11 | 0.170-11| 0, 321-11 | 0.462-11[ 0.15:-17
2.0 }c.238-12/0.255-12] 0.287~-1,] 0.327-12 | ¢.382~12 (0,%39-12 ] 0,%93-12) 0 720-12 | 0,8A5-12 0.153-11
3.0 Jo0.170-12 ] 3.178-12| 0.192-15{ 0.209-12 | a.220-12 |0.256-22 | 0.275-12{ 0, 3s6.12 | 0.4nr?7-12] 0.372.12
600 Je.136012 0,138-12] 0.146=-12| 0.135~12] 0.141-12 [0.179-12| 0,189~32] 0 229-12 ] 0.2%2-12} 0.325-12
5.0 Co111-12 } 0.116=12] 04119=22§ 0,224=12 ] 0.228~12 [0.138-12 ) 0,165-12{ 0,167-12 | 0.179-12] 0-225~12
6:9 | p.931=13] y.969-13} g lp9-12 9.2p%-12 ] y.1p6=12 |9-223-12] q.117=12| g, 131-12 ] g.138-12] g.165-12
7.0 C,333-13] 9,866-13 0.668'13 0.85~-13] 0,911~13 |0.958-13 | 0,985-13 ] 0,l0o8-12} 2.113-12} ¢.131-12
8.0 |o0.743-13] 0.75z-13] n.769-13| 0.788-13| 0,708~13 [0,832-13 [ 0,8%51-y3| 0 9r6-13 c,9¢9-13] 0.105-12
3.0 1 °,4870-13]3.677-13]0,690~-13 0.70%=-13|0,712=13 f0.736-13] 0,7%50-13( 0 796-13|0,819-13| 0.731-13
1aea |a.611-13] g.616=13 9.626=13] 9.636-13| 9,642=13 [5.869-1%1 q.67g=13| 4 7ge-13| g,722-13] 4.312-13
2¢-0 [ 0.323-13 [ 0.326-13[ 0.326=13| 0.327-13] 0.327=13 10.327-13| 0,327-13| G 327-13( 0.328-13{ 0.35¢-13
350 9.221-131} J.220-13{ n.220~13}| 0.219-13}{ 0,2y9-13(0.,217-13( 0,216-13) 0 213-13| 0,212-13(0.,22%5-13
4g -0 0.166-13 d.166-13 0.165~13 0.16%~13 0.146=-13 |O.Ll62-1% 0,160-13 0,157-13 0,.155%-13 N.163-13
56+0 10.132-13] 0,132-13| 0.131-13) 0.130-13} 0,130=13 [0.128-13| 0,127-13 0,223-13 | 0.122-13} 0.127-13
630 3.109-13{ 3.109~13) 6.109-13| 0.108-13 | 0,107=13 {0.186-13§ 0,105-131} 0 l02-13]| 0,100-13 | 0.10¢-13
750 | ¢.931-16 | 0.929-14| 0,923-14| 0.916-14 [ 0,912=14 [0,897-1c| 0,888-14| 3, 860-1s | 0.868-14| 3.372-14
80-0 [0.308-14] 0.806-14 0.801-14| O.794-14]0,790~14 [0.777=14 0,769-76 (0 763-14 0,733-16| 0.75c-16
9g-0 |o,712-14] 0.713-16} 0.79%5-14| 0.699-14 | 0.606=24 [0.68%-14] 0,677-14 | 0.633-14 | 0,604-16 0.556-14
1ng.0 0.535-154 3.633=-164 2.629-14 0,4264~14 0,620~14 [0,609-14 0,603‘14 0'582-16 0,3573~14% 0.382-14
204-0 029216 1.,201=16 N.289~14 0.287-14 0.28%5-14 (0,.2R0~14 0,277=y4 0,266-14 0,261l~1a N.26G=-1¢
393-0 | c.182-140 0.182-16] 0.180=14} 0.179-14 ) 0,.178-14 [0, 275~14 0,173=-14 [ 0, 166-14 ] 0.163-14 | n.161-1%
tng.0 0.129-14 1 0.129~16 | 0,.128~14] 0.227=14 | 0.126=14 [0,1246-14| 0,123~-14{ 0, 118-14 | 0.116~14 ) 0.113-14
30p-0 | 0,98%9-15) 0.986-15) 0.979=15 0.971-1%/0,%6=15}0.94%-15] 0,938-)50,904-15}0,886-15 0.363-15
605.0 1 a.792-15| 3.789-1% | 0.786=15| 0.778=15 | 0,774=15 {0,760-15| 0,752-15 | 0,725-15 | 0,710-15 | 0.550-15
706.0 |9,555-15 | 0.653-13 | 0.649-13 ) 0.444-15| 0.640-15{0,629-1%5 [ 0,623~;5] 0 601-15 | 0.589-25|0.57¢-15
80g.0 |ao,5%6-.135]| 3,554-15 ) 0.5%0-13] 0.546-193}0,343-19 |[0,533%-13 0,328-35 | 0 5l0-1s | 0.409-15% [ 0.482-15
9000 |0,080-13] d.478-15 ] 0.475-15 0.472-15{0,469-15 |0.%61-13| 0,457-15 | 0, 441.1%]0.“T2-15]0.616-15
1000g.0 | c.4a21-15] 0.419-15 ] 0.417=15 | 0.413-1% | 0,631-15]0.%05~13 | 0,%00-15 | 0,387-1s | 0.379-15] 0.365-15
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Table 16 Cj,, in the hydrogen plasma, eV
ne,cm'J

Te,eV L LS B IR RS IR B I R B, l.f~n+13 [S.000+1x | L. coneya | 5 000sle | L.CCC2LS | L.o2350e16
1.3 2.2%% X L a4ge 3| L X26e v S nv38e 2 17 334+ 2 [3. 767+ 21 2 6r8s 2 16 6334 1 |3 8BTS | {1,399+ 1
.0 1.522. 2| 2i267. 2| n.563s 2 | 1.amce 2| 1,293 2 |8.%33+e 1 | 6,658 1 |3 3624 ¢ 2,480 | | 1.58gs 1
y-0 L.606 2, 0738 2 19,278« < 17,891+ 1 | 7,035+ 1 5,074+ 1} 6,218+ 1 ]2 %6084 111,995+ 1 ] 1.0633+ 1
N T.a330. & 7,347« 1 1 A, 518e | | S,6a6e 1 | 5,180+ L |3,962+ o+ {3 3714 1 |2 192+ 11,8164 1 1.612+ 1
548 6.:.72+ 1l a.Aa6:e L | S.201e ¢ fe.as8e 1 e 3905 1 |3,397¢ 5 | 2,957+ 1 |1 99 | | 1.726% 1 | L.s02e )
20 $.30%5«¢ L | 3.q67% | | ©.579+ | [6,176+ 1 |3 836s 1 |3.0083+ 1 12,717« 1 {1,901+ ) [1.671+ 1 [1l.3096+ 1
7.0 €. 7%9. L[ 5 847~ 1 | & 172+ 3 |3, 7%Bs 1 |3 328 1 |2,882+ 1 | 2,362+ 1 |1 8614 1} 1,637+ 1 [1.302+
40 £.37%« 1 | 5,299« 1 | V.8864s + | 3.921+ 1 3,318+ 1 J2,.764s 3 | 2,455¢ 1 ] 1 BU0e 1] 1,613+ 1 ] 1.380+ 1
P} t,.128. 1 L.967+ 1 3.676% J.%sc* 1 Jole7+ 1 2,663 2,377+ 1 1,770+ 1 1.596+ 1 1.587+« 1
1,-0 3.332+4 L] .78~ 1 | 3.821¢ | | 3.222% 1 ]3.0%3+ 1 12,567« 1 12,318+ 1 |1, 767+ 1 | 1,583+ 1 11.588+ 1
2..3 3,178+ L[ 3,106« L | 2,936~ 1 | 2,736+ 1 2,622+ 1 (2,279« 1 | 2,097+ 1 | 1,665+ 1 [ 1.937+ 1| 1.3580+ 1
3..0 1,306e 1 | 2,92, 1 | 2.7%2+ | | 2.612+ 1 }2.512% 1 2,210+ 1 {2,066e 1 | 1,650+ 1 ] 1.929+ 1 | 1.3580+ 1
.. ¢ 2,520« 1} 2,845« L | 2.717 | ] 2.560+ | | 2,06R8% 1 2,184+ 3 J 2,030+ 1 § 1,068+ 1 §1.529+ 1 | 1.380+ 1
< .6 2.87%. 1 2.808~ 1| 2.683 2.8%6+ 1 | 2,446% 1 |2.176+ 2,026+ 1 | 1,6%0+ 1.3%1+ 1 | 1.580+ 1
4 -1 ~.868+ 1 | 2,78 &~ 1 | 2.664% ) | 2.%20+ 1 | 2.%35% 1 2,170+ | | 2,026 1 | 1,656 1 | 1.335+ 1 | 1,581~ 1
? .9 2.3%e 1 2.766+ 1 2.652+ 2.513« 2,630 1 2,170+ 3 2,026+ 1 1,658+ 1 1,538+ ) l1.581« 1
a g 2.320+ 1 | 2.7%9¢ 1 {2.665+« | | 2.508+ 1 | 2,427 1 |2,171% 1 {2,029+ 1 [1,663« 1 | 1,542+ 1 1.382+ 1}
9_.0 2.a12+ 1 | 2,793~ 1 | 2.661c 1 | 2.95006+ 1 2,427+ 1 [2,17%+ 3 {2,033+ 1 |1 668es 1 | 1,945+ 1 | 1.582+ 1
13;5.0 2.307. 1 2.749+ 1 2.439+ 2.9%06+ 1 12,427« 1 |2,177+ ) | 2,0%8+ 1 1,673+ 1 1.969+ 1 1.583+ 1
2250 2.30%. 1 | 2,790~ 1 | 2.648c 1 }2.925+ 1 | 2,492+ 1 |2.215%+ 1 | 2,080+ 1 | 1.716s 1 |1.57%« 1 | 1.388. 1
32;-0 2,419 1 | ¢.767+ 1 | 2.669% | [2.9%50+ 1 [2,%78% 1 2,267« 1 (2,216 1 |1 768. 1 (1,602+ 1 [1.391+ )
49..0 2,335« 1 | 2.78.+ 1 | 2.688% 1 | 2.571+ 1 | 2,391 1 2,272+ | | 2,141% L |1, 775+ g }1.621+ 1 | 1.595+ )
5050 2.390+« 1 | 2,799+ 1 | 2.706+ 1 | 2.589+ 1 |2.320% 1 ]2,.29%+ | | 2,164+ 1 | 1,799+ 1 | 1.6%8+ 1 | 1.397+ 1
63a-0 2,843+ 1 | 2,813« L [ 2,719+ 1 }2.403+ 1 [2.337% 1 |2,312+ 1 | 2,183+ 1 | 1,8uBes 1 | 1.6%2+ 1 | 1.a00+ 1
735.0 2.37%+ 1 ] 2.82%« 1 12,732+ 1 2,619+ 1 12,981+ 1 12,328+ 1 {2,199« 1| 1, 8260 1 |1,866e 1 [1.002¢ 1
A0,-0 2.386+ 1 | 2,836« 1 | 2,766 1 12,631+ 1 [2,586% 1 2,363+ 1 |2,296+ 1| 1,838+ 1 |1,67%« 1 | 1.404s 1
9n,.0 2.39% 1 2.846e L 2,796+ 2.663+ 1 2,576+ 1 [2.3%9%:. 2,227+ 1 1, 8%. ) 1.686. 1 l.%06+ 1
1any.o 2,796+ 1 ] 2.89%« 1 ] 2.7%e+ 1 [2.853+ t | 2,386+ 1 |2.367+« 3 | 2,239+ 1 |1 862+ 1 [1.693« 1 | 1.s03+ 1
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Table 17 Reduced power of line radiation of the hydrogen plasnma,

e¥,.cm3. 5l
ne.cm—'a

Te,eV t.3%%ei | .00 et ] LosoCe12 | S.ancs12 | t.cgoely | 5.000+13 | L, coneys| 5. 000+1s | L.000413 | L.d0ce1s
10 aLt?alic | Ja128-t9 | 0128~ 0, 1.127-1~ | 5.t27-tg l0.12%-19 | 0,123-10 | 0, L13=-1g 0,103-10 ] 0.390-11
:.0 S.177- 3| L. 1%6- B n,193~ 32 | G.229- Al 3,17~ 80,177~ 5} 0.149- 8| 0 133- g { 0.105- 8| g.223- @
3.0 t.373- 3| ..c%0= 9] 1.263~ 3| 1l.n31- a| 1,010~ a}0,929- 4| 0,870~ 8| 0 611~ a{ 0,449- 8} 0.781- @
w0 2.54C- 3| 2.62%- 8| 2.592~ a [ 2.456~ AL 2,303~ A |2.157- 8| 1,991~ 8| 1,305- 8| 0,919~ 8} 0.146- 8
1.0 4,578 2| 4,527- 8| 4.333~ a2 | e.17%- 8| «,072- A 13,621~ 8| 3,307~ A | 2 068~ 8 | 1,418- 8 [ 0.213- 8
>0 $.678- 3 1 6,584~ 8| A,2%6~ a | 6.0%8~- 8| 5,855~ A |95,163- 8| 6,680~ 8|2 830- 4| 1.%c7- 8| 0.278- 8
+.0 8.a% - * 14,572~ 8] 8,383~ g |7 0%8- A] 7 ,660- A]6.702- 8] 6,038~ 8|3 %64~ 8 2.372- 84 ] 0.339- 8
60 1.393- 7 ..072- 7} 1.321- 7 1 9.776- 8 9,431- 8 |8,196- 8| 7,350~ 8] & 200- 8 | 2.811- 8] 0.59%- 3
;-0 1.39%- "1 L.27¢- 7} 1,220~ 7 {1.1%6- 7| 1.112~ 7 |9,622- 8| B,601- 8| & 917- 8| 3,223~ 8 | 0.4s8- 8
1,+0 1,439 7| L.a%9- 7 1.,.90- 2 | 1.323- T 1,27%4- 7 011,098- 7 | 9 784~ 8] 5 3335. g ]| 3.610- 8| 0.298- &
2:-2 2.716- T 1 2.85%;~- 7| 2,738~ 7| z.%56- 7| 2,643- 7 [2,096- 7| 1,851 7] 1 012~ 7 | 6,499~ 8| 0.374- 8
1.2 3,716- 71 5,63¢6- 7| 3.477- 7 {3.271- 7| 3,130- 72,670 7| 2,358- 7] 1, 293- 7 |8.316-8]1.123- 8
e .2 L,1%1. T [ e, 18t- 7| 3,926~ 7 |3,693- 713,59~ 7{3,02% 7| 2,676- 71 480~ 7|9 568- 8 {1.502- 8
s,.0 6,.09- 7 +.390:- 7 6,245- 1 3.963- 7 3,898~ 7 |3.293- 7 2,885%- 7 1,613- 7 1,048~ 7 | 1.4638- 38
4.0 L,876. 7| +.877- 7| «.38%5- 7 | .12 7- 7| 3,998~ 7 [3,607- 7| 3,027~ 7| 1,710~ 7 | 1.117~ 7] 1.566- &
7,02 6.795- 7 | -,6%6=- 7| b.503~ 7 } &, 2%1- 7 | &.000- 7 3,510~ 7 {3,127~ 7| 1 78&e 7 | 1,271 7| 1.534- 8
5',3 €,372- 7 | <, 773 7| 6,872 7 | &,326- 7] 6,165 7 |3.583- 723,197~ 7| 1.881=- 7 | 1,216~ 7] 1.707- 8
oj.; L 318 T 1 4.822- 7| 6,826~ 7 | 46,376 7§ 6,216~ 7 |3.633- 7] 3,247=- 7] 1 885~ 7 11,268~ 71)1.769- 8
1~s.0 6,362« 7 | «.347- 7| 6.6%06 7 | 6,406~ T | L,244= 7 |3,666< 7| 3,282~ 7| 1,921~ 7 [ 1,277 7] 1.323- 8
2- . 4,855~ 7 | -.717- 7| 6,800k 7 | ©.320- 7] 6,178~ 7 [3,658~ 7| 3,312 7| 2 091- 7| 1.807- 7} 2.125- &8
37508 | 6,563 7 [ e 46u- 7| 6,309 7 [, 28~ 713 937 7 |3,5y1%- 7| 3,206= 72,05~ 7 |,438- 7]2.263-8
PR 6.311- 7 e,233- 7] 4.,007- 7 | 3.816- 713, 70%- 7 |3,372~ 7 3,089- 7|2 030~ 7 | L, %43- 7| 2.584- 8
57, .8 4,116 7 | s, 967 7| 3,516~ 7 | 3,767 7] 3,630~ 7 |3,266- 7] 2,984~ 7 | 1 998- 7 | 1,638~ 7| 2.400- 8
67 .1 1,563 7 15,482 7 | 3.782- 7 1 3.603- 73,593~ 7 (3,138~ 7| 2,891~ 7 | 1,965~ 7 |1,429- 7 | 2.641- 8
LA 1.30¢- 7 | 3.7660 7| 3,629 7 | 3.679. 7 | 3.335- 7 |3,039- 7] 2.808- 7] 1,933. 7 |1.618. 7 2.67:. 8
3n,.0 3.5679- 7 15,822 7 13,5842~ 7 }3.37:- 7| 3,282 7 12,953 72| 2,736~ 7} 1,.902- 7 | 1,400~ 7 ] 2.696- 8
77,.2 3.564- 7 13,516~ 7 1 3,409- 7 | 3.2%- 7 [3,180- 7 |[2,877- 7| 2,668~ 7] 873~ 7 | 1,394~ 7| 2.516- 8
tinc.n S IE P J.al1a- 7 3.317- = b IR I P | J.lan- 7 |2,808- 7 2,607~ 7 1,846~ 7 1,324 7 §2.332. 8
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Table 18 Reduced power of Hy line radiation, eV.cm3.s_1

Na-6m—3
T.eV

| T.33%.1% | 09 lest [ Lo 0e ] 2. 070012 | L,%00~23| 5,000+13| 1,000¢14 | 5 000+24 | L,000s28 ) 1.200+16

! 2 3 4 5 6 7 8 9 10 11
DeG | st L3l -3 v ted -y L 02 213 | .22 ) 0.217-13 ] 0,184=13 | 0, 12,-103 ] 0.1n6-13 | 0.379-14
2.0 2.:273-23] ¢ 1220 «il%-lp | 0.106-17 f 0.937=-21 ]| g,393-11 | 0,.%%6=11 [ 0,243-11 [ 0,178-11 | n.348-12
3¢90 altle=1_ ] ,.89%-1¢ JeBel-t, L 733-14 3-067-1, o,376-1o 0.277~=1q9 | g.133-1, 0-Y1p=11 | g-lks-11
-0 8.2% = 91 J.262= 9| 0,232~ 35,199~ 2| c.l72- 0| g,957-1g9 | 0.604=10 | 0 313-19 | 0.206-10 | 0.303-11
5.0 T.87%- % J.e85- 9| A.L3t- 2] €.385- 2| 0,31.- 9| 0,170~ 9| 0,122~ 9 | 0.%29-19 | 0.339-19 | 0.476-11
ue0 9.728- 91 3.709- 9| n.658~ 9| 0.393- 7| ¢, 672~ 0| g,25%2- 9| 0,179~ 9 [0 ,798-10 | 0.478-19 | 0.5%2-11
7.0 9.996_ 9] J.967- 9| n.3%6~ 9| 0.749- 9 | 0,638= 0| g,336- 9| 0,238~ 9 | 0_989-10 ] 0.617-109 | 0.326-11
0-0 0.126- 81 9.123- 8§ n.113- g 0.946- 9| 0,803~ 9|g,%21- 9 0,297=- 9 |0,122- 9| 0.733-10 | 0.994=-11
¢-0 0.13%2- 8| J.108- 8| n.137- 8| 0,114~ & | 0,965- 9| g,503- 9| 0,33%5= 9 [ o_144- 9 | 0.88%5-10 [ 0.216-10
1;.0 2.178- 8 ) J.173- 8| n.189- 5| 0.132- 8 [ 0.112- A|¢,983- ¢ | 0,%11=- 9 {0, 165- 9| 0,201- 9| 0.131-10
2.+0 1 0,368~ 8] 0.358- 8] 0.3%i- 5[ 0.275- 2] 0.2ye- 81 ¢g,122- 4| 0,857- 9 | 0,336~ 9| 0.203- 9| 0.257-19
350 0,676. 8| 0.463- 8] 0.629- 5] 0.360- 8| 0.398~ 8| 0.163~- 8| 0,115- 8 |0 %31- 9 0,273~ 9 | 0.3c6-14
AN 0.539- 8 | J4.92%- 8} n.e87- 5| 0.412- A | 0.354- 8 |0,191- 4| 0,133~ 8 |G 332- 9 0.323~- 9 [ 0.613-13
5.:0 9.578- 81 3,9563- 8] n.%526~ 4| 0,440~ 8} 0.386- 80,211~ 8| 0,149~ 8 |G 393- 0] 0,362~ 9 | 0.663-11
bg.0 0.603- 8| 0,588~ 8| 0.948- ¢ | 0.658- 8| 0,697~ 8[0.225- a| 0,180~ 8]0 660- 9] 0.392- 9 |0.307-10
7.+0 0.61%9- 8 | u.603- 8 [ 0.583~ 8| 0.686- 8| 0,622~ 8 0,23%- 8| 0,188~ 8 | ¢, 878 9| 0.416- 9 | g.362-19
85.0 0.428- 8| 0,693- 8| Nn.573- 8| 0.496- 8] 0.433- 8 |g.266- 5| 0,;73- 8|0 708- 9| 0,836~ 9 }0.572~;0
5.8 9.63%- 8| Jd.s12~- 8| Nn.579- | 0,501~ 8} 0.%c0~- 8 ]0,251- 8| 0,180~ 8 |0 732~ 9] 0,632~ 9 }0.597-13
1750 0.437- 8| J.622- 8]{0.583- 5] 0.%06- 8| 0,446~ 80,236~ 8| 0,184~ 8 | 0,793~ 9| 0,467- 9 | 0.520-123
2n¢.0 0.516- 8| 0,402~ 8| 0.5%8- a | 0.%06- 8| 0,492~ 8 ]0.273- 8| 0,201~ 8 | 0,833- 9| 0.3560~ 9 |0.751-13
3¥a0.0 0.$80- 8 | 3,367~ 8| 0.3538~- 8 0,483~ 50,438~ 80,273~ 8| 0,204~ 8 |0 833- 9 0,968~ 9 | 3.315-1n
47c.0 0.5648- 8} 03.937- 8 0.911- 8] 0.462- 8 [ 0.%21- 8 |0,272- A& | 0,203~ 8 |0,8%9.. 9| 0.380- 9 |0.355-10
Sng.0 0.522- 8| 9.%512- 8| N.6a8- 3] 0,463~ 8| 0,%97~ 8 {0,267~ ¢4 0.201- 8 0,897~ 9o 0.587- 9 | 0.383-10
60y.0 0.500. 8 | 3.490. 8 |0n.668_ 8| 0.627. 8] 0.303_ 8 |0,263_ a | 0,109_ 4 | 2,896_ 9 | 0.390. 9 |0.70s_1n
70¢.0 0..81- 8| 0.472- 8| 0,651- 3| 0.413- 8| 0.382- 8 |q.258- & | 0,196~ 8 [0 ,893- 9| 0,392~ 9 |[0.Y21-10
80r-.0 0.066- 8 | 0.656~ 8| n.436~- 8| 0.400- 8] 0,371~ 8 |g,2%4~ 8| 0,194=- 8 | 889- 9| 0.392~ 9 }0.934-19g
9n; .0 0.690- 8 | 3.442- 8 |[n,623- g ]| 0.389~- 8} 0,342- 8 |0,250- 4 [ 0,192~ 8 | 0,884-.9 | 0,391~ 9 | 0.743-17
100¢c-0 0.63%7_. 8 } 3,62~ 8 |0.c11- 3 ) 0.379- 8} 0.353- g |0.266- 5| 0,100~ 5 |0,880- 9| 0.300- 9 [0.955-10
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Table 19 Reduced power of Hp line radiation, eV.cm=3. -1

“e,(:ll_'3

T,ev | r.iocei: | i.encertiotioneela] s.00C-12f 1000713 5000413 l.0g0s14] 5,008+14 ) L.c00+1s) 1.J00¢+1%
1:0 | g.s60-1%| v.52z~26] n.6ee-a| Co3gl-taf 1. 236-16f g, 130-1c] 0.1gl=14| ¢, 636-15] 0.327-15 g.186-13
2.0 | 2.am7r-ye | a.27ceva | ne2q-z | 0.r25-11| 9.921-12] 9.423-12f 0.303-12 g 1sc-12 | 0.107-12] 0.207-13
son | al3s7-t0| 3.222-10 ] 0.166-1g| 0.932-11} 0.671-L1|0,290-11} 0.200-11} 0 AA7-12 | 0,3096-12| 7.745-13
ot | c.s0%-10| 3.667-20 | n.e74=15]| 0.259-10| 0.1g6=0|0,770-1s | 0,524-11] 3,219-11 | 0.161-11 0.203-12
s.0 | a.136- @] 3,126~ 9| 0.901-Cg | 0.4R5-10] 0.304~10] g ,18%1-1g| 0.949-11] 0 38211 | 0,261-11] 3.334-12
5.0 | 9.209- 9} 3.196= 9] 0.160- 9| 0.7a7-10 | 0.327-20]¢0.213-10 | 0.163-30 0,360-27 | 0,368-11/ 0.468-12
7.0 | c.2m9- o | 3.266- 9] a.193- 2| 0.193-"3| 0.722-10)|0,290-19| 0,106=10) 0, 76511 | 0.458-11} 0.504-12
5.0 0.371. 9| 3.345- 9| n.247- 9] 0,131~ 9 0.%21-10]{¢g.368~-19| 0.245-10] 0,930~-11 | 0.5¢8-111] 0.739-12
9.0 | e 322 of a.er9- 9] 0.300- 9| 0.159- 9] 0.212- 9| g 48619 0,206-10| 0 111-10 | 0.676-11 0.370-12
1.0 | 2.331- 9| 3.492- 9} 0.332- 9| 0. 1A7- 9| 0,131~ 9| ¢,323-19] 0.347-10 0,129-10 | 0,781-11/ 0.798-12
2:-0 [o.113- 8 ) 3,103~ 8] 0.766- 2] 0,414~ 9| 0.202- 90,116~ o] 0,767-10] 0,278-1a | 0.166-101} 0.207-1
37.0 | 0.147- 8] 3.137- 8| 0.102- 8| 0.562- 9| 0.308- 910,160~ 9| 0.106- 9| 0,383-10} 0.229-10] 0.286-11
«l.0 | 0.148- 8| 3.157- 8| 0.118- 8 [ 0.462- 9] 0,451 9 00,2912 0| 0,124- 9| 0 4g0-10 0.295-10 0.54¢-11
PR 0.180- 8| a.160- 8| 0.129- s | 0.732- 9 0.%264~ 9| 0,216~ 0| 0,142- 9] 0,519-10 ] 0,311~-10} 0.394-11
620 |o.188- 8| a.177- 8| 0.136- af0.783- 9] 0.363- 9q.232- o[ 0,156~ 9| 0 365.10] 0,340-10 [ 0.433.11
7.c |o.193- 8| v.18.- 8] 0.161- 8| 0.822- 9 0.392- 9| g.263- 9| 0,163~ 9| 0,602-1g | 0.363-10 [ 0.%66-11
a:.0 0.196- A | a.185- 8| n.146- g [ 0.851- 9| 0,615~ 9| 0,236~ 0| 0,171~ 9| 0,632-1g | 0,3A3-10  0.693-11
9 .0 | c.198- 8| 0.187- 8| 0.147- 8| 0.876- 3] 0,636~ 99,262 9| 0,177~ 9| 0,638-10| 0,399-10 | 0.318-11
1r3.0 |'c.y99- 8| 0 188~ 8| 0.149- 5| 0.892- 9| 0.6u8- 9]0.273- 9| 0,182- 9| 0, 679-1g | 0,413-10 | 0.339-11
200-0 | 0.192- 8| u.183- 8| 0.1%50- 8| 0.953- 9| 0.7g6= 9| o,307- 9| 0.206~ 9} 0,790-10 { 0.490-10 | 0.366-11
329-0 | 0.181- 8] a.173- 8] 0.145- 8| 0.9%50- 2| 0.713= 910,316~ 9| 0,214~ 9 0 ,830-10 | 0.322-10 | 0.731-11
“gn-0 | n.171- 8| g.164~ 8] g.139- 8 [ 0.°34- 7| 0,708~ 9 [g,318- 9| 0.216= 9 g ,849-1g | 0.338-1g | 0.772-11
sn3.0 | o 163- 8| 3156~ 8] 071346- g | 07916 9] 0700~ 9107318 9| 0 217. 9| 07838 1g | 0 3ea_lo |0 30111
60g-0 | 0.136. 8| 0150~ 8] 0.129- 8| 0.898- 9] 0,690~ 9 0.317- 9| 0,217~ 9| 0,862-19 | 0.334-10 | 0.323-11
700.0 | 0.1%0- 8| 0.164- 8| 0.12%- 8| 0.881- 9| 0.681- 9 |0.313- 9] 0,216- 9] 0,864-100.557-10 | 0.341-11
80g.0 | c.145- 8| 0,139~ 8| 0.221- 5| 0.865- 2| 0.672- 90,314~ 9 { 0,216= 9| 0 864-lg | 0.560-10 | 0.356-11
900-0 | 0.140- 8| 0.135- 8 | 0.118- 8 [ 0.830- 9| 0.663- 9{0.312. 9| 0,215. 90,863 10| 0.361-10 | 0.368-11
1000-0 c.136- 8| 0,131- 8{0.115- 8 |[0.836- 9| 0.653~ 9 |0.309- 9 | 0,214~ 9] 0,862-1g | 0.362-1g |0.378-11
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Table 20 Ionization rate for the helium atom, cm3/s

%mm;}

Ty eV 1.000+:9 | 1.a00°11 ] 1.000*12 |S.200~12 | 1.000+13 |[5.00n*13 [t.c%0+1% | 3.,000*1% |1,920~1% | l.g9nc~16
1,0 0.300-1% ] 9.3%0=28 [0.696-1% | 7.1487<-17 | 0.2b4=17 |0.390=1" |g.%%6-17 | 5.3%9-17 | g,539-17 j 0.1gb~106
2.0 0.636=1Y | 2.498-13]0.%998-13 [9.134a12 |c.2%2=12 |9.121-12 [0.228~-12 | 2.249-12 |g.279-12 | 0.386~12
3.0 0.336-11 | 7.3s6=11 | 0.39a-11 |0.5301=11 | ¢.5%1-11 |0.658-12 |qg,707=-11 | 5.864~11 [35,967-11 j0.130-10
k.0 0.2%%~1¢ | 0.764-10 | 0.289-12 [ 9.338=-10 | 0.362-17 [0.e21~10a [0.4%1-20 | 2.343-10 |0.606~10 | 0.790~13
s.o0 0.889-135 | 3,006~-10 |0,%"2 0.1C8= 9 [0.1ta= 2 [0.131- 7 |g.1%0~- 9 [ 3,168~ 9 |D.1%5~- 9| 0,237~ 9
6.0 0.206~ 2| 3,287= 92 |0.215- 9 |3.239= 9 [ :.2%0- 2 |o0.284= % |0.392~ 9 ]| 3.338= 9 | ;5,3%>=~ 9| 0.L99~ 9
7.9 0:.373- 911,378~ 9 | 0.395- 9 |3.4626~ 9 [ 5.%4e- 9 {9,498~ 9 | g.328- 9 | 3,826~ 9 | g.6% - 9 | 0.856- 9
Aa.0 0-3%1- 9 | 0.%98- 9 | 0,621~ 9 |[9.663~ 9 | c,638- " |0.767" 9 (0,810~ 9 0,951~ 9 | o0.194~- 8| 0.129~ 8
9.0 0.8%3- 9 [ 9,259~ 9 [o0.888- 9 [3.9¢1+ 9 [ c.9%< 2 | g, 108" % |0.1146~- 8| 7,233~ 8 |0.143~ A} 0,178~ 8

1.0 0.114- % [ 9, 115- 8 |0.210- 8 | :,225~ 8 {c.129- 3 |p,162- * |o.1%0~- 8 | 0,174~ 8 |g,189- 8 | 0.232~- 8

2n.0 0-476- A | 5..,79- 8 [0.484~ 8 |[0.363= 8 [¢.%13- 9 [g.3551- 2 |0.573- 8 | 0.647- 8 |3,8%92- 8| 0.821~ 8

32.0 0-827~- 8 1 g.a32~- 8 |0.843- 2 |g.864- 8 |G.879- 8 |0.933~ A& |g.965- 8 |1,076= 8 11,162~ 81,335~ 8

3.0 1.121- 8 | 1.127- 81,061 9 [1.265« 8 |1.123< 3 [1,248= 2 |1,2%0- 8| 1,423-8 [1,3507- 8] 1l.747~ 8

%9.0 1.361- 8| 1.,368- 8 |1.383- A |1,610= 8 |1.%20- 2 | 502~ 08 [1.548- 8| 1,702~ 8 j1.770~ 8| 2.977- 3

69,0 1.5%98- 8 | 1.96%5- 8 ]1.581=- 8 [1.609- 8 |1.630- % |1.719= 8 |[1.260- 8 | 1.930~ B8 | 2,336~ 8| 2.34%- 8

6.0 1.724~- 8 | 1.731~ 8 |1.7«8~ 8 |1.778= 8 [ 1.8n0~- 2 |1.889- 8 |1.938- 8] 2,121~ 8 2,233~ 8| 2.5,9- 8

ic.o0 1.861- A | 1.ag9- 8| 1.884- 8 |1.917« 8 |1.%¢g- 8 |2.029- 2 |2.095~ 8 [ 2,279~ 8 | 2,400~ 8| 2.756- &

%0.0 1.97%5- 8 [ 1.083- 82,001~ 8 {2.032° 8 |2.0%7- 8| 2,140- 8 ]2.278~- 8] 2,510~ 8 ]2,537~- 8 2.913- 8

150.0 2.07p- 8] 2.078- 82,094~ 8 | 2.129= 8 | 2.1%3- ¢ | 2,268~ 82,309~ 8 2,519~ 8 | 2.6%2- 8| 3.9c3- 8
2c0.0 2.508~ 8| 2.518~ 8] 2.9535- 8 | 2,569- 8| 2.59%- 8 }|2,709- 8 |2,7%~- 83,027~ 8| 3,187~ 8 3.48¢6- 8
30C.0 2.588~- 8| 2,997- 8| 2,616~ 8 |2.669= 8 |2.674~ A | 2,786~ 8| 2,861~ 8 3,123- 8 | 3,291~ 8| 3,835~ 8
«00.0 2.592= 8| 2,401~ 8] 2,619 8 | 2,651~ 8 |2.,67?7~ 8} ;,789- 8| 2,859 8| 3,122~ 43,292~ 8 3.840~ 8
s00.0 2.9578- 2| 2,486~ 81 2.601" 8 |2.631~ 8 |2.65%-38]|7,769- *|2.833- 8| 3,092~ 8| 3.260~ 8 3.839- 8
420.0 2.561- A | 2.969= A | 2,564~ 8 | 2.5% - 8 |2.817- 89 [2,718- 82,789~ 8| 3,062~ 83,297~ 8] 3.7909- 8
790.0 2.%00- 8| 2.908- 8| 2,%2e- 8 | 2.5%1~ 8 |2.573- 8 [,,57q- 8 | 2.739- 8| 2.985- 8 | 3, 46~ 8| 3.7709- 8
800.0 2.6%9- 8 | 2..82- 8| 2.572- 8 | 2.506=- 8 |2.%2%5- 8 [2.619- 8} 2,60%5~ 8] 2,926~ 8| 3,981~ 8 3.640~ 8
9¢c0.0 2.408- 8| 2,416~ 8| 2.63.- 8 | 2.6%5- 8 [2.%%a~- 8| 2,566~ 08 ]| 2.630~- 8| 2,862~ 813,913~ 8 3.989- 8
1090.0 2.363- 8| 2.370- 8| 2,384~ 9 [ 2.%08- 8 |[2.%427- 8 |3 3514~ 8] 2,576~ 81| 2,801~ 8| 2,990~ 8| 3.5,8- 8
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Table 21 Effective rate of recombination with helium atom formation,

r'3/e
nyom—d
Ty eV 1.000+10| L.no0+11] 1,03c*12} 5S.:00e12 | 1.000413|5.000~"13] L.020e1%] 2.000+L%| 1,400¢L5] L.gp0+l6
1 2 3 4 5 6 7 8 9 10 11
1.0 0.313-121 9,47¢=12| 0.9%52-12| g.122-11 | ¢c.lr9-11|0.207-11] 0.,2682-21| 0,538-11| 0,7%0-11| 0,218-12
2.0 0:231-12| 9.271-12] 0.321-12| p,3%%-12 ] 0.3%0-12]|0.658-12) 9.526-12] 0.020-22) 0.105-11| 6.10L-11
3.0 0.1%8=-121 j.165-12 ] 0.184"12] 2,1%91-12 ] 0.378-12[0.237-12 | 9g.254=12| 3,370-12| 0.644-12] 0.696-12
“,0 0-123-12| 0.126-12] 0.133-:2} g.136-12] 0-1%0-12 |0.26?~22| 0.176-12| 0.231-12] 0.268-12 | 0.387-12
5.0 0+1%6-12| 0.122-12] 8.114-12] p,213=12] 0.112-12]|0.124-12] 9g.135-12| 0.,268~22)| 0.190-12| 0.259-12
6.0 0-228-12] 9.147-12) 0.11+-22| 0.l04=22} 0.%03-12]0.109-12| g.114=12] 6.135-12 g.140-12] 0.193-12
T.0 0+363-121 0.196=-12| 0.126-12} 0.1c5=12 ] 0.100-129.992-13{ 0.132-12| 0.115-12| 9.124=-12] 0.183-12
8.0 0.3%0-12] 9.260-12] 0,244-12) g,110~12 | 0.102-12 |0.244=13] p.947-13 | 0,102-12) 0,107~-212 ) 0.127-12
9.0 0.7%0~12| 0.333-12} 0,1606"12| 0.117=12] 0.10%-12]9.925-13 0.996-13 | 0.226-13| 0.941-13 | 0.198-12
10.0 0:949-12) 9.c08-12| 0.,199-12| 9.12%-12 | g.110-22|p.917-13| 0.8%0-13 ] 0.862-13| g.877«13| g.948-13
20.0 g-23¢-111 0.a86~12] 0.32312| g.L73=12 | 0.137-12|9.887-13] g.762-13] 0.584-13] 9.534-13 | 0.439-13
3c.o0 0-426=11| g.060-12| 0.327-12 | 0,165~12 ] 0,+28-12 |0.77a"13 ! 9.638-13| 8,448~-13| 5,395-13 | ¢,291-13 ]
ko.o 0-237-11| 0.a68-12 ] 0.294-12 ] g.,1%¢=-12 | 0g.112-12 [0.652-13 | 0.531-13 | 0.358-13| 0.319-13 | 6.217-13
0.9 9:213-11] 0.777-12] 0.261°12 | 0.128-12 | g.970-13 |0+336~13| g.667-13]8,294-13] 5.2%3-12 | p,172-13
60.0 0-1%0-11| n.c%0-22] 0.231-12 ]| g.,112-12| g.B8%44=13 |0.6748~13 | 0.3%2-13]0,268-13| 5,211-13 | p.161-13
70.0 0-169-11] 0.415%5=-12| 0.29%-12 | p.983«13 | 0.762-12 0.624~23 | g.331-13}0.212-13| 0.,181-1%}0,119-13
890.0 0-151-11] 0.951-12| 0.183~12 | 9.87¢=13}| 0.657-13 [0.363-13| 0.2%0~13 | 0.}85-13| 0.157-13 J0.143-13
%0.0 0.136-11| 0.496-12| 0.165~12 | 9g.783-13 | 0.588-13 [0.326~13 | 0.237-13 | 0.163-13 | 2.138-13 | 0.9pc-1%
100.0 0-126-11| 0.,45%0-12 ) 0.165-12 ) 9. 706=13 ) 0.329~17 |0.291~13 | 0.230-13 ]} 0.143-13| 0,123-13 |0.797-1%
2%0.0 0:35%6-12| 2.517=12 | 0.718-13 | 90.33%=13 | 0.248-17 [0.133-13 ] 0.135-13]0,642-14] g,338=-14|¢,.342-14
300.0 86.370-12] 0.136~12 | 0.%49=33 | g.2¢7=13 | 0.1%3-13 |0.813°14| p.635=-14 ] 0.385-14] 0,322-14 |0.293-14
400.0 0,261-12| 0.057=-13 ] 0.318-13 | 0.1%6~13{ 0.107-13 |0.566"14 | g.%%1=-14610.266~14|9,221~14 |0,178~-14
300.0 9.197-12} 0.726=-13 | 0.242°13 | ¢.110=13 | 0.811~1¢ [0.424"14 ] 0.331-14 [0.198-16| 5,165-14 |0.1092-1%
650.0 0.157-12) 0.478-13 ]| 0.193-13 | g.878=14| g.0643~14 {0.336~1& | g.2%1-14]0.156-14| 0.129~14 {g.793-13
7¢o0.0 0.129-12 0.476-13 0.159-13 0.722-14 | g.%28-14 [g.279=1¢ 0.,213=14 10,127-16 1] g,105-14 | 0.643-13
800.0 0.109-12] 0.402~13 | 0.135-13 | g.6lg=14 | 0s%%%5a1e [g.231-16 | 0.179-14 | 0,106-1%4| 0.877-1% [0,.534-15
9co0.0 6:933-13| 0.%¢6-13 | 03.116°13 | 0.525=14 | 0.372-14 |0.198-16 ] g,133~14 | 0.904-15| g.748~15 }0.4354-15
139¢0.0 0-314~-1%| 9,3e3-13] 0.132-13 | 0.4%8=14 | g.3%~14 {0.172-14{ 5.133=-16 | 0.784=-153 | g,648-1% |0.302-15
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Table 22 Cjq,pn of He* in the helium plasma, eV
"s,l':ll'l'3

T.eV |1:000°10 [ 1.n00e:1 [1.000%12 [ 5.5C0-12 [ 1.000413 [3.000%13 | 1.c0+1% | 3.000°14 | L.gane1s | L.ggc-ts
1.0 1.6+ 3 t.ou3. 3 6.56._.‘ 2 .370- 2 1_2"10 3 7.2’70 1 5.3%2+ 1 5-050. 1 4,677+ 2.87q i
2.2 2,783+ 2 1.880+ 2 1,366+ 2 7.9848 1 6.6 1+ 1 S.103° 1 6.736+ 1 1,938+ 1 3.564e 1 2.452+ 1
3.0 1,191+ 2 1,151+ 2 9.538* | 6,39%8« 1 6.033+ 1 4.933% 1 ©.357+ 1 3,769+ 1 3,390+ 1 2.617+ 1
L. 40890 1 | 3,,39¢ 1 | 7.587% 1| 5,3%« 1 | 5,313+ 1 f4,e38% ;| 4.335. 1] 3.622¢ 1| 3.290e 1 |2.507+ 1
2.0 [ 7.6%70 1} 73320 2 15,629% 1| 5.3% 1| 5.192¢ 3 [6.461° (| 6,186+ 1] 3.529¢ 1| 3,222+  [2.35854 1
6.0 5.693¢ 1 | 6,566+ 1 | 6.056% 1| 5,287~ 1 | 4.%66e 1 |6.329* 1 | 4.076e 1| 3.063% 1| 3,179+ 1 |2.578¢ 1
7.0 40169« 1 ls.c61l~ 1 | 5.686° 1| 5,036 1 | 6,774 1 [84,229% 1 | 3.986¢ 1| 3.011% 1| 3,130+ 1 |2.572+
8.a | ».7%e 1| S.70ke 1 |5.38 ¢ 1] 4,878e 3 | L.647e 3 [6.333% 1| 3.906e 1| 3,369 1| 3,111 1 [2.548+ ]
9.2 2.316+ 1 S.436+ | 5,163 1 6.736e 3 4.3% ¢ 1 |e.g6n* 1 | 3.8%3¢ 1 1 3.33% 1| 3.087+ 3 2,85,606 1
1.9 2,297+ $.226° 1 6,991+ 1 4,618e | 6. 835+ 1 | 3,998 1| 3.802+ 2| 3.306+ 1 3.067% 1 | 2.542+ 1
2C.3 2.3%0- 1 b.303+ 1 b,199% 1 6,028« ; 3.9%0« 1 |3.658" 1 3.519« 1 3,148+ 2 2.961+ 1 2.3546+ 1
39.93 6.323‘ 1 3.002¢ 3.%18% 1 3.799+ 1 3.727. 1 3.512+° 1 3,398+ 1 3,079+ 1 2,915+ 1 2.5.0+ 1
0.0 |3-86s 1 [3.a39% 1 [3.779% 1| 3,6083e 1 | 3.623s 3 [3,434% 1 | 3,336« 1 |3,0636 1| 2,801+ 1 [2,537+ 1
2. 5.775+ 1 3,751« J.699* 1 3.617+ 1 3.35664 1 3.392¢ ¢ 3.298+ 1 3,023+ 1 2,377+ 2.335+ 1
60.0 | 3.707+ 1 | 3.496% 1 [3.655% 1| 3.576¢ 1 [3.5274 1 |3.364° 1 [3.2764 1 [3.011e 1| 2,870+ 1 |2.5364 1
7T0.0 3,681+ 3.460¢ 1| 3.616* 1 3.3568. 3.502¢ 3¢ |3.36a+ 1 | 3.261+ 1| 3.003+ 1 2.86%¢ 1 |2.5384 1
"0.0 |3-.636+ 1 [3.436e 1 [3.393° 1| 3.530e 3 [3.%%+ 1 |[3.337% 1] 3,252« 1 [2,999+ 1| 2,863+ 1 [2.536e 1
20.0 J.s30e 1 [ 3,420+ 1 | 3.%90 1| 3.5194 1 [3.%760 1 {3,331 1| 3,247+ 1| 2,997+ 1| 2.842¢ 1 {2.5344 1}
120.9 3.628+ 1 | 3,410+ 1| 3.371% 1] 3,312+ 1 [ 3,471+ 1 3,328 1| 3,249+ 1] 2,907 1| 2,863+ 1 {2.53%+ 1
200.0 3.628+ 1 | 3,412+ 1 | 3.379% 1] 3.328« | [3.%91+ 1 [3.396% 1| 3.276e 1| 3.025+« 1 | 2,488 1 {2.5.,2+ 3
300.0 | 3.668+ 1 | 3,452+ 1]3,625% 1] 3,372+ 1 [3.5%. 1 |3.4q1% 1] 3,317« 1] 3,061 1| 2,919+ 3 [2.350+ 1
400.0 1.6% <« 1 | 3.479¢ 1| 3,668 1 3.601+ ¢ 3,566 2 [ 3.432% 1| 3.368+ 1| 3,088+ 3 2.944e 1 | 2,597+ 1
300.0 |3.708¢ 1| 3.493¢ 1]3.662% 13,618+ 1 |3.,5%+ 1 |3,452% 13,369« 1|3.508« 1(2.963¢ 1 |[2,544% 1
600.0 J.718+ 1 | 3.703« 1] 3.673% 1] 3,630+ 1 |3.35%8+ 1 |3.668% 1| 3,385« 1 ]3,12%% 1| 2.979¢ 1 |2.354%9+ 1
700.0 3.726+ 1 {3712+ 1 [ 3.681% 1| 3.6%0% 1 {3,608+ | {3.48n° 1| 3,396¢ 1 [ 3,139+ 1 [ 2,992+ 1 [2.576+ ¢
800.0 3.732+ 3 3.717+ 1| 3.688°* 1 3,667 4 3,616 1 |3.691° 1| 3,409+ 1 J.151+ 1 3.003+ 1 }2,579+ 1
910.0 3.738+ 1 | 3.722¢ 1 ]3.693% 1] 3,633+ 1 |3.623¢ 1 |3.490% 1| 3,419¢ 1 |3.261% 1| 3.016« 1 |2.3583+ 1
1000.0 $.7%0+ 1 | 3.725+ 113,697 1| 3,638« 1 |3.628+ 1 {3.507% 1] 3.627¢ 1 | 3.071% 1 | 3,025+ 1 J2.588+ 1
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Table 23 Reduced power of line radiation of the helium plasma,

eV.cnd.s-! -
ﬂ',cm"3

Toev |1-000%19 ] 1.000%11 {1.000°12 | 5,0c0+12 | 1.000+1Y [3.000°13 | 1.030+1% 3.000°14 | 1.200¢15 |1.00c+16
L.o [0.4%%5-1% ]| 2,440-15 [2,%91-t5 [0.3:5-1%5|0.2%7.15 [0.180=-17 | 9, 175135 [0.,}46-13 | c,129-15 |0.427-16
2.0 0-117=12 [ yoyre=-g0 [0.997-11 | 3,7¢g=11 | p.0bg-11 [0.504"11 ] 9.468-11 J0,368~-11 } 9.303-11 [0,746~12
3o 0.318- o 3.313= 9 0.283~ 9 3.220. 9 0.167_ L] 0.161~ 9 0.1560 9 0,113~ 9 3.709-=10 0,295-10
6,0 |0.167= |9, 66~ 8 [0,1e8" & |3.121- 8] g,l01- 8 0.91a= 2| .845~ 9 (0,634~ 9| g,5¢3- 9 [0,199~ 9
S.a 0.%%8- 0| 0,40~ A 0,93 R |, 340+ 8| 0.313- » {0,262 A | g.261= 8 | 0,179~ 8| 53,141~ 8 |[0.391= 9
0.0 [Q9.86t- 81]1q9.a50- 8 9,795 8 | ;,676= 3| 0.620- 8 |0.534= 4 | g.%%7~ 8 | 0,360~ 8| 9,283~ 8 |g.595- 9
?.a 1.385- 2| 1,382~ 8 |1.244 8% | 1.207- 8] 1,034~ a }g.878- 2| 9,807~ 8 |0.594~ 8 | 0.465~ 8 |0,976~ 9
8.0 [1.973- 2| 1,961- 8 |1,81%" 8 |1.6C5- 8| 1,506~ 8 [1.,283= 8| 1,179~ 8 | 0,866~ 8] 3.678- 8 |2.141- 8
9.0 2.398- 8 | 2.9%8- 8 [ 2,492 A | 2.153- 8| 2.019- 8 |1.727= 2| {,5Pe~ 8 | 1.184= 8| 0.909~ 8 [0.189- 8
1.0 3.260« r | 3,191- 8 [3.,009- 8 | 2.7C5« 8| 2,5%5. ¢ [2,1992= 8| 2.016= 8 ]|1,676~- 8 1,192~ 8] 0n.239- 8
27.0 3.960- A | A, 938~ 8 | A3,485- 8 | 7,893~ 85| 7,953~ 8 {6.398- 8 | 4,079~ 8 | 6,656~ 8| 3,678~ 8 |0.721~ 8
39.0 [ 1.293- 7§ 1.575~ 7 [1.2317 7 | 1.1%9= 7 [ 1.115- 7 [9.819= 8| 9,066~ 8 |6.669~ 8| 5,215- 8 |1.988- 8
0.0 1.578- ~ | 1,8% = 7 |1.59¢" 7 [ 1.%27~ 7| 1.37a- 7 |1,210- 7 [ 1.127- 7 {8,312- 8| 4,510~ 8 |1,345- 8
0.9 1.792- 7 | 1.768=- 7 | 1.7~ 7 | 1.633= 7| 1.5~ * |1.603= 7| 1.299~ 7 | 9,601~ 8| 7,531- 8| 1.%587- 8
60.0 1.961- = t.e37- 7 1.883- 7 1.799=- 7 1.762- 7 |1.952= 7| 1,638~ 7 1,063~ 7 8,372~ 8 Lt.773- &
0.0 2,106~ * { 2.080=- 7 | 2,026~ 7 [1.937« 7| 1.87%8- 7 {1.676~ 7 | 1.5%~ 7 | 1.154= 7| 9,58~ 8 |1.936- 8
80.9 2.228= 7 1 2,201~ 7 2,12~ 7 | 2.0%6~ 7} 1,993 7 11,782 7 ]| 1.6%6= 7 11,230- 7] 9,497~ 8 {2.076- 8
.9 2.332- 7 | z2.303~- T (2,266 7 | 2.1%¢~ 7| 2.092- 7 |1.8784=- 7 | 1.7k0= 7| 1,297~ 7| 1,423~- 7| 2,108~ 8
120.0 2.621- 7 12,393~ T |1 2.,333° 7 |2.263« 7| 2,179~ 7 {1,.959= 7 | 1.817=- 7 | L1.3%56- 7] 1,471~ 7| 2.310~ @
200.a 2.933- 7 12.002- 7 [2.84097 7 | 2,768~ 7 2,681 7 2,627~ 7 1 2,269= 7 | 1,716~ 7} 1,369~ 7 | 3.04s8- 8
3a0.0 3.132- 7| 3,100~ 7 |3.038" 7 | 2.,949= 7| 2,882~ 7 2,629~ 7| 2.456= 7] 1,880~ 7| 1.516~ 7| 3.514- 8
«00.0 3.207- 7 3.17%- 7 3,116~ 7 3.029- 7 2.965- 7 {2.712 7 2.364- 7 1.963- 7 1.598- 7 3.815- 8
500.q 3.219= 7 [ 3.189= 7 3,131~ 7 |3.,030= 7 | 2.989~ 7 |2,74a= 7 | 2,579~ 7| 2,008~ 7| 1.644= 7] 4,030~ 8
600.0 54199- 7 13,378 7 13,1167 7 | 3,340~ 7 | 2.981- 7 |2,745~ 7 |2.3683~ 72,026~ 7] 1,668~ 7| 4,190 8
7c0.0 3.167= 7 | 3,360- 7 |3,086" 7 |3.082~ 7] 2.9%7- 7 |2,729~ 7 | 2,574~ 7] 2,030~ 7| 1.680~- 7| 4,311~ 8
810.0 3.129- 7 | 3,498~ 7 |3,066" 7 | 2.975= 7| 2,922- 7 f2.703~ 7| 2.552- 7] 2,023~ 7| 1,683~ 7| 6.496- 8
90d.9 3:077= 7 1 3.a51~- 7 }3.001" 7 |2,933« 7| 2.882- 7 {2,674~ 7 | 2.52%= 7] 2.011- 7] 1.679= 7| 6,479~ 8
1000.9 3.027- 7 | 3,402~ 7 [2.993~ 7 | 2.%R8= 7 {'2,8%- 7 [2.838~ 7| 2,494= 7] 1.999- 7] 1.672- 7| c.5y7- 8




plasma in ev.cm3.s_1. 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. 1In the Te > 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 Te < 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: 1in Fig. 27 the
dependence of the effective ionization rate in a hydrogen plasma Si on Te (for
different ne), in Fig. 28 the dependence of S.1 on ne (for different Te),

in Fig. 29 the dependence of effective recombination rate % ec O Te (for
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Fig. 27. Dependence of the effective Fig. 28. Dependence of the effective
jonization rate in the hydrogen ionization rate in the hydrogen plasma
plasma on T,. on ne. '
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Fig. 29. Dependence of the Fig. 30. Dependence of Cion
effective recombination rate in in the hydrogen plasma on T,.

the hydrogen plasma on T,.

different ne) for a hydrogen plasma, in Fig. 30 the dependence of Cion on Te
(for different ne), in Fig. 31 the dependence of the total reduced radiation
intensity of the hydrogen plasma on Te’ in Fig. 32 the reduced intensity of the
Ha-line and in Fig. 33 the reduced intensity of the HB—line (we recall

that in order to obtain the true intensity, we have to multiply the reduced
intensity by None, where No is the density of hydrogen atoms). Similar
results are presented for the helium plasma: in Fig. 34 the dependence of the
effective ionization rate on Te (for different ne) for helium, in Fig. 35 the
dependence of Si on n_ (for different Te), in Fig. 36 the dependence of the
effective recombination rate in the helium plasma on Te (for different ne), in
Fig. 37 the dependence of e e on ne (for different Te), in Fig. 38 the
dependence of C.lon (with He+ ion formation) in the helium plasma on Te and

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

T (for different n ).
e e

46



3 10'? ] t
E . -3 n =10'* em?
E ng = 10 *em - g (] -
- V//':o"\\ 1! A\
10’ A 10-* Y, / \
'oll E
W o
| = o
/701'7‘ - /
10°? / 10-¢*
= ” 3 10
i / o F '
o
> a L
¢ 10" © o-l!
e 3!
;_J .U
x
10"' ‘o-ll
10-"! w 10" L atoomeed PR ane)
1 10' 10? 10’ 10 1 10' 10 10° 10*
eV
T., 7.,eV
Fig. 31. ODependence of the reduced Fig. 32. ODependence of the reduced
power of radiation of the hydrogen power of Hot line radiation on Te.
plasma on T1,.
. 10’
10 3 E
C n =10'°cm-» 8 L ——
i . o //—“&
1o-1 7/_\\\ ‘0-._ [
3 10004 — | Z
o \ E
- 10 4" 2 }_ - 10" -
10-10 / [ % 10" n.] 10 c:\
(8] 3
2 4 7'()‘./___\ m:- ; \n.'-'oli cm=?
FE i // - It \(ov):'s
o 10~ 10-'f
@ =
. 10'¢ - f
-«
= [ . i
I
-1 -1t
10 10 E i
i |
- Nl
10-?? PrTY s esnged _eaced popgeain] 10-? hum_uum 124 Laaiun
10* 10! 10? 10 1 10' 10 10? 10
T..eV Tr eV
Fig. 33. Dependence of the reduced Fig. 34. Dependence of the
power of Hge line radiation on Te. effective ionization rate in

the helium plasma on T,.

47



10°'g
E T.-100 eV |
|0"E 10-*!
E 20 ‘r/‘
B 10 _——-——-/
v 107°E » 10°"? \
~ .
> 3 - /’?—‘\\
E. : 5 \ n = ‘o!l cm=?
v / r\ /. -
to-nr & — 310'" Pl
3 . _~to"?
[~ 19
“ \\ o
10
10" e 107" 10
L’/__—a_——"'/ 7‘°|'
'o-l 3 L rageen pataud o pestent '“m‘ 1t IO" . Lit 111 4208113 Liltuy
o' 10'? 10'* 10'* 10'' 10*¢ 1 10! 10! 10° 10 10’
n,cte : T, eV
] .
Fig. 35. Dependence of the effective Fig. 36. Dependence of the effective recombination
ionization rate in the helium plasma rate in the helium plasma on Te.
on n,.

10" o e
—1 ry 10 o3
1000 10t 4~ 10" }——
[72) 'o_" ‘oI’ ‘0||
“n [ 2 g /
3
;g 10-1* ] 10 ~5|°0 /
<. 20 (3]
\\ —"'5
'o-ll \X &% '0
< 3
’000 So0g [-
10-'* L T TRl
10t 10'? 10'*  10'* - 10'* 10'* 1 10 10 10 10
n I-J 7..eV
e €
Fig. 37. Dependence of the effective Fig. 38. Dependence of Cjqn in the

. heli .
recombination rate in the helium plasma on n,. ’;1”' plasma on Te

48



T T
n.'lo"‘ "-3
! ——
'oll >/‘
10-' 7//
v ol
e 'O'E 10'*
° 8 k\10"
LRl
£ F
-vefl
to 'E
! t 10 10! 10 10*
T.. eV

Fig. 39. Dependence of the reduced power
of radiation in the helium plasma on T,.

In order to determine the effective rates of ionization and

recombination during the interaction of electrons with the He 1ion, 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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