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Collisional-Radiative Model of Quasi-Stationary Helium Plasma 

and Its Application to the Plasma in Positive Column 

By 

Yoshiro OGATA* and Kuniya FUKUDA** 

(Received December 28, 1972) 

Abstract 

The collisional-radiative model is applied to a quasi-stationary helium plasma and 
the collisional-radiative and population coefficients are calculated, provided that the level 
system of helium atom is composed of the ground level 11S, the four lowest excited 
levels, 23S, 21S, 23P and 21P, and higher hydrogenic levels. The ranges of plasma para­
meters are Bx 103~T.~l.28x 105 °Kand l05~n.~109 cm- 3, and the results are com­
pared with the data by Drawin et al. 

Next, the model is applied to a positive-column helium plasma and the plasma 
balance equation in the case of ambipolar diffusion is simultaneously solved with a set 
of rate equations for excited helium levels which includes the diffusion of atoms _in meta­
stable states. The results give the relation among the filling gas pressure in a discharge 
tube, plasma parameters and population densities of the excited levels. The atomic 
processes of ionization, excitation and deexcitation in the plasma are analy?=ed in detail. 

1. Introduction 

Recently atomic processes in a positive-column plasma have been extensively 

studied and it has been reported that helium atoms in metastable states play an 

important role in the ionization of the plasma. For example, in a metal laser 

plasma, Penning ionizing collisions with metastable helium atoms are essential to 

create metal ions in the laser upper leveP- 3
) and in pure helium plasma the stepwise 

ionization through the four lowest excited levels4
'
5

) or through higher excited 

levels6
'
7

) makes an important contribution to determine the plasma condition. 

In the present paper the calculations, which combine the plasma balance equation 

with the collisional-radiative model of plasma,8
'
9

) are made to examine the con­

tributions from helium atoms in low-lying excited levels, 23S, 21S, 23P and 21 P, to 

the ionization of a positive-column plasma and also to make clear the atomic pro-
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cesses controlling these levels in the practical ranges of plasma parameters. 

The calculation of population densities based on the collisional-radiative model 

was made by the present authors on the optically thin hydrogen plasma in a pos­

itive-column.10) However, in this calculation the plasma parameters were taken 

arbitrarily so that the results are not applicable to an actual plasma. Drawin et 

al. calculated the collisional-radiative ionization and recombination coefficients11) 

as well as the population coefficients12) for a quasi-stationary helium plasma and 

the results were applied to the helium plasma in a stationary PIG-discharge.13) 

The present calculation of the coefficients in the collisional-radiative model 

of a quasi-stationary helium plasma is quite similar to that by Drawin et al. How­

ever, the rate coefficients for the radiative and collisional transitions between low­

lying excited levels are newly derived from the most probable data of cross sections 

and those concerned with high-lying excited levels are calculated to give a con­

sistency with the assumed energy level system of helium atom. The calculated 

values of the collisional-radiative and population coefficients are tabulated in 

section 2 arid compared with the data ofDrawin et al. 

In section 3 the plasma balance equation is combined with the collisional­

radiative model to make clear the atomic processes in a positive-column helium 

plasma. The equation consists of a balance between the ion diffusion to wall and 

ion production from plasma. The free-falP') or ambipolar diffusion15- 17) theory 

is used depending on the discharge conditions, i.e., the filling gas pressure and 

bore radius of a discharge tube. The present calculation is made for the discharge 

conditions which allow the latter theory. Further, the diffusion of metastable 

helium atoms is taken into account in the rate equations of the collisional-radia­

tive model. The calculation is carried out in the practical ranges of plasma para­

meters. The results given in section 4 enable us to examine quantitatively the 

ionization, excitation and deexcitation processes of excited helium atoms in a 

positive-column helium plasma. 

2. Collisional-Radiative Model of Quasi-Stationary 

Heliuni Plasnia 

The collisional-radiative model8
'
9

) is applied to a quasi-stationary helium 

plasma, and the collisional-radiative ionization and recombination coefficients as 

well as the population coefficients are calculated. The procedure is described in 

detail in refs. 10 and 18. 

The rate of variation of the population density n(i) of a level i is given by 
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iz (i) = dn(i) = n
6 
~ n (j) C (j, i) 

dt j=l 

co . i-1 . . i-1 

- n (i)[n.{ ~ C(i,j)+ ~ F(i,j) +S(i)} +~A (i,j)] 
j=i'+ 1 j=l j=l 

( 1 ) 

where n. and n; are the number densities ofelectrons and ions, respectively, C(i,j) 

is the rate coefficient for collisional excitation from i to j level by electrons, F(j, i) 

is that for collisional deexcitation fromj to i level, S(i) is that for collisional ioniza­

tion from the level i, a(i) is that for three-body recombination, fi(i) is that for 

radiative recombination and A(i,j) is the Einstein coefficient for spontaneous emis­

sion from i to j level. 

In the collisional-radiative model n(i) is represented by 

i=2, 3, ···, ( 2) 

where r 0(i) and r1(i) are the population coefficients and Z(i) represents the modi­

fied Saha relation; 

( 3) 

Here nE(i) is the population density of level i in LTE, g(i) and x(i) are the sta­

tistical weight and ionization potential of the level i, respectively, W; is the parti­

tion function of the ion, T. is the electron temperature, m is the electron mass, h 

is Plank's constant and k is Boltzmann's constant. The population density of the 

ground level n(l) of Eq. (2) is expressed by 

( 4) 

where Sc-R and ac-R are the collisional-radiative ionization and recombination 

coefficients, respectively. 

In the present calculation the system of energy levels of helium atom is as­

sumed to be given in Table l. The system is composed of the ground level, 11S, 

.the four lowest excited levels including two metastable states, 23S, 21S, 23P and 21P, 

and higher hydrogenic levels. The last ones have the statistical weight 4q2, where 

q is the principal quantum number, and the energy values of these levels are ap­

proximated to XH/q2, where XH is the ionization potential of atomic hydrogen. As 

shown in Table 1, all the levels are numbered with i instead of q in the order of 

decreasing ionization potential x(i) from the ground level. The effective quan-
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Table 1. Energy level system of atomic helium. 

level principal terms ionization effective statistical 
number quantum included potential principal weight 

number quantum 
number 

q X (i) (°K) q' g(i) 

1 1 11S 285000 1 1 

2 2 23S 55300 2.27 3 

3 2 21S 46100 2.49 1 

4 2 23P 42000 2.60 9 

5 2 2lp 39100 2.70 3 

i - 3 all terms xH/q2 q 4,,2 
with q=i-3 

XH = 158000 °K : Ionization potential of atomic hydrogen 

tum number q' is defined as q'=v{x(l)/x(i)} for the four lowest excited levels 

i=2 to 5. The level number i is used for all helium levels in the present 

paper. 

The coefficients A(i, 1) are, of course, zero for the transitions from the meta­

stable states i=2 and 3. The coefficients A(4, 3) and A(5, 2) of the intercombi­

nation transitions are also zero. The values of A(5, 1), A(4, 2) and A(5, 3) are given 

in NBS table.19
l The coefficients A(i,j) for i=6"-'15 andj= 1 are calculated from the 

weighted mean of A-coefficients of helium levels19
l included in the level i with respect 

to their statistical weights. For the transitions from the levels i=6,_,13 to the levels 

}=2,-.,5 A(i,j) are calculated in the same way. Yet, for the transitions from the 

levels i;?:14, the lower levelsj=2,_,5 are assumed to be a single hydrogenic level 

with q=2 and the hydrogen coefficient A(i, q=2) derived from the approximate 

formula20
l is divided into A(i,j) for each lower level with its statistical weight. 

For the transitions between hydrogenic levels A(i,j) is, of course, calculated from. 

the approximate formula of the atomic hydrogen.20
l All the values of A(i,j) are 

listed in Table 2. Further, the values of corresponding absorption oscillator 

strengths/ (i,j) are listed in Table 3. 

Cross sections for the electronic collision excitation are determined as follows. 

PS-23S : Draw.in's semiempirical formula21
l (Hf) is multiplied by 3 by reference 
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to the calculation by Ochkur et al. 22) and the measurement by Zape­
sochnyi.23) 

11s-21S : DF is multiplied by 2.5 by reference to the calculations by Vriens et 

a/.24) and by Bell et a/.25) and the measurement by Zapesochnyi.23) 

l1S-23P : DF is multiplied by 2.1 by reference to the calculation by Burke, et 

a[. 26
) and the measurement by Jobe et a[. 27) 

l1S-21P : DF is employed by reference to the calculations by Burke et a[. 25
) 

and by Ochkur et al. 28
) and the measurements by van Eck et al. 29

) and 

by Vriens et al.30) 

23S-21S : Drawin21) 

23S-23P : DF is multiplied by 2 by reference to the calculations by Burke et 

al. 26
) and by Moiseiwitsch.31) 

23S-21P : A constant value 1.8 X 10-16 cm2 is employed by reference to the calcu­

lation by Burke et al.26
) 

21S-23P : Eq. (44) ofDrawin21) is adjusted so that the maximum value of a cross 

section fits the one of the calculation by Burke et al. 26) 

21s-21P : Drawin21
) 

23P-21P : Drawin21) 

The cross sections determined m this way are shown in Fig. · 1. For other 

transitions, DF is employed. The rate coefficient for collisional deexcitation is 

obtained from detailed balancing. The cross sections for collisional ionizations 

are as follows. For the ionization from the ground level DF is employed by ref­

-is 
·~--~-~--~-~--~--.-----,---.10 ic? 

21~21P 

104 

i 
~ 
b 

105 

Fig. I. Cross sections u(E) for electronic collision. The curves for the 
transitions from the ground level to excited levels are referred 
to the ordinate in the right side. 
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erence to the source material.32
-

3
') For the ionization from the 23S level DF is 

employed by reference to the measurement by Long et a/, 35
) For the ones from 

other excited levels DF is employed. The rate coefficient for three body recombi­

nation is obtained from detailed balancing. The rate coefficient for radiative 

recombination is given by Drawin et at. 12
) 

The calculation is carried out for both optically thin and thick plasma in the 

ranges of plasma parameters of 8 X 103 S Tes 1.28 X l 05 °K and I 05 s ne s 1019 cm - 3
• 

In the latter case all A(i, l)'s are assumed to be zero. All levels from the ground 

level to the level i=21 are included in the calculation. It is assumed that the 

level of the higher limit (i=21) is in LTE. 

The calculated values of the population coefficients r0 (i) and r1(i) are given 

for the optically thin plasma in Tables 4 and 5, respectively. Except for the case 

of low temperature (Te< 10' °K), these values agree with the ones calculated by 

Drawin et al. 12
) within the factor often. Examples of electron density dependences 

of r0 (i) and r1(i) are shown in Figs. 2(a) and (b), respectively, for both optically 

thin and thick plasmas at Te=5 X IO' °K. -The behaviors of the metastable states 

differ from the ones of other levels as follows; as n. increases, ro(23S) and r0 (21S) 

decrease lineraly with ne for n.;:;;:;1012 cm- 3
• The coefficients r1(23S) and r1(21S) 

have no "coronal" phase and are independent of n. for ne;:;;:;1011 cm-3
• 

The calculated values of the collisional-radiative coefficients Sc-Rand ac-R are 

listed for the optically thin plasma in Tables 6 and 7, respectively. These values 

agree fairly with the ones calculated by Drawin et al. 11
) Examples of electron 

12r 

-2p\~~--2rs ________ --:-:>------- 2's -~ 

-4~ . /,,,,-- _,,.,-_,,,={c:=1;~ ___ j:6 

_ -6~ , i:8 

.: 

8' -8 

-I 

0 -- -12 
r====== .. ----
! i:6 

-2 

6 8 10 12 14 16 18 
-l

4
[ I I I I _L_ 

6 8 10 ~,~2~-,~4~-,~s~~,8~ 

log ne log ne 

Fig. 2. The population coefficients (a) r0(i) and (b) r1 (i) versus electron density n,(cm - 3) at 
T,=5 X 104 °K. - - -; optically thin. --; optically thick towards all resonance 
lines. 
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density dependences of Sc-R and ac-R are shown for both optically thin and thick 

plasmas at various electron temperatures in Figs. 3 and 4, respectively. 

Te 
-8 f---------,==--cc-cc-•. c-:.c:-c __ ,,,, __ c-: __ =-=-=--=------128000°K 

-IO~=;:=_:;::-=;:=_:;::-=:;::_.=:;::=:;: __ :;::._-_:;::~:;::~_:;::_:;:: __ :;:: __ :;::_~=~~~======== ~6ggg 
f-------------==----32000 

-I 2 ~- -- · - ----·. ---·-··---······-

-14 
o: f---------_-__ -: .. ::: .. :.------16000 
0 .......... 

v, -16 ------------·-··---·-

"' 0 

-18 

-20 

-22f--------

-24 

6 8 10 

------c?""--0°000 

12 14 16 18 • 
log ne 

Fig. 3. The collisional-radiative ionization coefficientS c -R ( cm3sec - 1) 

versus electron density n,(cm - 3) for various electron temper­
atures T,(°K). - - -; optically thin. --; optically thick 
towards all resonance lines. 

-8 

-9 

-10 
i 

~-II 
0 

-12 

log ne 

Te o 
8000K 

16000 

50000 

128000 

Fig. 4. The collisional-radiative recombination coefficient ac-R (cm3sec" 1) 

versus electron density n,(cm - 3) for various electron temperatures 
T,(°K). - - -; optically thin. --; optically thick towards all re­
sonance lines. 
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3. Helium. Plasm.a in a Positive Colum.n 

The ambipolar diffusion theory of low ionized plasma in a low pressure cyl~ 

indrical positive column was formulated by Schottky15) for the case of a one-stage 

ionization and the plasma balance equation was given as 

Rv Z/Da = 2.405, ( 5) 

where R is the radius of the column, Z is the rate of one-stage ionization by elec­

tron collision and D a is the am bipolar diffusion coefficient. 

The ambipolar diffusion coefficient is given as 

D = kTe 760 µ cm2 sec-1, 
a e p ( 6) 

where e is the electronic charge, p is the filling pressure in Torr and µ is the ion 

mobility at 760 Torr and 300 °Kin cm2 v-1 sec-1. Due to sheath effect5) the ion 

mobility must be multiplied by 

l +8.5 ( ).o~O) ra + 10.0 ( ).o~O) ra, ( 7) 

where J.0 (0) is the Debye shielding length at the axis of the column in cm. The 

ion mobility has the ion temperature dependence as follows: 

( T ) 2. 7 
µ ion = l+0.l X Tionl/2 µ 

( 8) 

where Tion is the ion temperature in °K. In combination with Eqs. (6), (7) and 

(8), Eq. (5) is rewritten as 

z 
-= 1, ( 9) 
T 

where 

= ( 2.405 )2~ 760 { l +s.5( J.o(O) )2/a + 10.0 (lo(O) )4/3 \ 
T R 11600 p R . R j 

x 2·7 µ sec-1 . 
1+0.1 X Tionl/2 

(10) 

The value ofµ used in the calculation is 10.4.36
) 

When the stepwise ionizations from all the excited levels are considered, the 

rate Z is given as 

Z = iJ n (i) S (i) seC1 
• ( 11) 

i=l 

For low ionized plasma, n( l) in Eq. ( 11) is written by 
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where P&as is gas pressure in Torr, which is described as 

273 
P&as = -T P 

gas 

at the gas temperature T&as (°K) under discharge. 

(13) 

In a positive-column helium plasma metastable atoms are destroyed by the 

diffusion to the wall, and so new definitions of A-coefficient, 

(14) 

and 

A(3 1) = ~ , A2' (15) 

are introduced, where D2 and D 3 are diffusion coefficients for the 23S and 21S 

levels, respectively, and A is the characteristic diffusion length with A=R/2.405. 

In the present calculation, the values by Phelps37
) are used for D2 and D3 • 

Since radiation imprisonment takes place for the resonance transitions from 

all 1P levels to the ground level in the range of filling pressure of interest, A(i, 1) 

for iz 5 must be multiplied by an escape factor38
'
39

); l.60/[k0 R{n- log (k0R)} 112
]. 

Here k0 is the maximum absorption coefficient and is described by n(l), T&as and 

the oscillator strength when the Doppler broadening alone is present. 

When p, R, and Tgas are given, the population coefficients r0(i) and r1(i) are 

calculated for the new coefficients A(i, I) for iz2. In addition Tion is given and 

then we can solve the plasma balance equation (9) and Eq. (2) simultaneously so 

that a relation among n., T. and n(i)'s is obtained. 

The calculation is carried out for a column of the radius R=l.6 mm at T&a•= 

Tion=723 °K. The ranges of parameters are 2 ~p~8 Torr and l09 ~n.~3 X 1013 

cm-3
• 

4. Results and Discussions 

Examples of the results of the calculations are shown in Figs. 5 ,_, 12 for T &as= 

723 °K and R= 1.6 mm. Figure 5 gives T. as a function of n. at P=2, 4 and 8 

Torr and it is seen that as either n8 or p increases T • decreases. Figure 6 gives 

n(i)'s of several excited levels as a function of n. at P=4 and 8 Torr. In general, 

as n. increases n(i)'s increase and saturate at some high values of n., but n(23S) 

and n(21S) decrease after the maximum at n.=5 X 1011 cm- 3
• In Fig. 7 the ratio 

n(i)S(i)/Z in Eq. (11) is given as a function of n. at P=4 Torr. The ionization 
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takes place mainly from the ground level for n0;:Sl011 cm-3
, but as n. mcreases 

the contributions from the excited levels gradually increase and become domi­

nant for n.~1012 cm-3
• Further, the increases in the contributions from the 

four lowest excited levels begin at n.=1011 cm- 3 and those from the higher levels 

i~6 begin at n.=1012 cm-3
• 

10 

10 II 
109 ne 

12 13 

Fig. 5. Electron temperature T, (°K) versus electron density n, ( cm - 3) 

for various filling pressures in the case of ambipolar diffusion 
with R= 1.6 mm and Tgas= Tion=723 °K. 

i=6 

i=8 

i=l3 

4 

39=----:-'1 o=------:-':11,-----12,------,,,,3,------,-,14 

log ne 

Fig. 6. Population densities versus:electron density n,(cm -a) in 
the case of ambipolar diffusion with R = l .6 mm and 
Tga8 =T;0 n=723 °K. --; 4 Torr.---; 8 Torr. 
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(%) 

1001 ---===~==~~~~::c:::::~~~--.-1 

10 II 
log ne 

12 

Fig. 7. Ratios fo ionization rates from various levels versus electron density 
n,(cm- 3) in the case ofambipolardiffusion withR= 1.6mm, Tgas= 
T;00 =723 °K andp=4 Torr. 

~ 
L 'i26(A) 

50 

11S 

09 10 

23P(A) 

II 
log ne 

(a) 

log n8 

(b) 

f6~ 
J 

' 

-1 
_:50 

12 ,~o 

ION (%) 
100 

i.::6 
J 
~ 
I 

:150 

'S 
12 

Fig. 8. Ratios of various rates for (a) population to or (b) depopulation from 
the 23S level versus electron density n,(cm- 3) in the same conditions 
as those of Fig. 7. Each level notation reprseseents the level (a) from 
or (b) to which transition takes place. A; radiative transition. ION; 
ionization. WD; wall diffusion. Otherwise; transition by electron 
collision, 



188 Yoshiro OGATA and Kuniya FUKUDA 

In (a) and (b) of Figs. 8--12 the rate of population to and the rate of depop­

ulation from the level i are indicated in the percent ratio to the total rate, respec­

tively, at P=4 Torr. As shown in Fig. 8, for n6 ;.:S2 X 1010 cm- 3 the 23S level is 

populated by the collisional excitation from the ground level as well as by the 

cascading from the 23P level, while the level is depleted by the wall diffusion. As 

ne increases from 2 X 1010 cm-3, the radiative population from, and the collisional 

depopulation to the 23P level become large and almost balance between ne= l 011 

and 1012 cm- 3
• Further, for n6~l012 cm-3 the collisional population from the 23P 

level increases. 

In Fig. 9 (a) the dominant population process to the 23P level is the 

collisional excitation from the 23S level except for the range of n6 ;.:S5 x 109 cm-3, 

in which the population results from the direct excitation from the ground level 

and the cascading from higher levels i~6. On the other hand, in Fig. 9(b) the 

dominant depopulation process from the 23P level is the radiative transition to the 

,1s 

_L ___ I 

10 

I 

10 

-50 

,_ ,::;::,:-: __ -::-==r--==,t2=====,:::l?>o 
log Re 

(a) 

II 
log Re 

(b) 

..., 

12 

Fig. 9. Ratios of various rates for (a) population to or (b) depopulation from 
the 23P level versus electron density n,(cm - 3) in the same conditions 
as those of Fig. 7. Each level notation represents the level (a) from 
or (b) to which transition takes place. A; radiative transition. ION; 
ionization, Otherwise; transition by electron collision, 
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23S level except for the range of n6<:;5 X 1012 cm- 3
, in which the collisional depop­

ulations to the 23S level and higher levels i2:6 increase. The coronal equilibrium 

between the 23P and 23S levels is almost completely established between n.= l 011 

and 1012 cm- 3
• 

In Fig. lO(a) for n6:::Sl011 cm- 3 the dominant processes of the populations to 

the 21S level are the direct excitation from the ground level and the cascading from 

the 21P level. For n.<:;1011 cm- 3 the 23S level takes the place of the ground level. 

Further, for n.<:;2 x 1012 cm- 3 the collisional deexcitation from 21P to the 21S level 

takes the place of the cascading from the 21P level. In Fig. lO(b) for n.:::S2 X 1010 

cm- 3 the dominant processes of the depopulations from the 21S level are the wall 

diffusion. For n.<:;2 X 1010 cm-a the dominant processes of the depopulations from 

the 21S level change to the collisional transitions, in particular, the collisional ex­

citation to the 21P level. 

(%) (%) 
100 100 

I 21P(A) 

~ 2lp 

50 ,21> ~50 

I ts 7 
r-
r 11S 
i 

'-- I _L _L1iO 0g 10 II 12 
log n8 

(a) 

Ion ne 

(b) 

Fig. 10. Ratios of various rates for (a)-population to or (b) depopulation from 
the 21S level versus electron density n,(cm- 3) in the same conditions 
as those of Fig. 7. Each level notation represents the level (a) from 
or (b) to which transition takes placi:;. A; radiative transition. ION; 
ionization. WD; wall diffusio11, Otherwise; transition by electron 
collision, 
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In Figs. ll(a) and (b) for n6 ;:SZx I010 cm- 3 the dominant population and 

depopulation processes of the Z1P level are the direct excitation from the ground 

level and the radiative transitions to the lower levels, respectively. Hence the Z1P 

level is in the coronal equilibrium with the ground level. For n8 -:;:,Z X 1010 crn-3
, 

the dominant population process of the Z1P level changes to the collisional excita­

tion from the Z1S level, and so the Z1P level is in the coronal equilibrium with the 

Z1S level. For n.,-:;:,z x 1011 cm-3, the dominant depopulation processes from the 

21P level become the collisional transitions, in particular, the deexcitation to the 

21S level. 

As shown in Fig. 12, for n6;:Sl011 cm- 3 the level i=8 is populated mainly by 

the collisional excitation from the ground level, while the level is depleted by the 

radiative transition to lower levels. As n8 increases from 1011 cm-3, the collisional 

population, in particular, from the level i=7 and the collisional depopulation to 

(•!.) 

IOOF===c:=======::;;;;;:_~~=:IJ~q:;::::i 

50 

,-

~ 
50-

L 
I 

10 

10 

II 12 

-I 
-j50 
-1 

_] 
I 

-I 

13° 
log ne 

(a) 

II 

(b) 

50 

- --"-,2-- --- --' 13° 
log ne 

Fig. 1 I. Ratios of various rates for (a) population to or (b) depopulation from 
the 21P level versus electron density n,(cm- 3) in the same conditions 
as those of Fig. 7. Each level notation represents the level (a) from 
or (b) to which transition takes place. A; radiative transition. ION; 
ioniiation, Otherwise; transition by electron collision, 
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the higher adjacent level i=9 become large and balance each other; that is, the 

level 8 is almost governed by the stepwise excitation for n8~1011 cm-3
• 

From the above results it is seen that the population and depopulation pro­

cesses between the 23P and 23S levels are similar to those between the 21 P and 

21S levels. Further, both the singlet and triplet two-level systems are almost in­

dependent of each other in the low density range up to n8=1011 cm- 3
• However, 

as n6 increases, the intercombination transitions between the two systems are in­

duced to some extent by electronic collision, and the detailed balancing is almost 

realized between 23S and 21S as well as between 23P and 21P. 

Detailed analysis is desirable for the behaviors of the population densities of 

the four lowest excited levels in connection with the atomic processes. The analysis 

will be shown in the near future together with the calculation of helium-cadmium 

laser plasma in a positive column. 

i •9(A) 

50 

II 
log ne 

(a) 

log ne 

(b) 

i=9 

i = 7 50 

Fig. 12. Ratios of various rates for (a) population to or (b) depopulation from 
the level i=8 versus electron density n,(cm- 3) in the same conditions 
as those of Fig. 7. Each level notation represents the level (a) from 
or (b) to which transition takes place. A; radiative transition. ION; 
ionization. Otherwise; transition by electron collision, 
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Table 2. Coefficients A(i,j) in sec- 1• 

j = 2 3 4 5 6 7 8 9 IO 11 12 13 14 15 16 17 18 19 20 
(!IS) (23S) (21S) (23P) (21P) 

i';' I (I 1S) 

2 (23S) 0 

3 (21S) 0 0 

4 (23P) 0 1.027 0 

5 (2 1P) 1.809 0 1.986 0 ,<: 

4.71 7 2.376 1.126 3.17 7 9.636 £ 
6 - ::,-

7 1.157 7.!05 3.365 6.376 1.686 1.177 a· 
3.846 2.645 1.135 1.886 4.845 2.626 3.566 0 

8 c;) 

> 
9 1.506 1.065 4.984 6.635 2.225 9.005 9.11 5 1.336 >-l - > 

IQ 7.765 5.104 1.994 3.405 7.673 3.825 3.485 3.835 5.895 s,, 
;:, 
p.. 

11 4.025 2.744 1.064 1.665 4.094 1.865 1.605 1.585 1.835 2.935 
~ 

2,195 1.534 6.023 9.494 1.944 1.005 8.314 7.724 8.004 9.644 1.595 i:: 
12 ;:, 

-<" 
13 1.365 9.093 3.683 5.324 1.214 5.774 4.694 4.204 4.104 4.41 4 5.474 9.214 s,, 

>,j 
14 8.064 9.483 3.163 2.844 9.483 3.524 2.824 2.474 2.324 2.354 2.594 3.294 5.634 - c:: 

15 5.424 6.103 2.033 1.834 6.103 2.254 1.784 1.534 1.414 1,374 1.424 1.614 2.074 3.604 - § 
> 

16 4.274 4.07 3 1.363 1.224 4.073 1.494 1,174 9.963 8.983 8.533 8.533 9.053 1.044 1.364 2.394 

17 2.944 2.803 9.342 8.41 3 2.803 1.024 7.973 6.71 3 5.983 5.583 5.443 5.553 5.983 6.953 9.203 1.644 -
18 2.084 1.983 6.602 5.943 1.983 7.203 5.583 4.673 4.113 3.793 3.623 3.603 3.733 4.083 4.803 6.413 1.154 -
19 1.514 1.433 4.772 4.293 1.433 5.193 4.013 3.333 2.91 3 2.653 2.503 2.443 2.463 2.593 2.863 3.403 4.583 8.273 

20 1.114 1.053 3.512 3.163 1.053 3.823 2.943 2.433 2.113 1.91 3 1.783 1,713 1.703 1,733 1.843 2.053 2.463 3.343 6.073 

21 8.363 7.91 2 2.642 2.373 7.91 2 2.863 2.193 1.803 1.563 1.403 1.303 1.233 1.213 1.21 3 1.253 1.343 1.513 1.823 2.483 4.543 

Read: 1.027 = 1.02 x 107 



Table 3. Absorption oscillators trength/(i,j). 

i= I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
(llS) (23S) (21S) (23 P) (2 1P) 

f? ;::: 
t:;· 

i= 1 u 1s> 
l,;· 
;:, 

"' 2 (23S) 0 ';-

s' 
3 (2 1S) 0 0 t 
4 (23 P) 0 5_39-1 ;;-.. 
5 (21P) 2.16-1 0 3.76-1 0 ~ 
6 7_34-2 6.19·2 1.53-l 6.58-1 1.so·1 s- t 
7 3.01·2 2.28-2 s .08-2 1.36-1 1.30-1 1.09 S,.c .. ~ 
8 1.53-2 1.14-2 2.21·2 5_09-2 4.65-2 1.79-I 1.34 ~~ 

!:; !:; 
9 8.50·3 6.09-3 1.23-2 2.32-2 2_74-2 6.44-2 2.11-1 1.59 ~t 

10 5_94-3 3.81-3 6.58-2 1.53'2 1.21-2 3.14-2 7.4r2 2.43·1 1.83 s-~ 
4.oo·3 2.60·3 4_42·3 9_37-3 8.06"3 I.81 •2 3.62"2 8.44"2 2_74-I 

"1:,S· 
11 2.08 <:,;:, 

"'"' 
12 2.1s-3 1.30·3 3.10-3 6.60·3 4_71·3 1.15·2 2.os-2 4.06-2 9_39·2 3_05·1 2.32 - S-:Q 

~;;i:: 
13 2.10·3 1.31·3 2.30-3 4_49-3 3_55·3 7.79"3 1.32-2 2.32-2 4.48"2 1.03"1 3_35-l 2.57 ~~ _., 
14 1.50-3 1.63"3 2.36"3 2.86"3 3_32-3 5.56-3 8.99"3 1.4r2 2_54-2 4.88·2 1.1z-1 3.66-1 2.81 

., al 
~"t:, 

15 1.20·3 1.24·3 1.79·3 2.IT3 2.52"3 4.12·3 6.45-3 1.00·2 1.61 •2 2.16-2 5.28-2 1.22·1 3.9T1 3.06 !:;'" 
"' 

16 l.ll"3 9.63·4 1.39-3 1.69"3 1.95"3 3_15-3 4.8o·3 1.19·3 1.10•2 1.74-2 2.97"2 5.6T2 1.31•1 4.2r1 al 
3.30 "' "' 17 8.86-4 7 .65-4 1.11·3 1.34·3 1.55-3 2.46"3 3.68"3 5_37-3 7.86"3 1.18-2 l.8T2 3.18·2 6.or2 1.40"1 4_5s·2 3.54 

;:, 
"'-

18 7.19-4 6.18-4 8.93"4 1.08-3 1.25·3 1.96"3 2.89-3 4.13·3 5.8T3 8.4T3 1.2r2 1.99"2 3.3s-2 6.45-2 1.49"1 4.89"1 3.79 ~ 
19 5.92-4 5.06-4 7.32-4 8.84-4 1.02"3 1.59-3 2.32-3 3_23-3 4_51 ·3 6.32·3 9_05·3 1.35"2 2.11·2 3.58-2 6.8Z-2 1.58"1 5.19"1 4.03 ~ 

~ 
20 4_93-4 4.20-4 6.or4 7_33-4 8.47-4 1.31·3 1.89-3 2.61·3 3.56"3 4.8T3 6.15·3 9.61·3 1.4z-2 2.23"2 3.78"2 7.23'2 t.6r1 5.50-1 4.28 i~ 
21 4.15-4 3.53e4 5.09-4 6.15-4 1.11·4 1.09·3 1.56-3 2.13-3 2.86"3 3.84-3 5_19·3 1.15·3 1.01·2 1.50•2 2.35"2 3.98"2 7.61"2 1. 76"1 5.80·1 4.52 s· 

;:, 

Read : 5.39"1 = 5.39 x 10·1 

.... 
<O 
CA> 
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Table 4. Population confficients r0(i) for an optically thin helium plasma. 

i = 2 3 4 5 6 8 10 13 18 

(23S) c2 1si (23P) (2 1P) 

log ne 

5 4.43 7 3.097 2.4z-1 1.44"3 6.33"3. 2.65"2 4.4T2 6.61"2 1.or1 

6 4.466 3.11 6 2.43"1 1.45-3 6.47"3 2.73·2 4.64"2 6.99"2 1.2r1 

7 4.605 3.21 5 2.51·1 1.49"3 7.0T3 3_05·2 5.35"2 8.78"2 3.42·1 

:,,: 8 4.994 3.484 2.12·1 1.60"3 8.12·3 3.95"2 7.48"2 1.73·1 7.29"1 
0 9 5.823 4.06 3 3.1s·1 1.84"3 1.23•2 6.oz-2 1.41·1 5.20·1 9.30·1 
0 

7.402 5.172 4_05·1 2.30"3 1.93"2 1.u-1 4.20·1 8.50·1 9.85"1 0 10 0 
·oo 

11 1.032 7.23 1 5.64"1 3.18"3 3.3g-2 3.1r1 7.93"1 9.66"1 9.9T1 

II 12 1.551 1.081 8.09"1 4.99"3 7.05"2 7.13"1 9.48"1 9.93"1 1.00 
..... 13 1.99 1.44 7.38·1 9.14"3 2.15·1 9.19"1 9.88·1 9_99-I 1.00 

14 3.03"1 2.34"1 2.85"1 2.05·2 6.4T1 9.80·1 9.9T1 1.00 1.00 
15 1.23"1 1.08·1 1.32-l 5.75"2 9.08·1 9.96"1 9.99"1 1.00 1.00 
16 3.16"1 3.09"1 3.22"1 2.86"1 9.59"1 9.98·1 1.00 1.00 1.00 
17 7.45·1 7.43-l 7.48·1 7.39"1 9.86"1 9.99"1 1.00 1.00 1.00 
18 8.86"1 8.86"1 8.88"1 8.88"1 9.94"1 1.00 1.00 1.00 1.00 
19 9.03"1 9.04-l 9.05·1 9.06"1 9.95"1 1.00 1.00 1.00 1.00 

5 1.019 4.708 7.62 2.8T2 3.10·2 5.6T2 7.43·2 9.32"2 1.22·1 

6 1.018 4.72 7 7.65 2.88·2 3.14"2 5.76"2 7.59"2 9.66"2 1.43"1 

7 1.037 4.796 7.76 2.92"2 3.29"2 6.16"2 8.33'2 1.13-l 3.28"1 

8 1.076 5.005 8.10 3.03"2 3.73"2 7.33"2 1.06"1 1.90-1 1.11·1 

:,,: 9 1.175 5.444 8.81 3.2T2 4.68"2 1.00·1 1.74•1 5.1r1 9.24"1 
0 

0 IO 1.344 6.23 3 1.01 I 3.71"2 6.49"2 1.63"1 4.4T1 8.50·1 9.85·1 
0 

1.623 7.562 1.221 4.46"2 1.00·1 3.90-1 8.11·1 9.6T1 9.97-I 0 11 
~ 

12 1.942 9.14 1 1.371 5.74"2 I.8T1 7.70" 1 9.5T1 9_94-l 1.00 
II 13 1.751 8.74 7.80 7.62"2 4.64"1 9.4T1 9.92-I 9.99"1 1.00 

E-!' 14 1.86 1.05 1.78 l.!3"1 8.49"1 9.91-I 9.99"
1 1.00 1.00 

15 6.01·1 4.48-1 6.39"1 2.61"1 9.64"1 9.98·1 1.00 1.00 1.00 
16 8.04"1 7.63"1 8.15·1 7.15-l 9_90·1 1.00 1.00 1.00 1.00 

17 9.6s·1 9.59"1 9.6T1 9.54"1 9.98·1 1.00 1.00 1.00 1.00 
18 9.88"1 9.8s·1 9.89"1 9.88 1.00 1.00 1.00 1.00 1.00 
19 9.91"1 9.91"1 9.92-I 9.92"1 1.00 1.00 1.00 1.00 1.00 

5 6.889 2.129 6.421 1.51·1 9.38"2 9.92"2 1.10·1 1.24·1 1.46"1 

6 6.898 2.128 6.43 1 J.52°1 9.43"2 1.00·1 1.12"1 ur• 1.62"1 

7 6.94 7 2.14 7 6.48 1 1.53"1 9.67"2 1.04"1 1.19-I 1.4z-l 3.16"1 

8 7.106 2.186 6.63 1 1.56"1 1.04·• ur• 1.41·1 2.08·1 6.89"1 

9 7.435 2.295 6.941 1.62"1 1.19•1 1.46"1 2.os-1 5.06"1 9.1r1 

:,,: 
10 8.024 2.474 7.49 1 1.74"1 1.49-I 2.13"1 4.59"1 8.43"1 8.83'1 

0 

§ 
11 8.793 2.71 3 8.15 1 1.92-l 2.10·1 4.36"1 8.16"1 9.6T1 9.97-I 

12 8.302 2.622 7.121 2.08·1 3.95"1 8.or1 9.61"1 9.94"1 1.00 
N 

4.78 1 1.691 2.34 1 2.03"1 7.63"1 9.64"1 9.90·1 9.99"1 M 13 1.00 
II 14 3.94 1.67 3.65 2.3s·1 9.so·• 9.95"1 9.99"1 1.00 1.00 

E-!' IS 1.09 1.or1 I.II 4.60·1 9.86"1 9.99"1 1.00 1.00 1.00 
16 9.74"1 9.06"1 9.81"1 8.62"1 9.9r1 1.00 1.00 1.00 1.00 
17 9.94"1 9.86"1 9.95"1 9.82"1 1.00 1.00 1.00 1.00 1.00 
18 9.9r1 9.96"1 9.98"1 9.96"1 1.00 1.00 1.00 1.00 1.00 
19 9.9T1 9.97-I 9.98·1 9.98"1 1.00 1.00 1.00 1.00 1.00 

Read : 4.43 7 = 4.43 x IO 7 
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Table 4. (Continued). 

i = 2 3 4 5 6 8 10 13 18 

(23S) (2 1S) (23P) (21P) 

logne 
5 1,5410 3.779 1.562 2.88"1 1.66"1 1.36"1 1.39"1 1.48"1 1.65"1 

6 1.559 3.788 1.562 2.89"1 1.67"1 1.37"1 1.40"1 1.51·1 1.79"1 

7 1.558 3.807 1.572 2.90"1 l.69"1 1.41"1 1.47"' l.64"1 3.13"1 

8 1.587 3.856 l.592 2.94"1 1.77"I 1.53"1 1.68"1 2.23"1 6.75"1 

9 1.636 3.975 1.642 3.02"1 1.96"1 1.83"1 2.28·1 4.99"1 9.11"1 

:..: 10 1,715 4.184 1,732 3.16"1 2.31"1 2.48"1 4,64"1 8.37"1 9.82"1 

0 
11 1.784 4.383 1.792 3.36"1 3.16"1 4.62"1 8.15"1 9.66"1 9.97"1 

8 12 1.453 3.682 1,332 3.33"1 5,95"1 8.17"1 9.62"1 9.94"1 1.00 Q .,, 
13 6.621 2.00 1 3.291 2.93"1 9.45·1 9.12·1 9.95"1 9.99"1 1.00 II 

..... 14 5.04 1.92 4.52 3,15·1 9.89"1 9.97"1 9.99"1 l.00 1.00 
15 1.28 8,03"1 1.28 5.56"1 9.93"1 9.99"1 1.00 l.00 1.00 
16 1.01 9.39"1 1.02 9.01·1 9.98"1 1.00 1.00 1.00 1.00 
17 1.00 9,91-l 1.00 9.88"1 1.00 1.00 1.00 l.00 1.00 
18 9.99"1 9.98"1 9.99"1 9.98"1 1.00 1.00 1.00 1.00 1.00 
19 9.99"1 9.98"1 9.99"1 9.99"1 1.00 1.00 1.00 1.00 1.00 

5 2.1810 4.769 2.252 3.74"1 2.18"1 1.60"1 1.57"1 1.64"1 1.78"1 

6 2.189 4.768 2.262 3.74"1 2.18"1 1.61"1 l.59"1 1.66"1 1.90"1 

7 2.198 4.787 2.272 3.76"1 2.21·1 1.65"1 1.65"1 1.79"1 3,13"1 

8 2.21 7 4.846 2.292 3.80·1 2.30·' l.1TI 1.85·1 2.34"1 6.67"1 

9 2.276 4,965 2.35 2 3.ss·1 2.49"1 2.06"1 2.43"1 4.96"1 9.os·' 

10 2.365 5.174 2.45 2 4.o3•l 2.s8·1 2.10·1 4.67"1 8.33"1 9.81"1 

:..: 11 2.414 5.293 2.472 4.21"1 3.86"1 4.76"1 8,15·1 9.65"1 9.97"1 

0 
12 1.823 4.192 1,702 

Q 4.04-l 1.20·1 8.25"1 9.63"1 9.94"1 1.00 
Q 

13 7.641 2.16 1 3.79 1 3.47"1 1.04 9,77-I 9.96"1 9.99"1 1.00 Q .... 
"' 14 5.64 2.09 4.96 3.65"1 1.01 9.98"1 1.00 1.00 1.00 II 

.!' 15 1.36 8.52"1 1.34 6.02·1 9.96"1 1.00 1.00 1.00 1.00 
16 1.03 9.51"1 1.03 9.16"1 9.99"1 1.00 1.00 1.00 1.00 

17 1.00 9.93"1 1.00 9.90"1 1.00 1.00 1.00 1.00 1.00 
18 9.99"1 9.98"1 9.99"1 9.98"1 1.00 1.00 1.00 1.00 1.00 
19 9.99"1 9.98"1 9.99"1 9.99"1 9.99"1 1.00 1.00 1.00 1.00 

5 4.4910 7.669 4.662 6.30"1 4.o3•I 2.41"1 2.19"1 2.15"1 2.22"1 

6 4.499 7.668 4.662 6.30"1 4.04"1 2.42"1 2.19"1 2.17"1 2.30"1 

7 4.50 7.67 4.67 6.31"1 4.07"1 2.45"1 2.25"1 2.2r1 3.25"1 

8 4.527 7.726 4.702 6.35"1 4.15"1 2.56"1 2.42"1 2.12·1 6.50·1 

9 4.596 7.835 4.762 6.43"1 4.36"1 2.83"1 2,92-i 4.94"1 8.99"1 

:..: 10 4.675 7.984 4.85 2 6.56"1 4.so·1 3.41"1 4.82"1 8.24"1 9.79"1 

0 11 4.564 7.853 4.682 6.66"1 6.16"1 5.21"1 8.13"1 9:62"1 9.97"1 

8 12 3.063 5.732 2.852 6.21·1 1.10 8.49"1 9.64"1 9.94"1 1.00 Q 
00 

13 1.142 2.96 1 5,41 I 5,32"1 1.31 9.89"1 9.97"1 1.00 M 1.00 -
II 14 7.96 2.88 6.46 5.28"1 1.06 1.00 1.00 1.00 1.00 

..... 15 1.62 1.01 1.52 7.23"1 1.00 1.00 1.00 1.00 1.00 
16 1.06 9.81"1 1.05 9.46"1 1.00 1.00 1.00 1.00 1.00 
17 1.01 9.96"1 1.00 9.93"1 1.00 1.00 1.00 1.00 1.00 
18 1.00 9.98"1 1.00 9.99"1 1.00 1.00 1.00 1.00 1.00 
19 9.99"1 9.98"1 1.00 9,99"1 1.00 1.00 1.00 1.00 1.00 

Read: 1.54
10 

= 1.54 x 10 10 



Table 5. Population coefficients rr(i) for'an ·or,liically thin helium plasma. 

i= 2 3 4 5 6 8 10 13 18 

(23S) (21S) (23P) (21P) 

logne 

5 1:66-2 l.lT2 7:88-11 4.03-13 3.05-14 8;99-15 '6.35-l"S 5:4i-15 
5!0T15 

6 ·i.:66-2 
1.1T

2 7!88-10 4;03-12 3.05-13 8:99-14 634-14 5.4i-14 4:92-14 

7 1:66-2 l.lT2 1:8s-9 4,03-11 3.05-12 8:97-13 6.Ji-13 5,34-13 3)8-13 

8 J:66-2 
'l.1T2 7!88-8 4;03-lO 3.os-11 s;n-12 iU8-12 4,94-12 1!64-12 

9 l:66-2 l.1T2 ·11tis-1 4,03-9 3:-05-10 11:.79-ll s.78-11 2;93-ll 4,3T12 

10 1'.65-2 ·1.1r2 1,8r6 4,or8 3,09-9 •8:46-10 4:09-10 9:6T11 9:40-12 

11 1;64-2 1.:16-2 7.78-5 4:6r7 3.49-8 7.10-9 L73-9 2:65-lO 2.ll:11 

"' 12 1,'55-2 1.10-2 6.96-4 4.02-6 7;04-7 5;56-8 8'5r9 1:or9 7.10-11 
0 

J,'14-2 s:37-3 3.40-3 3.99-5 1.98-5 9.10-1 1.19-7 1.4i-8 9.1:i-10 0 13 
0 

8;49-3 6.:Ss-3 '5.so-3 3,93-4 1.38-4 ·5,97-6 7.69-7 1!.98-8 6.19-9 0 14 00 

II 15 :1.11-2 9:41-3 9_33-3 3.76-3 3.74-4 1'.60-5 2.06-6 2.4i-7 1:66-8 

r,.," 16 3.36-2 3.22''2 3.18-2 2.75-2 1.53-3 6.76-5 8:?o-6 1.01-6 6:99-5 

17 1;85-2 7.76-2 7.6i-2 7:46-2 3:96-3 1:69-4 2.18-5 ·2_54-6 1.75-7 

18 9.31-2 9,24-2 9.10-2 9.00-2 4_74-3 2.02-4 2:fio-5 3.04-6 2:09-7 

19 ·9.49-2 9;43-2 9.28-2 9,19-2 4.84-3 2.07-4 2.66-5 3.10-6 2,14-7 

5 ·9.1T3 
4.5r

3 6.33-11 2.16-13 2.78-14 9_34-15 6,s3-15 5.78-15 5.30-15 

6 9.1T3 ·4.5r3 6,33-lO 2.16-12 2.78-13 9_33-14 6:82-14 5.76-14 5.1Tl4 

7 9.1T3 4_53-3 '6.33-9 2.16-11 2.78-12 9,31-13 6.78-13 5:69-13 4.11-13 

8 9.1T3 4_53-3 6.33-8 2.16-10 2:78-11 9.23-12 '6;63-12 5,28-12 1.86-12 

9 9.1T3 4_53-3 6.33-7 2.16-9 2.78-10 9,05-11 6.1T11 3.2r11 5.or12 

10 9.16-3 4.'53-3 6.32-6 2.15-8 2.8r9 8,60-10 -4.30-10 1.06'10 1:06-11 

~ 11 ·9,05-3 4.48-3 6.20-5 2,15-7 3.31-8 '6.96-9 1.74-9 2,73-10 2.2s-10 0 

0 12 8:20-3 4.1·2-3 5.23-4 2.10-6 1,40-1 5_34-5 8.17-9 1.011-9 7.59°11 
0 
0 

5_34-3 2.9i-3 2:01-3 1,92-5 1.55-5 6.51-7 8.45-8 9_95-9 6.96-10 ~ 13 

II 14 :u8-3 2.31-3 2)8-3 1,71-4 ·5,80-5 2.27-6 2.89-7 3.3T8 2,34-9 

.!' 15 4.4r3 3,24-3 3.69-3 1.39-3 1.06-4 4,10-6 5.20-1 -6.0T8 4.22-9 

16 1.20-3 6,53-3 6.38-3 5.2T3 2.20-4 8.48-6 1:08-6 u:s-1 8.10-9 

17 8.68-3 '8.28-3 1.80-3 7_32-3 2.80-4 1.08-5 1,37-6 1.59-7 1.10-8 

18 '8.90-3 853-3 8.oi-3 7.6i-3 2.88-4 1.11-5 u1-6 1:64-7 1.14-8 

19 8.92-3 8.56-3 8.03-3 7;64-3 2:89-4 1.11-5 1;41-6 l:611-7 1,14-8 

5 7,62-3 2,69-3 6,74-l'I 1.6rlll 3_59-14 uo-14 9.70-1'5 8.1T15 7_43-l 5 

6 1.6r3 2,69-3 6,74-lO 1.6r1'2 3_59-13 l.30-13 '9.68-14 ·8.1s-14 7_29-14 

7 1.6r3 2,69-3 ·6,74-9 1.62-1'1 3;59-12 uo-12 ·9,63-13 8:os-13 6,0i-13 

8 1:6r3 2.69-3 6.74-8 
L6r

10 3.58-11 1.29-11 ·9,42-12 7.5:r12 2.86-12 

9 7:61-3 2.69"3 6.73-7 I:62-9 3.5T10 1.26-10 8.78-11 4.80-M 7.98•12 

10 1.s8·3 2:68-3 6.70-6 1:62-8 3:63-9 1.19-9 6.20-10 1:62-10 1.69-11 
::.;( 11 7_37-3 2:62:3 6,45-S 1:60-7 .4_34-5 9.5r9 2,49-9 4.06-10 3.4'.1°11 

0 

e 12 5:93-3 2.21-3 4.72-4 1.48-6 9,23-7 6.82-5 LOT8 1.40-9 1.o:s-10 0 
0 

2,92-3 ·!.36-3 1.21-3 1.18-5 1.19-5 5,19-7 6.89-8 8.2s-9 S.8't10 N 13 
"' 
II 14 1,92-3 ur3 1.35-3 9_75-5 2_91-5 1.18-6 1,53-7 !.81-8 1.28-9 

.!' 15 2.01-3 L5r3 1,54-3 6.68-4 4_35-5 1,73-6 2,24-7 2.64"8 1.86-9 

16 2.40-3 2,29-3 1.89-3 1.68-3 6.32-5 2.50-6 3.2r7 3.80-8 2.68-9 

17 2.5r
3 

2.5r3 2.00-3 1,99-3 6.90-5 2.72-6 3.51-1 4,14-5 2,92-9 

18 2,53-3 2,54-3 2.01-3 2.or3 6,97-5 2.1s-6 3_55-7 4.1'8-8 2,95-9 

19 2.53"3 2,55-3 2.01-3 2.or3 6.98"5 2.1s-6 3_55-7 4,19-S 2,95-9 

Read : 1.66-2 = 1.66 x 10-2 
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Table 5. (Continued.) 

i= 2 3 4 5 6 8 10 13 18 

{23S) (21S) {23P) {21P) 

log ne 
5 6.74"3 ' 2.04"3 6.52"11 1.44-13 4_23-14 1.62"14 1.22-14 1.03-14 9.30-15 

6 6.74-3 2.04"3 6.52"10 1.44-12 4.23"13 1.62"13 1.22-13 1.03-13 9.15"14 

7 6.74"3 2.04"3 6.52·9 1.44"11 4_23-12 1.62"12 1.21 -12 1.02.J 2 7_72-13 

8 6.73"3 2.04"3 6.52-8 1.43"10 4.22"11 1.60"11 1.19-11 9.55"12 3.80·12 

9 6.72"3 2.04"3 6.51"7 1.43"9 . 4.21•10 1.57"10 1.11-10 6.30"11 1.09"11 

1,4 10 6.68"3 2.03"3 6.46-6 1.43"8 4.25"9 1.48"9 7_97-10 2.17-IO 2.32"11 
0 

8 11 6.39"3 1.96"3 6.ll"5 1.41"7 s.oo-s 1.18-8 3.20"9 5.38•10 4.61"11 

0 
lZ 4.63"3 1.57"3 3.974 1.27-6 9.47"7 7.60"8 1.24-8 1.65"9 1.25-10 ~ 

II 13 1.96"3 9.73"4 8.184 1.01"5 9.41"6 4.35"8 5.90-8 7.19"9 5.18"10 

.!' 14 1.27"3 8.604 8.44-4 8.52"5 2.02"5 8.57"7 1.13-7 1.36"8 9_72-10 

15 1.31·3 1.18"3 9.314 5.404 2.95"5 1.23"7 1.61"7 1.93-8 1.38"9 

16 1.46"3 1.66"3 1.07"3 1.19·3 4.02"5 1.65-6 2.1r1 2.59"8 1.85"9 

17 1.51"3 1.78"3 1.10-3 1.35•3 4.28"5 1.76"6 2.31"7 2.75"8 1.96"9 

18 1.51·3 1.80·3 1.11-3 1.37"3 4.31"5 1.77-6 2.32"7 2.77"8 1.98"9 

19 1.51·3 1.80"3 1.11•3 1.37"3 4_32·5 1.77"6 2.32"7 2.78"8 1.98"9 

5 6.15"3 1.77-3 6.13"11 1.37"13 4.58"14 1.82"14 1.38"14 1.16"14 1.04-14 

6 6.15..3 1.77"3 6.13-10 1.37"12 4.58·13 1.81"13 1.38"13 1.16"13 1.03-13 

7 6.1s·3 1.77"3 6.13"9 1,37-ll 4.57"12 1.81 -12 1.37"12 1.15-12 8.79"13 

8 6.15"3 1.77"3 6.12"8 1.37"10 4.56"11 1.79"11 1.34·11 1.08"11 4_44-12 
:,,: 

9 6.14"3 1.76"3 6.11·1 1.37"9 4_54·10 1.75-10 1.26·10 7.26"11 1.29"11 
0 

0 10 6.09"3 1.75-3 6.05-6 1.36"8 4.58"9 1.60"9 9.12"10 2.54"10 2.75"11 
0 

l 11 5.76"3 1.69"3 5.66"5 1.34"7 5.28-8 1.31"8 3.66"9 6.27"10 5.42"11 

II 12 3.97"3 1.34"3 3.484 1.21-6 ·9.26-7 7.95"8 1.33-8 1.79"9 1.37"10 

.!' 13 1.59·3 8.634 6.584 9.98-6 8.28-6 3.99"7 5.50"8 6.77"9 4_92·10 

14 1.04·3 7.974 6.634 8.53"5 1.12•5 7.53"7 1.01·7 1.22·8 8.78•10 

15 1.06"3 1.11•3 7.264 5.224 2.54"5 1.08-6 1,44·7 1.74"8 1.25·9 

16 1.17"3 1.53·3 8.194 1.09·3 3.42"5 1.45-6 1.92•7 2.31"8 1.66"9 

17 1.20•3 1.63"3 8.40'4 1.22"3 3.63"5 1.53"6 2.03"7 2.44"8 1.75•9 

18 1.20·3 1.64"3 8.43-4 1.24·3 3.65"5 1.54-6 2.04"7 2.45"8 1.76"9 

19 1.20·3 1.64"3 g.43-4 1.24·3 3.65"5 1.54-6 2.04"7 2,45-8 1.76"9 

5 4.47"3 1.27"3 4.51"11 1.3g-U 5.63"14 2.45"14 1.91-14 1.61"14 1.42•14 

6 4.47"3 1.27"3 4.51·10 1.38"12 5.63"13 2.4s·13 1.91-13 1.61"13 1.40•13 

7 4.47"3 1.27"3 4.51 •9 1.38"11 5.63"12 2.44"12 1.90•12 1.59-12 1.24-12 

8 4.46"3 1.27"3 4_50·8 1.3?"10 5.61"11 2.42"11 1.87"11 l.Sl"II 6.68"12 

9 4.45"3 1.27"3 4.48"7 1.37"9 5.58·10 2.37"10 1.76"10 1.0,-10 2.03"11 

10 4.39"3 1.26"3 4.42-6 1.37"8 5.56"9 2.23"~ 1.32-9 3_95·10 4.43"11 

:.= 11 4.07"3 1.21•3 4.05·5 1.35•7 6.01"8 1.76"8 5.39"9 9.67"10 8.58"11 
0 
0 

12 2.57"3 9.894 2.264 1.27-6 8.41"7 9.25-8 1.66"8 2.34"9 1.84·10 8 
00 13 9.424 1.504 3.744 1.15-5 6.27 3.53"7 5.ll-s 6.50·9 4.84·10 
~ 
.II 14 6.144 7.594 3.614 1.024 1.28 · 6.28"7 8.74"8 1.09"8 7_99·10 

.!' 15 6.344 1.11·3 3.984 5.834 2.07"5 9.65"7 1.33•7 1.63"8 1.20·9 

16 6.954 1.50·3 4.464 1.12·3 2.8s·5 1.30-6 1.1r1 2.1s·8 1.59-9 

17 7.08
4 1.5 8-3 4.56"4 1.23"3 3.01"5 1.37-6 1.86"7 2.29-8 1.67"9 

18 7.09
4 ' 1.59"3 4.57"4 1.24"3 3.03"5 1.37-6 l.8T

7 2.30"8 1.68"9 

19 7.094 1.59-3 4.514 1.24"3 3.03"5 1.38-6 t.88"7 2.30-8 1.68"9 

Read : 6.74"3 6.74 X 10"3 
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Table 6. Collisional-radiative ionization coefficients Sc_ R ( cm3 sec - I) for an optically 
thin helium plasma. 

Te (oK) 8000 16000 32000 50000 64000 128000 

log ne 
5 _1,54-24 9.84-17 1.or12 3.41-11 1.36-10 1.84-9 

6 1.55-24 9.84-17 1.o•t12 3.41 -11 1.36-10 1.84-9 

7 1.55-24 9.85-17 1,0..,-12 3.42-11 1.36-10 1.84-9 

8 1,55-24 9.8T17 1.or12 3.42-11 1,37-10 1,&4-9 

9 1.56-24 9_92-17 1.08-12 3.43"11 1.3T10 1.85-9 

10 1.58-24 1.00-16 1.08-12 3.46-11 l.38·10 - 1.85-9 

11 1.63-24 1.03"16 1.11-12 3.50-11 1.39·10· 1.8T9 

12 1,93-24 1.18-16 1.2r12 3.69-11 1,44-10_ 1.89-9 

13 5.90-24 2.5r16 1.86-12 4_74-ll 1,73·10 2.04"9 

14 2.74"23 5_95-16 2.75-12 6.02·11 2.08·10 2.2T9 

15 7.06-23 9_9g-16 3.62-12 7.40-11 2.5r10 2.63-9 

16 2.94-22 1,99-15 4.8T12 9.08-11 2,99-lO 3.0r9 

17 7_34-22 2,50-15 5,24·12 9.50-11 3.10-10 3,09-9 

18 8.78"22 2.58-15 5.29·12 9_55·11 3.11-10 3.10-9 

19 s,95-22 2.5s-15 5,29-12 9_55-11 3.12-10 3.10"9 

.Read: 1,54-24 = 1.54 x 10·14 

Table 7. Collisional-radiative recombination coefficients ac-R ( cm3 sec- 3) for an optically 
thin helium plasma. 

Te (DK) 8000 16000 32000 50000 64000 128000 

log ne 
5 4.43"13 2,92-13 1.89-13 1.42-13 1.21•13 1.80-14 

6 4.45-13 2.93"13 1.89-13 1.42·13 1.21-13 7.80-14 

7 4.56-13 2.96"13 1.90·13 1,42-13 1.21·13 7.8r14 

8 4.86"13 3.05-13 1,93-13 1,43-13 1.22"13 7.83-14 1 

9 5.4r13 3.24"13 1,99·13 1.46-13 1.23"13 1 .s8-14 

10 6.6r13 3_5g-13 2,09-13 1.51•13 1.2r13 7.9r14 

11 8,73-13 4,15-13 2.26"13 1,5g·l3 1,31·13 8.12-14 

12 1.30·12 5,15·13 2.5r13 1.69·13 1.38·13 8.36-14 

13 2,23-12 6.so·13 2.1r13 1.76·13 1.41"13 8.3T14 

14 4.44"12 9.or13 2,99-13 l.80•13 1.42"13 8.2s-14 

15 g,92-12 1.41-12 3,77•13 2.or13 1.58-13 8.56"14 

16 3.41-11 2,92-12 5.lr13 2.47"13 1,79·13 8.98"14 

17 ui-10 4.33"12 6.21-13 2.80·13 1,99-13 9.65"14 

18 4_73-10 1.09-11 1.26-12 5.20•13 3_54-13 1,55-13 

19 3_94-9 7_59-11 7 .63"12 2,90·12 1,90·12 1,40·13 

Read : 4.43·13 = 4,43 X 10-13 
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