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Abstract

Various approximate formulas for total or overall
dielectronic recombination rate coefficient are compared
with detailed calculations for the case of recombination of
hydrogenic ion to helium-like ion. The revised version of
the general formula by Burgess(1976) agrees well with the
calculations by Dubau(1973) . Dubau et.al.(1981) or Fujimoto
and Kato(198l). The limiting case of infinite nuclear
charge and the effect of the finite plasma density are also

discussed.



§1. Introduction
For high-temperature plasmas like the solar corona,

1,2) is an

tokamak plasmas etc.. dielectronic recombination
important recombination mechanism for ions. This process
consists oé the two-step transitions involving doubly
excited states lying in the continuum states. i.e.
dielectronic capture and stabilizing transition, and the
calculation of the recombination rate coefficient may
accordingly be complicated. This difficulty stems partly
from our insufficient knowledge of the doubly excited state
and especially of its autoionization probability from these
states.

To meet the practical requirements to estimate the
total dielectronic recombination rate coefficient, several
semi-empirical formulas or approximate formulas have been
proposed that are based on various assumptions and
approximations for individual processes involved. Agreement
among these formulas, however, is generally not
satisfactory. Furthermore. various new processes that
affects the recombination rate are being proposed from time
to time- Therefore. it does not appear that we have reached
the point where we can predict the overall or total
recombination rate for various ions with a reasonable
reliability.

FPor the simplest case of ions with only two electrcns,
the problem should be much easier to handle: i.e.
dielectronic recombination from a hydrogenic ion to a
helium-like ion. This is because we have fairly ample
information, theoretical and experimental, of these doubly

excited states of helium~like ions. For instance,
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observaiton of helium-like satellite lines associated with
hydrogen-like resonance-series lines is one of the most
important sources of our knowledge. There are numerous
theoretical calculations., too. Using such information we -
are able to calculate an individual dielectronic recombina-
tion rate coefficient that describes a process via a doubly
excited level to reach an individaal normal excited state
of helium-like ion. Then, these individual rate
coefficients are summed over all of the normal levels to
result in a total dielectronic recombination rate
coefficient. |

In the following we treat the total dielectronic
recombination rate coefficient of hydrogenic ions to helium-
like ions; we compare various formulas so far proposed, and
we try to assess the reliability of these formulas by
comparing these with a detailed calculations where possible.
We also discuss the limiting case of the infinite nuclear
charge and examine the effect of finite electron and ion
densities on the dielectronic recombination; the latter
problem should be important when the plasma has a high
density as is the case for the laser-produced plasma. We
hope this report would serve as a basis for further study

of ions other than hydrogenic.



§ 2. Dielectronic recombination*

We consider the schematic energy level diagram of Fig.l
pertinent to dielectronic recombination. Let Xz(j) denote
the normal state j of z-times ionized ion. where g
corresponds to the ground state. and Xz-l(j'nll) the state
with the "core" electron j and the "running" electron nj!',
where n and *)' are, respectively, the principal and angular-
momentum quantum numbers. Eg,j is the excitation energy of
state j and AE is that for the state (j,n('). A_ denotes
the autoionization probability and Ly is its inverse
dielectronic capture probability. Ar is the stabilizing

transition probability. The process of dielectronic

recombination is represented by

s ' (a)
X, (g +e s X, 3mel) —— X _,(gng) +hv'. (1)

If we express the dielectronic capture rate coefficient L

in terms of its cross section aTg vwe have the balance rela-

tion for the population density of the state Xz_l(j,nl')

n, (9)n E(ABVO 4 (3,n £)§Em, 1 (3,me") [Ap(3,ng) + Aa(3,ng")],  (2)

*
This section is based primarily on the trearment of ref.3,



where nz(g) is the density of the ion Xz(g) and ng is the
electron density with the velocity (v) distribution £(E) and
we assign the energy width OE to the state (jynl'). 1In the
limit of small stabilizing transition probability Ar(j,nQ,')
we have the LTE or Saha population for (j,nl')

n,_,(3,me’)

—— s =
nz(g)ne jme!

3 ]
_ w1 (3/m2Y) ( ' 3/2 ~E/KT,
2w, (9) 21rmk'1‘e !

' (3)

where we have assumed the Maxwellian distribution for the

electrons having the electron temperature Te'

- / °m v ~E/KT,
e

Here w denotes the statistical weight, h is the Planck
constant and k is the Boltzmann constant. Thus, we obtain

the relation for the case of Aa>> Ar

R, | . .
Aa(Jln«Qz ) = Zj,n,?,' f(AE)VUd(Jrn:Q')(SE
- 81Tm‘2V2 wz(g)
h3 wz—l(j’n‘q") O'd(SE (5)

In the general case of Ar % 0. we have



. 1
nz_l(J,nR,') =‘Kr-';_—A; nz(g)nef(AE)VOdéE

Aa
=z Zj ,Il,Q,' Ar +""—Aa"' nz (g) ne r (6)

L4

where use has been made of eq. (5). Sometimes the quantity
Aa(j:nﬂf)/[AE(jran) + Aa(j,n]ff] is represented as
b(j,n)'). The dielectronic recombination rate coefficient

for an individual level xz_l(g,ngy) is given as

ad(g,nk') bX nz_l(j,n’.‘) Ar(j,nz' —> g,n'")

nz(g)ne j
1, Ay By
~J 73me' A+ AL
2 w__.({3,ne") A -
= () 2t T < e )
e J Zg rAa

By taking the sum over all the excited states Xz_l(g,nﬂj)

we obtain the total or overall recombination rate

coefficient
U.dtOt =1 ad(gln”) . (8)
n, ¢

We note the relation between the excitation cross sec-

tion, ng for Xz(g) + e — xz(j) + e, and the
dielectronic capture rate coefficient or autoionization

probability. The quantum~defect theory shows that the pa:-

tial excitation cross section corresponding to the angular



momentum (' for the outgoing electron continues smoothly

across the limit Eg j down to’ the dielectronic capture cross
14

section to the doubly excited states

o:x(g —> 3/ 4/)dE =65 (g = J,mA")SE dn . (9)

Figure 2 depicts schematically the situation, where the
energy "position" of the doubly excited states is -
represented by a triangle with the width SE. Equation (9)

is further transformed as

0q(@ ——> 3 BE =02 (g —> ") .
222 p A
= 3 IH O‘ex (g '_'}jrﬁ,')r (9')
n

where IH is one Rydberg (13.6 eV). Thus, with the help of
eq.(5) we may express ‘the autoionization probability as the

extrapolation of the excitation cross section

2 z )
a,(Gmy) = AZAE 0z@ ves (g —> 3,2")
I
— 4 H 2
- _ o .
S wan0mgy 2 e300 (10")

where 52(g-—e-j,ﬂj) is the partial-wave collision strength

of the excitation.



In eq.(1l), we have assumed that the doubly excited
level (j,n{') has only one autoionization channel leaving
the ion in the ground state g. However, it may have another
channel in which it autoionizes into an excited level, say

L4

i, of the ion. Then. equation (7) should be accordingly

4)

modified. Jacobs et al, r have pointed out its
significance, and its effect has been included in their
calculation. Its effect has been found to be significant
for some cases (e.g., F-like ions).

The above mechanism corresponds to the resonance
contribution to the excitation cross section g—> i of the
ion. 1Its effect has been proposed in ref. 5) and has been
evaluateds) for hydrogenic ions. It has been found that its
contribution is about 10%.

Since the effect of the above channel is not expected

to be too important in our case. we neglect it throughout

in the following discussion.



¢ 3. Various formulas

1)

3.1. Burgess' general formula
We define the average autoionization probability for

the (j, nQ') state with the quantum numbers Sj and Lj as

T . s
_ (2S + 1) (2L +.1)A, (SjL4n&', SL)
K, (85Lne) = SL Pa 531 , (11)

J (25 + 1) 2Ly + 1)2- (22 + 1)

where the summation is over the resultant S and L for the
confiquration [j(Sij), nﬂf]. Equation (11) assumes that
all of the states [j(Sij), nR'] SI, are populated according
to their statistical weights, but it is not the case for
low-density plasmas which are frequently encountered. It

is convenient to introduce the quantity

28" + 1
B(n) = ZuE(j) z — (12)
L 1+A/ B ()

Equation (12) assumes that the sum of the statistical weight

of the state (j,n) is given by

w_(s.L.nf SL
2',S,L Z( J J ’ )

=, (S4L;) i' 2(20' + 1) (13)

We make the following approximations that are valid for a

large n,

g3 2 qj (14)



237 G e — gm = 253 > 9) (15)

With the assumptions of egs. (11) - (15), equation (8) is
rewritten as

o = (——-——) P A
2TmkT LT,@ A

2 (G — g)

¥ ¥ 29' + 1
¢ 1+Aa°(G—aq)/ K (Gne")

. e Byy/¥Te (16)

Here the transition probability is expressed as

w_(3) 222
Z Z,. _ 8 e v
wz @ Ar (J —9) — fgj (17)

where )/ is the photon frequency and fgj is the absorption
oscillator strength- Burgess found that the results of his
numerical calculations for various ions could be fitted to

the formula

-3
tot. 3 x 10 x C(2) 3-1
e e
with
=g /L.(L+
X gj/ H(l z)
A =x/2/(1 + 0.105x + 0.015%%), . x> 0.05 (19)
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)

B(z) = [2(1 +2)°/(z% + 13.4)]%/2, z < 20 (20)
C(z) = 1.58 x 10°(1 + 2)/[L + 0.015 z3/(1 +2)2], X <5 (21)
e

7)

where Te is in K. Later Burgess and Tworkowski made a
small correction: eq. (18) should be multiplied by the

factor

D(z) = 0.84 + —2=3 — + 0.03(z :511)
(z + 1) 1+4.5%10 (2 - 11)3 -

(22)
3.2. Other formulas

On the basis of eq.(8) with eq. (7) various formulas
have been devised besides eq. (18). 1In this section we list
these formulas along with parameters to be employed in these
formulas. We put emphasis on the total dielectronic
recombination rate coefficient for a hydrogenic ion into a
helium-like ion.

Tucker and Goulde) propose the formula

e — o rc e (£, /kT) °
d k)32 573 93 e (23)

and give the table of Egj and Cj for several ionic species.
In their treatment, however, they neglect the strong
dependence of the autoionization probability on the angular
momentum quantum number. Therefore, we put their result

outside of our consideration.

~11-



Beigman et a1.3) begin with eq. (7) and divid the
doubly excited levels into the two groups for which either
the second term or the first term may be neglected in the
last denqminator. The approximate result for the total

recombination rate coefficient is fitted by

E . E .
tot _ |, ,-g9j ,3/2
ag = C(E%) exp( - 23— ) (24)
with
_ 3 2 |
Egy =~ &+ DIy (25)

-10 cC,

and C is expressed as C=10 and C is given in fig. 3.

9)

Ansari et al. reproduce the general formula of

Burgess in the form.

. Fy exp (-25/t) (26)

with

t=10 " T, ( K) (27)

and the parameters Fj and Pj are given in Table 1 for

several low-lying states of j.

Aldrovandi and Pequignotlo)

also adopt the general
formula of Burgess together with éppropriate atomic

parameters. They gives the formula

- 12—



tot _ . =3/2 '
% = AgTe TTeRp(-To/T) [1 +Bgexp(-Ty /T, )], (28)

where T's are in K and the parameters are given in Table 2.
Donaldson and Peacockll) approximate eq. (7) neglecting
the second term in the last denominator for z+l < 18, and

propose the following fozmula:

o tot _ 7.9 x 1,072

4 ]
= (z +1) “glpr n_) ¢ (A ., ") (29)
d (kTe) 3/2 bzr Be T o Mgy P

where kT is expressed in eV and

py = 2+ D% /KT, (30)
and
" 3 5 6 Zz (31)
2 =1,46% 10 —
(n,) z + 1)6

The factors are expressed as
]

n
60, nY) = 5t £fn'g +1— )
t n'=2

x (1 - —3 % (- a1 - L)

(32)
n n'

" L
00, n.) = 3 e =2 F (241, 33
€7 e @2 " 2= 0 2

—13—



where the summation may be terminated at ntu = 4. These

factors are given in Tables 3 and 4. For heavier ions of
z+1l > 18, the first term in the denominator of eq. (7) is

neglected, and another formula is given

2
tot. : ~5 1 z
oq = 3.16 x 10 5
d ar)¥?  (z+1)°
X B(AZ, nt')Y(AZ"l’ nt") (34)
The recommended approximation is nt' = 4 and nt" = 10.
nt'
'e Ja
g(amnn) =z EEIFLoDRD ppan- Loy )
n'=2 (1L-1/n'") n'
n 1"
t 2, n"
"y o— A/ n"%)
v, nr) =5 = L g ., (0E) (36)
t n"=2 n|13 =1 9 +1

The facters are given in Tables 5 and 6.
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§4. Detailed calculations

So far we have Leen concerned with the approximate
expressions for the total or overall dielectronic recombina-
tion rate coefficient. 1If we start with the individual
dielectronic recombination process, eq. (7), and perform the
summation, eq.(8), the resulting rate coefficient should be
much more reliable. Such calculations should be made if we
are interested in the population density of individual
excited states of the helium-like ions. Severai calcula-
tions have been made so far for the case of the present
interest.

Shorelz) has used the configuration interaction method

for the resonance collision processes of eq. (1) and has

evaluated eq.(8) with an approximation for the { -dependence

of Aa' The resulting numerical value is given in the form
ot o 70 exp( -1.445
C!d = T 3/2 Xp . V /Te) (37)
e

where ;Tis the excitation energy in cm_l, Te is in K and
a, is given in Table 7., where the correction by ref.7 has
been applied.

Dubau13) has performed close coupling calculations of
dielectronic recombination for Het — He, z = 1. He
considers the channels (1s,l), (2s,Q), (2p, {-1) and (2p,
J+1), and the long-range coupling potential connecting 2s
and 2p has been diagonalized by using the quantum-defect
theory. The resulting rate coefficient is shown in Fig.4.

For helium-like ions Dubau et a1.14) have calculated

the satellite line intensity accompanying the hydrogenic

— 15—~



resonance line, They consider the doubly excited configura-
tions 2snf, 2pnl, BSnl, 3pnl, and 3d2. They evaluate the
autoionization probability and stabilizing transition
probability for each doubly excited states obtaining the
satellite Eine intensities. The total dielectronic
recombination rate coefficientr is given as the summation

of these satellite line intensities. The result for Fe25+
(z=25) is shown in Fig.5.

Fujimoto and Kato,ls)

in carrying out their program to
calculate the excited state population éensities of helium-
like ions in high-temperature plasmas, have evaluated the
dielectronic recombination to each excited states of helium-
like ions. They assume the L-S coupling scheme for the
doubly excited levels 2pnl and neglects the relativistic
effects. For the low-lying levels of n=2 they employ the

16) of the autoionization and

calculation by Boiko et al.
stabilizing transition probabilities. For higher-lying
levels the autoionization probability is evaluated using
eq.(10') from the partial-wave collision strength given by

Burgess et a1.17)

The stabilizing transition probability

is given the value of the spontaneous transition probability
2p —> 1ls of the hydrogen-like ion. The dielectronic
recombination rate coefficient for individual excited level,
eq. (7), is summed over 6q excited levels of n<20, and the
contribution from the higher-lying levels of n>20 is
estimated with an approximation to egs. (7) and (10'). An
example of the results for the individual dielectronic
recombination rate coefficient is shown in Fig.6 for B3+
excited states. The total or overall dielectronic

recombination rate coefficient is given in Figs. 7 and 8,
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4+ 11+

for B and Mg ¢ respectively. It is noted that this
calculation includes only the stabilizing transition 2p —
ls and underestimate the total recombination rate

coefficient by 40% or less.

—17-



§5. Comparison

Various formulas described in {3 are compared with more

comprehensive calculations in §4. We consider the cases of

z=1 (He'— He), z = 4 (B**— B3, z =11

25+ 24+)

(Mgllﬁ—e Mg1°+) and z = 25 (Fe —> Fe

(i) z = l(Hef—a He)

In Fig.4 various formulas are compared with the result

7)

by Dubau.13) The revised version’'’of the general formula by

Burgess gives extremely good agreement with Dubau. All of
the other formulas give larger values by a factor of 2, but

the disagreement is not so large.
(ii) z = 4 (8%*— B3
Various results are compared in Fig. 7. The general

7) 15)

formula gives good agreement with Fujimoto and Kato.

Others give larger values.

11+

(iii) z = 11 (Mgt —  mMgllh)

Various results are compared in Fig. 8. The result is
similar to the case of z = 4.
(iv) z = 25 (Fe23* — Fe2%)

Several results are presented in Fig.5. It should be

14) 15)

noted that Dubau et al and Fujimoto and Kato are in

good agreement. The general formula gives larger values.

—18 —



$6. Limit of infinite z

We consider the z-deéendence of O3 of eq. (7). Roughly
speaking, the probability Ar scales to z4, and Aa does not
have a z—~dependence. The energy, of course, scales to 22.
Thus, in the limit of large z the situation is expected to
become simple.

We assume the LS-coupling scheme is valid and neglect
the relativistic effects. For z— (0 , equations (7) and

(8) reduce to

®a T I I3, ngBa(2p.nyg), (38)
n,g

where we have included only the stabilizing transition
2p —™ 1s. With the help of eq.(10), equation (38) is
approximated to

2 32
(z+1) 3EOt _ h /2 1 g

= 28+1
a ( Zmi, ) 1  Tgr “nd2p2’ L

)

25+1 3/2 -0.5/p), 4In 1 2
x A (2p2¢'“5" L) @7/ % ®, B 1 (ze1)% a(1s — 2p)

[®-1/2(e-0.16/® -1) e-o.75,®]} - (39)
with

_ 2
® = kT /(2+1) “I

2S+1L) from the

Where I is in erg. We evaluate A_(2p2]'
partial-wave collision strength of ref. 17 and use its total

collision strength for the second term. We obtain the

— 19—~



numerical result

3 tot né 372
+ = - -
(z+1) ad, ( MZ"’“IH ) ..4i_{2.67 x 1015® 3/2,-0.5/0

+ 1.95 x 107°] @ 1/2 (0 164D —l)e_0'75@]} (40)

The result is shown in Fig. 9.

A remarkable fact is that the first term that
corresponds to the recombination through the intermediate
states 2p2]' amounts to 3/5 of the total recombination rate.
Furthermore, among these 2p2£' states 2p2 lD2 state is the
most important: almost 3/4 of the first term or a half of
the total recombination is given from this state.

In Fig. 9 recombination rate coefficients for several
cases of finite z are also reproduced: these are the results

by Fujimoto and Kato as have been shown in Fig. 7. 8 and 5.
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§7. Effects of finite electron and ion densities

Up to now we have assﬁmed that the electron and ion
densities are so low that the collisional effects are
negligible on the doubly excited states as well as on the
normal excited states of helium-like ion. The former effect
would mix the autoionizing and closely-lying non
—-autoionizing states, thus increasing the recombination rate
coefficient. It is also expected that electron collisions
with the doubly excited-state ion would further excite the
running electron before.the core electron makes the
stabilizing transition, thus reducing the recombination rate
coefficient.

Jacobs et al.la)

have proposed that quasistatic micro-
fields produced by plasma ions induce Stark mixing among the
doubly excited states. This induces the autoionization
probability to high-orbital angular momentum states that
have negligible probability in the absence of the field.
This results in an increase in the dielectronic recombina-
tion rate coefficient.

Population relaxation among the doubly excited levels
due to electron collisions affects the dielectronic
recombination. The effect of collisional transitions among
1s202)' levels of lithium-like ion has been considered,lg)
and changes in the satellite line spectrum as well as in the
dielectronic recombination rate have been predicted. The
similar effect has been observed on the helium-like
satellite spectrum emitted from the laser-produced

plasma.zo)

21)

Fujimoto and Katc have proposed the dielectronic-

capture-ladder-like excitation-ionization mechanism for the

—21-—



system of the doubly excited levels and evaluated its
contribution to the 1ls — 2s and 1ls —> 2p excitation rate
coefficients. This mechanism involves the electron colli-
sions on'the doubly excited ions:i.e. the ladder-like
excitation-ionization flow of electrons in the doubly
excited Rydberg states results in the increase in excitation
to singly’ excited levels. 1Its contribution has been found
significant. This suggests that the dielectronic
recombination rate coefficient for individual level, eq.
(7) » is reduced owing to this effect. The total recombina-
tion rate co-efficient, eq. (8), however, is hardly
affected, because another effect sets in that reduces the
effective recombination rate at still lower electron
densities as described below.

We now consider the effect of electron collisions on
the population density of the normal excited states of
helium-like ion that are produced as a result of
dielectronic recombinaion. eq. (1); If the collisional
excitation takes place from this level before the electron
decays radiatively to reach the ground state, dielectronic
recombination is, in effect, interrupted, and the excited
electron eventually returns to the continuum state with the
hydrogenic ground-state ion. This process reduces the
effective or total recombination rate coefficient. Several
authors have evaluated the decrease in the recombination
rate coefficient due to this effect; they consider the
population density of the excited states and take into
account the collisional and radiative processes by solving
the rate equations by the method‘of the quasi-steady-state

solution. Several examples of the result of calculation are

—22 -



given below for the ne—degendence of the total recombination
rate coefficient. In these calculations, besides the
dielectronic recombination, radiative and three-body
recombination into each of the levels are included;
therefore the given quantitieS(xCR should be understood to

correspond to the collisional-radiative recombination rate

coefficient.

22) have calculated the case of He+

Burgess and Summers
~—> He; Figure 10 shows their result. They aiso gives the
changes in population density of the normal helium levels:
Fig.ll shows an example corresponding to Fig.l0. Fujimoto
and Kato have applied their computer program to several
cases of z, and their result are shown in Figs.l1l2, 13 and
14 for z = 4, 11 and 25, respectively. The decrease in the
rate coefficient with the incréase in the eiectron density
is due to the effective decrease in the dielectronric
recombination, whereas the increase in the rate with the
increase in the electron density in the low electron
temperature regioné is due to the combined effect of the
three-body recombination and the collisional-radiative

transitions.
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Table 1

Parameter values for eq. (26). Ref.?9

F 2P

Excited
wate j P P
Ion

C VI 4.8(-11) 4.1 8.7(-12) 4.8 3.2(-12) 5.1
N VII 6.5(-11) 5.4 1.2(-11) 6.5 4,3(-12) 6.8
O VIII 8.5(-11) 7.0 1.5(-11) 8.3 5.4(-12) 8.8
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Table 7

Parameter values for eq. (37). Refs. 12 and 7.
Ion ’\\)J(ji) cm-l Arad(ij) sec-:L %4

Hetl 3.29 (5) 1.0 (10) 2.8 (-3)
Lit? 7.40 (5) 5.1 (10) 1.2 (-2)
Bet3 1.32 (6) 1.6 (11) 2.6 (-2)
g*4 2.06 (6) 3.9 (11) 4.7 (=2)
c*d - 2.96 (6) 8.1 (11) 7.6 (=2)
N*o '4.03 (6) 1.5 (12) 1.1 (-1)
o*? 5.26 (6) 2.6 (12) 1.4 (-1)
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Figure Captions

Fig.l

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Energy-level diagram pertinent to dielectronic
recombinatoin. Xz(j) denotes the z-times
igpized ion in the singly excited state j.
X,_1(3/nl') is the doubly excited ion with the
core electron j, and the running electron nl'.
Aa and L4 are, respectively, the autoionization
probability and the dielectronic capture
probability.

Schematic diagram of the excitation cross sec-
tion(S;xz (g— j,€Q) and the dielectronic cap-
ture cross section.sa(g._>j,nl).

The scale parameter for eq.(24) with c=10"10 C.
Ref.3.

Total dielectronic recombination rate
coefficient for He' — He. "Burgess" : eq.(18)
with eq.(22). "Dubau" : ref.13. "Beigman" :
eq. (24). "Aldrovandi & Pequignot" : eq.(28).
"Shore"™ : eq. (37). "Donaldson & Peacock" :
eq. (29).

Total dielectronic recombination rate

25+, pe24*, mpyrgess”

coefficient for Fe
eq.(18) with eq.(22). "Dubau et al." : ref.l4.
"Donaldson & Peacock" : eq.(34). "Fujimoto and
Kato" : ref.l5.

Dielectronic recombination rate coefficient into

3+

individual excited level of B” . Ref.l5.

Total dielectronic recombination rate

4 3+

coefficient for B*T— B "Burgess" : eq.(18)

with eq.(22). "Fujimoto and Kato" : ref.l5.
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Fig.8

Fig.9

Fig.10

Fig.1ll

Fig.l2

Fig.1l3

Fig.l4

"Beigman" : eq.(24): "Shore" : eq.(37).
"Donaldson and Peacock" : eq.(29).
Total dielectronic recombination rate

1+ | ygl0+,

coefficient for Mg "Burgress" :
eq.(18) with eq.(22). "Beigman" : eq.(24).
"Donaldson and Peacock" : eq.(29). "Fujimoto
and Kato" : ref.l5.

Total dielectronic recombination rate
coefficient for infinite nuclear charge,
eq.(40). Several cases for finite z are also
shown with the dotted curves as given by
Fujimoto and Kato, ref.l5.

Density dependence of the collisional-radiative
recombination rate coefficient for He'—> He.
Ref.22.

Density dependence of the reduced population
density of excited helium levels with the
principal qugntam number n. bn is defined as

b =N(n)/Ng(n), where E denotes LTE(local
thermodynamic equilibrium) as given by eq.(3).
Density dependence of the collisional-radiative

4 3+

recombination rate coefficient for B *—9 B

Ref.l5.
Density dependence of the collisional-radiative

recombination rate coefficient for

11+ 10+

Desity dependence of the collisional-radiative
recombination rate coefficient for

Fe25+ 24+

—> Fe . Ref.l5.
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