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DIELECTRONIC RECOMBINATION RATES, IONIZATION EQUILIBRIUM,
AND RADIATIVE EMISSION RATES FOR Mn IONS IN LOW-DENSITY
HIGH-TEMPERATURE PLASMAS

I. Introduction

- The analysis of optically-thin far-ultraviolet and x-ray emission
lines of multiply-charged ions is one of the basic methods for determining
the temperatures and densities of laboratory and astrophysical plasmas. In
addition, the energy balance in these plasmas can be significantly
influenced by the emission of radiation from relatively low concentrations
of multiply-charged atomic ions. Because the populations of the excited
levels are expected to depart substantially from their local thermodynamic
equilibrium values/ZGtiem 1964), a detailed treatment of the elementary
collisional and radiative processes must be employed in order to predict
the emission line intensities. _

Lo B 0E

In this investigation we present the results of calculations based on
a corona equilibrium model’ (Jacobs et al 1977, Davis et al 1977) in which a
detalled evaluation is made of the dielectronic recombination rate
coefficients. The ionization structure is determined by assuming that
electron impact ionization and autoionization following inner-shell
electron excitation from each ground state are balanced by direct radiative
and dielectronic recombination. The spectral line intensities emitted by
the low-lying excited states, which are assumed to undergo spontaneous
radiative decay in times that are short compared with the collision time,
are evaluated in terms of the corona ionization equilibrium distributions

of the ground states and their electron-impact exciation states.

Manuscript approved April 11, 1983.
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IT. Dielectronic Recombination

Dielectronic recombination (Burgess 1964) may be described as a two-
step process. First, there is a radiationless capture of a plasma electron
into a ni-state accompanied by an excitation i + j of the recombining ion
core X+(z)

(2 (1) + e » D (400,

Recombination is accomplished if, instead of autoionizing, the doubly-
excited state j, ni undergoes a stabilizing radiative transition to a

singly-excited state i, n2 which lies below the ionization threshold

27D 5 ney > xTCTD (4 ne) + 4 .

In the corona model approximation, the initfial state i1 is assumed to be the
ground state g. The many-electron states 1, j, etc. will be specified by
giving the effective principal and angular momentum quantums numbers of the
active electron. The influence of the spectrator electrons 1Is taken into
account in the evaluation of the transition rates.

For a Maxwellian electron electron velocity distribution the total
dielectronic recombination rate coefficlent 1is given in the corona model

approximation (Shore 1969) by

3,332

ad(i) = 2 a /2

3
(Ey/kgT,)

g(,n1) “Aaldnt > DAL (fnt > 1,00
X j%nl 2g(1) A, (3,n2) 1 (3, ob)

E(1) - E(4, n2)

X exp -
‘BTe
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where the statistical weights associated with the energy levels
E(i) and E(j, n&) are denoted by g(i) and g(j, nl),. respectively.

For large values of n the autoionization rates Aa (j,n? + 1), in terms
of which the radiationless capture rates have been expressed, can be
obtained from the threshold values of the partial-wave electron-impact
) by means of the quantum defect

excltation cross sections o (1,2, + j, 2

i 3
theory relationship dervied by Seaton (1969). In addition, the stabilizing
radiative decay rates Ar (j, n2 » 1, n&) can be approximated by the
spontaneous emission rate Ar (j » 1) for the recombining ion core. These

approximations are expected to be valid for A n, = o core transitions,

i

which involve large values of n. They are uncertain for A ny £ 0
transitions, for which small values of n play an increasingly important
role with increasing Z. The total decay rates Aa (j, n2) and Ar (3, n)
include the rates for all allowed autolounization and radiative decay
processses. ror some A n, # 0 transitions, autoionization into an
excited state of the recombining ion makes a large contribution to the
total decay rate and gives a value of ay which is substantially smaller
than predicted by the widely used formula derived by Burgess (1965).

The dielectronic recombination rate coefficlents for M, VIII =M, XXV
ions have been calculated, taking into account autolonization processes and
stabilizing radiative transitions which involve a single - electron
electric-dipole transition of the recombining ion core. These transitionms
are given in Table I. The asterisk has been used to identify transitions
whose contribution to @y is influenced by autoionization into an excited
state. In Table II the total dielectronic recombination rate coefficients

are presented as functions of temperature. An electrcn density of

1010 cm'3 was used to determine the maximum value of n. However, the
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dielectronic recombination rates for the Mn ions considered in this in-

vestigation are independent of density in the low-density regions of
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interest.

The temperature dependence of various contributions to a together

d
with the direct radiative recombination rate coefficient a. (Jacobs et al
1977) are presented for Mn WIII and Mn XVII in Figures 1 and 2,

respectively. The dashed curves correspond to single-exponential

representations of the form

~3/2
ag (3> 1) =aT,

exp (T /T.),

and the parameters A and T,obtained for several cases are presented in
Table III. We hope to employ the results of this analysis to deduce a
simplified procedure for calculating 3y The present fitting procedure
gives a good representation of the peak and high—temperature behavior, but
the low-temperature behavior 1is not well reproduced. In addition the

parameter T, does not always agree with what would be predicted from the

transition energy difference.

ITI. Corona Ionization Equilibrium

The distribution of ions with atomic number Z among the various charge
states z is determined as a function of temperature by means of the corona

ionization equilibrium relationships

Y N(z-1) S(z-1, g) = N N(z) a(z, 3),
which are solved for 1 < z < Z together with the condition that the sum
over N(z) correspond to the total abundance N,. Here Y¥(z) is the number

density of ions in the charge state z, which are assumed to be
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predominantly in the ground state g. N, is the electron density. S(z-1, g)
is the combined rate coefficient for direct electron-impact fonization
(Lotz 1967) and for autoionization following electron-impact excitation
(Jordan 1969). The total recombination rate coefficient a(z,g) 1is the sum
of the direct radiative recombination rate coefficient (Jacobs et al 1977)
and the total dielectronic recombination rate coefficient.

The relative abundances N(z)/Nz obtained for Mn VII - Mn XXVI are
presented as functions of temperature in Table IV. The relative abundances
for Mn XIV = MN XXVI are shown in Figure 3. The inclusion of
autoionization into excited states shifts the maximum for several of the
sharply-peaked curves toward lower temperatures than would be obtained by
using the formula of Burgess (1965). This effect becomes more important
with increasing atomic number Z. This 1Is a consequence of the increasing

importance of the affected A n, # o transitions of the recombining ions.

i

IV. Radiative Emission Rates

The power radiated per unit volume from the plasma due to electron-ion

collisions may be expressed in the form

- (L) (D) (R) -(B)]
PZ = NENZ [LZ + EZ + EZ + c.z .

The coefficients €, have the dimensions of power X volume and are

z

independent of density only in the corona model approximation.

(L)
z

The coefficient € describing the electron—impact excitation of

resonance line radiation 1is given by




z—
el 2 XD s a2, g5 C(z, 8> 3) XB (2, g
Z -1 Yz J

where A E (z, g * j) are the excitation energles C (z, g + j) are the
electron impact excitation rate coefficients obtained from the distorted
wave calculation (Davis et al 1976) and B (z, j » g) are the branching
ratics for the radiative transitioms in Table.I. The corona equilibrium
abudnances N(z) / Ny are given in Table 1IV.

Radiation is emitted during the dielectronic recombination process as

satellites to the resonance lines j +» i. The coefficient aiD)

describing
dielectronic recombination satellite radiation is obtained from equation
(7) when the products C (z, g + j) B (z, j = g) are replaced by the partial
dielectronic recombination rate coefficients for the various stabilizing
radiative transitions j * g, , which are summed over the outer-electron
quantum number only. The radiation emitted during the cascade decay of the
outer-electron has not been included, although this radiation may represent
an important energy-loss process in some cases.

iR) and EiB)

The coefficients ¢ describing direct recombination
radiation and bremsstrahlung were estimated using expression similar to
those given by Griem (1964).

The radiative energy-loss rate coefficients for electron impact
excitation of resonance line radiation, dielectronic recombination
radiation, direct recombination radiation, and bremsstrahlung are shown in
Figure 4. The various n-shells give rise to broad maxima in the resonance
line and dielectronic recombination curves. The K-shell peak is due mainly

to 1s > 2p transitions in the H-like and He-like ions, whereas the L-and M-

shell peaks are produced predominantly by 3 n = o transitions in a large
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number of adjacent fonization stages. The electron impact excitation of
< resonance line radiation is clearly the dominant radiative energy-loss
E
Lc process in the temperature region where partially stripped ions are
abundant.
E
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Recombining

Ion

Mn XXV
Mn XXIV
Mn XXIII
Mn XXII
Mn XXI
Mn XX
Mn XIX
Mn XVIII
Mn XVII
Mn XVI
Mn XV

Mn XIV
Mn XIII
Mn XII
Mn XI

Mn X

Mn VIII

*Affected by autoionization

2p
2p
2p
2p
2p
2p

2p

2p
3s
3p
3p
3p
3p
3p
3p
3p

3d

Table 1

Stabilizing Radiative Transitions j + i

Single-Electron Transitiouns

ls, 3p > 1s .
2 1s, 3p + 1ls

2s, 3p * 2s

2s, 3p > 2s

2s, 3s + 2p, 3d - 2p
2s, 3s » 2p, 3d > 2p
2s, 3s » 2p, 3d » 2p
2s, 3s > 2p, 3d » 2p
2s, 3s + 2p, 3d » 2p
2p, 3d + 2p

3s, 4p *» 3s

3s, 4p * 3s

*
3s, 3d +3p, 4s + 3p, 4d » 3p

+

*
3s, 3d 3p, 4s + 3p, 4d » 3p

%
3s, 3d 3p, 4s » 3p, 44 + 3p

+

¥

*
3s, 3d 3p, 4s » 3p, 44 + 3p

+

3s, 3d

+

3p, 4s 3p, 4d

into an excited

*
3p, 4s » 3p, "p > 3p

> 3p

state
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e Table III
4 Exponential Fit Parameters for Mn
[ .
b | RECOMBINING |  SINGLE-ELECTRON | N | T
2 : ION ' TRANSITION | | o
| Mn VIII 4s ~ 3p ‘ 2.42 (-11) |  90.7 |
) :
| 4d - 3p , 1.47 (-11) | 128.0 |
| ! 3d -~ 3p 4.14 (-07) 62.6
! |
: t
i ! %
| Mn XIIT : 3p - 3s | 1.85 (-07) 36.7
| |
‘ | 3d ~ 3p 7.01 (-09) 44,1
. ] 4s - Ip | 4.78 (-10) 84.6 |
| l '
| ! 4d - 3p 1.40 (-10) 167.0 !
: z 1 i
3 | l
. i :
!Mn XV , 3p ~ 3s | 6.69 (-08) 31.2 i
5 % | | |
| : ‘
| i § |
Mn XVII ; 3d ~ 2p i 1.21 (-07) 59.0 |
i : :
| 2p - 2s | 3.19 (-08)  : 109.0 |
! | :
i i 3s - 2p ; 3.15 (-08) | 520.0 !
. ; '
11
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recombination rate coefficient.
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Figure 2.

recombination rate coefficient.

dashed curve:
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Solid curve:

single exponential fit.
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