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A detailed calculation of the dielectronic recombination (DR) rate coefficient is presented for the system

Mo"+ +e, in which the initial states of the ion arei, = 1s' 2s' 2p' 3s, i, = 1s' 2s' 2p' 3p, andi, = 1s' 2s' 2p' 3d.

All possible intermediate autoionizing states and their cascade decays are included. The necessary Auger and

radiative transition probabilities are computed using nonrelativistic Hartree-Fock wave functions. Various angular-

momentum-averaging schemes are examined, and a simple and general procedure applicable to all open- and closed-

shell targets is developed. In this, the orbital and spin angular momenta of the Auger-active electron pair is held

fixed while all other angular momenta are averaged. As expected, the main contribution to the DR rate comes from

the excitation of 2p electrons (a Lin g process). The overall DR rates for i = i, and i.= i, are -30% less than the

rate for i =i, . The overall DR rate for i = i, is slightly greater, at 3 keV, than the rate for the ion Mo"+.

I. INTRODUCTION

A. General

We report the results of a detailed calculation
of the dielectronic recombination (DR) rate coeffi-
cient for the ion Mo'" (Na-like Mo) over a range
of temperatures of several keV, centered at 3

keV. The invoked procedures are similar to
those of Gau and Hahn. ' It is now well known that
accurate values of the DR rate coefficients are
essential for the reliable determination of ioniza-
tion equilibria in low density plasmas. Examples
of these are present day tokamak plasmas and the

solar corona.
In tokamaks, metal atoms are sputtered into the

plasma from the container walls (iron) and from
the current limiter (molyMenum). ' The atoms,
becoming partially ionized, emit line radiation.
This radiation exits the (optically thin) plasma
resulting in a reduction of the rate of temperature
growth. At the same time, noble gas atoms may

be injected into the plasma for diagnostic pur-
poses. Measurements of the intensities of the
characteristic radiations of the ions of these ele-
ments are used to deduce the free electron temp-
erature and density. The ability to make such de-
ductions as well as to understand the radiative
losses due to impurity metal ions depends upon a
precise knowledge of the ionization equilibrium

and, hence, of the DR rate coefficients. (The
availability of accurate rate coefficients for col-
lisional ionization is equally important).

Because pre-1964 calculations of ionization
equilibria did not include DR, solar coronal
temperatures deduced from the theory of ioniza-
tion balance were in disagreement with the temp-
eratures determined from line-broadening mea-
surements. 'The line-broadening measurements
implied higher temperatures, suggesting either

that recombination rate coefficients were too
small or that ionization-rate coefficients were
too large. Burgess' pointed out the importance of

DR, i.e. , its role in increasing the overall re-
combination rate coefficient. He emphasized the

need for a careful calculation of select DR rate
coefficients and then, based upon several such
calculations, proposed a semiempirical formula, 4

valid for ions of Z ~ 20, and for DR rate coeffi-
cients dominated by &n= 0 excitations. The Bur-
gess formula was later modified by Merts et al. ,

'
for application to the ions of slightly heavier ele-
ments and for the case 4n4 0. 'The further exten-
sion of the Burgess-Merts formula to elements
heavier than Fe may now be needed. Toward
this end, it will be necessary to perform precise
calculations of DR rate coefficients for specific
ions in the region of Z& 26.

Such precise calculations of DR rate coefficients
for heavy elements have begun to appear' ' for
Mo3 and Mo' . These studies employ Hartree-Fock
wave functions with either nonlocal exchange' or a
local exchange approximation. ' This represents
an improvement in technique over previous works
in which the much simpler hydrogenic wave func-
tions were used. Interestingly, however, the
calculations of Refs. 7 and 8 are found to agree
with the predictions of the Burgess-Merts formula
for the ion Mo'". This agreement is fortuitous,
as a careful consideration of the details of the
various calculations shows. Thus, the calcula-
tions of Ref. 7 account for the effects of transi-
tions to all possible doubly excited states of the
ion Mo~" (which increases the rate) and includes
the effects of cascade (which decreases the rate).
However, the calculations of Ref. 8 are restricted
to the excitations 2p+ kl, —3snl, 2p+ kl, —3dnl,
and 2s+ kl, —3pnl, and do not treat cascade. Thai
the results of these two calculations agree also
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S. Formalism

In the language of Ref. 1, the DR rate coeffi-
cient, in cm'/sec, for the process Mo"'+ e- (Mo'~) **-(Mo'~) *+r is

c. (i)=gg c( (i, l, -d)
d &c

2gR )»
c(, gg exp( '

~V.(i, I,-d)~(d),
B I d lc kB )

(1)

with the fluorescence yield,

~(d) = I', (d)ni'. (d)+ I', (d)l . (2)

In E(I. (1), l, and E, are the angular momentum
and energy, respectively, of the continuum elec-
tron. 'The initial state of the ion is denoted by i
and the doubly excited resonant intermediate
state is labeled d. The constant a0=2' g'. The
capture probability V,(1/sec} is related to the Au-

ger probability A, (1/sec) by a statistical factor
tical factor

V,(i, l, —d) = (g, /g, g, )A, (d —i, l, ) . (3)

Here, gd and g; are the statistical weights of the
states d and i and g, = 2 is the intrinsic statistical
weight of the continuum electron. The Auger
width is

I',(d)=QUA, (d-i, I,) (4)

and the radiative decay width is

suggests that for Mo'" at 1-6 keV, a subset of the
optically allowed (dipole) excitations dominates
the DR rate coefficient. This is one of the key as-
sumptions made by Burgess. ' In Secs. II and V,
we bring quantitative evidence to bear upon this
point. It is important to realize that the decrease
in the DR rate produced by cascade tends to be
canceled by the increase produced by including
all of the accessible intermediate states. Whether
this cancellation is nearly complete or only par-
tially complete will depend upon the structure of
the system being studied. '

l, k l, l, k l~

D(k) =RA(fi, I,I, Ih) 00 0 00 0

l, k l~ l, k l,
E(k) =R~(l„l„l„l, )

0 0 0 0 0 0
(12)

the emitted photon, R« is the transition dipole
radial matrix element, v' is the atomic unit of time
(r = 2.42 x 10 " sec} and the angular momentum
quantum numbers ld and lf refer to the electron
making the radiative transition. l& is the greater
of ld and lf. The number of holes in the subshell to
which the transition occurs is hf and the number
of holes in the parent subshell is hd. All quanti-
ties are in atomic units. In the coupling indepen-
dent (fully angular momentum averaged) scheme
the Auger probability is'

(h, + 1)(4l,+ 2 -h, )(41(}+2 - hh ) &~

(4l, + 2)(4l(}+2) i

x A,"'(d- i, I,)

for $, 22 /, and

(2, + 1}(4l,+ 2-2,}(4l,+ 1 -4,})
2(4l, + 2)(4l, + 1)

x A,"'(d- i, l, ) (8)

for P, = P„where P, and (t}, are the single parti-
cle orbitals occupied by the (two) excited elec-
trons in the state d, where h„h„and h~ are the
number of holes in the initial state (bound) orbital
and in the intermediate state orbitals, respective-
ly, and where

A((}} . 2w&~((2li+1)(2l, +1)(2l,+1)(2I(}+1)&~
4l, + 2 i

x Zg (2f+1)(2g+1)~f(f,g) ~' (9}
f

In E(l. (9), r is the atomic unit of time and l(f,g}
is the Auger matrix element,

I(f&g)=QD(k) '
+ ( )f~ QE(k)

l, l, k l, l~ k

l~ l, g k l, l, g

(10)
with

I'„(d)= QA„(d- f), (5)

with f specifying the final state (singly excited).
In the noncascade stabilization scheme, the sum
in E(I. (5) runs over all final states, whether or
not they are stable to electron emission. The
probability for spontaneous radiative decay is

d (d &} ((41,+2-h }hf }~42'„}Rr
4lf+2 ) &37 2ld+1'

Here, k„ is the magnitude of the wave vector of

~k
R (1„l„l„l,}=ff dr, r,'dr, r,'r, (r, }4,(r, }

x q, (r, )s}(}(r,) (13)

(all in atomic units).

C. Results of the calculation

As in Refs. 6 and 7, we began by calculating
a~(i, I, -d} for large numbers of intermediate
states d using the angular momentum coupling-
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independent approximation, Eqs. (6)-(9). We
chose the initial states s = 3s (ground state), l= 3p,
and i=3d. This was in keeping with the idea that,
in low-density plasmas, radiative deexcitation
proceeds much more rapidly than collisional exci-
tation. Consequently, except for a possible Stark
mixing of the n=3 states, almost all Mo'" ions
are in their ground state. Results of these calcu-
lations were grouped according to type of single-
particle excitation and appear in Tables I-V. 'The

types of single-particle excitation are 2p» n,l„
2s- n, l„and 1s-n, f, (all nn= n, -n, 4 0), as well
as 3s-n, l, (&n&0 and &n=0), if i=3s. Next, the
o.'ca(i, I,-d) values were summed over d and
compiled, by excitation type, as n~(i, l,). Final-
ly, a~(i, l, ) was summed over I, and compiled, by
excitation type, as o.~(i). All of these coupling-
independent results appear in Sec. II.

Section III describes our calculations of n~(i, l,- d) and &ca(i, I,) in the L~, S~ angular momen-
tum coupling scheme. In this approach, the orbi-
tal and spin angular momenta of the pair of
(Auger) active intermediate state electrons are
held fixed while all other angular momenta are
averaged. A DR rate coefficient was calculated
for each choice of L~ and S~ allowed within an
intermediate-state configuration. 'The total rate
coefficient for that configuration is the sum of the
rates computed for each value of L„and S~. In
practice, only those intermediate states which
made the largest contribution to the overall rate
were given this more precise treatment. The av-
erage fractional change in the DR rate was deter-
mined for a collection of the most important inter-
mediate states. 'The total coupling independent
rate (obtained in Sec. II) was then reduced by this
fraction to obtain the total DR rate coefficient,
calculated in the L~, S„coupling scheme; see
Fig. 3.

Section IV corrects the results of Sec. III for
the effects of radiative cascade. Cascade correc-
ted rate coefficients were calculated, in the L~,
S~ coupling scheme, for those intermediate
states making the largest contribution to the over-
all rate. The average fractional change in the
rate for these states was determined, and the to-
tal DR rate was then reduced by this fraction; see
Fig. 3.

Section V collects our results in the form of a
plot of o'.~(l) vs T (temperature) and summarizes
our work. Throughout, values of a~ are quoted
in units of cms/sec.

II. COUPLING INDEPENDENT RESULTS (T= 3 keV)

In this section we report the results of our cal-
culations of n~(i, l, -d) and a~(i, l, ) in the angular

momentum fully averaged approximation. The
relevant formulas for the Auger probability are
those numbered (7}-(9). This is the simplest of
the approximations which we considered. It has
led in the past to values of a~(i) which may be
too large' by up to a factor of 2.

Furthermore, results herein have not been cor-
rected for the effects of radiative cascade; i.e. ,
the radiative decay width I'„(d) [Eq. (5}]includes
contributions from all final states, whether or not
they are stable t:o electron emission. This leads
to an overestimation of the fluorescence yield
[Eq. (2)] and to a further overestimation of the
DR rate. Our calculations of the Auger widths
I', (d) are, however, exhaustive. That is, for
each intermediate state, all possible Auger de-
cays d-i, l, are considered and all Auger proba-
bilities A,(d- i, l, ) are computed.

om(i, I,-n„n, )= (6/n, )'&oa(i, l, —n„6), (14)

TABLE I. Z„snoa(l, l, d) for-2p excitatione; l3s,
, and 3d; T= 3 keV; coupling-independent results with
no cascade correction, in units of cm /sec.

(', l d)

3s 3dnd
3dnf
spnd
3dnp (n &3)
4dnd (n &3)
3dnd
3dnd
3dnf
3pnd
3dnp (n &3)
3dnd
Sdng
3pnp (n &3)
3dnd
3pnd
3pnp
3dnf
3dnp (n &3)
3ssp
3dnd

3
4
2+
2
3
1*
3

2+
2
1*
5
1*
3
2+
1*
4
2
0+

9.66 x10-»
3.54 x 10-»
2.66 x1Q
1.49xlp»
1.27 x10
9.31 xlp '3

4.50xlp»
2.p2 x1p-»
9.86xlp "
7.35 x10 3

4.67 x10-i3
1.85x10 "
1.71 x10-"
4.47 x1Q-"
2.47 x1p-»
1.60xlp»
1.54 x1Q-»
6.84 x10-'3
4.73 xlp '3

4.28 x10 &3

A. 2p ~n~I~ excitation

Table I contains a list of the dominant+„o. ~ZR

(i, l, —d) values for each of the initial states i = 3s,
i= 3p, and i = 3d. Asterisks label excitations which
are not of the dominant I, = l, —1, l, = l, + 1 (pure
dipole) type. The quoted DR rates have been
summed over ns (' n" in Table I). Within these
sums, n~(f, l, -d) was not explicitly calculated
if n, & 6. Instead, for such cases Eq. (14) was
used. '
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QQQ o'~(i, I,-n. , f., n„f,)
l(2 ly

=(—„ i ZZZ~m(i, f.-5, 1., ~5, Ib) (.»)
4) $ J~

For fixed i and l„u~(i, l, d—) was summed over
d and a plot of ana(i, I,) vs I„ for fixed i, was ob-
tained; see Fig. 1. Summing over d means sum-
ming over n„ l„n„and l, . Sums over n, were
performed first, as previously described. Sums
over l, and l, were done next. For these, explicit
calculations of &m(i, l, -d) were performed if I,
and. l, & 5. Contributions from larger values of l,
and l, were estimated. " Finally, the sum over n,
was approximated with the aid of Eq. (15). In all,
&~(i, l,- d) values were computed for approxi-
mately 40 distinct intermediate states d for each
of the three initial states i.

After summing the &~(i, I,) values over I„ total
DR rate coefficients o.~(i) for 2p excitation and
for the initial states i are obtained. These are
the following (in cm'/sec):

o.na(i)=2. 67 x 10 ", i = 3s

n~(i)=1.27x 10 ", i =3p

a~(i}=1.66x 10 ", i =3d.

The DR rate coefficients displayed in Table I
sum to values which are 73%%uo, 72%%uo, and VPo of the
total DR rate (for 2p excitation) for i = 3s, 3p,
and 3d, respectively. Additionally, one sees that
the contribution of nondipole excitations amounts

-io
/0 i I i S S

to 18%% of the total DR rate (for 2p excitation) for
both i = 3s and 3p, and to 43% for i = 3d.

B. 2s~n~I~ excitation ~

Table II contains a list of the dominant Z„c.~
(i, I,-d) values for each of the n= 3 initial states.
A plot of ct~(i, I,) vs I, for fixed i can be found in

Fig. 1. The manner in which these results have
been obtained is described in Sec. IIA.

After summing the o.'~(i, I,}values over I„ to-
tal DR rate coefficients a~(i) for 2s excitation
and for the initial states i are obtained. These
are the following (in cm'/sec).

am(i) = 1.1 x 10", i = 3s

u~(i)=4.7x10", i=3p

n~(i) = 1.9 x 10 ", i = 3d .
The DR rate coefficients displayed in 'Table II

sum to values which are 53%, 58%%, and 52%% of the
total DR rate (for 2s excitation) for i = 3s, 3p, and

3d, respectively. Additionally, one sees that the
contribution of nondipole excitations amounts to
52%%, 83%, and 61%% of the total DR rate (for 2s ex-
citation) for i = 3s, 3p, and 3d. This result makes
suspect those calculations of a~ which consider
only dipole excitations. '

C. 1s~n~I~ excitation

At 3 keV, 1s excitations make only very'small
contributions to the DR rate. The largest of
these, for i= 3s, are given in 'Table III.

After summing the o.'»(i, I,) values over l„a to-
tal DR rate coefficient c.'~(i) for Is excitation and
i= 3s is obtained. This is

Io

TABLE II. Z„&ann(i, l~ d) for —2s exoitations; i= 38,
3p, and 3d; T= 3 keV; coupling-independent results with
no cascade correction, in units of cm /sec.

O
0)~ io

gL
E

IO"
I 2 5 4 5 6 7 8

C

FIG. 1. eDR(i, l~) vs l~ for Moo~'; 4=is 2s 2p83s;
coupling-independent result with no cascade correction:
2p excitations (); 2s excitations (k).

3dnf
3dnd
3Pnd
3pnf
3pns (n &3)
3dnd
3Pnd
3snd
3snP
3dnP (n &3)
3dns (n &3)
3pnd
3dnf
3snp
3dnd
3pns (n &3)

lc

4
3
4
1
4g
3
2+
1*
3Q

2+
3

1*
4g
1

+nynnR(s Il, —d)

1.92 x 10-"
1.14 x10-~3
1.09 xlp
1.03 xl0-~3
7.25 x10-'4
1.p7 x1p &2

4.70 xlp i3

4.04 x10-i3
3.42 xl 0-"
2.11xlp ~3

2.p8x1p '3

2.38 xl0
2.25xlp "
2.03 x10-~3
1.82 xlp ~3

1.47 xlp '3
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TABLE III. Q„&n»(i, l,-d) for Is excitations; i 3s;
T = 3 keV; coupling-independent results with no cascade
correction, in units of cm3/sec.

4a(t» +ssQDR(i, l,—d)

3S 3pnp
3pnd
3snP
3pns
3t np
3dnp (n &3)

2
3
1*
1
0 sIt

3+

3.49 xl 0-~6

9.50xlp i~

6.15xlp &7

4.39 xl0-&&

3.53 xlp i~

3.36 xlp &&

O
CD

IO

E

n»(i)=8.4 x 10 ", i =Ss (cm'/sec).

The DR rate coefficients displayed in Table III
sum to a value which is 74% of the total DR rate
(for 1s excitation). The contribution to the DR
rate (for 1s excitation} made by nondipole excita-
tions is 21%.

D. 3s~n~l~ excitation: &n40

Table IV contains a list of the dominant Z„n»DR

(i, l, -d) values for i=Ss. A plot of nc„(i,l,) vs
l, for i= 3s can be found in Fig. 2. The manner in
which these results have been obtained is des-
cribed in Sec. IIA. Sums over n, begin with n, =5.
Explicit calculations of n»(i, l, -d}were per-
formed for n, ~ 7. For n, & 7, n»(i, l,- d) was es-
timated.

After summing the n»(i, l, ) values over ls, a
total DR rate coefficient n»(i} is obtained. This
is

n»(i)= 8.0x 10" (cm'/sec) .
The DR rate coefficients displayed in Table IV

sum to a value which is 36%%uo of the total DR rate
(for 3s, 4n& 0 excitation}. The contribution to
the DR rate made by nondipole excitations is
10(8c (for Ss, Ant 0 excitation).

igl
10

-I 4
IQ I I l I I ~ I I

I 2 3 4 5 6 7 8

&c

FIG. 2. nDR(i, l ) vs l for Mo ', i=is 2s 2p 3s;
coupling-independent result with no cascade correction:
3s, 4n & 0 excitations (o); 3s, 4n = 0 excitations (g).

TABLE V. Z& nca(i, l~ d) for Ss, An=0 excita-
tions; i = 3s; T = 3 keV; coupling-independent results
with no cascade correction, in units of cm /~ec.

E. 3s ~n~l~ excitation: hn = 0

Table V contains a list of the dominant Q n»
(i, l, -d) values for i = Ss. A plot of n»(i, l, f vs
l, for i = 3s can be found in Fig. 2. The manner in
which these results have been obtained is des-
cribed in Sec. IIA. Sums over n, begin with n,
=13 for 3s-3p transitions, and with n, =9 for 3s
—3d transitions. Only the first term in the sum
was calculated explicitly; an analog of Eq. (14) was
used to approximate higher terms.

After summing the n»(i, l, ) values over l„a
total DR rate coefficient n»(i) is obtained. This
is

3S 4snf
4dn g
4dnh
4fnd
4sng
4snd
4fn g
gns
4fnh
gnh

lc

3+
6*
7Q

5Q

4g
2+

3 4t

8*
4sIt

Qsnca(i, l, -d)

4.18 xlp-~'
3.71 xlp '3

3.22 xlp '3

3.06 xlp ~3

2.84 x10
2.8pxlp "
2.31 xl 0-"
1.89 x 10-'3
1.76xlp '3

1.64xlp i3

TABLE IV. Z„&nz,z(i, l, d) for 3s, An& 0 excitations;
i= 3s; T= 3 keV; coupling-independent results with no
cascade correction, in units of cm3/sec.

3S 3pnj
3pni
3pnh
3pnk

3png
3pnf
3pnd
3dng
3dnf
3dnh
3dnd
3dnd
3dni
3dni

c

8
7
6
9
5

1*

3Q

4sIt

2+
8
6*

+nsnc p(i, l ~
—d)

2.58xlp "
2.57 xlp
2.55 xlp-"
2.40 xlp
2.09x10 "
1.30 x10
1.28 x10 '3

1.49x10 ~'

1.43 x10 "
9.4 x10 i4

9.1 x10 i4

4.8 xlp '4

4.4 x10 4

4.p xlp &4
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o.'m(i) = 3.2 x 10 "(cm'/sec) .
The DR rate coefficients displayed in Table V

sum to a value which is 46% and 19% of the total DR
rate (for 3s, An= 0 excitation} for Q, = 3p and p,
= 3d, respectively. The contribution to the DR
rate made by nondipole excitations is 17% for Q,
= 3p and 10(@for p, = 3d (for 3s, nn = 0 excita-
tion}.

IH. L~~,S~~ ANGULAR MOMENTUM COUPLING
(T=3 keV)

In the L~, S„coupling scheme the orbital and
spin angular momenta of the excited electron
pair are held fixed while all other angular mo-
menta are averaged. An Auger probability is cal-
culated for each of the allowed values of L~ and

S~, within an intermediate state configuration:

A, (L~, S~~d-i, I,)
= (2v/r)(0. 5)(h, + 1)(2l,+ 1)(4l,+ 2 —h, )

x (4l~+ 2-h, )(2l,+ 1)(2l~+ 1}~I(S~,L~}~',
(16)

for p, 4+~ and

'The statistical weight of the intermediate state
depends upon L~ and S„, as

gz(L~, S,,}=(2L~+1)(2S~+1)g~ (spectators). (19)

From Eqs. (1)-(6), (16), (17), and (19), a DR
rate coefficient was calculated for each of the
allowed values of L„and S~ within a configura-
tion. Table VI contains a list of the dominant

a»(i, l, —d~L„, S~) values, for i =3s and 2p
excitation. For pure dipole transitions the larg-
est rate coefficient is associated with the largest
allowed L~ value. The corresponding Q~~ Q~~

a»'(i, I,- d~L~, S„)values are also given.
These should be compared with the results ob-
tained in the angular momentum fully averaged
approximation (Table I).

A list of the dominant Q„,a»(i, I,—d
~
L„,S„)

values, for i = 3s and for 3s excitation (bn& 0),
appears in Table VII. The corresponding Z~„
Es~Z~&ra(i, l, -d~L„, S~) values are also

TABLE VI. KgaDa(i I d ILab Sab} for the 2p «ci-
tations; i=3s, 7.'=3 h:V; LN~, S,~ coupling results with
no cascade correction, in units of cm /sec.

A, (L~, S„~d-i, I,)
= ( &2lr)( 01 52)(h, + 1)(21,+ 1)(4l,+ 2 -h, )

x (4l, + I-h, )(21,+I)'~I(S„, L~)('. (l7)

for y, = y~. Equations (16) and (17) may be de-
rived from the fully angular momentum dependent
Auger probability by averaging over the total or-
bital and spin angular momentum L and S of the
intermediate state:

&alan

3s 3dnd

~c Leb Sab ~npDR( ~ c ~Lab&sab}

3 07 x10- 2

2.73 x10-»
8.12 x10

6.84 x10

1.23 x10-"
8.56 x10
5.86 x10-'3

A, (L~, S~~d i, l,)-
Kg+ g(2L+ l)(2S+ 1)A, (L,S,Lg„S~ I d -i, I, )

Q Q (2L+ 1)(2S+ 1)

(16)

In general, the calculation of the Auger width
I',(L~, S~) must allow for the possibility of
Auger decays into states other than the initial
state; i.e. , into a configuration of the target ion
different from the initial configuration. Such de-
cays can break the L~, S~ coupling; e.g. , the
electron pair which decays may be different from
the pair involved in excitation capture. For these
decays, contributions to the Auger width were
calculated in the coupligg-independent scheme.

Although the radiative transition probability can
depend upon L~ and S~, the dominant cases were
found to be independent of these quantum numbers.
We made the approx'imation that A, (L~, S~) was
completely independent of L~ and S~. Therefore,
A„(L„, S~) is given by Eq. (6).

3Pnd

Mnp (n &3)

4dnd (n &3)

2+ 2
3
1

1* 1
2
0

1
0
0

3.17x10 ~2

8.73 x10 "
6.11x10
2.30x10 "
2.08x10»
5.40 x10 '3

4 7] x10
1.39 x10 '3

0-»

6.62 x10
3.28x10 "
1.18 x10

1.11 x10 ~2

4.68 x10
2.40x10»
2.30 x10

9.83 x10-"
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TABLE VII. Q„nna(i, la —d IL as, Saa) for 3s, An & 0
nb DR s C

excitations; j=3s; T =3 keV; L,b, S,b coupling results
with no cascade correction, in units of cm /sec.

i $a$s la La() Sa() +n(,n»(i, la dlL(s), Sa())

Ss 4snf 3~ 3
3

4dng 6* 6
6

4fns 3* 3
3

4fng 5* 5
5

4fnd 5* 5
5

4fng 7" 7
7

1
0

2.19 x 10
7.40 x10
2.93 x1P "
1.06 x10 ~3

6.40 x10 i4

1.70 x10

8.90 x 10
2.20 x 10
1.11x10 "
5.90 x 10 i4

3.60 x 10
9.5Q x 1Q i4

7.40 x10 '4

1.40 x 1Q

7.50 x 10

3.50 x 10-14

1.70 x10 14

5.2P x 10-'4

given. Compare these with the coupling indepen-
dent results of Table IV. In the L„,S,b coupling
scheme the total n» =2.6x10 " cm'/sec.

IV. CASCADE CORRECTIONS (T= 3 keV)

'The form of the cascade corrections to the DR
rate coefficients has been described in Ref. 7.
The fluorescence yield &u((f) [our E(I. (2)] is modi-
fied to read

1
[I'„(d)+I', (d)]

„('g (a (a y, ),I .( - ') .( '-f') ~. . .
)[r„(d )+ r.(d )]

(20)

The states labeled j are stable against electron
emission, whereas the states labeled d' are
Auger unstable. 'The states labeled d can decay
radiatively and/or by electron emission. Since
most of the cascade decays are such as to break
Ln„S~ coupling, cascade corrections to ~(d)

were calculated entirely in the coupling indepen-
dent scheme.

Table VIII contains a list of the dominant Zz ~
Zs~L, c(»(i, l, -d~L~, S~) values for i = 3s and
2p excitation which have been corrected for cas-
cade. These results should be compared with the
results of 'Tables VI and I.

V. SUMMARY

he coupling independent results of Sec. II are
collected in Table IX; n»(i) values are listed ac-
cording to initial state and target excitation type.
For each of the three initial states, 2p excita-
tions dominate the DR rate, amounting to 6$fp,
49%%, and 59% of the total DR rate, for i = 3s, 3P,
and 3d, respectively. 'The 2s excitations make
only a 3%%uo and 7% contribution to the total DR rate
for i= 3s and 3d, but are 1%/p of the DR rate for
i = 3p. The increased contribution to DR made by
2s excitations, when i=3p, follows from an en-
hancement of the fluorescence yield by the radia-
tive process 3p —2s+ p. Similarly, the decreased
contribution to the DR made by 2p excitations,
when i =3P, is traced to the (dipole selection rule)
suppression of the radiative process 3p-2p+y.
The contribution of nondipole excitations to the
DR rate is found to be 37%, 5(Po, and 64%%uo, over-
all, for i =3s, 3p, and 3d, respectively. The
preceding remarks refer to calculations for an
electron temperature of 3 keV.

In Fig. 3 we plot va.luce of o(»(i) vs T (temper-
ature) for i = 3s in the coupling independent (no
cascade) and L„, S~ coupling scheme with cas-

Io
-Io

O

vf -I I

E
O

TABLE VIII. Zra@saga&nna(i, la d(La»Sa() for 2p
excitati. ons; i=3s; T=3 keV; L,b coupling results with
correction, in units of cm3/sec.

0I2

(t)oft'b Z)a)@sa@a()n»(i ~ Ia dl Lass Say)
I,

5 IO 50

3s 3dnd 3
3dnf 4
Qnd 2+

3dnp (n &3) 2

6.34 x10-~2

2.70xlp ~2

1.70 xlp-"
1.22 x10 ~2

T (kev)

FIG. 3. nz, ~(i) vs T (temperature); i=1s 2s 2p 3s;
all excitations: coupling-independent result with no
cascade correction (—-); L,b, S,b coupling result with
cascade correction included ( ).
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TABLE IX. nDR(i) for all excitations; i=3s, , and 3d; T= 3 keV; coupling-independent re-
sults with no cascade correction, in units of cm /sec.

$=3S i=3P i=3d

2.67 xl0 && (2p)
1.1 x10 (2s)
8.0 x10 (3s, An & 0)
3.2 x10 (3s, ~=0)
3.90 x10-"

1.27 x10 ~~ (2p)
47 x1Q 2 (2s)
6 6 x10 ~2 (Q En&0)
1 9 x10 '2

(3p An=0)

2.59x10 "

1.66x10 && (Pp)
1.9 x10 (2s)
9.5 x10 "(3d, An~0)

2.80x10 ~

cade corrections. As expected, the L~, S~
coupling scheme reduces the DR rate below the
values calculated in the coupling-independent ap-
proximation. The coupling-independent results
themselves lie slightly above the corresponding
values of a~ calculated for the ion Mo'", at all
temperatures.

The present result is the first calculation in
which an open-shell ion is treated and should be
useful in refining the existing phenomenological
formula. '"'" Extensions to other ions in the Na
sequence will be presented as a sequel to this
paper. "

Several important corrections have been ne-
glected in this calculation which require further
study; the configuration mixing effect should be
quite important for the M-shell electrons, both
in the initial and the intermediate states. Rela-
tivistic corrections are also expected to be siza-
ble, especially for the An =0 excitations of the

M shell. These effects, as well as the density ef-
fect, are being considered and will be discussed
in more detail elsewhere. "

Note added in Proof. Subsequently, we per-
formed calculations of a~(i, l, -d) in a completely
unaveraged L,S coupling scheme, considering
only those intermediate states making the largest
contribution to a~. Based upon these calcula-
tions, we expect a further reduction in the overall
DR rate of -15+, from the values obtained in the

Lgg y Sgg coupling scheme . Details of these more
precise calculations are forthcoming.
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