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The dielectronic recombination (DR) rate coefficients are calculated in the nonoverlapping reso-

nance approximation for the target ions 0 +, Ar' +, Fe +, and Mo + at several electron tempera-

tures for the initial state 1s 2s. The autoionizing and radiative transition probabilities are computed

with single-configuration, nonrelativistic Hartree-Fock wave functions and LS coupling. All possi-

ble Rydberg autoionizing states and their cascades are included. The relative contributions to the

total DR rate of the 1s, 2s(hn&0), and 2s(En=0;2s~2p) transitions are examined for each ion.

We find that the main contribution to the DR rate is from 2s-electron excitation (both An&0 and

An =0 processes), although the contribution from 1s excitation is found to be as large as 40% of the

total rate at high temperatures. Finally, the effect of configuration mixing is examined for a group

of dominant states and the effect on the overall rate is estimated.

I. INTRODUCTION

It is now well established that accurate values of
dielectronic-recombination (DR) rate coefficients, together
with the ionization rates, are necessary for precise deter-
mination of the characteristics of high-temperature low-
density plasmas of solar corona and present-day
tokamaks. In tokamak plasma machines metal atoms
from the primary container walls and the current limiter
are sputtered into the plasma where they are stripped to
high degrees of ionization. Noble-gas atoms are also in-

troduced into the plasma for diagnostic purposes. The
recombining ions emit line radiation which leaves the op-
tically thin plasma, thus contributing to the overall power
loss. The electron temperature and density profiles are
determined by measuring Doppler shifts, laser light
scattering, and line emission intensities, while the distribu-
tion of ionic states may be studied by constructing a set of
rate equations which require as input various atomic rates
such as collisional excitation, ionization, radiative decay,
and capture. In particular, capture of continuum elec-
trons by ions may proceed either by a direct radiative
recombination or, more frequently, by DR and its higher-
order processes.

Precise calculations of the DR rate coefficients are
lengthy and tedious due to the multistep nature of the pro-
cess of free-electron capture into one of a doubly infinite
set of intermediate excited states. These states may then
either decay by Auger electron emission or radiatively de-
cay to final states, which could themselves be unstable
with respect to further Auger emission. Consequently,
only a limited number of ions have been treated theoreti-
cally and various semiempirical formulas are employed
for practical applications. Burgess proposed a
phenomenological formula for ions of Zc (20 where, at
low temperatures, the An=0 process is dominant. Merts
et a/. later modified the formula to incorporate the
hn&0 transitions and considered the ions around Zc ——26,
and an improved formula was recently proposed by
Hahn. ' To examine the effectiveness of these formulas it

is necessary to have as benchmark cases several precise
calculations of DR rate coefficients. To this end we re-
port the results of a detailed calculation of the DR rate
coefficients for the target ions of the Li isoelectronic se-

quence at several thermal energies. This paper extends the
earlier study of Fe + to the ions 0 +, Ar' +, and
Mo +. The calculational procedure is similar to that em-

ployed in the previous treatment of the He, Be, Ne, and
Na sequences ' ' ' except for an improved theoretical pro-
cedure for large n and I states. Both the En=0 (2s~2p)
and En&0 (1s~nl with n &2 and 2s~n'I' with n'&3)
transitions are involved; they are discussed separately in
Sec. III, after a brief summary of the formalism in Sec. II.
Because of the temperature-dependent (exponential) factor
in the DR rate, the An=0 transition contributes most at
low temperatures, the 2s excitation with b,n&0 is dom-
inant at medium temperatures, and the ls excitation con-
tribution is generally small except at relatively higher en-

ergies.

II. FORMALISM

The dielectronic-recombination process proceeds as

e+2 (Zc Zl)~A**(Zc» ZI —1)~A*(Zc, ZI —1)+duo,

where Zc and ZI are, respectively, the nuclear core charge
and degree of ionization of the initial ion with the number
of electrons N=Zc Zq. (%=3 in th—is case. ) The initial
capture is a resonance process with conservation of energy
and momentum, leading to a doubly excited autoionizing
state A~*. The recombined ion A* in the final state fmay
be unstable against further emission of photons (or Auger
electrons). The DR rate coefficient in cm /sec for this
process is defined by

DR(d) g DR(& I d)

3/2

aoe ' 'V, (i, l, ~d)co(d), (2.1)
kgT,
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g,g; V, (i, l, ~d) =gdA, (d~i, i, ), (2.2)

where gd and g; are the statistical weights of the states d
and i, and g, =2 is the intrinsic (spin) weight of the con-
tinuum electron. The Auger probability is given by (in
a.u. )

where 1, and e, are the angular momentum and energy of
the continuum electron. The initial state of the target is
labeled i, the doubly excited intermediate autoionizing
state is denoted d, and ao is the atomic unit of length.
The radiationless capture probability V, (sec ) is related
to the inverse autoionization probability A, (sec ) by the
principle of detailed balance

tion is calculated with the Hartree-Fock direct and expli-
cit nonlocal exchange potentials.

We proceed by first calculating a complete set of transi-
tions in an angular-momentum-averaged (AMA) scheme
which readily allows a great number of intermediate d
states to be treated. This procedure is extremely simple
but is generally known to overestimate the DR rate, some-
times by as much as a factor of 2. A dominant set of
transitions which usually includes about 70% or more of
the total contribution is then reexamined for the effects of
cascade, LS coupling, and configuration mixing. The to-
tal DR rate is then obtained by an appropriate scaling.
The necessary formulas are given in the appendixes.

A, (d~i, l, ) =2m
I (i, I,

I
v

I

d & I
(2.3)

where V is the electron-electron interaction. The normali-
zation of the continuum state is such that its radial part
behaves asymptotically as

III. RESULTS OF THE CALCULATION

A. 2s, En+0 excitation
1/2

1—sin k,r-r
l, m Zr
2 k,

ln(2k, r) At low and medium temperatures the dominant mode
of the DR process is 2s-electron excitation in which the 2s
and projectile electrons proceed to intermediate states of
the form

+OI +&I (2.4)

where cr~ is the Coulomb phase shift given by
C

o ~ =argI ( l, + 1+i /k, )

ls 2s+e, i, —& ls (n, i, )(nblb) ~ f+Aco

with the approximate resonance condition

(3.1)

and 5~ is the phase shift due to the Hartree-Fock potential
C

of the core ion. The fluorescence yield co(d) in Eq. (2.1) is
defined (neglecting the cascade effect to be discussed later)
as

(2.5)

where the radiative decay width is

I „(d)= QA„(d~f)
f

(2.6)

f)= 3(~fd)'1&f ID Id& I' (2 7)

In Eq. (2.7) D is the dipole coupling operator and we use
the length form (-e r) throughout. The Auger width is

(2.8)

All possible states i that are connected to d through V
which are allowed by energy conservation and angular
momentum and parity selection rules are summed over.

For both the A, and 3, the bound-state orbitals are
computed numerically with the nonrelativistic, single-
configuration, Hartree-Fock code of Froese-Fisher. ' In
particular, the 3, are evaluated in the distorted-wave Born
approximation (DWBA) and the continuum wave func-

in which f denotes all the allowed states that are Auger
stable. [Otherwise co(d) in a has to be modified for the
cascade effect.] The single-electron (spontaneous) radiative
transition probability is, in a.u. )

e;+e, =en g +en Iaa bb

a„, (ion, LS ) =a~~ (ion, LS )R (Fe + ) (3.2)

a„, (Fe +,AMA)
R(Fe +)=-

a (Fe + AMA)
(3.3)

and where n, )3 and nb )n, for the hn&0 process. For
n, =2 and /, =1 we have the An, =0 process which will
be discussed in Sec. IIIB. The calculational procedure
employed here is similar to that of the previous investiga-
tions of the Ne and Be isoelectronic sequences, except for
the treatment of the 0 + system. That is, for the Ar, Fe,
and Mo targets, a dominant set of these transitions (about
70% of the 2s bn, &0 rate) is selected from the previous
study of the Fe ++e system and the rate coefficient for
this set is calculated in an explicit LS-coupling scheme in
which the spin and orbital angular momenta of the active
pair of electrons, L,b and S,~, are specified. For a given
intermediate state d, a rate coefficient is calculated for
each allowed value of L,I, and S,~. The state d is specified
in the pr~s~~t case by (n, l„nblb, L,b L=/, ; S,b =S=O——
or 1). The rate coefficient for the d state is then obtained
by summing the rates for each allowed value of L,I, and
S,b. In this manner we obtain a subtotal ad, (ion, LS) for
each member of the sequence. The total rate for each ion
is then obtained by simply scaling from the Fe + + e re-
sult:
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where we assumed that R is unchanged for ions of a given
isoelectronic sequence, providing that the ions are not too
widely separated in Z& from Fe,

I „(d)-a+b/nb,
I,(d)-c+d/nb,

(3.5)

(3.6)

Z(Fe23+) =Z(Mo39+) =~(Ari5+) . (3.4)

This also requires the thermal energy factor ktiT, to be
scaled as an effective charge Z with ZI & Z ~ Zc so that
the Maxwellian distribution factor exp( e, /—k&T, ) is ap-
proximately the same for the ions of the sequence. Here Z
is taken to be roughly Z =(Zt+Zc)/2 and king T, =1, 2, 4,
and 8 keV for Fe +. The 0 ++e system is an excep-
tion; it is sufficiently different from the other ions of the
sequence that the total 2s b n &0 transition rate is explicit-
ly calculated without resort to scaling.

The rate coefficients are calculated for the states
n, =3,4 with n~ ——3 to 6 or 7 and the contribution of the
high nb tail (nb &7) is obtained by fitting I „(d) and I, (d)
as functions of nb "F.or fixed n, both A, and A„are pro-
portional to 1/nb3 for large nb as specified by bound-state
wave-function normalization. Thus we have

where the constants a, b, c, and d are determined for each
particular intermediate state. The constants a and c
represent those radiative and Auger transitions that do not
depend upon nb Th.en with Eq. (2.5) we have

1+(b /a) /nb
co(nb) =nb 3(1+c/a)nb+(b +d)/a

(3.7)

Apparently, the dependence of a on nb can be much
weaker than 1/nb if co(d) is strongly nb dependent. This
is the case for light iona and for ions in which one electron
is captured into a high Rydberg state. We find that
a (nb) is roughly constant until nb =nb ——[(b+d)/a]'
beyond which point a (nb)-1!nb3 The. results of the
calculation are summarized in Table I. The summation
over nb in the evaluation of a is carried out by an ap-
proximate formula

1+(b/a)/nba (d)= g a (n, l„nb lb)= g a (n, l„nblb)+ g po(n, l, )
3 „„, (1+c/a)nb+(b +d)/a

(3.8)

where no is roughly equal to &2l. (no-6 —10 for An&0
transitions. ) Typically, nb (20 are involved. Contribu-
tions from n, &4 are small.

B. 2s, En=0 excitation

The initial state 1s 2s can be excited to the configura-
tion 1s 2p by low-energy electrons which are captured into
high Rydberg states without radiation emission. We have

~ ls 2p(nf lf)+fun
2 0

ls 2s+e, l, 1s 2pnblb
1 22 ( l )+~,

with the resonance condition

ec + 2s = 2p+enbl'&

or more accurately e, +E; =Ef where the E's represent
the total energy. Therefore, the threshold value for nb is
determined by the energy separation between the 1s 2s
and 1s 2p states. It is obtained from the nonrelativistic
Hartree-Fock code and further adjusted using the table of
Cheng et al. ' The lowest allowed value of nb (for which
e, =0) is nb ——6 for 0 +, nb=10 for Ar' +, and nb —12
for both Fe + and Mo + corresponding to
(2s~2p)=0. 889, 2.51, 4.35, and 12.5 Ry, respectively.

TABLE I. DR rate coefficients a " are listed for a representative group of An&0 transitions. All
allowed Auger decays are included in the calculation. k&T, is at 5.17 Ry for 0'+, 33.3 Ry for Ar"+,
73.5 Ry for Fe +, 200.8 Ry for Mo +.

Ar" + F 23+ Mo +

3snp
3$nd
3snf
3dnd
3dnf
3dng
Sum

0.598
2.88
0.786
0.442
0.867
0.462
6.04

2.17
7.85
5.35
2.69

10.7
4.36

33.1

3.71
10.2
3.73
3.20
8.73
4.41

34.0

2.89
7.04
1.62
3.62
4.97
1.45

21.6

Extrapolated
total

14.9 76.4 74.6 48.6

Cascade
reduction

14.9 68.9 66.2 46.4
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FIG. 1. DR rate coefficients g~ g„" „ao (is 2s+ e, l,
c "b "m

~1s 2pnblb) vs lb =l, I.,bS,b-coupling results in units of
cm'/sec. k&T, for 0'+ is at 5.17 Ry, 33.3 Ry for Ar"+, 73.5
Ry for Fe +, 200.8 Ry for Mo 9+.

(These values are weighted averages of J= —,
' and J= —,

levels. ) The method of calculation is described in Sec.
III A. The large-nb contribution is dominant for the
present An, =0 transitions, with contributions coming
from nq &300 for 0 +, nb &200 for Ar' +, nI, & 150 for
Fe +, and nb &80 for Mo3 +. Equation (3.8) is used to
sum these contributions. Eventually these high Rydberg
state contributions will be truncated by the density and
field effects but we do not consider that problem here.
The contributions from high Ib are found to be important
and were explicitly evaluated for ls & 15. For lb & 15 the
DR rates are approximated with a simple Gaussian fit. '

The results of the calculation are summarized in Fig. 1

where the rate coefficient

gga (ls 2s+e, l, ~ls 2pnblb)
l nb

is plotted versus lb. , the high lb contribution is more im-
portant for heavier ions than for lighter ions in which case
lt, & 10 may be sufficient. The high-nb (nt, & 15) contribu-
tion is estimated in the direct, dipole approximation
without exchange for A„and in the Coulomb approxima-
tion for A„. The accuracy of this approximation has been
checked with explicit calculations.

It is of interest to note that the b,n, =0 transitions have
been recently investigated experimentally. ' The B + and
C + targets were used in a merged electron-ion beam ap-
paratus to measure the DR cross section. The comparison
with our distorted-wave calculations' ' is in reasonable
agreement after cutting off the high-nb tail contribution at
nb ——22 and 26 for B + and C +, respectively. After fold-
ing the theoretical cross sections over a beam profile of 2.0
eV the Oak Ridge group' obtained an effective cross sec-
tion ratio of 2.3+0.3 while our estimate gave

nb —1 nb —&

—DR(C3+) g g —DR(B2+)
lb =0 nb =4 lb —0 nb =4

It should be noted that only the last bin of the cross-
section space is convolved in the theoretical prediction of
the effective cross section and that folding in the other
peaks could raise the predicted cross section by about
10%. The Burgess-Merts theory predicts essentially the
same ratio of 1.5. The scaling property of the DR cross
section in the effective charge Z has been examined re-
cently for b.n =0 transitions and the results will be pub-
lished elsewhere.

C. 1s excitation

The rate coefficient for ls transitions is generally small
at low temperatures due to the large 1s excitation energy
which, in turn, results in large e, in the exponential factor
exp( —e, /k&T, ). However, we find that as much as 40%
of the total DR rate coefficient comes from the ls excita-
tion at high temperatures. The dominant 1s transitions
are

1s2s2pnblb ~ 1s nbl~+e, 'l,' .

The A, for this process dominates the Auger width and
remains constant as nb increases along a Rydberg series,
resulting in a small but constant value for the fluorescence
yield, co(d). Consequently, a (nb) scales as 1 ln&. The
total ls transition rate is given f'or the different ions in
Figs. 2—5. The result for the ls transition is compared
with the earlier calculation and found to be consistent

10

10

~ .~ 2s, b n=p

/
2s, hngp

I 1s. B, n&p
I

I

Q.1 0.2 0.3 0.4 0.5 0.6

( kev }
FIG. 2. I.S-coupled, cascade-corrected rate coefficients are

given as a function of electron temperature for 0 +. Circles are
predicted total rates obtained from the Burgess-Merts formula
(Hulse version).

ls 2s+e, (s,d)~ls2s2pntp,

ls 2s+e, (p,f) +ls2s2p—nbd,

and are estimated to contribute 90% of the total ls transi-
tion rate for Fe and Mo ions according to the Fe + re-
sult. The previous study of the He sequence" indicates
that for lighter ions the ls~2p transition is less impor-
tant. There is no large-nb tail contribution for this pro-
cess because of the presence of the additional Auger chan-
nel
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FIG. 3. LS-coupled, cascade-corrected rate coefficients are
given as a function of electron temperature for Ar"+.

FIG. 5. I.S-coupled, cascade-corrected rate coefficients are
given as a function of electron temperature for Mo +

with the same 1s excitation in the Be and the He se-
quences ' when the effects of the additional spectator
electrons are taken into account.

Incidentally, we note that the 1s excitation has been
used by Tanis et al. ' in their study of the resonant
transfer excitation (RTE) process in ion-atom collisions.
Thus, for example, in the S"+ + Ar collision the M-shell
electrons of the Ar atoms are assumed to provide the elec-
tron "beam, "which excites the 1s electron in S"+. Their
RTE cross section was found to be about a factor of 2
larger than our explicit calculation of the DR cross sec-
tion' after folding the cross section over the Compton
profile of the Ar atoms. Due to uncertainty in the role
played by these electrons, as well as by the Ar core nu-

cleus, it is not clear whether the resonance structure seen
in the experiment in fact represents DR. A certain frac-
tion of the K x ray observed in coincidence with the
charge-exchanging S ion should come from the DR-like

process, but more theoretical and experimental study is
needed to clarify the situation.

IV. CASCADE CORRECTION

A„(d~d')A, (d'~f )

I „(d')+1,(d') (4.1)

The cascade effect arises from the fact that the inter-
mediate states d formed by the initial collisional excitation
may radiatively decay to states d' which can further decay
by Auger emission. The fluorescence yield Eq. (2.5) is
ITlodlf led as

1

I,(d)+ l, (d)

x g&,(d~f)
f

-12

E 1Q

The states labeled f are stable with respect to electron
emission and the states labeled d' are Auger unstable.
(The states labeled d can, of course, also decay either by
photon or electron emission. ) Consider, for example, the
2s b,n&0 excitation-capture to the intermediate state
d=ls23s4d in the Ar' ++ e system. This state (d) will

subsequently decay either by radiative emission (with rates

A„) or by Auger emission (with rates A~). In the single-

configuration, dipole approximation we have

/
/

/N
ls, b, np'Q 2s, hn=Q

l 1 1$2$+ecIc ~~
a

i 2 1$2p+e,' I,'

ls 2p4d fi
ls 2p3s f2ls 3s4d ~ z

ls 3s4p fq .
10

0 6
( keV)

FIG. 4. LS-coupled, cascade-corrected rate coefficients are
given as a function of electron temperature for Fe +.

The states f3 and f4 can, in turn, further radiatively decay
or Auger decay to the states i j+e," or i2+e,"'. Thus the
contributions of A„(d~f3) and A, (d~f&) to co(d) are re-
duced by the factors co( f3) and co( f4), respectively. On
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Atomic states belonging to different configurations that
have the same values of L and S and the same parity be-
come mixed because the one-electron orbital angular
momentum operators do not commute with the electron-
electron interaction. Improved states can then be con-
structed by the configuration-interaction expansion

4 '(LS) = g a~ Pp (LS), (5.1)

where L, and S are the total orbital and spin angular mo-
menta and p is summed over the number of configurations
in the expansion (two in this investigation). The basis set
of single-configuration wave functions, Igz(LS) I, is gen-
erated by the nonrelativistic Hartree-Fock Hamiltonian
and the coefficients a~ are obtained by diagonalizing the
matrix V, with matrix elements V~ = (P~ ~

e /r &2 ~ Pz ), as

the other hand, the states f& and f2 have no available
Auger channels and consequently A„(d~fi) and
A„(d~f2) contribute to co(d) in full strength. This
reduces the overall fluorescence yield and thus the rate
cc . We have estimated the cascade effect for several
dominant 2s En&0 transitions and the result is summa-
rized as a reduction factor in Table I for the ions Ar' +,
Fe +, and Mo +. The cascade effect is directly incor-
porated in the calculation of the 0 + system by simply de-
leting those radiative transition probabilites to final states
which are Auger unstable in the numerator of co(d). This
is a good approximation because I', (d) )&I,(d) and thus
co&~1 for 0 +. The cascade effect is negligible for the
dominant 1s transitions which are predominantly stabi-
lized by the 2@~is radiative transitions. In general, the
effect is difficult to estimate, particularly when the elec-
trons are in high Rydberg states since the 3, and A, are
required for many d', f ', and i' Eac.h individual case is
carefully estimated in th.e present calculation.

(5.2)

The effect of configuration interaction on the DR rate
coefficient is examined by using the improved states d
of the form 4 '(LS) in the evaluation of V, and co(d). A
rate coefficient is then calculated for each d ' and the
sum +&act (d) is obtained. The result is compared to
the sum of the DR rates for the same set of transitions
calculated in the LS-coupled, single-configuration approx-
imation. Some sample cases are given in Table II. The
most strongly coupled d states of the dominant transitions
are included which constitute about 12% of the total 2s
An&0 transition rate. Most of the dominant transitions
are found to be only weakly mixed and thus are not affect-
ed by the configuration interaction. These rates are to be
compared with the single-configuration LS-coupled,
term-specific rate coefficients presented in Table III. We
find that although configuration mixing of the d state can
change individual rate coefficients by as much as 30%,
the net change in the rate coefficient for this subset of
states when summed over all LS terms is only about 5%
because of the apparently random changes (some increas-
ing, some decreasing) in the configuration-mixed rates.
This conclusion is consistent with the earlier work of
Roszman and gneiss' and LaGatutta.

VI. SUMMARY

The L,S-coupled, cascade-corrected results for each
transition and the total DR rates for each ion are summa-
Azed graphically ln Figs. 2—5 as a function of kg T~. The
core charge dependence of the DR rates for the lithium se-

l0-10-

kaTe ( Fe )

in keV

TABLE II. Fluorescence yields and DR rate coefficients
{cm'/sec) are given for a set of En&0 transitions for the Fe '+
target ion at 1 keV in the single-configuration IS basis. Num-
bers in parentheses are powers of ten, e.g., 2.01(—13)
=2.01~10-".

lQ

Configuration

3$ 3d
3p
3d
3s 4p
3s 4p
3s 4d
3s 4d
3p 4s
3p 4s
3p 4d
3p 4d
3d 4s
3d 4s
3d 4p
3d 4p

State

1B
1B
1B
1P
3P
1B
3B
1P
3P
1P
3P
1B
3B
1P
3P

0.0739
0.0404
0.0822
0.0690
0.1353
0.1049
0.4027
0.0833
0.1993
0.1989
0.3247
0.1663
0.7732
0.1455
0.4470

DR

2.01(—13)
4.65{—15)
1.45{—14)
1.70( —14)
4.46( —14)
6.46{—14)
1.11(—13)
1.39( —14)
3.04( —14)
7.32( —15 )

3.46( —16)
8.38( —14)
2.36( —14)
6.55( —15)
2.48( —15)

-12
l0

10
0 10 20

Zc
30 40 50

FIG. 6. Core charge dependence of the DR rates for the lithi-
urnlike sequence is presented with the k~T, values scales as Z
and centered on 1, 2, 4, and 8 keV for Fe '+.
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TABLE III. Mixing coefficients, fluorescence yields, and DR rate coefficients (cm /sec) are given for
the same set of transitions as are in Table II for comparison. (Fe + ion at 1 keV. ) Numbers in
parentheses are powers of ten, e.g., 1.56(—14)= 1.56~ 10

Configuration

3s 4p
3p 4s
3s 4p
3p 4s

1P
1P
3P
3P

0.535 39
0.844 60
0.543 06
0.839 70

0.844 60
—0.535 39

0.839 70
—Q.S43 06

0.0422
0.3632
0.5654
0.0882

ac) (d)

1.56( —14)
1.33( —14)
3.09( —16)
4.15(—14)

3s 4p
3p 4d
3s 4p
3p 4d

1P
1P
3P
3P

—0.288 75
0.957 40

—0.295 84
0.955 24

0.957 40
0.288 75
0.955 24
0.295 84

0.1270
0.0443
0.3880
0.1170

7.65( —17)
1.31(—14)
8.0S( —15)
3.83( —14)

3s 4p
3d 4p
3s 4p
3d 4p

3$ 3d
3p

3s 3d
3d

1P
1P
3P
3P

1D
1D

0.14045
0.99009
0.138 32
0.990 39

0.664 02
0.747 71

—0.307 82
0.9S1 44

0.99009
—0.14045

0.990 39
—0.138 32

0.747 71
—0.664 01

0.951 44
0.307 82

0.2275
0.0790
0.4260
0.1099

0.0486
0.0702

0.1060
0.0629

2.32( —14)
1.66( —14)
1.11(—14)
3.44( —14)

9.32( —14)
7.80( —14)

1.18( —15)
1.89( —13)

3d
3p

—Q.54203
0.840 36

0.840 36
0.540 23

0.0687
0.1340

2.01(—14)
9.59( —16)

3s 4d
3d 4s
3s 4d
3d 4s

0.608 15
0.793 82
0.601 13
0.799 15

0.793 82
—0.608 15

0.799 15
—0.60113

0.1056
0.6132
0.8778
0.4723

1.17(—13)
3.6S( —14)
3.99( —14)
1.67( —13)

3s 4d

3s 4d
3p4p

0.502 93
0.864 33
0.461 38
0.887 20

0.864 33
—0.502 93

0.887 20
—0.461 38

0.0972
0.1272
0.6633
0.4464

3.11(—14)
4.39( —14)
4.81( —14)
1.07( —13)

3p4p
3d 4s
3p 4p
3d 4s

1D
1D
3D
3D

0.56494
0.825 14
0.65724
0.753 68

0.825 14
—0.564 94

0.753 68
—0.657 24

0.1363
0.2066
0.7146
0.7238

1.01(—13)
3.75( —14)
2.33( —14)
2.13(—14)

quence is presented in Fig. 6 with the k~T, values scaled
as Z and centered on 1, 2, 4, and 8 keV for the Fe + ion.
This is the first comprehensive treatment of the
dielectronic-recombination rate for the Li sequence and,
together with the previous results for the H, He, Be, Ne,
and Na isoelectronic sequences, should be useful in im-
proving existing phenomenological formulas. This calcu-
lation does not include the effect of intermediate coupling,
relativistic effects, or the density and field effects. It
should be noted that collisional and Stark mixing of levels
due to charged particles and applied fields in the plasma
may seriously alter the capture rate. These important
corrections are being investigated and the details of these
more-precise calculations are forthcoming. In the course
of this study many intermediate results have been obtained
on A„, A„m(d), etc. which would be useful for spectral
analysis and autoionization studies. These data are being
compiled for publication elsewhere.
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APPENDIX A

The Auger transition probability is defined in an explicit LS-coupling scheme. We distinguish two cases depending on
whether spectator electrons in an unfilled shell occur in the transition. The first case is defined for 2s (or 2p) transitions
as

A, (n, l„nblb~n, l„ezlz)= I, lbl, lrI (L,bS,b),
Nab

where N, b
——1 if (n, l, )&(nblb) and N, b ——2 if (n, l, ) =(nblb), l=2l+ 1, and

l, kl, ly klb l, l, k
I( LabSab ) = Q Rk(lslrlalb ) () 0 () () () ()

k b y ab

l, k'lb ly k'l, l, lb k'
+' "' & k"''b" OO O O OO l l I.k' a y ab

where the Rk are the usual radial integrals
k

Rk(l, lrl, lb)= J f dr) r) dr2r2$r(r))p, (r2) k, $, (r))pb(r2) .
r

The second case treats intermediate states of the form (1s transitions)

yg = I(n, l, ) (nylon)[L, /S g],(n. l, )(nblb)[L. bS.b],LS]

which is valid for m+1 =41,+2. We have the following for A, =A, (L,~S ~L,bS,bLS):
(i) Pq~(n, l, ) +'(nqlq)+erlr, a~d and b~d,

2

1
L L Lab

~a la his yLsdSsd ab abN, b s d

2
Ssg S Sb

1 1 1

2 2 2

I (L,b,S,b);

(ii) Pz +(n, l, —) +'(n, l, ) + ezlz, a&d, b&d, and l~ ——0,

lAA2A A A A
~a +ablsl b lySsdLabSab

a

2Lb L Ssg Sb S
l 1 1 1

2 2 2

2

QS~b
'

i

Sgb

Sob
I(lb, Sgb)'

scf

(iii) Pg~(n, l, ) (nylon) + erlr, lg=O,
2

S S S
A, =l, lblrS, gS,b. . . I ( L,b, S,b)5( L,b, lr );

2 2 2

(iv) P~~(n, l, ) (n~l&)(n, l, ) + ezlz, e&d,

A =l lbl lyI (L b,S b) ~

APPENDIX 8
I

In case 2

In the following four cases, the radiative transition
probabilities are defined in terms of the one-electron radi-
ative probability 3„' '.

In case 1

(n, l, ) (n, l, )(nblb)~ (n, l, )~(n, l, )(n, /, )

with a+b, a+e, e+b
A„( L bS bLS) =A„

A„( L~bS~bLS) =2lb
Laa Saa

aa+ aa =even)

5 ISaa, Sab aa

lb Lab la
(O)+ L l 1

In case 3

(n, l, ) (n, l, )(nblb)~(n, l, ) (n, l, ), a&b;
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(n, l, ) (n, l, ) ~(n, l, ) (n, l, )(nblb), a&b

A, (L~S~LS)=2A„' ' .

where in the dipole-nonretardation approximation for the
transition d ~f

In case 4

(n, l, ) (ndld)(n, l, )(nels)~(n, l, ) +'(ndld)(n, l, )

(p) 4 Acofd

cxmc
) (nflf

~

e r
~
ndld) )'

with I +1=4l, +2, ld ——0

Ar( L,dS,dL,sSgbLS) = l,L,dS,dL,bS,b

l,
with

3
4 Acofg l

RD
3 ~mc 2ld+ 1

S,d S S,b L,b lb

1 1 1

2

(p)
l$

RD(nflfndld)= f r dr/„ t (r)rP„ t (r) .
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