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Dielectronic recombination in plasmas. II. Initial excited states
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Ions in a plasma recombine with electrons by both direct and resonant modes. The latter, the dielectronic
recombination, can be a dominant process at temperature nearT.Z2 Ry, for ions with chargeZ. The rates are
usually given for target ions in their ground states, and contributions from all doubly excited intermediate states
and final singly excited states of the recombined ions are summed over. To facilitate applications of the rates
in plasma modelling in terms of rate equations, simple rate formulas are often devised. However, at finite
temperature, a sizable fraction of ions is initially in an excited state, and after recombination, ions are usually
left in singly excited final states. Thus new empirical rate formulas are needed that exhibit an explicit depen-
dence on final as well as initial states of the ions before and after the recombination. We have calculated
properly adjusted rates where~a! the target ions are allowed to be in their ground and excited states, and~b!
contributions to the individual final states are explicitly separated. Multiple cascades are important in such
calculations. For Al31 ions we show that rates for the initial excited states are much larger than that for the
ground state.

DOI: 10.1103/PhysRevE.63.046407 PACS number~s!: 52.20.2j, 52.20.Fs, 34.80.Kw
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I. INTRODUCTION

Dielectronic recombination~DR! rates are an importan
input parameter to rate equations that describe the time
velopment of a plasma toward equilibrium. For given ion
species and at a specified temperature and density of
electrons and ions, population densitiesN(n) of the final
excited statesn of the recombined ions are determined
rate equations which take into account all collisional tran
tion effects on recombined ions by plasma electrons, as
as radiative cascades of the excited states. Presumably
effect of plasma ionic field distortion on an actively partic
pating central ionic system is included in the rates the
selves. Evaluation of rates and the construction of rate eq
tions must be coordinated in such a way that both th
effects are properly incorporated, without double counting
their effects. The role of the rates and rate equations mus
mutually complementary. This point was repeatedly stres
previously @1,2#; as the structure of rate equations chan
corresponding rates must also be adjusted. To facilitate
use of the rates, calculated rates are fitted with parame
into a simple set of empirical rate formulas. It is important
note that generally the amount of benchmark calculati
available is limited in quantity, with varying degrees of re
ability. Therefore, the empirical formulas are useful not on
in documenting the existing rates for ready applications,
also to extrapolate to cases~in T andZ! where data are no
available. By including many sets of calculated data, the
mulas can also adjust the overall reliability in some cas
The main concern of this report is the inadequacy of
existing rate formulas and the resulting inconsistencies in
plasma modeling.

A distinction must be made between studying a DR p
cess that takes place in a plasma and another that is obs
in collision experiments@3–7#. In the latter, one usually con
1063-651X/2001/63~4!/046407~8!/$20.00 63 0464
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trols the projectile energyec which must satisfy a resonanc
condition to reach a given intermediate resonance stateR.
The target is usually prepared initially in its ground statei
5g, with the energyetg , in the process

eci1AZ1~ i !→AZM1~R!** →AZM1~ f !* 1x, ~1!

where the final singly excited statesf are assumed to be
Auger stable, andx denotes the radiation emitted during th
second stage of process~1!. For Auger-unstable final statesj,
further cascades may be needed to reach an Auger s
statef. In the following, we specify statesf by the principal
quantum numbern. Detection of the process is then accom
plished by observing the change in the ionic charge of
target after the recombination, fromZ1 to ZM15(Z21)
1, or by measuring the energy of the x rays emitted. T
cross section exhibits typical resonance peaks ateci that sat-
isfy the resonance condition,eci1eti5ER , where R
5(d1d2) denote doubly excited resonance states of the
combined ion, with the energy approximately given byER
.ed11ed2 . The cross sections for such an experiment
specified byg andR, but not necessarily by the final recom
bined statesf, so that the final statesf are usually summed
over, under the assumption that eventually statesf will radia-
tively relax to the ground statef 0 of the recombined ion.
~The individualf’s are involved whenex are measured.!

On the other hand, for the DR process in a plasma en
ronment@8–10#, free electrons with an assumed Boltzma
energy distribution are available, such that all the resona
states are allowed to contribute to the rates at the same t
Further, the initial states are not necessarily in the grou
stateg, and the final recombined states are not individua
controllable as they are affected by the collisional effects
the plasma electrons. Since rate equations are usually
structed for a determination of the individualf states, and
©2001 The American Physical Society07-1
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their population distribution for the recombined ions, on
the sum over resonance statesR can be made, each wit
proper Boltzmann factors. The plasma collision effects
the final statesf must then be treated by rate equations.

In part I of this series@11#, we examined the problem o
final state distribution. It was pointed out that modeling p
cedures commonly followed in the past employed the to
DR rates only for the initial ground statesi 5g of the target
ions, and summed over contributions from all intermedi
resonance statesR and all singly excited statesf (n). The
absence of thef dependence of the existing empirical form
las causes inconsistency, and it was proposed to correc
situation in part I. Thus an extended way of generating
DR rates was demonstrated in part I by an explicit calcu
tion, and by retaining the dependence on the final statef,
specifically for the Al31 ions. It was assumed that the ion
are initially in their ground states.

We should emphasize that there have been several no
exceptions to this unsatisfactory situation, in which the d
ciency pointed out above was well recognized and the an
ses were carried out by employing the calculated rates
rectly, rather than using the empirical rate formula
However, comprehensive work to generate a complete se
improved rate formulas is yet to be carried out.

In the present paper, we carry the above extension furt
and point out that the assumption adopted in most prev
models, that the ions to be recombined are initially in th
ground states, is also an oversimplification and again inc
sistent with the rate equation approach. In fact, there
finite probabilities that the ions are initially in their excite
states, and the DR can take place from these excited st
Since the excited statesf for ions withZ1 logically become
the initial states of ions with charge (Z21)1 in the next
stage of the modeling analysis, such a procedure is not
consistent. We illustrate this problem by an explicit calcu
tion of the corrected DR rates from the initial excited sta
~IES!. Presumably, the IES, together with the final state d
tribution, may lead to serious changes in the determinatio
ionization balance.

Specification of both the initial and final states in the ra
requires not only a large amount of computational effort
generating them, but also systematic ways to cataloging t
in the form of rate formulas. The task is expected to
difficult, especially for DR modes that involve intershell e
citations with multiple cascades. In fact, as previous stud
@12–15# showed, resonance excitation from either ground
excited state targets produce a series of such final st
often with large cross sections, both for theDn8Þ0 and
Dn850 modes. The calculational procedure to be adopte
Sec. III for the specific target ion Al31 is similar to that for
the resonance excitation collisions; they are mutua
complementary as the sum of their branching ratios sho
give unity.

II. RATE EQUATIONS AND DR RATES

Previous analyses of plasmas, modeling them in term
rate equations, have shown that the excited state popula
N(n) of the recombined ions withf 5n.ng can be substan
04640
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tial, whereng denotes the quantum number of the grou
state of the recombined ion, and are sensitive functions of
electron temperatureT and the free electron densityNe . In
fact, most of the excited states withn.nSE reach Saha equi
librium ~SE! values

N~n!SE5n2~h3/2pmkT!3/2eJn /kTNeN1 , ~2!

whereJn is the ionization energy of leveln, andNe andN1

are the electron and ion densities, respectively.nSE is the
Sahan value, and is mildlyT dependent; it usually assume
a value between 10 and 20. At fixedT, the excited state
population N(n11), as compared withN(n), is roughly
proportional to the Boltzmann factor; i.e.,r (n)5N(n
11)/N(n)5exp(2Dn /kT), showing the sensitivity of the ra
tio on T, where Dn5en112en.0. However, it was also
found that most excited states withn in the rangenSE.n
.nB quickly reach values close to that of Saha, where
bottlenecknB usually assumes the value around 4 or 5, a
nB!nSE. On the other hand, forn,nB , the finalN(n) are
usually much larger than the Saha values, and are determ
by the solution of the rate equations. For example, in hyd
gen plasmas, the equilibrium population for the ground sta
is about four times the Saha value@9#. The ratiosr (n) at
equilibrium are also sensitive to the continuum electron d
sity Ne ; at Ne.1015cm23 we haver (g).0.3, while atNe
.1018cm23r increases tor (g).1. This latter number im-
plies that the ground and first excited state populations ar
the same magnitude. For a transient plasma@16#, whereN1

and Ne are allowed to vary during the relaxation, these
fects are even more dramatic, as the population of the c
tinuum electrons changes rapidly during the time period
orderDt.10210 to 1028 sec.

The rate equations for the final state densityN(n), as
conventionally formulated, are

dN~n!/dt52S NeCn
I 1Ne (

n8Þn

Cnn8
X

1 (
n8,n

Ann8DN~n!

1S Ne (
n8Þn

Cn8n
X

1 (
n8.n

An8nDN~n8!

1NeN1an , ~3!

where C1 and CX are the collisional ionization and
excitation-deexcitation rates, respectively, and theA’s are the
radiative decay rates. The last term in Eq.~3! contains the
recombination rates, as

an5an
RR1an

TBR1an
DR ~4!

for radiative recombination~RR! and three-body recombina
tion ~TBR!, and the last term for DR, all to the final statesn.
The crucial point of the discussion here is that the ion den
N1 in Eq. ~3! and the rates in Eq.~4! are for the ground state
of the ions of chargeZ before capture.

What is being proposed here is not new, as several pr
ous works on modeling already recognized the need. H
ever, no comprehensive work in generating the neces
rates has been carried out. Furthermore, as stressed in S
7-2
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DIELECTRONIC RECOMBINATION . . . . II. . . . PHYSICAL REVIEW E63 046407
the structure of the rates should reflect the particular
equations one constructs and to which the rates are inse
As the modeling equations are refined, more detailed in
mation must be carried by the rate equations, in a consis
way without double counting. That is, the effect of the sta
omitted in a particular set of rate equations must be inclu
in the corresponding rates, and vice versa. Thus the des
adjustment involves, for example, replacement of the last
term in Eq.~3! with Eq. ~4! by a more general form

d~DN~n!!/dt51NeFN1gang1(
iÞg

N1 ianiG , ~5!

where the subscripti denotes the excited states of the targ
ions before capture. The ratesaDR, with i 5g and i
51,2,3,..., are defined, in terms ofAa andAr , as

aDR~ i→R→ f !

5~4pRy/kT!3/2~gR/2gi !exp~2eci /kT!

3Aa~R→c,i !Ar~R→ f !/~Ga1G r !, ~6!

where the subscriptsr anda represent the radiative and aut
ionization processes, respectively, and where theG’s are the
total rates defined byGa5S iAa(R→ i ) and G r5SkAr(R
→k). The rates of interest are then given by

ani
DR5(

R
aDR~ i→R→ f !, ~7!

where f 5 f (n) and the dependence onZ andT are implicit.
Evidently, tabulation of such quantities which depend on
both IES in terms ofi and final state distribution in terms o
f 5n at many different temperatures and charge states wil
very complex but required.

We further clarify the necessity of introducing the IES
the rate equation analysis. The modeling is conducted
solving a set of rate equations for the excited state den
N(n), for a pair of charge states at a time, say the target
with chargeZ1 and the recombined ions with chargeZM
15(Z21)1. Thus the analysis starts fromZ5ZC nuclear
core charge of the ion, producing the recombined ions
chargeZC21. Next, the ions with chanrgeZC21 are the
targets, producing ions withZC22 by recombination, etc
This process will continue untilZ reaches 1 as a target, an
producing neutral atoms. In each case involving a cha
pair, the equilibrium distribution of the ground and excit
state populations of the recombined ions are calculated
functions of temperature. Therefore, for any givenZ, there
will be a finite probability of having excited states, whic
should form the starting point of the next stage inZ. In
almost all cases treated previously, the simplifying appro
mation of neglecting the IES has been made and only
ground stateg kept. This applies not only to DR rates, b
also to RR and TBR rates as well. Independent of whet
such modifications can make a sizable difference in the fi
solutions, it is important to recognize the inconsistencies
04640
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such approaches, the validity of which is density and te
perature dependent, and must be checked on a case by
basis.

An approximate set of rate equations for the final exci
state distributionN(n) of the recombined ions is usually se
up such that only the principal quantum numbern of f
5(n,l ) is explicitly retained. Then the input rates must
adjusted to this by directly summing overl. Similarly, if the
rate equations contain only theNZ,ni

, then contributions to

the rates from differentl i of the initial statesi 5(ni ,l i) may
be averaged over, in order to obtainan,ni

. Here, with the

weight (2l i11), we have

an,ni

DR [(
l i

~2l i11!an,ni l i
DR /ni

2. ~8!

III. DR RATES FOR INITIAL EXCITED STATES

Calculation of DR rates for initial excited states of th
target ions is complicated because of many cascade steps
are often involved in reaching the singly excited final statef
of the recombined ions. In order to reduce the complexity
the calculation to a manageable level, in the following w
adopt a set of simplifying approximations; the isolated re
nance approximation, angular momentum average coup
scheme, and single configuration Hartree-Fock and disto
wave approximation for the bound and continuum orbita
Dependence of the rates on IES and final excited state
included.

The DR rates for the Ne-like Al31 with IES are calcu-
lated. To simplify notation, reference to the spectator c
electrons 1s22s2 is omitted from the initial (I ’s), resonance
(R’s) and final (f ’s) states. They are explicitly included du
ing the generation of wave functions and energies of
active electrons involved in the reaction. We denote the th
allowed IES for the Ne-like ions asI 1 , I 2 , andI 3 for 2p53s,
2p53p, and 2p53d, respectively, while the initial ground
state isg52p6.

GroupA (2p53snl) of resonance statesR may be formed
only from theg state and not from any of the other IES. The
are the dominant states that contribute to the individual fi
states, as discussed previously in part I. The initial stateI 1
createsR states of groupsB (2p53pnl) and C (2p53dnl).
But I 2 produces only groupC. On the other hand,I 3 can go
to R states of groupD (2p54lnl ) only, while groupD may
also be reached fromI 1 , I 2 andg. The DR rates for groupD
with g as initial state are very small, as shown in part I b
relatively large for the other IES. Thus, groupD states were
neglected in part I but are included here.

In Table I we present the DR rates for the IES equival
to I 1 , and they are compared with that obtained for the init
ground stateg. For manyR, the rates withI 1 are much larger
than that withg; e.g., for R52p53d4s and R52p53d4 f ,
the rates withI 1 are 92 and 175 times larger than that withg.
We present the result only forR52p53p5s and 2p53p5d
from groupB, because all the otherR states (2p53pnl with
n.4) give small DR rates. In addition, stateI 1 is energeti-
cally unable to reachR52p53p4l . We also present the rate
7-3



GABER OMAR AND YUKAP HAHN PHYSICAL REVIEW E 63 046407
TABLE I. The final state distribution of the DR rates is given for the two different initial statesI 05g[2p6 andI 1[2p53s. All the rates
are given in units of 10214 cm3/sec; numbers in square brackets are powers to 10 in addition to214. For example, 2.0@23# means 2.0
310217. Many other small rates associated with the intermediate states 3pnl are omitted from the table.

f n53 n54 n55
R I 3s 3p 3d 4s 4p 4d 4 f 5s 5p 5d 5 f 5g

3p5s g 8.1@25# 2.0@23# 9.5@24#

I 1 5.4@23# 1.4@21# 6.3@22#

3p5d g 6.1@25# 3.8@22# 3.5@23#

I 1 2.1@23# 1.32 1.2@22#

3d4s g 6.0@25# 5.2@23# 2.6@22#

I 1 5.6@23# 4.8@21# 2.41
3d4p g 7.4@26# 7.2@25# 4.4@26# 2.8@21#

I 1 1.9@24# 1.7@23# 1.1@24# 6.93
3d4d g 5.1@26# 2.3@23# 6.6@21# 3.5

I 1 1.5@25# 6.7@23# 1.98 10.2
3d4 f g 1.2@24# 7.8@22#

I 1 2.2@22# 13.7
3d5s g 5.9@26# 4.7@24# 3.4@25# 7.8@22#

I 1 4.1@24# 3.1@22# 2.3@23# 5.2@21#

3d5p g 2.9@26# 3.7@26# 2.8@22#

I 1 6.1@25# 7.8@25# 5.9@21#

3d6d g 1.6@24# 2.7@22# 7.3@25# 2.5@21#

I 1 4.2@24# 6.8@22# 1.9@24# 6.4@21#

3d5 f g 2.1@25# 4.4@26# 2.5@26# 6.9@23#

I 1 2.4@23# 5.0@24# 2.8@24# 7.8@21#

3d5g g 6.4@26# 8.6@24#

I 1 6.7@23# 8.7@21#

subtot g 0.74 3.9 0.37
I 1 4.1 33.2 3.5
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for the R states of groupC with n54 and n55, i.e.,
2p53d4l and 2p53d5l . The drastic decrease in DR rate
from 33.2@214# to only 3.5@214# cm3/sec, forn54 and 5,
may be attributed to the Auger channel toI 2 which is al-
lowed for then55 state, but not forn54. Consequently, the
total resonance widthsG(R) increase while the fluorescenc
yields v’s decrease forn55. Forn.5, no new decay chan
nels other than that lead tog, I 1 and I 2 occur for groupC.
Hence the HRS contributions to the total DR rates fro
groupC can be safely estimated from the rates atn55 using
the n23 scaling. The monotonic increase of DR rates w
the orbital quantum numberl of the final excited states o
n54 and 5 is noted~Table I!. However, we expect the rate
to decrease at higherl. Of course, then and l dependence o
the rates is not apparent once all the contributions
summed, as has been done in the past.

In Table II, we present the DR rates withI 2 as the initial
excited state. In this case, only theR states from groupC
dominate; specifically,R53dnl, with n55 and 6, is consid-
ered, wheren is also the principal quantum number of th
singly excited final statesf. It is found that the Auger rate fo
C→I 2 is at least ten times larger than that forC→I 1 , but
100 times of that to the groundg state forR52p53d5p.
That is,Ga5SAa(R→g), Aa(R→I 1) andAa(R→I 2) have
the values 0.259@12#, 0.11@14#, and 0.146~15! scc21, respec-
04640
re

tively, and thus we have a large capture probabilityVa(I 2
→R). Overall, the DR rates from groupC states with initial
I 2 are very large relative to those withI 1 and g. The small
rates forn53 in Table I andn53 and 4 in Table II are
caused by multistep cascade decays and not by direct ra
tive decay ofR states.

The ratesaDR(g→R→ f ) are also presented for compar
son withaDR(I 2→R→ f ) for each individualR state. As it is
clear from the table, the DR rates withg and I 2 are not in a
constant ratio as we go to differentR states, e.g.,
aDR(I 2)/aDR(g)590 for R52p53d5p, but this ratio drops
to only 17 for R52p53d5d. Such variation precludes th
possibility of estimating rates for the IES from that forg.

The DR rates for groupD (4lnl ) of resonance statesR are
presented in Table III. As previously mentioned, 4lnl states
may be formed fromg or any of the three IES. There are fou
rows of aDR in the table for eachR state, corresponding to
the initial statesg, I 1 , I 2 , and I 3 . This table is useful for
comparing the rates for different IES. Clearly, the DR ra
for groupD are very small in the case of the initial groun
stateg. Thus, groupD was neglected in part I of this study
where the focus was on the final state distribution, from
initial stateg. Note that theR54snl resonance states are n
allowed to be formed fromI 352p53d, because 4s orbital
lies energetically below the 3d orbital. The statesR
7-4
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TABLE II. Same as in Table I, but for the initial excited stateI 2[2p53p. The DR rates are presented and compared with values obta
for the initial g state.

f n53 n54 n55 n56

d I 3p 3d 4p 4d 4 f 5s 5p 5d 5 f 5g 6s 6p 6d 6 f 6g

3d5s g 5.9@26# 4.7@26# 3.4@26# 7.8@23#

I 2 6.9@24# 5.5@22# 4.0@24# 9.1@21#

3d5p g 2.9@26# 3.7@26# 2.8@22#

I 2 2.6@24# 3.3@24# 2.53

3d5d g 1.6@24# 2.7@22# 7.3@25# 2.5@21#

I 2 2.7@23# 4.5@21# 1.2@23# 4.21

3d5 f g 2.1@25# 4.4@26# 2.5@26# 6.9@23#

I 2 3.3@24# 3.4@23# 1.9@23# 5.22

3d5g g 6.5@26# 8.6@24#

I 2 5.7@22# 7.68

3d6s g 3.1@26# 2.6@24# 1.4@26# 2.9@26# 6.5@23#

I 2 3.6@24# 3.2@22# 1.6@24# 3.4@24# 7.6@21#

3d6p g 1.9@26# 1.3@26# 2.7@26# 2.7@22#

I 2 1.7@24# 1.1@24# 2.4@24# 2.41

3d6d g 1.4@24# 1.5@22# 2.1@25# 5.9@25# 2.1@21#

I 2 2.5@23# 2.4@21# 3.2@24# 9.4@24# 3.42

3d6 f g 2.2@26# 1.1@26# 7.1@26# 6.6@23#

I 2 1.2@23# 5.8@24# 3.8@23# 3.54

3d6g g 5.7@26# 4.3@26# 5.1@24#

I 2 1.2@22# 9.2@23# 6.61

Subtot g 4.0@21# 1.2@24# 2.9@21# 2.6@21#

I 2 0.8 6.3@21# 20.6 16.7
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52p54p4d cannot be formed fromI 3 ~marked by dashes!. On
the other hand,R52p54pnl may be formed fromI 3 for n
>5, but the corresponding rates are small. However, all
statesR52p54dnl and 2p54 f nl are produced fromI 3 for
n.3, and give large rates, but smaller than that forI 2 pro-
duced by groupC in Table II. From Tables I–III, we con-
clude that the DR rates forI 252p53p are the largest, rela
tive to other initial excited states and the ground state.

In Table IV, we present the final state distribution ofaDR

for R52p53d5d, and stress the following three points:~i!
At a temperature of 3.7 Ry, we haveaDR(I 2)/aDR(I 1)56.6
and aDR(I 2)/aDR(g)517. That is, the DR rates forI 2 is
again the largest.~ii ! With I 2 and at two temperatures, 0.2
and 3.7 Ry, we have

aDR~ I 2 ,kT50.22 Ry!/aDR~ I 2 ,kT53.7 Ry!517, ~9!

indicating that with IES, the DR rates increase dramatica
at low temperature. This is as expected, because of s
excitation energies involved with IES.~iii ! The ratio between
the maximum DR rates forI 2 andg initial states is found to
be

aDR~ I 2 ,kT50.22 Ry,max!/aDR~g,kT53.7 Ry,max!

5289, ~10!

wherekT53.7 Ry5 2
3 ecg ~g! andkT50.22 Ry5 2

3 ec2(I 2).
04640
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Next, we examine the effect of the initial excitatio
modes involving the 2p or 3s electrons inI 1 , for example.
The two different excitation modes are

2p53s1e1 → 2p43s3d4d ~R1! ~2p→3d!,
~11a!

2p53s1e2 → 2p53d4d ~R2! ~3s→3d!.
~11b!

The DR rates are calculated at the same temperaturekT
53.7 Ry for the two processes. The final state distribution
DR rates forR1 andR2 are presented in Table V. It is foun
that the rates are very small forR1, while the rates for
2p63d and 2p64d from R2 are 100 times larger than tha
from R1. The 2p excitation is not important for Ne-like ions
when 2p53s is the initial excited state, and, at low temper
ture, kT50.44 Ry, the DR rates forR2 have increased by
almost a factor of 7. This is consistent with the trend inT
observed in Table IV, that the rates with IES are large at l
T. The ratio between maximum DR rates forR2 andR1 are
calculated atkT5 2

3 ec250.44 Ry andkT5 2
3 ec155.2 Ry, re-

spectively, whereec1 andec2 represent the continuum elec
tron energies corresponding toR1 and R2 when they are
formed from same initial excited state,I 152p53s. It is
found that

aDR~R2,max,0.44 Ry!/aDR~R1,max,5.2 Ry!52.33103.
~12!
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TABLE III. The DR rates groupD(4lnl 8) resonance states and for the three initial excited statesI 1 , I 2 , and I 3 are presented and
compared with that for the ground stateg. The intermediate states 2p54snl cannot be created fromI 352p53d, so that its contribution is
absent.

f n53 n54 n55
R I 3s 3p 3d 4s 4p 4d 4 f 5s 5p 5d 5 f 5g

4p4d g 6.4@26# 8.7@27# 2.0@22# 1.9@25#

I 1 4.9@25# 6.7@26# 1.5@21# 1.5@24#

l 2 3.2@24# 4.4@25# 9.7@21# 1.1@23#

I 3 ---- ----- ---- ----
4d2 g 2.5@210# 3.4@211# 7.6@27# 2.1@22#

I 1 2.8@210# 3.8@211# 8.1@27# 2.4@22#

I 2 1.8@29# 2.4@210# 5.1@26# 1.4@21#

I 3 1.2@28# 1.5@29# 3.4@25# 9.6@21#

4d4 f g 8.4@28# 4.4@27# 3.3@23#

I 1 1.9@26# 1.1@25# 7.8@22#

I 2 3.4@26# 1.8@25# 1.4@21#

I 3 4.5@25# 2.3@24# 1.76
4d5s g 4.5@26# 5.9@28# 5.8@24# 3.2@23#

I 1 2.6@24# 3.5@26# 3.4@22# 1.8@21#

I 2 4.3@25# 5.1@27# 5.6@23# 3.1@22#

I 3 3.1@23# 3.9@26# 3.6@22# 2.0@21#

4d5d g 1.6@26# 7.8@23# 6.0@29# 2.6@22#

I 1 1.4@26# 7.1@23# 5.5@29# 2.4@22#

I 2 5.4@26# 2.7@22# 2.1@28# 8.8@22#

I 3 7.8@25# 3.8@21# 2.0@27# 1.26

subtot g 1.3@25# 5.3@22# 2.9@22#

I 1 3.2@24# 2.9@21# 2.0@21#

I 2 4.3@24# 1.28 1.2@21#

I 3 3.2@23# 3.14 1.46
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Thus, the 3s excitation has DR rates two or more thousan
times larger than 2p excitation, when the reaction starts fro
the initial excited state. In general, it is concluded fro
Tables IV and V that DR rates are huge if the target is in a
singly excited state relative to that of target in its grou
state, especially at low temperatures.

In order to illustrate the complexity of calculating th
rates with IES and multiple cascades, a typical case is
sented in the Appendix, where most of the important int
mediate states are explicitly included.

TABLE IV. The DR rates for the initial excited stateI 2

52p53p at two different temperatureskT50.22 and 3.7 Ry are
presented, in order to illustrate the temperature dependence.
resonance stateR52p53d4d is chosen for this purpose. The rate
are compared with that forI 1 andg initial states for the sameR.

Initial
states

Final excited states
kT

~Ry!3p 3d 4 f 5d

g52p6 1.6@24# 2.7@22# 7.3@25# 2.5@21# 3.7
I 152p53s 4.2@24# 6.8@22# 1.9@24# 6.4@21# 3.7
I 252p53p 2.7@23# 4.5@21# 1.2@23# 4.2 3.7
I 252p53p 4.6@22# 7.6 2.1@22# 71.6 0.22
04640
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IV. SUMMARY

The present study completes the two important adju
ments on the DR rates that are needed to make the pla
modelling analyses self consistent. As discussed in part I
final recombined state dependence of the rates as repres
by an

DR are important in the construction of the rate equ
tions. This problem is peculiar to the current status of
available DR rates, because most of the other processe
treated correctly in the sense that the final as well as
initial states are properly specified. Second, as discusse
the present paper, the initial target ions that undergo rec

he
TABLE V. The DR rates are given for the same initial stateI 1

52p53s but forming two different intermediate statesR1 andR2
resonance states defined in Eq.~11! by exciting the 2p and 3s
electrons of the target ion, respectively.

Resonance
~R! states

Final excited states
kT

~Ry!3s 3p 3d 4d

R152p43s3d4d 1.3@22# 7.6@26# 2.0@23# 2.8@22# 5.2
R152p43s3d4d 1.2@22# 7.0@26# 1.8@23# 2.5@22# 3.7
R252p53d4d 1.5@25# 6.7@23# 1.98 10.2 3.7
R252p53d4d 9.9@25# 4.4@22# 12.5 64.8 0.44
7-6
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bination need not be all in their ground states. This is rep
sented by the dependence of the rates on the indei
5g,1,2,..., asani

DR, where the final states are given in term
of the quantum numbern. We have shown by detailed ca
culation that the rates from the initial excited states are
general very large, often by as much as a factor of 10. In
dentally, in so far as IES are concerned, none of the exis
recombination rates have this point taken into account; th
the situation for the DR rates as well as for the radiative a
three-body recombinations.

As noted in Sec. I, the resonance excitation automatic
specifies the initial and final state dependence. Therefore
calculation of DR with both the initial and final states spe
fied is similar to that for the resonant excitation process.
the other hand, the present study does not include the e
of the plasma microfield, although they can be very imp
tant. Actual use of new modified rates in the modeling m
wait until enough of the rates with IES become availab
How serious the effects of these changes in the rates
plasma modeling are is yet to be examined.
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APPENDIX: AN EXAMPLE OF DR RATES WITH IES

Consider a target ion in the initial excited stateI 1
52p53s, which collides with free electrons, and the res
nance stateR52p53d4s is formed. ThisR state will decay
as follows:

I 11e1 ←---→ R →2p64s~K1!,

g1e2 ←--- →2p63d~K2!,

→2p53p4s~K3!,

→3p53p3d~K4!,

where g is the ground state,g52p6, obtained fromR by
Auger decay, and the statesK1–K4 are reached fromR by
radiative decays. The values of continuum energies co
sponding toI 1 and g are e150.3 Ry ande256.1 Ry. The
values of Auger rates are,Aa(R→I 1)50.1281@15# and
Aa(R→g)50.5551@12#sec21, while the radiative rates ar
Ar (R→K1 ,K2 ,K3 and K4) are 0.5635@10#, 0.1128@10#,
0.1975@10#, and 0.6019@10# sec21, respectively. Accordingly,
the capture probabilityV0(I 1→R)50.6406(15)sec21. The
final singly excited statesK1 andK2 are Auger stable, hav
ing fluorescence yields,v(R→K1)50.437@24# and v(r
→K2)50.87@25#, respectively. Thus, atkT53.7 Ry, the
DR rates forK1 andK2 are

aDR~ I 1→R→K1!52.41@214# cm3/sec ~A1!

and
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aDR~ I 1→R→K2!50.48@214# cm3/sec ~A2!

However,K3 and K4 are still Auger unstable, and cascad
decay to reach the singly excited statesf 152p63s, f 2
52p63p, f 35K252p63d, andf 45K152p64s. In fact, the
cascade decays ofK3 and K4 pass, in many ways, throug
the transient resonancesR152p53p2, R252p53s3p, R3
52p53s2, R452p53s4s, and R552p53s3d. The fluores-
cence yieldsv’s for the cascade decays are presented
Table VI. For example, the final excited statef 1 may be
generated fromK3 as follows

~i! R →
v1

K3 →
v3

R1 →
v4

R2 →
v6

R3 →
v7

f 1

→
v8

R4 →
v9

f 1

→
v11

R2 →
v6

R3

→
v7

f 1.

Thus, v(R→K3→ f 1)5v1x(v3xv4xv6xv71v8xv9
1v8xv11xv6xv7)50.194@29#, resulting in the rates

aDR~R→K3→ f 1!50.107@218# cm3/sec. ~A3!

~ii ! The statef 2 is reached fromK3 as

R →
v1

K3 →
v2

f 2

→
v3

R1 →
v4

R2 →
v5

f 2

→
v8

R4 →
v11

R2 →
v5

f 2

Consequently, v(R→K3→ f 2)5v1(v21v3xv4xv5
1v8xv11xv5)50.735@28#, and thus

TABLE VI. Values of the fluorescence yieldsv’s for the inter-
mediate states which appear during the cascade decay oR
52p53d4s, ending in the final singly excitedf. They are used in
the example given in the Appendix.

i Transition v i i Transition v i

1 R→K3 0.153@24# 10 R4→ f 4 0.201
2 K3→ f 2 0.48@23# 11 R4→R2 0.119
3 K3→R1 0.62@23# 12 R→K4 0.47@24#

4 R1→R2 0.115@22# 13 K4→ f 2 0.20@22#

5 R2→ f 2 0.59@23# 14 K4→R1 0.69@23#

6 R2→R3 0.31@24# 15 K4→R5 0.34@23#

7 R3→ f 1 0.26@21# 16 R5→ f 1 0.22@22#

8 K3→R4 0.30@23# 17 R5→ f 3 0.19@22#

9 R4→ f 1 0.42@21# 18 R5→R2 0.116@22#
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aDR~R→K3→ f 2!50.405@217# cm3/sec. ~A4!

~iii ! The statef 4 is reached fromK3 as

R →
v1

K3 →
v8

R4 →
v10

f 4

and thus v(R→K3→ f 4)5v1xv8xv1050.923@29#. We
then have

aDR~R→K3→ f 4!50.509@218# cm3/sec. ~A5!

In addition, the stateK4 may lead finally tof 1 , f 2 , andf 3
by various routes through the transient states as follows

~iv! The statef 1 from K4 :

R →
v12

K4 →
v14

R1 →
v6

R3 →
v7

f 1

→
v15

R5 →
v18

R2 →
v6

R3 →
v7

f 1

→
v16

f 1 .

We have v(R→K4→ f 1)5v12(v14xv6xv7
1v15xv18xv6xv71v15xv16)50.33@210#, and thus

aDR~R→K4→ f 1!50.182@219# cm3/sec. ~A6!

~v! The statef 2 may be reached fromK4 by three differ-
ent routes,
on
d

.
,

.

,

.
v.

n,

04640
R →
v12

K4 →
v13

f 2

→
v14

R1 →
v4

R2 →
v5

f 2

→
v15

R5 →
v18

R2 →
v5

f 2 .

Hence, v(R→K4→ f 2)5v12(v131v14xv4xv5
1v15xv18xv5)50.925@27#, and thus

aDR~R→K4→ f 2!50.51@216# cm3/sec. ~A7!

~vi! The statef 3 may be generated fromK4 as

R →
v12

K4 →
v15

R5 →
v17

f 3.

Hence we have v(R→K4→ f 3)5v12xv15xv1750.302
@210# and so

aDR~R→K4→ f 3!50.167@219# cm3/sec. ~A8!

Now the distribution of DR rates for the givenR
52p53d4s state on the final excited states can be obtain
as follows: Add Eqs.~A3! and ~A6! and obtain the DR rate
for f 1 , aDR( f 1)50.13@218#cm3/sec. Add Eqs.~A4! and
~A7! and obtain the DR rate forf 2 , aDR( f 2)50.55
@216#cm3/sec. Add Eqs.~A2! and ~A8! and obtain the DR
rate for f 3 , aDR( f 3)50.48@214#cm3/sec. Add Eqs.~A1!
and ~A5! and obtain the DR rate forf 4 , aDR( f 4)52.41
@214#cm3/sec.

When one of the earlierv’s is small in a given chain of
cascades, many simplifications can result. In the actual
culation presented in Tables I–V, many small contributio
are neglected by truncating the cascade series.
s.
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