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Dielectronic recombination in plasmas. Il. Initial excited states
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lons in a plasma recombine with electrons by both direct and resonant modes. The latter, the dielectronic
recombination, can be a dominant process at temperaturélreaf Ry, for ions with charge. 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 whefa) the target ions are allowed to be in their ground and excited statesband
contributions to the individual final states are explicitly separated. Multiple cascades are important in such
calculations. For A" ions we show that rates for the initial excited states are much larger than that for the
ground state.
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[. INTRODUCTION trols the projectile energg, which must satisfy a resonance
condition to reach a given intermediate resonance $tate
Dielectronic recombinatiofDR) rates are an important The target is usually prepared initially in its ground state
input parameter to rate equations that describe the time de=g, with the energye,y, in the process
velopment of a plasma toward equilibrium. For given ionic
species and at a specified temperature and density of free €+ A (=AM (R*™* - AZM*(f)* +x, (D)
electrons and ions, population densitid¢n) of the final
excited states of the recombined ions are determined by where the final singly excited statésare assumed to be
rate equations which take into account all collisional transi-Auger stable, ana denotes the radiation emitted during the
tion effects on recombined ions by plasma electrons, as wefiecond stage of proce€l. For Auger-unstable final statgs
as radiative cascades of the excited states. Presumably, th#ther cascades may be needed to reach an Auger stable
effect of plasma ionic field distortion on an actively partici- Statef. In the following, we specify statefsby the principal
pating central ionic system is included in the rates themguantum numben. Detection of the process is then accom-
selves. Evaluation of rates and the construction of rate equdlished by observing the change in the ionic charge of the
tions must be coordinated in such a way that both thestarget after the recombination, frof+ to ZM+=(Z—-1)
effects are properly incorporated, without double counting oft, or by measuring the energy of the x rays emitted. The
their effects. The role of the rates and rate equations must b&ross section exhibits typical resonance pealeahat sat-
mutually complementary. This point was repeatedly stressei$fy the resonance conditiong,+e;=Egr, where R
previously[1,2]; as the structure of rate equations change=(d;d,) denote doubly excited resonance states of the re-
corresponding rates must also be adjusted. To facilitate theombined ion, with the energy approximately given By
use of the rates, calculated rates are fitted with parameterseq;, +e4,. The cross sections for such an experiment are
into a simple set of empirical rate formulas. It is important tospecified byg andR, but not necessarily by the final recom-
note that generally the amount of benchmark calculationbined stated, so that the final stateflsare usually summed
available is limited in quantity, with varying degrees of reli- over, under the assumption that eventually statedi radia-
ability. Therefore, the empirical formulas are useful not onlytively relax to the ground staté, of the recombined ion.
in documenting the existing rates for ready applications, bu{The individualf's are involved where, are measurejl.
also to extrapolate to casé@s T andZ) where data are not On the other hand, for the DR process in a plasma envi-
available. By including many sets of calculated data, the forronment[8—10], free electrons with an assumed Boltzmann
mulas can also adjust the overall reliability in some casesenergy distribution are available, such that all the resonance
The main concern of this report is the inadequacy of thestates are allowed to contribute to the rates at the same time.
existing rate formulas and the resulting inconsistencies in th&urther, the initial states are not necessarily in the ground
plasma modeling. stateg, and the final recombined states are not individually
A distinction must be made between studying a DR pro-controllable as they are affected by the collisional effects of
cess that takes place in a plasma and another that is observig plasma electrons. Since rate equations are usually con-
in collision experiment$3—7]. In the latter, one usually con- structed for a determination of the individufistates, and
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their population distribution for the recombined ions, onlytial, whereng denotes the quantum number of the ground
the sum over resonance statescan be made, each with state of the recombined ion, and are sensitive functions of the
proper Boltzmann factors. The plasma collision effects orelectron temperaturé and the free electron density,. In
the final state$ must then be treated by rate equations. fact, most of the excited states with>ngg reach Saha equi-

In part | of this serieg11], we examined the problem of librium (SE) values
final state distribution. It was pointed out that modeling pro-
cedures commonly followed in the past employed the total N(n)SE=n2(h327mkT)3%en kNN, , 2
DR rates only for the initial ground statés g of the target . S
ions, and su)r/nmed over coﬁtributions frorg all intermgedi<';1tewhereJn is the |0n|zat|9n energy_of level andNe ar_1dN+
resonance stateR and all singly excited state§(n). The are the electron a_nd lon densities, re§pectlveg,g s the
absence of thédependence of the existing empirical formu- Sahan value, and is mildiyT dependent, It usually assumes
las causes inconsistency, and it was proposed to correct tﬁevalug between 10 and 20. At f'Xé.ﬂ the e’.‘c'ted state
situation in part I. Thus an extended way of generating thé)opulat]on N(n+1), as compared W'tm(n.)’ is roughly
DR rates was demonstrated in part | by an explicit calcuIaproF)omonaII to the Boltzmaqn factor; |..<.ar3(n)=N(n
tion, and by retaining the dependence on the final states ~ 1)/N(n)=exp(—A,/KT), showing the sensitivity of the ra-

specifically for the Af* ions. It was assumed that the ions {0 O T. where A,=€,,,—e,>0. However, it was also
are initially in their ground states. found that most excited states within the rangengg>n

We should emphasize that there have been several notapfels Quickly reach values close to that of Saha, where the
exceptions to this unsatisfactory situation, in which the defiPottleneckng usually assumes the value around 4 or 5, and
ciency pointed out above was well recognized and the analy?e<Nse- On the other hand, fon<ng, the finalN(n) are

ses were carried out by employing the calculated rates diusually muc'h larger than the Saha values, and are d_etermined
rectly, rather than using the empirical rate formulas.pY the solution of the rate equations. For example, in hydro-
However, comprehensive work to generate a complete set &en plasmas, the equilibrium population for thg ground states
improved rate formulas is yet to be carried out. is about four times the Saha val{@]. The ratiosr(n) at

In the present paper, we carry the above extension furthep,_qumbrlum are als% seggltlve to the continuum e_Iectron den-
and point out that the assumption adopted in most previou$'y Nse; "{the,: 10%cm® we haver (g)=0.3, while atN
models, that the ions to be recombined are initially in their=210"Cm T increases ta(g)=1. This latter number im-
ground states, is also an oversimplification and again incorRlies that the grqund and first exc!ted state populations are of
sistent with the rate equation approach. In fact, there art)e same magnitude. For a transient plagfré, whereN.,
finite probabilities that the ions are initially in their excited andN, are allowed to vary c_;lurmg the relaxat!on, these ef-
states, and the DR can take place from these excited statd§Cts are even more dramatic, as the population of the con-
Since the excited statdégor ions withZ+ logically become tinuum electrogs changes rapidly during the time period of
the initial states of ions with chargeZ 1)+ in the next OrderAt=10""to 10 °sec. _
stage of the modeling analysis, such a procedure is not self- The rate equations for the final state dendit{n), as
consistent. We illustrate this problem by an explicit calcula-conventionally formulated, are
tion of the corrected DR rates from the initial excited states
(IES). Presumably, the IES, together with the final state dis- dN(n)/dt= _( NoCL+Ng >, C:fnﬂL > Ann') N(n)
tribution, may lead to serious changes in the determination of n’'#n n'<n
ionization balance.

Specification of both the initial and final states in the rates +
requires not only a large amount of computational effort in
generating them, but also systematic ways to cataloging them
in the form of rate formulas. The task is expected to be +NeN.ap, ©)
difficult, especially for DR modes that involve intershell ex-

citations with multiple cascades. In fact, as previous studies’ =~ o )
[12—15 showed, resonance excitation from either ground ofEXcitation-deexcitation rates, respectively, andAtseare the

excited state targets produce a series of such final statg@diative decay rates. The last term in E8) contains the
often with large cross sections, both for the’#0 and 'ecombination rates, as

An’=0 modes. The calculational procedure to be adopted in .= oRR4 o TBR, DR @)
Sec. Il for the specific target ion Al is similar to that for neon n "

the resonance excitation collisions; they are mUtua”yfor radiative recombinatio(RR) and three_body recombina-
complementary as the sum of their branching ratios shoulgon (TBR), and the last term for DR, all to the final states
give unity. The crucial point of the discussion here is that the ion density
N, in Eq.(3) and the rates in Ed4) are for the ground state
of the ions of charg& before capture.
What is being proposed here is not new, as several previ-
Previous analyses of plasmas, modeling them in terms oadus works on modeling already recognized the need. How-
rate equations, have shown that the excited state populatioewver, no comprehensive work in generating the necessary
N(n) of the recombined ions with=n>n, can be substan- rates has been carried out. Furthermore, as stressed in Sec. |,

Ne X Cho+ > An/n)Nm')

n’#n n’>n

where C! and C*X are the collisional ionization and

II. RATE EQUATIONS AND DR RATES
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the structure of the rates should reflect the particular ratsuch approaches, the validity of which is density and tem-
equations one constructs and to which the rates are insertegerature dependent, and must be checked on a case by case
As the modeling equations are refined, more detailed inforbasis.

mation must be carried by the rate equations, in a consistent An approximate set of rate equations for the final excited
way without double counting. That is, the effect of the statesstate distributiorN(n) of the recombined ions is usually set
omitted in a particular set of rate equations must be includedip such that only the principal quantum numberof f

in the corresponding rates, and vice versa. Thus the desired(n,l) is explicitly retained. Then the input rates must be
adjustment involves, for example, replacement of the last DRadjusted to this by directly summing ovierSimilarly, if the

term in Eq.(3) with Eq. (4) by a more general form rate equations contain only tﬂézyni, then contributions to

the rates from different; of the initial states =(n;,l;) may

be averaged over, in order to obtaip, ,. Here, with the
d(AN(n))/dt=+Ng| N + N janil, 5 . o
(AN(n)) el " +gng Zg Fidni ® weight (2;+1), we have
where the subscrigtdenotes the excited states of the target DR _ . DR /.2
ions before capture. The rates®™®, with i=g and i a”’“i_z (@lit Dann/nf ®

=1,2,3,..., are defined, in terms Af, andA,, as
aPR(i R ) [ll. DR RATES FOR INITIAL EXCITED STATES
Calculation of DR rates for initial excited states of the
= (47RY/IKT)¥%(gr/20;) exp( — e /KT) target ions is complicated because of many cascade steps that
XA (R—c,i)A(R—f)/(I,+T,), (6) areofteninvolved in reaching the singly excited final sthtes
of the recombined ions. In order to reduce the complexity of
the calculation to a manageable level, in the following we
adopt a set of simplifying approximations; the isolated reso-
nance approximation, angular momentum average coupling
scheme, and single configuration Hartree-Fock and distorted
wave approximation for the bound and continuum orbitals.
Dependence of the rates on IES and final excited states is
aDR: aDR(iHRHf ), 7) included. _ .
"R The DR rates for the Ne-like Af with IES are calcu-
lated. To simplify notation, reference to the spectator core

wheref=f(n) and the dependence @andT are implicit. ~ €lectrons $22s? is omitted from the initial ('s), resonance
Evidently, tabulation of such quantities which depend on thdR'’s) and final (’s) states. They are explicitly included dur-
both IES in terms of and final state distribution in terms of ing the generation of wave functions and energies of the
f=n at many different temperatures and charge states will bactive electrons involved in the reaction. We denote the three
very complex but required. allowed IES for the Ne-like ions ds, 1,, andl for 2p°3s,

We further clarify the necessity of introducing the IES in 2p°3p, and 2°3d, respectively, while the initial ground
the rate equation analysis. The modeling is conducted bgtate isg=2p°.
solving a set of rate equations for the excited state density GroupA (2p°3snl) of resonance statédmay be formed
N(n), for a pair of charge states at a time, say the target io®nly from theg state and not from any of the other IES. They
with chargeZ+ and the recombined ions with chargev are the dominant states that contribute to the individual final
+=(Z—1)+. Thus the analysis starts frof=Z. nuclear states, as discussed previously in part I. The initial state
core charge of the ion, producing the recombined ions ofreatesR states of group® (2p>3pnl) and C (2p°3dnl).
chargeZc—1. Next, the ions with chanrg&.—1 are the Butl; produces only groug. On the other hand; can go
targets, producing ions witE.—2 by recombination, etc. to R states of grou (2p°4Inl) only, while groupD may
This process will continue untiZ reaches 1 as a target, and also be reached from, I, andg. The DR rates for group
producing neutral atoms. In each case involving a charg#ith g as initial state are very small, as shown in part | but
pair, the equilibrium distribution of the ground and excited relatively large for the other IES. Thus, grolpstates were
state populations of the recombined ions are calculated dglected in part | but are included here.
functions of temperature. Therefore, for any giv&nthere In Table I we present the DR rates for the IES equivalent
will be a finite probability of having excited states, which tol;, and they are compared with that obtained for the initial
should form the starting point of the next stageZnIn  ground stat@. For manyR, the rates witH ; are much larger
almost all cases treated previously, the simplifying approxithan that withg; e.g., forR=2p°3d4s and R=2p°3d4f,
mation of neglecting the IES has been made and only théhe rates with ; are 92 and 175 times larger than that wgth
ground statey kept. This applies not only to DR rates, but We present the result only fd&®=2p>3p5s and 2p°3p5d
also to RR and TBR rates as well. Independent of whethefrom groupB, because all the othd® states (»°3pnl with
such modifications can make a sizable difference in the finah>4) give small DR rates. In addition, stalte is energeti-
solutions, it is important to recognize the inconsistencies ofally unable to reacR=2p°3p4l. We also present the rates

where the subscriptsanda represent the radiative and auto-
ionization processes, respectively, and whereltlseare the
total rates defined by',=3;A,(R—i) and I',=3,A(R
—K). The rates of interest are then given by
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TABLE I. The final state distribution of the DR rates is given for the two different initial stafegg=2p°® andl;=2p°3s. All the rates
are given in units of 10" cm®sec; numbers in square brackets are powers to 10 in additienltb For example, 2.0—3] means 2.0
% 10~Y. Many other small rates associated with the intermediate stgtes&e omitted from the table.

f n=3 n=4 n=>5
R | 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 5¢g
3p5s g 8.1-5 2.0-3] 9.9 4]
I, 54-3] 1.4-1] 6.3 2]
3p5d g 6.1-5 3.4-2] 3.9-3]
I, 219-3] 1.32 1.2-2]
3d4s g 6.0-5] 57-3] 2.6d-2]
I 56-3] 4.9-1] 241
3d4p g 7.4-6] 7.4-5] 44-6] 2.d-1]
I, 1.9-4] 1.7-3] 1.10-4] 6.93
3d4d g 51-6] 23-3] 6.4d-1] 35
I, 1.59-5] 6.7-3] 1.98 10.2
3d4f g 1.2-4] 7.94-2]
I 2.7-2] 13.7
3d5s g 5.9-6] 4.71-4] 3.4 -5] 7.94-2]
I 4.190-4] 3.14-2] 2.3-3] 57-1]
3d5p g 2.9-6] 3.7-6] 2.d-2]
I 6.1-5] 7.4-5] 59-1]
3d6d g 1.-4] 2.71-2] 7.3-5] 2.94-1]
(] 4.7-4] 6.4-2] 1.9-4] 6.4 —1]
3d5f g 2.1-5] 4.4-6] 2.9-6] 6.9 3]
Iq 2.4 -3] 5.0-4] 2.94-4] 7.94-1]
3d5g g 6.4 —6] 8.9 —4]
I 6.7-3] 8.1-1]
subtot g 0.74 3.9 0.37
Iq 4.1 33.2 35

for the R states of groupC with n=4 and n=5, i.e., tively, and thus we have a large capture probabiityl,
2p°3d4l and °3d5l. The drastic decrease in DR rates, —R). Overall, the DR rates from group states with initial
from 33.2—14] to only 3.§—14] cm¥/sec, forn=4 and 5, |, are very large relative to those with andg. The small
may be attributed to the Auger channelltpwhich is al- rates forn=3 in Table | andn=3 and 4 in Table II are
lowed for then=5 state, but not fon= 4. Consequently, the caused by multistep cascade decays and not by direct radia-
total resonance widthE(R) increase while the fluorescence tive decay ofR states.
yields w's decrease fon=5. Forn>5, no new decay chan- The ratesxPR(g—R— f ) are also presented for compari-
nels other than that lead @ |, andl, occur for groupC. son withaPR(1,—R—f ) for each individuaR state. As it is
Hence the HRS contributions to the total DR rates fromclear from the table, the DR rates wighandl, are not in a
groupC can be safely estimated from the ratemat5 using constant ratio as we go to differenR states, e.g.,
the n~2 scaling. The monotonic increase of DR rates with aPR(1,)/aPR(g) =90 for R=2p°3d5p, but this ratio drops
the orbital quantum numbdrof the final excited states of to only 17 for R=2p°3d5d. Such variation precludes the
n=4 and 5 is notedTable ). However, we expect the rates possibility of estimating rates for the IES from that fpr
to decrease at highérOf course, ther andl dependence of The DR rates for group (4Inl) of resonance statédare
the rates is not apparent once all the contributions ar@resented in Table Ill. As previously mentionedn# states
summed, as has been done in the past. may be formed frong or any of the three IES. There are four
In Table 1I, we present the DR rates with as the initial  rows of «"R in the table for eaclR state, corresponding to
excited state. In this case, only tiestates from grougC  the initial statesg, 1, |,, andl;. This table is useful for
dominate; specificallyR=3dnl, with n=5 and 6, is consid- comparing the rates for different IES. Clearly, the DR rates
ered, wheren is also the principal quantum number of the for groupD are very small in the case of the initial ground
singly excited final stateks It is found that the Auger rate for stateg. Thus, groupD was neglected in part | of this study,
C—1, is at least ten times larger than that 81,, but  where the focus was on the final state distribution, from the
100 times of that to the ground state forR=2p°3d5p. initial stateg. Note that theR=4snl resonance states are not
That is,I',=3A,(R—Q), A,(R—1;) andA,(R—1,) have allowed to be formed from;=2p°3d, because 4 orbital
the values 0.2542], 0.1714], and 0.14615) scc *, respec- lies energetically below the & orbital. The statesR
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TABLE Il. Same as in Table |, but for the initial excited staje=2p°3p. The DR rates are presented and compared with values obtained

for the initial g state.

n=3 n=4 n=5 n=6
d | 3p 3d 4p 4d af 5s 5p 5d 5f 5g 6s 6p 6d 6f 69
3d5s g 59-6] 4.7-6] 3.4-6] 7.4-3]
I, 69-4] 55-2] 4.0-4] 9.10-1]
3d5p g 2.9-6] 3.71-6] 2.4-2]
I, 2.6-4] 3.3-4] 2.53
3d5d g 1g-4] 2.1-2] 7.3-5] 2.5-1]
I, 27-3] 45-1] 1.7-3] 4.21
3d5f g 21-5] 4.4-6] 2.5-6] 6.9-3]
I, 33-4] 34-3] 1.9-3] 5.22
3d5g g 6.5—6] 8.6-4]
I, 5.71-2] 7.68
3d6s g 3.1-6] 2.d-4] 1.4-6] 2.9-6] 6.9-3]
I, 3.4-4] 3.2-2] 1.-4] 3.4—4] 7.4-1]
3d6p g 1.9-6] 1.3-6] 2.7-6] 2.7-2]
I, 1.7-4] 1.1-4] 2.4—-4] 2.41
3d6d g 14-4] 19-2] 2.1[-5] 59-5] 2.14-1]
I, 25-3] 24-1] 3.7-4] 9.4—-4] 3.42
3d6f g 2.1-6] 1.1-6] 7.1-6] 6.6-3]
I, 1.7-3] 5.94—-4] 3.94-3] 3.54
3d6g g 5.7—6] 4.3-6] 5.1—4]
I, 1.7-2] 9.4-3] 6.61
Subtot g 4.0-1] 1.4-4] 2.9-1] 2.6-1]
I, 0.8 6.3-1] 20.6 16.7

=2p°4p4d cannot be formed frorh, (marked by dashgsOn
the other handR=2p°4pn| may be formed from ; for n

Next, we examine the effect of the initial excitation
modes involving the @ or 3s electrons inl;, for example.

=5, but the corresponding rates are small. However, all thdhe two different excitation modes are

statesR=2p°4dnl and 2°4fnl are produced from; for
n>3, and give large rates, but smaller than thatlfopro-
duced by groupC in Table Il. From Tables I-Ill, we con-
clude that the DR rates fdr,=2p°3p are the largest, rela-
tive to other initial excited states and the ground state.

In Table IV, we present the final state distributionai?
for R=2p°3d5d, and stress the following three point$)
At a temperature of 3.7 Ry, we have’R(1,)/aP%(1,)=6.6
and aPR(1,)/aPR(g)=17. That is, the DR rates for, is
again the largestii) With |, and at two temperatures, 0.22
and 3.7 Ry, we have

aPR(1,,kT=0.22 RY/aPR(1,,kT=3.7 Ry =17, (9

2p°3s+e; — 2p*3s3d4d (R1) (2p—3d),
(119

2p°3s+e, — 2p°3d4d (R2) (3s—3d).
(11b

The DR rates are calculated at the same temperaktre,

= 3.7 Ry for the two processes. The final state distribution of
DR rates folR1 andR2 are presented in Table V. It is found
that the rates are very small fd&®1, while the rates for
2p®3d and 20°4d from R2 are 100 times larger than that
from R1. The 2 excitation is not important for Ne-like ions
when 20°3s is the initial excited state, and, at low tempera-
ture, kT=0.44 Ry, the DR rates foR2 have increased by

indicating that with IES, the DR rates increase dramaticallyaimost a factor of 7. This is consistent with the trendTin
at low temperature. This is as expected, because of smadbserved in Table IV, that the rates with IES are large at low

excitation energies involved with IES8ii) The ratio between
the maximum DR rates fdr, andg initial states is found to
be

aPR(1,,kT=0.22 Ry,may/ a®R(g,kT=3.7 Ry,max

=289, (10)

wherekT=3.7 Ry=5e.4 (9) andkT=0.22 Ry=Zec,(l,).

T. The ratio between maximum DR rates ®2 andR1 are
calculated akT=% e.,=0.44 Ry anckT=5e.,,; =5.2 Ry, re-
spectively, wheree;; ande,, represent the continuum elec-
tron energies corresponding ®1 and R2 when they are
formed from same initial excited staté;=2p°3s. It is
found that

aPR(R2,max,0.44 Ry a°R(R1,max,5.2 Ry=2.3x10%.
(12
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TABLE IIl. The DR rates groupD(4Inl’) resonance states and for the three initial excited stgte$,, andl; are presented and
compared with that for the ground stajeThe intermediate statep24snl cannot be created fromy,=2p®°3d, so that its contribution is
absent.

f n=3 n=4 n=>5
R I 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 5g
4p4d g 64-6] 8.71-7] 20-2] 1.9-5]
l, 4.9-5] 6.71—6] 1.5-1] 1.5-4]
l, 3.74-4] 4.4-5] 9.71-1] 1.1-3]
[ —
4d2 g 249-10] 3.4-11] 7.6-71 21-2]
I, 2.4-10] 3.4-11] 8.1-7] 24-2]
I, 1.4-9] 2.4-10] 510-6] 1.4-1]
l;  1.4-8] 1.9-9] 3.4-5] 9.6-1]
4d4f g 8.4 —-8] 44-7] 3.3-3]
I, 1.9-6] 1.1-5] 7.94-2]
l, 3.4-6] 1.4-5] 14-1]
I 4.9-5] 2.3-4 176
4d5s g 4.9 -6] 59-8] 5.4-4] 3.7-3]
I 2.6—4] 3.9-6] 3.4-2] 1.9-1]
l, 4.3-5] 510-7] 5.6-3] 3.10-2]
I 3.10-3] 3.9-6] 3.-2] 2.0-1]
4d5d g 1.-6] 7.4-3] 6.0-9] 2.6-2]
I, 1.4-6] 7.14-3] 55-9] 2.4-2]
I, 5.4—-6] 271-2] 2.1-8] 8.94-2]
I 7.94-5] 3.4-1 2.0-7] 1.26
subtot g 1.3-5] 5.3-2] 2.9-2]
I 3.0-4] 2.9-1] 2.0-1]
l, 4.3-4] 1.28 1.2-1]
I 3.0-3] 3.14 1.46
Thus, the 3 excitation has DR rates two or more thousands IV. SUMMARY

times larger than @ excitation, when the reaction starts from The present study completes the two important adjust-

the initial excited state. In general, it is concluded from
Tables IV and V that DR rates are huge if the target is in anyments on the DR rates that are needed to make the plasma

sinalv excited state relative to that of taraet in its roundmOde"mg analyses self consistent. As discussed in part | the
gly . 9 9 final recombined state dependence of the rates as represented
state, especially at low temperatures.

DR ; ; ;
In order to illustrate the complexity of calculating the by aq”are important in the construction of the rate equa-

rates with IES and multiple cascades, a typical case is preti—on.s' This problem is peculiar to the current status of the
' available DR rates, because most of the other processes are

sented in the Appendix, where most of the important inter- ; i
mediate states are explicitly included. f[rt_agted correctly in the sense_'ghat the final as vyell as thg
initial states are properly specified. Second, as discussed in

o ) the present paper, the initial target ions that undergo recom-
TABLE IV. The DR rates for the initial excited staté,

=2p°3p at two different temperaturelsT=0.22 and 3.7 Ry are TABLE V. The DR rates are given for the same initial sthte
presented, in order to illustrate the temperature dependence. The2p®3s but forming two different intermediate stat®d andR2
resonance state=2p°3d4d is chosen for this purpose. The rates resonance states defined in H41) by exciting the » and %

are compared with that fdr, andg initial states for the samB. electrons of the target ion, respectively.
. Final excited states Final excited states
Initial kT Resonance kT
states 3p 3d Af 5d (Ry) (R) states 3s 3p 3d 4d (Ry)

g=2p° 1.4-4] 2.71-2] 7.4-5 25-1] 3.7 R1=2p*3s3d4d 1.3-2] 7.6-6] 2.0-3] 2.-2] 5.2
1,=2p°3s 4.24-4] 69-2] 1.9-4 64-1] 3.7 R1=2p*3s3d4d 1.4-2] 7.0-6] 1.9-3] 2.5-2] 3.7
l,=2p°3p 2.7-3] 45-1] 1.7-3] 4.2 3.7 R2=2p°3d4d  1.5-5] 6.7-3] 1.98 10.2 3.7
1,=2p%3p 4.6-2] 7.6 2.1-2] 716 022 R2=2p°3d4d  9.9-5] 4.4-2] 125 64.8 0.44
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bination need not be all in their ground states. This is repre- TABLE VI. Values of the fluorescence yieldss for the inter-
sented by the dependence of the rates on the index mediate states which appear during the cascade decaRR of
=9,1,2,..., aSQEiR’ where the final states are given in terms =2p°3d4s, en_ding_in the final sir_lgly excitetl They are used in
of the quantum numben. We have shown by detailed cal- the example given in the Appendix.

culation that the rates from the initial excited states are in

general very large, often by as much as a factor of 10, Incit ___Transition @i | Transition i
dentally, in so far as IES are concerned, none of the existing R—Ks 0.153-4] 10 R,—f, 0201
recombination rates have this point taken into account; this is Ky fp 0.4 3] 11  R,—R, 0.119
the situation for the DR rates as well as for the radiative and Ks—R; 0.67—3] 12 R—K, 0.47—4]
three-body r_ecomblnatlons. o 4 R,—R, 0.11-2] 13 Ky— T, 0.20-2]
As noted in Sec. |, the resonance excitation automaticall Ry—f,  0.54-3] 14 K,—R, 0.69-3]

specifies the initial and final state dependence. Therefore, t
calculation of DR with both the initial and final states speci-
fied is similar to that for the resonant excitation process. O
the other hand, the present study does not include the effegt
of the plasma microfield, although they can be very impor-
tant. Actual use of new modified rates in the modeling must
wait until enough of the rates with IES become available.
How serious the effects of these changes in the rates on
plasma modeling are is yet to be examined.

R,—~R; 031-4] 15 K,—Rs 0.34-3]
Ry—f, 02§-1] 16 Rs—f, 0.27-2]
Ks—R, 0.30-3] 17 Rs—fs; 019-2]
R,—~f, 044-1] 18 Rs—R, 0.116-2]

aPR(1,—-R—K,)=0.49 —14] cm’lsec  (A2)

However,K; andK, are still Auger unstable, and cascade
decay to reach the singly excited states=2p®3s, f,
ACKNOWLEDGMENTS =2p°3p, f3=K,=2p%3d, andf,=K,;=2p%s. In fact, the
This work was supported in part by the Egyptian Culturalcascade decays &f; andK, pass, in many ways, through
Bureau in the U.S., and by the University of Connecticut.the transient resonance®,=2p°3p® R,=2p°3s3p, R;
G.0. would like to thank the Physics Department of the Uni-=2p°3s®, Ry=2p°®3s4s, and Rs=2p°3s3d. The fluores-

versity of Connecticut for hospitality and use of the com-cence yieldsw's for the cascade decays are presented in
puter facility. Table VI. For example, the final excited state may be

generated fronK; as follows
APPENDIX: AN EXAMPLE OF DR RATES WITH IES

wq w3z wy wg w7

Consider a target ion in the initial excited statg () R — Kz — R — R, — Ry — f;
=2p°3s, which collides with free electrons, and the reso-

nance stat®=2p°3d4s is formed. ThisR state will decay “8 “9
as follows: - Ry = fy
|1+ el == R H2p64S(K1), “11 “6
6 —- R, — Ry
g+te, «--- —2p°3d(Ky),
w7
—2p°3p4s(Ks), =y
—3p°3p3d(K,),
Thus, o(R—Kz—11) = 0 X(w3XwsXwgXw7+ wgXwg

whereg is the ground stateg=2p®, obtained fromR by  + wgxw,XwgXw,)=0.194 —9], resulting in the rates
Auger decay, and the stat&s—K, are reached fronR by

radiative decays. The values of continuum energies corre- aPR(R—K;—f;)=0.107—18] cm’/sec. (A3)
sponding tol; and g are e;=0.3Ry ande,=6.1Ry. The

values of Auger rates aref\y(R—1;)=0.128115] and (ii) The statef, is reached fronK; as
A,(R—g)=0.555]12]sec !, while the radiative rates are

A, (R—K;,Ky,K; and K,) are 0.563(10], 0.112810], o1 ®)

0.1975%10], and 0.601p10] sec 1, respectively. Accordingly, R —- K; — f

the capture probability/o(I;—R)=0.6406(15)sec'. The

final singly excited stateK; andK, are Auger stable, hav- w3 o s

ing fluorescence yieldsp(R—K;)=0.437—4] and o(r - R — R, — 1,
—K,)=0.87 —5], respectively. Thus, akT=3.7Ry, the

DR rates forK,; andK, are wg ®11 @5

- R, — R, — f,
aPR(1;-R—K;)=2.41—14] cm¥sec  (Al)
Consequently, o(R—=Kz—f5)=w(wr+ wzXwsXws
and + wgXwXws)=0.73§ — 8], and thus
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aPR(R—K;—f,)=0.405—17] cm’lsec. (A4)

(iii) The statef, is reached fronK; as

w1

R — K3

wg @10

- Ry — f4
and thus w(R—K3;—f,)=wXwgXw9=0.923 —9]. We
then have
aPR(R—K;—f,)=0.509 —18] cm’/sec. (A5)
In addition, the stat&, may lead finally tof ;, f,, andf;
by various routes through the transient states as follows.
(iv) The statef;, from K,:

©12 w14 wg w7
R — K4 — Rl i R3 — fl
@15 w18 @6 @7
—- Rg - R, - Ry — f4
w16
— fl .
We have o(R—K,— 1) = w1 wiXwgXwy

+ WX WX WX w7+ w1sXwqg) = 0.33 — 10], and thus
aPR(R—K,—f;)=0.187—19] cm’/sec.  (AB)

(v) The statef, may be reached fro{, by three differ-
ent routes,

PHYSICAL REVIEW E 63 046407

@12 @13

R — K4 — f2
w14 w4 w5
- R — R, — f2
@15 @18 5
— R5 — R2 — f2 .
Hence, w(RH K4Hf2)=w12(w13+ (1)14X(U4X(1)5

+ wisXwigXws) =0.925 — 7], and thus
aPR(R—K,—f,)=0.51—16] cn’/sec. (A7)
(vi) The statef; may be generated fromd, as

@15 w17

— Rs

@12

R — K4 — f3.
Hence we have o(R—K;—f3)=wiXwisxw7=0.302

[—10] and so

aPR(R—K,—f3)=0.167—19] cm’/sec. (A8)

Now the distribution of DR rates for the giveR
=2p°3d4s state on the final excited states can be obtained
as follows: Add Eqs(A3) and(A6) and obtain the DR rate
for f;, aPR(f;)=0.13 —18]cm*sec. Add Egs.(A4) and
(A7) and obtain the DR rate forf,, aPR(f,)=0.55
[ —16]cm*sec. Add Egqs(A2) and(A8) and obtain the DR
rate for f3, aPR(f3)=0.49 —14]cm*¥sec. Add Eqgs.(Al)
and (A5) and obtain the DR rate fof,, aPR(f,)=2.41
[ —14]cm’/sec.

When one of the earliew's is small in a given chain of
cascades, many simplifications can result. In the actual cal-
culation presented in Tables |-V, many small contributions
are neglected by truncating the cascade series.
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