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Dielectronic recombination in plasmas: The final state distribution
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The dielectronic recombination rate is one of the important input parameters to rate equations for modeling
plasmas, where the excited state population of the plasma ions is determined by taking into account the
radiative and collisional effects of plasma particles. The rates are often conveniently summarized in the form
of empirical formulas to facilitate their use; in particular, properly designed rate formulas are needed that
describe the electron capture to the individual singly excited final recombined states. However, the currently
available rate formulas fail to meet this requirement, although they are obtained from more detailed benchmark
calculations that explicitly include all the important transitions. The modified rate formulas may be obtained by
keeping separate the rates to the individual singly excited final states, but still summing the contributions from
different intermediate resonance states, with proper account of the cascades. Netlikiensl in their
ground state are used as examples to show that the rates to the final ground state are reduced by as much as a
factor of 5 from the total rates.

PACS numbes): 52.20—j, 34.80.Kw, 32.80.Dz

[. INTRODUCTION as an input to the rate equations.
In the simplified independent electron picture, the two-

The importance of the dielectronic recombinatitidR) step DR process of excitation/capture followed by a radiative
process in the analysis of line spectra emitted by astrophysHecay to Auger-stable final states is schematically described
cal plasmas and the realization in the 1970s that DR by imby
purity ions in tokamaks is the dominant cooling mechanism
have been the main incentive for much of the research activ- e +ATT (@AM (R S ATME(f ) +x, (D)
ity on DR in recent years, both experimentally and theoreti-
cally [1,2]. For highly charged ions, heavy-ion acceleratorswhereg is the ground state of the target ion with cha@ye
with storage rings and electron-beam ion traps have playe®=(a,b) are doubly excited resonance states of the recom-
an especially important role in generating experimental datained ion of charg& M=Z—1, andf is the final state of the
while for low-charged ions large effects of electric fields onrecombined ion in a singly excited state with the principal
DR have been observed experimentBy. quantum numben. In Eg. (1), x denotes the emitted radia-

DR is one of the three known ways by which plasmation. In the single-particle picture, the excitation energy
electrons recombine with ions. The other two are radiatived .,g=€,— €4 is supplied by the recombining electron as it
recombination(RR) and three-body recombinatiofTBR). releases the excess enefy,=e.—e,=A,4. Thus, the ini-
The excess energy released by the recombining electrons tigl step of excitation/capture makes DR a resonant process
carried away by emitted photons in RR and by increasedvith sharp dependence on the continuum electron ergrgy
kinetic energy of the participating electrons in TBR. On the In modeling plasmas, a set of rate equations is constructed
other hand, in DR the energy released by the recombiningpr the population distributiofN(n) of excited stategf) of
electron is first expended to excite one of the bound electronthe recombined ion, where the equations are to describe the
of the target ion. This first step of excitation recombinationvarious effects of the plasma particldsoth electrons and
does not involve radiation, but creates a doubly excited auions) on these excited states as the system approaches a qua-
toionizing state, which can subsequently decay either radissithermal equilibrium. Because of the large number of rates
tively to singly excited final state$) of the recombined ion, needed in modeling, the rates are usually summarized in a
or to the initial state via inverse autoionization. If statessimple set of empirical rate formulas, as obtained from de-
reached by radiative emission are still multiply excited andtailed calculations. While the empirical rates that describe
Auger unstable, then further cascade corrections must be aprocesses such as RR, TBR, collisional ionization and exci-
plied until Auger-stable final states are reached, thus comtation, etc. explicitly specify the individual final excited
pleting the DR, although the states may still be radiativelystates, the currently available DR rate formulas fail to con-
unstable. In the absence of plasma perturbations, the Augeferm to this requirement. They are in most cases the total
stable final excited statésnay be summed to obtain the total rates obtained by summing the contributions from all the
DR rates. However, the presence of plasma particles cafinal singly excited stateg as well as from all the interme-
modify their population, and this is what a modeling pro- diate resonance states When summed ovef the valuable
gram needs to determine. Consequently, the excited state digformation given by detailed benchmark calculations is lost.
tribution resulting directly from the DR process is important Thus, no explicit dependence of the rates on the final states is
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present. Consequently, the total rates are often used dable A, andA, are available. They in turn depend critically
though the only DR contribution is to the “ground” states of on the various electronic wave functions involved in the ma-
the ions after the recombination. Such a procedure is obvitrix elements of theA’s.
ously not consistent, and can be justified only when the pro- It has been found convenient to categorize the DR process
cess takes place in isolation or at low plasma densitiednto three groups based on the different modes of excitation,
where the effect of the plasma environment is negligibleg=(ng4,l;)—a=(n,,l,), although this separation becomes
Then, eventually states will, by the definition of Auger less distinct as the number of open-shell electrons increases.
stability, relax radiatively to the ground states of the recom-This excitation is accompanied simultaneously by the cap-
bined ions. But in a plasma where many electrons and ionture of a continuum electror= (e;,l.) —b=(ny,ly), with
are present, the statéare often strongly perturbed, and it is the energy exchange between thé@ther permutations are
precisely the task of plasma modeling to implement this peralso possiblg. Then we have, withAn=n,—ng, and Al
turbation via a set of rate equations. =la—lg, (i) An#0 involving intershell transitions, with

It is the purpose of this report first to point out the defi- large A,4 and smaliny, for orbital b; (i) An=0, Al#0 in-
ciency in the currently available rate formulas, and to showolving intrashell transitions, with moderate sizg, and
that, when the final excited state dependence of DR is exa,; (i) An=0, Al=0 involving intermultiplet transitions,
plicitly retained, the rates for the final ground statg®f the  with small A,g and largen,, .
recombined ions are greatly suppressed. The amount of work The doubly excited resonance states formed by the initial
involved in benchmark calculations is increased slightlystep of excitation/capture in the DR process are affected by
when the contributions to the individudlstates must be the plasma, due to the plasma microfield of the plasma ions,
collected state by state, but the data to be cataloged are nayg well as any externally imposed electric and magnetic
increased manyfold. How to summarize these newly adjusteflelds, and also by the collisional effects of plasma electrons.
data in a convenient set of empirical formulas is a questiowe denote these as plasma field distortid®$D’s) and
yet to be addressed. Exceptions to this deficiency are thglasma collisional transition$PCT'’s), respectively. These
modeling studies in which detailed rates obtained from thawo effects are not additive, however, and must be included
explicit calculations, and not from the empirical formulas, in modeling of the plasma in a consistent way, without
are used directly in the rate equations. However, most of thgouble counting. The outer-shell electrons in st@ewith
huge modeling codes use the simple empirical formulas. Fuithe principal quantum numbex, are in high Rydberg states
thermore, as stressed previoudyl, the rate equations and for the excitation modesgii) and (i), and thus are most
the input rates presumably provide a complete description déffected by the plasma effects.
the plasma relaxation toward equilibria. Therefore, approxi- Most of the data on DR rates available so far have been
mations introduced in constructing the rate equations musjenerated by a variety of theoretical methods and approxi-
be compensated by the input rates, and vice versa. For pragations, with varying degrees of accuracy. Since the work
tical reasons, the approximate set of rate equations choseniig/olved in the calculation of the rates is often complex and
often finite in number, with an upper cutoff at states that ar@ime consuming, much effort has been expended to develop-
rapidly in Saha equilibrium. ing procedures that are suited for each specific purpose, and
several extensive computer codes are available. The theoret-
ical method employed in the present stu@ec. IV) is dic-
tated by the complexity of cascade contributions. We adopt

Since DR is a resonant process, its rates and cross seifte nonrelativistic distorted wave method for the continuum
tions factorize, in the isolated resonance approximation, andrbitals and model potentigbr Hartree-Fock treatment of
can be given in terms of two building blocks, the autoioniz-the bound state orbitals in the evaluationfgfandA,. The
ation and radiative decay probabilities, defined/fgga,b simplest of the coupling schemes, the angular-momentum-
—c,g)=27|(a,b|Vjc,g)) and A (a—f)=2x|(fle averagedAMA) schemd5], is eminently suited for treating
-r|a)|?, respectively. The doubly excited states will be de-the complicated cascade effect. Generally, the final total rates
noted byR=(a,b), and the initial state of the ion is taken to tend to be overestimated by 20—30 %.

II. DIELECTRONIC RECOMBINATION RATES

be its ground statg. For radiative decay, th@— g transition For the discussion below, we define
is often the rapid mode. By exchange symmeby; g and
b—f fqr singly excited final state{_s etq., are also possmle.. afDR(i f )=2 aPR(g—R—f), 3)
In the isolated resonance approximation, where overlapping R
resonance terms are neglected, DR rates are given by
DR/; DR
aBR(i,R)=>, aPR(g—R—T), (4)
aPR(i—»R—f )= (47Ry/kT)¥% gr/20;) : T
Xexp—e./kT)Ay(R—c,i) and the total DR rate

XA(R—f)(T3+T). (2 _
ag=2 a™(i,f)=2 3 a®(g-R-f). (5
I', andI’, are the total Auger and radiative transition prob-
abilities, respectively, for the resonance stefi®s and are  As noted earlier, the last quantity defined by E%), aRy, is
given in terms of theA’s as I'/(R)=2:A,(R—f) and routinely (and often inconsistentlyused in almost all the
I',(R)=ZjAi(R—]). Accuratea can be evaluated once re- past work in generating the empirical rate formulas. By con-
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trast, DR experiments demonstrate tRedependent cross rates is needed, therefore, in addition to various other rates
sectionsoR(i,R) and the ratesr2"(i,R). Sharp DR reso- for the processes that are taking place inside the plasma. But,
nance peaks are observed as functions of the incident elet spite of much effort over the past 30 years, the available
tron energy. Therefore, only the sum ovds required. For data are far from complete. Empirical rate formulas are gen-
plasma modeling with the conventional form of the rateerated not only to summarize the vast amount of data in a
equations for the final excited state populatio¥@), the  compact and ready-to-use form, but also to interpolate for
appropriate rates arefDR(i,f) defined by Eq(3), and not cases where the rates have not peen exp_ligi_tly calculated. As
aR of Eq. (5), where only the sum oveR is performed. strt_assed_ abc_;ve, they are echuswer for initial ground states
Evaluation of these new rates is rather more complicatecd?f ions (i.e., i=g), and the contributions frorh andR are
because several resonance st&®esn simultaneously con- Summed, as indicated in E¢5). Furthermore, the plasma
tribute to the rates for the single final stafewia multiple ~ field effects are often important, especially for modesand
cascades that require several generations of fluorescentl), but only a handful of cases have been analyzed, and no
yields. Calculation ofaPR of Eq. (3) is slightly more in- ~ Systématic compilation of data is currently possible.
volved than that performed previously fafR, but the final | Us. the time evolution of a plasma toward quasiequilib-
data are generated differently, by grouping the contribution&/um iS described by the rate equations fn.t), wheren

to the individual final states, rather than by summing them alfienOteS the quan_tum r_1umber of the singly exc[ted' final states
for the total rates. (f) of the recombined ions. Usually only the principal quan-

The above discussion indicates that almost all the avail®™™ num_bem is included, while the angular momenta asso-
ated with eachn are averaged over, under the assumption

able DR rates are not useful for modeling purposes and &' " LTI . . A
g purp %at the collisional redistribution in the manifold is much

different set must be generated. However, some existing da . L
can still be modified. In order to avoid unnecessary duplica_aster than the other processes that are included explicitly in

tion of effort in generating the rates with specified final the rate equations. Thus, we have typically

states, we briefly discuss the possibility of extracting the

dependence from the existing total rates. Here, rthén dN(n)/dtz—(NeC'n+ NeE Chon + 2 Ann,)N(n)
=n,) dependence comes from the high Rydberg states n'#n n’<n

R=(a,b); the orbitala is by our definition associated with

low-lying states, and in the second step in E. it is as- +
sumed thab—g+x, while b are left in excited states; thus
b=f. For the mode(i) process, the dominant contribution
comes from stateR in which both the orbital& andb are
low-lying excited states. Therefore, it is not likely that mean-
ingful extraction of then dependence from the existing total
rates can be carried out, and different calculations will b
necessary to estimate (i, f=b=n) for the mode(i) case,

Nez Cn’n+ 2 An’n)N(n’)

n’#n n'>n
+ NN ay, (7)

where the upper limit of the sumsus>n,n’>g. The cutoff
u represents the lowest Rydberg states that are in Saha equi-
8ibrium, while g denotes the ground state of the recombined

X : ) ion. In Eq. (7), Ng and N, are the free electron and ion
as discussed in Sec. IV. On the other hand, for méileand  yengities, respectivel\C! denotes the collisional ionization

(iii ), high Rydberg state capture to orbitalis usually in- e for the a—c) transition, C,, are the collisional
volved. The total rates are then obtained by summing th%xcitation/deexcitation rates far—m, and theA's are the

. . . . 73

mdwfual rates oven, assuming, e.g., the”~ dependence jiaive decay ratesi~n’). The last term in the rate equa-
forn=nc, wheren, is the lowesn value allowed by energy 55 represents recombination processes, and is independent
conservation{Here, as seen from E@®), A,<A, forlargen ¢ Ny | but instead depends on the ion density, which

is assumed, wher,n "~ andA, =const, independent of. 5 355umed to be that of the ground state; i.e., the recombi-

For A;>A;, we haveaxconst, inf:iependerétRoi.] Ih_er%' nation ratesa in Eq. (7) are given for ground state target
fore, for given total rates defined byyyy; =Enca/n ions. We have

P 2 — 2 Dr
=al(2n7), we havea=2nga,; and thus o RR, TR, DR ®
n n n n -
DR/i n)—~5n2,DR/n3
ap (1,n)=2ngag /n”. ® In view of the lack of data on the specifiedependent rates
a,?R, the simple approximation is routinely made to replace

the DR term, as follows:

Of course, information omRR andn, is assumed available.

Equation(6) may eliminate the necessity of recalculation for

modes(ii) and(iii) in some cases. Since the above suggested NN arn— NN to0r o - 9)

procedure depends on the explicitlependence of the rates, 9

the recent work of Refl.6] may be of relevance. Evidently, Eq.(9) is expected to become unreliable for plas-
mas with largeN . and at high temperaturg It is the pur-

lll. PLASMA EFFECTS: RATE EQUATIONS AND RATES pose of this report to discuss the resqlution of this problem,
in terms of then dependence of the final states. Thele-

Modeling of plasmas requires setting up a realistic set opendence of the initial ion will be the subject of a follow-up

rate equations for the excited state populathdfn,t) that report.

include all the important atomic processes. The final state Furthermore, previous work on modeling carbon impuri-

distribution is affected by the plasma collisional effect, ties in a hydrogen plasnia@,8] has shown that at quasiequi-

which is treated by the rate equations. A complete set of DRibrium there is a substantial population of excited states of
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the target ion, at the level of 5-10% of the ground statecombined ions, by explicit calculation of the rates for the
population. In determining the ionization balance that deground state of Ne-like Al target ions. All the dominant
scribes the degree of ionization as a function of temperaturgrtermediate resonance states are considered, and the results
T, a pair of charge state™ andZM ™ are treated at a time, compared with the conventional total DR rates. As pointed
starting fromZ=Z and proceeding td=0, whereZ. isthe  out earlier, the total rates are often summarized by various
nuclear core charge. Thus, the solution of the rate equatiorfgrms of empirical formula. Thus, for example, in one recent
for the pairZ" andZM " should be the starting point of the report[14], a set of empirical formulas was obtained by fit-
next pair,ZM* and M—1)", etc. Obviously, the final ing separately for each excitation mo@eand(ii). The rates
state distribution at equilibrium for the recombined ion with ¢5." mode (i) have not been tabulated; they are important
ZM* becomes the initial state of the “target ions” in the only at low temperature, but the problem of PFD can be
following step, with proper population distribution. Gener- serious, and getting an empirical formula for them may be
ally, the population of the excited ion¥5™!(n) at equilib-  gisticylt. As discussed in Sec. 1l the task of extracting the
rium decreases rapidly with increasingup to a bottleneck dependence associated with the final recombined stétes

aroundn=ng=4, and then .gradually levels off to t.he Sahafrom the available total rates for modi) may be possible
value. Therefore, when excited states of the target ion, befor\?/ithout direct recalculation of the rates. Therefore, we con-

capture, are present in the plasma, the rate equaffomsust centrate below on the rates that involve the excitation mode

be modified by adding a term of the form (i). A simple distorted wave method is adopted here, with
single-configuration Hartree-Fock wave functions for the
bound state orbitals, and in the angular-momentum-averaged

, . coupling scheme, mainly because of complicated cascade ef-
where the superscripin denotes the excited states of the . .
P A fects that need to be taken into account. As will become

target ion before capture. This extension of the model will be =~ i )
elaborated on elsewhere as a second part of this study. APVioUs any other refined procedures make the calculation
nearly intractable.

turns out that the DR rates from the initial excited states o . .
the target ions are quite large, larger by a factor of 3 to 10 as 1he DR rates for Al" calculated here explicitly depend
compared with DR from the ground state. In the presenfn the final statesf), and the contn_bl_mons _from different
report, we limit our attempts to improving the approximation 'eésonance state®) to the same individual final states are
(9) by generating the-dependentz®R. In connection with summed in the isolated resonance approximation. Even with
the PCT's, it is possible to approximately include a correc-these simplifications, the calculation is very complicated, due
tion to the rates by using a specially tailored Fokker-Plancko the presence of multiple cascade transitids. simplify
operator; the PCT modified ratés may be obtained from notation, explicit reference to the core?2s? is omitted for
aPR(m)=(1+Q)aPR(m), where Q) depends on the struc- all the configurationg.The initial state of the target ion is
ture of the rate equations and rates. Some systematic studies2p®. All R states of the general formp23snl, 2p°3pnl,
of the plasma collisional and field effects have been madend 2°3dnl are investigated in detail, up to=6. The cal-
recently for a simplified hydrogen plasma with carbon impu-cu|atedaER are presented in three grougs, B, andC, de-
rities [2,8]. . . _ pending on the number of maximum allowed Auger channels
Discussion of DR in plasmas is not complete without(1 2 and 3, respectively Group A includes all theR

touching on the other plgsma effepts, the PFD’s, although the. 2p°3snl states, which are allowed to autoionize by Auger-
present study does not include this aspect. _The presence.Ofe?ectron emission to the ground stat@®2only. Group B
field |n_the plasma affects the eIectr_on orbitals that are IN-ontainsR states of the form @53pnl, which may Auger
volved in the DR process, thus affecting the rates. The stauaeca to both p° and 20°3s n=5. The grougB states have
ion microfield for the PFD is represented, for example, by y DR N 9 5

mall «"" values because the Auger rates §°2s are at

the Holtzmark field, or time-dependent refinements can b . | han th 5 dditi
made[2,9]. In addition to the electric field effect, a combi- '€ast 10 times larger than that t@2 In addition, 3 states

nation of an electric and magnetic field may further modify @€ not dipole allpwedsto decay radiatively to thafZ)rzbltal.
the above resulf10]. This may be viewed as producing an GroupC deals with 2°3dnl states; thel state 2°3d” can
extra electric field in the Lorentz transformed drift frame @utoionize only to the @° final state. However, a subgroup
with velocity G=cEx B/E2; the change in the electric field of R states »°3d4l may Auger decay to both® and
may be approximatel E=B2E/2E?. 2p°3s final states. Moreover, starting from=5, 2p°3dnl

The PCT and PFD effects are in general not additive. Acan Auger decay also top23p, where the p°3p Auger
previous study[8] takes this problem into account by first rate is much larger than the other rates, including the small
modifying the rates under the PFD, and then inserting thenfadiative channel with widtl’, . Thus, the contribution of
into the rate equations for the PCT’s. The result seems t@roup C to the total «®® is small atn=4 and decreases
indicate that possible interference between the two effects igapidly for n=5. In the following, we denote the singly ex-
small. However, much more work is needed to clarify thecited, Auger-stable final states lby; all other states reached
situation. in the intermediate steps of cascades are denotdd,by

Since the calculation of the rates that involve multiple
cascades is complicated, we illustrate the problem by pre-
senting a simple typical example of the distributiondt®

In this section, we illustrate the importance of the depen-over final singly excited states. Consider the decay scheme
dence of the DR rates on the final excited states of the resf the R=2p°3s5f state created by the first step of DR, as

d(AN)/dt=+N,N™a® (10)

IV. DR RATES AND FINAL STATE DISTRIBUTION



TABLE |. DR rates in units of 10 cm?/sec for groupA intermediate statesg®3snl of AI®". kT=3.7 Ry. The numbers in brackets are additive powers of ten 1d*1@.g.,
0.59 —2] means 0.5% 1072 in the above units, i.e., 0.5510" 6cm?/sec.

n=3 n=4 n=5 n==6
R 3s 3p 3d 4s 4p 4d Af 5s 5p 5d 5f 5¢g 6s 6p 6d 6f 69
3s? 0.75
3s3p 5.9-3] 4.15
3s3d 6.33 0.2-2] 5.39
3s4s 0.16 2.6—-4] 0.73
3s4p 1.9-3] 2.9-4] 3.41
3s4d 2.51 1.5-5] 5.66
3s4f 5.1—-3] 4.4-3] 6.76
3s5s 5-2] 7.9-5] 1.3-4] 0.65
3s5p 1.74-3] 8.4 5] 3.3-4] 3.39
3s5d 1.23 1.0-6] 4.5-5] 1.9-3] 5.55
3s5f 2.4-3] 1.71-3] 1.71-3] 6.71
3s5g 9.9 -6] 8.3-6] 1.3-2] 1.95
3s6s 224-2] 3.1-5] 4.11-5] 8.1—-5] 0.52
3s6p 7.3-4] 3.9-5] 9.4-5] 2.4 4] 3.36
3s6d 0.69 0.5-5] 6.4—4] 5.53
3s6f 1.4-3] 8.3—4] 9.4 4] 0.4-3] 6.38
3s6g 4.1-6] 3.3-6] 5.9-3] 4.9-3] 1.87
Subtotal 21.3 16.6 18.3 17.7
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TABLE Il. Same as Table |, but for group states p°pnl of AI®*. All the rates that are less than
10 cm’sec are omitted from the table for simplicity.

n=3 n=4 n=5
R 3s 3p 3d 4s 4d 5s 5d
3p? 0.14-4] 0.11-1]
3p3d 0.69-2] 17.97 0.59-2]
3p4s 0.24—-1] 0.91 0.112
3p4ad 0.64—-2] 6.73 0.15—-1]
3p5s 0.81—4] 0.21-2] 0.95 -3]
3p5d 0.61-4] 0.39-1] 0.34-3]
Subtotal 25.7 0.127 0.132]
2p8+ke.— 2p°3s5f —2p85f (k) We also havan(2p®3s) = w,X wg=0.139 — 4], and hence
[ d 2p°3s3d  (k
) (d) —ep (k2) aPR(2p®3s)=0.76 — 17] cm®/sec. (18
—2p°3s4d  (kg). (11)

The values of Auger rate, at the allowedl; values are
A,(1,=2)=0.213710] sec! and A,(I,=4)=0.281611]
sec . (The number in brackets denotes the power of 10.
The radiative rates to dominant final stakgs k,, andk are
found to be A;;=0.434110], A,,=0.5849], and A,;

The DR rate for the state (#3s) can be obtained by adding
the values ofaPR in Egs.(15) and(18):

aPR(2p®3s)=0.275 — 16] cm’/sec. (19

=0.18g9] sec 1. Thus, the Auger, radiative, and resonanceHence, the final state distribution of the DR rate fRr

widths are I';(d)=0.302911], I',(d)=0.511310], and
I'(d)=0.35411], all in secl. The radiationless capture
probability isV,=0.254513] sec 1. The fluorescence yield
for the first final singly excited statk;=f,=(2p%5f) is
w(2p85f )=A,,/T'(d)=0.1226. Using Eq(2), the DR rate
for this k4 is then

aPR(2p®5f )=6.71 — 14] cm®/sec. (12
In the second step, staks is still Auger unstable and will
decay again by either Auger or radiative transition as

w1 @2 @3

2p°3s5f—2p°3s3d—2p®3d— 2p°3s, (13
where w;=0.169 - 1], 0,=0.18§ —-2], and w3=0.221
[ —2]. Thereforew(2p®3d) = w; X w,=0.31 —4] and thus

aPR(2p®3d)=0.169 — 16] cm®/sec. (14
On the other hand, witlw(2p®3s)=w; X w3=0.364 —4],
we obtain

aPR(2p®3s)=0.199 — 16] cm’/sec. (15)
In addition, k; decays also by, or by A, as
w4 wg wg
2p°3s5f—2p°3s4d—2p®4d—2P83s, (16)
where ©w,=0.53-2], ws=0.59-2], and wg=0.26

[—2]. Thus, o(2p%4d)=w,X ws=0.313—4], and this
gives

aPR(2p%4d)=0.76 — 17] cm*/sec. (17

=2p°3s5f is given by Eqs(12), (14), (17), and(19).

Table | summarizes all the important distributions from
group A (2p°3snl). Here, two points must be stressé:
The final states with very small values of which may be
reached as a third step of cascade decays, are neglected to
simplify the example(ii) For someR states, final excited
states are reached by at least four routes of decay. Thus, the
distribution of DR rates over the final excited states must be
calculated carefully through all available routes. It is obvious
from the table that the main contribution t@PR of f
=2p°®3l comes fromR=2p°3s3| states. Similarly, the main
contribution toaPR of f=2p®4l is from 2p°3s4l states, and
so on. The DR rate at=5 is slightly greater than that at
n=4, an unexpected result. This may be attributed to the
presence of resonance stafRswith 5g, since no suclg
orbital is allowed an=4. In addition, in the Al* case the
3s—2p° radiative transition dominates at allin the decay
of 2p°3snl. However, an=6 the DR rate starts to decrease
slowly and is predicted to scale asiifrom n=7, because it
will behave mainly as the Auger rate to the ground state.
Hence, the high Rydbeg statédRS) contributions are esti-
mated using an empirical formula of the type of E6).

In Table II, we present the calculated DR rates associated
with group B (2p®3pnl) intermediate states. ThR states
2p°®3p3d and 2°3p4d have large DR rates, where they are
allowed energetically to autoionize to thp2ground state
only. However, all °nl with n=5 are allowed to autoion-
ize to both ° and 2°3s states. Therefore, DR rates are
suddenly decreased as we go fram 4 ton=5. In addition,
both 3d or 4d orbitals in the states ®3p3d or 3p4d
strongly decay radiatively to ® state. Thus, DR rates to
2p®3p dominate the contribution from group states, espe-
cially 3p3d and 3p4d. On the other hand, all states of the
form 2p°3pnp have very small DR rates because eithpr 3
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TABLE lll. Same as in Table Il, but for groug 2p®3dnl states. The DR rates for=6 are very small due to thep?3p Auger decay
channel, which opens up at=5.

n=3 n=4 n=>5
R 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 59
302 4.7-5 1.7-1] 19.95
3d4s 6.0-5] 54-3] 2.6-2]
3d4p 7.4-6] 7.2-4] 4.4-6] 2.8-1]
3d4d 0.9-5] 2.-3] 6.4-1] 3.52
3d4f 1.4-4] 7.94-2]
3d5s 59-6] 4.7-4] 3.4-6] 7.71-3]
3d5p 2.9-6] 3.71-6] 2.4-2]
3d5d 1.-3] 2.71-2] 7.3-4] 2.5-1]
3d5f 4.4 —6] 2.9-6] 6.9—3]
3d5g 6.4 —6] 8.4 4]
Subtotal 20.8 3.9 0.3

or np orbitals are not allowed to stabilize radiatively, in the tronic sequence, e.g., &, where the values of in R states
dipole approximation, to the® orbital. at which the Auger channelsp23s and 2°3p open up
The values of2"R in units of 10 **cm®/sec for groupC  become larger. Typically, for the E¥ case with groupB
(2p°3dnl) states are presented in Table IIl. In this group,andC states, the transitions tq23s take place ah=10 and
the R states withn=3, i.e., 312, radiatively decay only to 7, respectively. This leads to the formation of the final state
2p°®, while 3d4l may autoionize to @°3s as well. There-  f=2p®nl with 3<n<9 and large DR rates; more specifi-
fore, the DR rate for 84d decreases by as much as a factorcally, the R states »°3pnl (n=3-9) and °3dni(n

of 6 from that for 2°3d?. The R states °3d5| are al- =3-6) are involved.

lowed also to autoionize tof3p with large A, values and We summarize the result of Tables I-Ill in Table IV for

thus the DR rates for groug states are very small at ready comparison. The three rows for each entnRajive

=5, as seen in Table Ill. the DR rates at temperatures of 1.85, 3.7, and 7.4 Ry. The
In summary, from Tables I-Ill, we note that the main group of resonance statepBsnl formed from the initial

contributions to 31 are from 2°3s3l, 3p3d, and P4d target in its ground state is dominant for all valuesi@ff the

as well as 8% and 314d, and all othelR states in group8  final excited states (nl. (However, these 8nl states are
and C have very small DR rates fan=5. The final state not allowed to be formed if the initial states are not the
distribution with relatively large DR rates is fronp23snl, ground statg. The HRS contribution is large and comes
n=4. This situation is expected to be completely differentmostly from 3nl, n>5. On the other hand, the HRS con-
for ions with a higher degree of ionization in the Ne isoelec-tributions from R=3pnl and 3dnl groups are negligible.

TABLE IV. DR rates in units of 10**cm’sec summarized for the three groups of resonance states
=2p°3snl, 2p°3pnl, and °3dnl. The electron temperatur is chosen around the maximum laT
=(2/3)e,; the continuum electron energy is close to 5 Ry for the present systen? of W also treat the
cases withkT=1.85, 3.7, and 7.4 Ry. The final states 2p6nl.

f

R kT (Ry) n=3 n=4 n=>5 n=6 n>6 Total
3snl 1.85 16.4 115 12.0 11.2 24.6 75.7
3.7 21.3 16.6 18.3 17.7 38.9 112.8
7.4 14.5 11.8 13.4 13.2 29.0 81.9
3pnl 1.85 16.0 8.1-2] 8.7—4] 1.4-3] 16.1
3.7 25.7 1.8-1] 1.3-3] 29-3] 25.8
7.4 194 9.6-2] 9.71-4] 2.1-3] 19.5
3dnl 1.85 10.0 1.9 1p4-1] 3.1-1] 12.4
37 20.8 4.1 2p-1] 6.4—1] 25.8
7.4 17.8 3.3 26-1] 5.71-1] 21.9
Total 1.85 42.4 13.5 12.1 11.2 249 104.2
3.7 67.8 20.8 18.6 17.7 39.5 164.4

7.4 51.7 15.2 13.7 13.2 29.6 123.3
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Finally, we note that the contributions from all the  desirable, but have rarely been considered. This requires a
=4Inl’ states withn>3 are negligible when the initial state serious extension of the conventional rate equations, and will
is the ground state=2p®=g, because there are strong Au- be the subject of discussion in a future publicatidri].

ger channels that result irp23s, 2p®3p, and 2°3d aswell  Overall consistency requires such an extension.

as the Auger decay tq. (3) From the several existing benchmark calculations
[12-14 and their adjusted results, a different set of rate for-
mulas may be generated. In some cases, the existing total
rates[15] for the excitation modéii), and perhaps also for

We have pOinted out the need to extend the EXiSting €Mmode (|||), may be used to approxima’[e|y extract thale-
pirical formulas for the DR rates to be explicitly dependentpendence, as the higheontributions may often be known to
on the final recombined states. This modification is consispe either constant independentrobr of then2 type.
tent with the rate equations to which DR and many other (4) The DR rates associated with the excitation mades
rates are to be introduced. The existing empirical formulagnd (jii) are especially sensitive to external field perturba-
for the total DR rates are not applicable to the rate equation§ons. Systematic compilation of data that include the PFD
that determine the excited state populatid(n) of the re-  effect is yet to be carried out.
combined ions. We emphasize several points of some impor-
tance in generating the DR rates for modeling plasmas.

(1) The DR rate formulas must be generated in such a
way that the final singly excited states are explicitly speci-
fied. This requires a slight adjustment of the conventional This work was supported in part by the Egyptian Cultural
procedure adopted in detailed benchmark calculations. ThBureau in the U.S.A. and by the University of Connecticut.
total rates summed over all the singly excited final state$s.0. would like to thank the Physics Department of the Uni-
must be used only in the limit of very low plasma densities.versity of Connecticut for hospitality and use of the com-

(2) The DR rates for the initial excited states are alsoputer facility.

V. SUMMARY
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