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State-specific dielectronic recombinati@R) rate coefficients from ground states of H- and He-like Al, Ti,
Ni, Kr, and Mo ions have been calculated in the isolated resonance and intermediate coupling approximation.
The data generated for these calculations consists of energies of singly and doubly excited states, radiative
rates, autoionization rates, and dielectronic recombination branching ratios. A Hartree-Fock method that in-
cludes relativistic corrections was employed in order to carry out the calculations. Three parameter fits to the
data were then made using the Al, Ti, and Kr data to obtain scaling relations that enable one to calculate similar
data for other ions by interpolation in the range between Al and Kr and somewhat beyond by extrapolation. The
scaling accuracy was verified by comparing the scaling relation predictions to detailed data obtained for Ni and
Mo calculations. The results obtained also compared well with other published work in which total ground
state to ground state dielectronic recombination rates were calculated. The DR rate coefficients that are calcu-
lated from the scaled DR data are generally most accurate for intermediate to high-temperature collisional
plasmas. However, in low-temperature photoionized plasmas, significant DR contributions come from the
An=0 core excitations that are not presentkeshell recombination and thus one should expectzisealed
DR rates to be accurate for any range of temperatures of interest.
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[. INTRODUCTION There has been recent interest in calculating reliable low-
temperature DR rates to support the analysis of data obtained
It is well known that dielectronic recombinatigPR), the  from launches of the new high-resolution x-ray satellite
inverse of the Auger process, is an important recombinatiofthandra and XMM-Newton. These investigations concen-
process for plasmas with moderate to high atomic nuniher, trate on obtaining very accurate DR rates for low-density
ions [1,2]. These processes have a significant effect on th@hotoionized plasmas. Most authors, therefore, expend huge
ionization balance of plasmas in the temperature range aimounts of time and resources to obtain these low-
maximum equilibrium abundance. Reliable DR data are crutemperature DR rates by using complex close-coupling
cial for inferring plasma conditions from line identifications methods such as thB-matrix method. It was, however,
in emission spectra and for making accurate x-ray laser gaipointed out by Gorczycat al. [19] that simpler perturbative
calculations and plasma diagnostics for laboratory and astranethods sometimes predict better results tRematrix cal-
physical plasmas. The dielectronic satellite lines appearingulations in the determination of DR rate coefficients. Thus,
on the long-wavelength side of resonance lines are oftepne can predict reasonably accurate DR rate coefficients for
used for diagnosing electron temperature. Several differera wide range of electron temperature using perturbative
theoretical methods starting from simple semiempirical for-methods for applications that involve moderate density labo-
mulas to very complex calculations have been performed teatory as well low-density collisionally ionized astrophysical
calculate this important DR daf8-5]. plasmas. We have employed such methods to explicitly cal-
There exist a number of published DR rate coefficients inculate the DR data for Al, Ti, Ni, Kr, and Mo ions in the H-
the isoelectronic sequence of H-lik6—11] and especially and He-like isoelectronic sequences and we provide all the
He-like [12—-14 ions. Most of these works that employ de- state-specific scaling data that is needed to predict the same
tailed calculations present results for only a few ions in thefor other ions of interest in these same sequences with rea-
isoelectronic sequence, while others that apply more broadlgonable accuracy. More specifically, we therefore present all
use approximate method45—17 or involve rapid evalua- the scaling coefficients needed to obtain state-specific DR
tion of DR rates using fitting formulasl8]. Although these rates from excited states energies and DR branching ratios of
formulas are sometimes obtained from accurately calculatens in theK shell, of Al through Mo. In order to obtain a
data, one can estimate from them only a total ground-tototal DR rate, one needs only to use this data summed over
ground DR rate which is inadequate since state-specific ratesl of the intermediate and the singly excited levels of the
are often needed. Sinab initio DR calculations involve a recombined ion.
large number of doubly and singly excited levels of the re- We first calculate the DR rate coefficients and other re-
combined ions, the bookkeeping becomes overwhelming ankéted data of H-like and He-like Al, Ti, and Kr ions by using
computations are very time consuming, and repeating théhe Hartree-Fock with relativistic corrections method of
same calculations for each ion in an isoelectronic sequendgowan[20]. We then determine three-parameter polynomial
unnecessarily tasks human and computational resources afity to this data which consists of energies, autoionization
is prone to errors. rates, radiative rates, and the DR branching ratios. These
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scaling relations can then be used to obtain Khehell DR TABLE 1. Configuration labeling of singly excited He-like
data for any ion between Al and Kr and also somewhat bestates.

yond without repeating these elaborate computations fof
other ions. To check and verify the validity of scaling for an € Configuration c Configuration
ion within this range as well as beyond Kr, we performedl

. . . . . 1s2 7 1s4
detailed calculations foK-shell Ni and Mo ions. The effi- 1;; 8 1:43
cacy ofZ scaling was first reported in a previous calculation

. . . 1s3s 9 1s4f
by Dasgupta and Whitnej21] in which we presented DR 153 10 1<5|
data for the F-like isoelectronic sequence. We also reporteél 1 33 1 1snl(6<n<20
DR data for O-like ion$22] and demonstrated the scalability 1243 ni(6=n=20)

of these data by computing detailed DR data for'Nb[23]
and comparing it to the same data obtained from the scaling
relations. However in the above mentioned papers four-

parameter fits to the data were made in contrast to the thre%nd the radiative electric dipole transition probability from

: - . tatej to a lower staté is given in terms of a reduced dipole

\pl)vacl)rr?(r.neter fits that are found to be sufficient for this presen atrix element by

A very brief description of the theoretical method is given
in Sec. Il, and in Sec. lll, we present the results of our cal-
culations and make comparisons with other published works.
Section IV contains a brief summary of the various approxi-
mations involved in and the estimated validity of this work. where Y is used to designate all quantum numbers other
thanJ;, the total angular momentuny;J;, v;J;, andyJy
define the initial target state, the resonance capture state, and
the final recombined state. The free electron has orbital an-

Here, we briefly describe the theoretical aspects of DRyular momentuni; andD is the electric dipole operator for
and review only the most important considerations and forthe electromagnetic interaction.
mulas that are needed to calculate the DR data. A more de- In order to calculate the DR rate from an initial leveb
tailed description of our calculational method can be founda final levelk, one has to calculate marky;,s and then sum
in Ref.[21]. over all resonance stat¢sBy working at the fine-structure

The Maxwellian averaged DR rate coefficiet®, at a level, one creates an enormous amount of data. In order to
temperatureT, which takes an ion from an initial staté) specialize to atomic models that are detailed yet compact
into a final recombined statgk) through all intermediate enough to require only moderate amounts of data, we have

3
4(1)“(

m [{ vkl D] %)) 1%, @
J

jk—

II. THEORY AND CALCULATIONS

autoionizing state§j) is given by chosen to work at the configuration level. As mentioned in
Refs.[21,22, DR data at the configuration level produce
A7 R]32 ag sufficient and accurate results for most detailed ionization
aPR(i ,k):[—} — >, Fixexp(—e;/kT), (1) calculations of noncoronal plasmas.
kT 20i 7 At the configuration level, a notational change is made,
andi, j, andk go over intoa, b, c in all the previous equa-
where the DR branching ratil;;, is given by tions. In the present work, we include intermediate resonance
states 2nl’ and 1s2Inl’ for recombination from the initial
g_AAAFIl( ground state, 4 or 1s?, for H- and He-like ions, respec-
Fij= P _ (2)  tively. The radiative rates and autoionization rates were cal-
> A%+ AR, culated explicitly forn=20 andl=<6 for H-like ions andn
e Tk <15 andl<6 for He-like ions. For higher Rydberg states,

we employed the usual iy extrapolation procedure for the
In this formula,z; is the energy of the doubly excited state autoionization rates. The_ doubly_ and singly exci_ted_ I_evels
measured with respect to the initial stage,andg; are the and all the rates assomateq W'th. them were judiciously
statistical weights of the initial ion sta{¢) and doubly ex- lumped to develop our configuration averaged model. In
cited state|j), respectivelya, is the Bohr radius an® is Tgbles I apd Il we list the conflguratlpns of the reqombl_ned
the Rydberg energy. In E€2) the denominator sums go over singly exmte_:d states, denoted gswhich are c_ontamed in
all possible autoionization stat¢is) (including autoioniza- Our calculations, while Tables Il and IV contain the doubly
tions to excited statesnd and all possible final recombined e>§C|ted conf|gurat|on§.,),. for the He-.and L|—I_|ke lons along
statesk’). Aff andAj} are the autoionization and radiative \I’:V'th E)hs fscahng lc.lc()ef.f'c'emst ft?]r the'r]fner%.'@? qu;(7£'
rates from the doubly excited autoionization stgfeto ini- mor ro:jn | ke ',?nsf%l He_ﬁ(zn |glfra |ond ?Vté a 3. t
tial state|i) and final statgk), respectively. The autoioniz- ), our model consists o e-1ike uhumped iniermediate

. : . _configuration states and two lumped states consistingaof 2
ation rates are calculated from the perturbation expressmn,and 2onl states with Zn=20 and 6<1<6. Similarly for

A 5 He- to Li-like recombination, as listed in Table IV, the dou-
A= alh)[((vidi) 1 JdH v 312, (3 bly excited states consist of 31s2Inl’ configurations with
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TABLE II. Configuration labeling of singly excited Li-like
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TABLE V. Energy scaling coefficients fo the doubly excited

states. levels of Li-like configurationsX[Y] meansX X 10".
c Configuration c Configuration b Configuration bg* bi* b%*
1 1s%2s 7 1s%4p 1 1s2s2p 5244—1] —0.793  4.802
2 1s%2p 8 1s%4d 2 1s2p? 5324-1] -—0.891 6.283
3 1s?3s 9 1s%4f 3 1s2s3p 6.671—-1] —1.271 5763
4 1s%3p 10 1s2s5| 4 1s2p3s 6.72§—-1] —1.386  6.928
5 1s%3d 11 1s2snl(6<n=<15) 5 1s2p3p 6.74§—-1] —1.417 7.325
6 1s%4s 6 1s2p3d 6.766—1] —1.439 7.646
7 1s2s4p 7.169 —1] —1.469 6.160
8 1s2p4s 7.239-1] —1.608 7.585
=0 and 1 and with Zn=<7, 0<I'<6 and two lumped ¢ 1s2p4p 7.248 —1] —1624 7.782
states consisting of sSRsnl and 1s2pnl states with &n 10 1s2p4d 7.255 —1] —1.631 7.894
§20 andl=<6. All energies,_ radiati_ve rates, and auto@oniza—ll 1s2p4f 7259—1] —1638 7.976
tion _rates_ were calculated in the |nterme_>d|at_e coup_lmg angd, 15255p 7.401—1] ~1568 6.378
multiconfiguration Hartree-Fock approximation using the13 1s2p5s 7.474 1] _1712 7867
TABLE lII. Energy scaling coefficients for the doubly excited 14 1s2p5p 74719-1]  —1.719  7.956
: h . . v 15 1s2p5d 7.483 —1] —-1.725 8.040
state levels of He-like configurationX] Y] meansXx 10". 16 152p5f 7.484 1] 1778 8.073
b Configuration bt* bt bt* 17 1s2p5g 7483-1] —1726 8.047
18 1s2s6p 7526—-1] —1.619 6.459
1 2s2p 5253 -1] —0.422 5150 19 1s2p6s 7.60f-1] —1.768 8.011
2 2p? 5337-1] -0597 6817 20 1s2p6p 7.604—1] —1773  8.069
3 2s3p 6.679—-1] —-0.646 5950 21 1s2p6d 7.606—1] —1.776 8.114
4 2p3s 6.737-1] —-0.820 7.206 22 1s2p6f 7.607—-1] —1.777 8.126
5 2p3p 6.759-1] —-0.872  7.655 23 1s2p6g 7.607—-1] —1.777 8.134
6 2p3d 6.77§ - 1] —0.904  8.048 24 1s2p6h 7.607—-1] —1.776 8.121
7 2s4p 7.179-1] —0.759  6.310 25 1s2s7p 7601-1] -—-1.651 6.527
8 2p4s 7.251-1] —0.967  7.839 26 1s2p7s 7677-1] —1.801 8.083
9 2p4p 7.26Q-1] —0.987  8.014 27 1s2p7p 7.674—-1] —1.800 8.080
10 2p4d 7.26§ —1] —1.002 8176 28 1s2p7d 7.680—1] —1.805 8.143
11 2p4f 7.271-1] —1.004  8.217 29 1s2p7f 7.681—-1] —1.808 8.167
12 2s5p 7.411-1] —0.814 6480 30 1s2p7g 7.687—1] —1.809 8.179
13 2p5s 7.486—1] —1.033  8.081 31 1s2p7h 7.681—-1] —-1.807 8.154
14 2p5p 7491-1] —-1.043 8183 32 1s2p7i 7.68]-1] —1.807 8.154
15 2p5d 7.49§-1] —-1.049 8238 33 1s2snl(8<n=<15) 0.776 -1.717  6.623
16 2p5f 7.49¢ 1] —1051 8270 34 1s2pnl(8<n<15) 0.780 —1.855 8218
17 2p5¢g 7.497—-1] —1.053 8.295
18 2s6p 7.536 —1] —0.845 6.567
19 2p6s 7614-1]  —1.067 8203  computer codes of R. D. Cowan. We have taken into account
20 2p6p 7616-1]  —1.072 8244  Coster-Kronig transitions, Spnl—1s2s+e~, from au-
21 2p6d 7.619-1] —-1.077 8293  toionizing Rydberg states in calculating the radiative branch-
22 2p6f 7.620—1] —1.081 8.337 ing ratios for recombinations from He-like ions. The atomic
23 2p6g 7.621—-1] —1.081 8.336 data we calculated includes all autoionization and radiative
24 2p6h 7.620—-1] —1.080 8.332 rates explicitly forn<20 for H-like andn=15 for He-like
25 2s7p 7.611—1] —0.858 6.559 recombination. A Ii® extrapolation procedure for the
26 2p7s 7.690 —1] —1.088 8.274 branching ratios was then employed to calculate the contri-
27 2p7p 7.691—1] -1.087 8.254 butions from higher Rydberg states. We have neglected ra-
28 2p7d 7.693 1] —1.092 8.303 diative cascades to autoionizing states since this generally
29 2p7f 7.694 —1] —-1.094 8.327 reduces the DR rate coefficients, but only by a few percent
30 2p7g 7693-1] -1.092 8303 [12]
31 2p7h 7.694-1] —1.096  8.353
32 2p7i 7.695-1] —1.097 8.365 Z scaling of DR data
33 2snl(8=n<20) 7.790—-1] -0.897 6.621
34 2pnl(8<n=20) 7.830—1] —1.124 8.363 The relations for scaling energies of singly,.J and dou-

bly (ep,) excited states, total autoionizatioB {/A;,), total
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radiative (EC/AEC,) rates, and DR branching rati&s . with "5_' CTTTTTTTITTT TR
atomic number for ions in the fluorine and oxygen isoelec- | 3
tronic sequence were presented and discussed in Reft i 10
[21,22. In the configuration averaged model the DR branch- L ]
ing ratio F ¢ is given by 101 -

g bAlt/_)\aAbRc

Z Aﬁa’—i_z AbRc’
a c

©)

Fabe=

E” (keV)

05— -

wherea’ andc’ refer to all possible initial and final recom-
bined configurations, respectively. The DR rate coefficients
then can be calculated for any ion between Al and Mo using

ool o 1. 1 | TR P | "
10 15 20 25 30 35 40 45 50

DR RT3 IKT). (6 i
a,c)=|——=—| =— expl— . - . i . .
a~"(a,c) kT 20, % abeXP(—ep/KT). (6) FIG. 1. Variation of energies of the five He-like doubly excited

states, which are listed in Table lll, as a functionZofThe curves

To calculate DR rate coefficients, one needs scaling rela@"® three-parameter fits to the three calculated points showapess

tions fors, andF ,,.. The configuration averaged energy circles for A1, Ti?%" and KP*" and thesolid circlesare the
scales as abe calculated data for N and Md'°*.

A. Z scaling of DR data
ep=Z2(b%* +b¥* |Z+b5* 1Z22),, (7) "o
Tables Il and IV list the three-parameter scaling coeffi-
where Eq.(7) is in units of eV. The coefficients in these Cientsbg* , bi* , andb3™ , given in Eq.(7), for each of the
equations were determined by requiring that they reproducéloubly excited states. These coefficients were determined

the DR data that was calculated for Al, Ti, and Kr. from the configuration averaged data obtained from explic-
One can obtain an indired scaling of F,,. from the itly calculated doubly excited-state energies for Al, Ti, and
scaling relations of the configuration averagafl,, AR Kr ions. The doubly excited-state energies of other ions in

the sequence can now be obtained more simply from(Bq.
rather than by repeating the detailed first-principles calcula-
tion. Figures 1 and 2 display the three-parameter polynomial
fits to the doubly excited-state energies that we obtained for
Yive of these levels in He- and Li-like ions, respectively.

Ea,Aﬁa,, andEc,AEC, using Eq.(5). However a configura-
tion averaged scaling for branching ratq,. can also be
calculated directly from explicitly calculate , in which
case the scaling relation is given by the three-coefficient

polynomial, They contain the data points for He-like and Li-like Al, Ti,
o F L LF S and Kr ions from which the curves were calculated. As a
Fabc=2°(bg+b1/Z+b3/Z7) (8)  validity check of the scaling, we also present the explicitly
(in units of s'1). L] R A B L L BN
I 34
21
Il. RESULTS ;0

We present state specific and also total DR data for H-like 1.0__ N
and He-like ions in this section. Configuration averaged DR | 1
rates to specific excited statesof the recombined ion are
calculated from Eq(6) for Al, Ti, and Kr using detailed
calculations of the average energies of the doubly excitec
statesey, and the branching ratids,,.. These data are then 05
used to obtain the scaling coefficients of E¢#. and (8).
From the scaling relations of these quantities one can ther
obtain the rate coefficients for any moderate atomic numbel
ion in the H and He isoelectronic sequence. Total DR rates 0ol . . . . . . .
are then obtained by summing the state-specific rates overa 10 15 20 25 30 3 40 4 50
the singly excited levels. The DR rates obtained this way z
will include only the channels that are used in the configu-  FiG. 2. variation of energies of the five Li-like doubly excited
ration averaging scheme of our atomic model. This schemetates, which are listed in Table 1V, as a functionZofThe curves
includes the most dominant channels that constitute morgre three-parameter fits to the three calculated points showpeas
than 96% of the total DR rates that are calculated from uncircles for AI%%*, Ti'® and KrF3* and thesolid circles are the
averaged and extrapolated data. calculated data for Nt* and Mo+ .

~ (keV)

E
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calculated He-like and Li-like Ni and Mo doubly excited-  TABLE V. Scaling coefficients for the He-like DR branching
states energies for these levels in the figures. As can be se&{iosFa,.. Herea=1 is the ground & X[Y] meansXx 10".
from Figs. 1 and 2, the data points for Ni and Mo ions fall o

right on the curves. ¢ b by b}

Since the energies of the doubly excited-states scale very 1 —4.43911] 4.12313] —3.45114]
smoothly, the scaling of the DR rates depends on how welp 2 —2.09112] 1.63814] —1.58715]
the branching ratiok ., scale withZ. Scaling coefficients of 3 1 —1.56611] 1.32913] —1.14314]
the configuration averaged DR branching ratQg. can be 4 3 —2.32711] 1.44413] —9.20613]
determined by obtaining the scaling relations for theg 2 —2.84Q11] 1.96(13] —1.82§14]
configuration-averaged autoionization ra&eﬁ; and radiative g 4 —-1.18012] 8.01513] —7.34514]
ratesAEC and then using them in Ed5). These rates are ¢ 5 —3.28111] 2.02913] —7.19613]
obtained by configuration averaging the directly calculated; 1 —6.72910] 5.62112] —4.87313]
state specifioO\JAi and Aﬁ(. The scaling relations for these g 6 —6.01910] 3.58412] —3.81312]
guantities are not presented here, however, since there is ag- 2 —6.29710] 3.91412] —3.10713]
other simpler way to scale the,,s by directly averaging g 7 ~6.19011] 3.81§13] —2.91714]
the detailedF;, given in Eq.(2). These two approaches 1g ) ~1.31711] 7.97912] 3.67512]
generally produce somewhat different scaling behaj@dt, 14 9 —6.0149] 3.78411] 4.64512]
however, because of their weak dependencé,one chose 4, 1 —3.44410] 2.87112] —2.49713]
to scale the branching ratios from the directly averagggl. 3 10 ~1.79910] 1.04712] 8.64412]
values of AI., T!, and Kr by adopting the_three coefﬁgent 14 2 ~1.30§10] 7.98011] —4.39312]
polynomial fit given by Eq(5). These coefficients are given 10 —2.44711] 1.48313] —6.99113]
in Tables V and VI for H-like and He-like recombination ' ' i

) . 15 10 —5.065 10] 3.05412] 2.14413]

processes, respectively. As mentioned before, the 33 domj- 10 —4.9099] 3.03111] 3.50912]
nant DR channels given in each of these two tables constitute ' ' '
more than 96% of the contribution to the total DR rates.>’ 10 ~1.9898] 1.25210] 7.31810]
Figures 3 and 4, which contain these three-parameter poly- L —1.99710] 1.65§12] —1.44313]
nomial curves for a few of the He- and Li-like DR channels i1 —6.8449] 3.85411] 7.81117]
for recombination of H- and He-like ions, show that the 20 2 —3.2589] 1.97711] —4.43411)
branching ratios do not depend stronglyamlso shown in 20 11 -1.00311  6.04712]  —2.26712]
these figures are the calculated data points of the three iorfd 1 -237910] 1.43112] 1.86Q13]
Al, Ti, and Kr, from which the fitting was obtained. To check 22 1 —3.2949] 2.04211] 2.56712]
on and confirm the smoothness of the scaling of these ratiog3 11 —2.0348] 1.27410] 8.37410]
we calculated the same ratios for Ni ionsith Z falling 24 11 —4.0906] 2.5348] 5.6448]
within) and for Mo ions(with Z beyond the range of the 25 1 —1.28710] 1.05412] —9.18412]
Al-Kr ions) and present them also in Figs. 3 and 4. The26 11 —2.76Q9] 1.54911] 6.00612]
actual data points that are used for scaling are shown as oper 2 —1.0069] 6.06110] 8.27710]
circles and the Ni and Mo data points are shown as closeg7 11 —4.61710] 2.75612] 1.40§13]
circles which fall on or very close to the curves in all casesps 11 —1.23510] 7.46811] 1.43713]
but one. The calculate#d, , ; for Mo3®" | shown in Fig. 4,is 29 11 —2.09§9] 1.31411] 1.91312]
much higher than that predicted by scaling &nd ¢ for this 39 11 -1.7198] 1.07310] 6.84G10]
same ion is somewhat lower. However, as will be demong; 1 ~5.8976] 3.6208] 4.5618]
strated in the following section, this does not have any nog, 1 —7.0024] 4.0006] —3.9396]
ticeable effect on the total rates, and the total scaled DR rateg; 1 —3.68710] 2.77(412] ~2.41713]
for Mo ions are in excellent agreement with our calculated,, 2 ~6.7798] 4.09710] 3.24811]
rates. 34 11 -9.93410] 589917 1.57614]

B. Total DR rate coefficients

We present the total DR rate coefficientg)R(total), for ~ easily obtained from Eq(6) using the scaling coefficients.
H- and He-like Al, Ti, and Kr ions here, where”R(total) The scaled DR rates thus obtained do not include extrapo-
=%,.a"R(a,c) andaPR(a,c) is calculated from Eqg6)—~ lated contributions from very high Rydberg levels and thus
(8) for any ion in the range 8Z<42. We also present the are smaller but within 5% of those calculated explicitly from
total DR rate coefficients obtained for Ni and Mo in order to the detailed levels.
check on the validity of the scaling, since, while the DR rates A number of total DR rates for H- and He-like ions are
for Ni and Mo were explicitly calculated as was done for Al, shown in Figs. 5 and 6. Figure 5 contains the DR rate coef-
Ti, and Kr, they were not used to calculate the scaling coefficients for recombination from H-like to He-like ions. The
ficients. Although we generated state specific DR data for Nsolid curves show our total DR rates for'Al, Ti2*, Ni?’*,
and Mo, we do not present this data here, since the configkr®**, and Md", which were calculated using the detailed
ration averaged state-specific rates for these ions are motevels and then extrapolated for high Rydberg levels of the
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TABLE VI. Scaling coefficients for the Li-like DR branching
ratiosF,p,.. Herea=1 is the ground §2. X[ Y] meansxx 10",

b c b, bf b5

1 1 —1.60§11] 1.70413] —1.48714]
2 2 -9.73411] 1.11§14] —1.13915]
3 1 —1.18411] 1.18413] —1.06114]
4 3 —7.64110] 1.27§12] —2.78913]
5 2 —2.65111] 2.33413] —2.04914]
5 4 —7.74111] 5.18413] —3.44§14)
6 5 —2.28111] 1.65913] -6.51313]
7 1 —4.030 10] 4.44412) —4.01113]
8 6 —1.8309] 1.73912] —2.13613]
9 2 —2.14311] 1.44713] —1.27114]
9 7 —8.80Q10] 9.46712) —2.53413]
10 8 —7.83110] 6.04112) 5.63312]
11 9 —4.9799] 4.31711] 1.14912]
12 1 —1.894 10] 2.16912] —1.96313]
13 10  —1.22710] 1.28712] —1.40113]
14 2 —8.62110] 6.09412] ~5.12913]
14 10  —5.21110] 5.02712] ~1.26G13]
15 10  —3.06110] 2.62§12] 1.12413]
16 10 —3.6319] 3.26511] 1.03412]
17 10 —1.56§8] 1.31710] —1.56710]
18 1 —1.04710] 1.22312] —1.10913]
19 11 ~9.4549] 7.99q11] —8.28512]
20 2 —3.62410] 2.91§12] —2.41§13)
20 11  —4.30710] 3.40112] —1.07313]
21 11  —1.38510] 1.31712] 9.68512]
22 11 —2.4589] 2.21Q11] 8.069 11]
23 11 -1.6158] 1.36§10] —1.36110]
24 11 —3.1296] 2.5238] —8.7018]
25 1 ~6.4809] 7.61911] —6.90712]
26 11 ~6.4019] 4.96611] —4.96712]
27 2 —1.893 10] 1.65112] —1.35913]
27 11  —3.13710] 2.31012] —7.80112]
28 11 -7.1119] 7.45911] 7.31712]
29 11 —1.74G9] 1.54911] 5.41411]
30 11 —1.3398] 1.13310] —1.00q10]
31 11 —3.7716] 3.1978] —1.0399]
32 11 ~5.6604] 4.2176] —2.9167]
33 1 —1.41310] 1.72112] —1.56413]
34 2 —4.13710] 3.73912) —3.36413]
34 11 —1.24411] 9.25012] —1.60§13]

captured electron. The total configuration averaged DR rate
coefficients obtained using the scaling relations are alsc g2
shown as solid circles in this graph for H-like#e, Ni
and Mdt. For N¥7", the calculated and scaled results are ot
mostly identical, whereas for Mo, there is almost exact o /”"/*——’_e_—‘
agreement for low-temperature rates and the differences fo 10 s 20 e w0 w0 as
higher temperatures are less than 2%. The lower values are
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FIG. 3. Three-parameter polynomial curves fég obtained
with the coefficients listed in Table V for recombination from
H-like ions. Theopen circlesare calculated data points and gwdid
circles are scaled branching ratios.

this figure. We see that for Fe, our scaled results are slightly
lower than those of Ref7]. The very small difference could
again be due to the fact that these scaled rates are obtained
from averaged and not the detailed levels. Fot'Ti the
results of Ref[7] are very slightly lower than our explicitly
calculated DR rates.

In Fig. 6 we present total DR rates for recombination
from He-like ions for the same ions as in Fig. 5. As ex-
plained in the previous paragraph, total DR rate coefficients
were again obtained by calculating the detailed branching
ratios from all the doubly and singly excited states in our
model and then by extrapolating for excited levels of the
captured electron with very high Rydberg states. All the
scaled data were again obtained from smaller configuration
averaged sets of levels. We see very similar trends in our
detailed vs scaled data as in the case for H-like recombina-
tion. For NF®*, these two rates are almost exactly identical

10155' T T T T T T T 3

L Fuy 4

L = L 4

10141 52 -

E /’_Q__,me_.—’——e———‘ E

L I 186 i
1013

o
o

attributed mainly to the fact that the scaled results were ob- F|G. 4. Three-parameter polynomial curves foy,,. obtained
tained from a lesser number of DR channels in our averagingiith the coefficients listed in Table VI for recombination from He-
scheme. We also show a comparison of our results for H-likéike ions. Theopen circlesare calculated data points and thalid
DR rate coefficients with those of Karim and Bha[lg in

circles are scaled branching ratios.

022702-6



Z-SCALED K-SHELL DIELECTRONIC RECOMBINATION . . . PHYSICAL REVIEW A69, 022702 (2004

o with our calculated results for #" and scaled results for
Fe&4". At very high temperatures, our results for botR°Ti
and Fé*" are slightly higher than those of Chen. When we
compare our rates to those of REf4], we notice very good
agreement for TP* but their DR rates for F&* are slightly
higher than our scaled rates.

IV. SUMMARY

aPR (total) (10" cm¥/sec)

IR T

In modeling theK- or L-shell ionization dynamics of
moderateZ elements, one is often concerned about two im-
’ Mo portant and sometimes conflicting issues: the need for reli-
T, i able atomic data and the need to acquire a large and adequate
9 2 4 & g 16 amount of atomic data. A good test of the reliability of small
sets of scalable data created from detailed calculations is to
FIG. 5. Total dielectronic recombination rate coefficients for compare them with other published results. Once there is
recombination from the ground state of H-like ions. Also shown aresatisfactory agreement between the scaleable data with other
the scaled rate coefficients for #e, Ni*’*, and M&*" (solid  accurate results, the necessity of handling a large amount of
circles) for comparison with calculati'ons and other predictions. Theqata in ionization calculation by way of scaling relations is
open trianglesare the results of Kariret al. [14,8). not only practical but sometimes crucial. In this paper, we
have presented the scaling relations for calculations of DR
whereas for ions with increasirgsuch as for M&”*, there  data for H-like and He-like ions that not only will reduce
is complete agreement between the two rates at low temperaature work for any such ions in the third and fourth rows of
tures, while, for higher temperatures the scaled data arge periodic table, but by lumping fine-structure levels and
somewhat smaller by a very small amount. This is expecteghereby reducing the number of states, it will lessen the
since at low temperatures most of the recombination Propookkeeping and make it easier to manage, (8t# large
ceeds through the low-lying autoionizing levels which aregmount of atomic data.
included properly in the scaling relations. In this figure, we  \ve have demonstrated that our detailed DR rates are in
also compare our results with the multiconfiguration Dirac-g, celjent agreement with other sophisticated calculations and
Fock calculatlon (.)f Chenl2] and the Hartree-Fock-Slater that the rates produced using the scaling coefficients gener-
calculation of Karim and Bhall@14]. The excellent agree- . ated from configuration-averaged state calculations give very
ment of our calculated results with the more complex multi-
configuration relativistic results of Chen for Mo is very en- com parable and .therefore reasonably accurate DR rate coef-
couraging. We also have very good agreement with Cheﬂuents. Al the .|mportant DR channelg necessary for the
correct descriptions of charge state distributions were in-
cluded in the calculations. Our results compare very well
T L L A L L A with the calculations of ChefiL2] and Karimet al.[7,8,14.
Chen used a fully relativistic method as opposed to the semi-
relativistic method used by us and by Karehal. However
as mentioned by Chefil2,6], the effect of relativity is to
reduce the total DR rate by only a few percent for moderate
Z ions. We have also neglected any radiative cascades, i.e.,
radiative decays to autoionization states that are above the
ionization limit. Chen[12] estimated this cascade effect and
found that it reduced the total DR coefficients by less than
3%. Configuration interactions among the resonance states,
were also neglected in our calculation, as this effect is ex-
pected to be small for H- and He-like ionization staf@4].
This neglect is not generally valid, however, in DR calcula-

L LA B S S e

s e i e tions involving more than a few electrofsee Ref[25]). In
0 2 4 6 8 10 eneral we found that DR data such as the energies of doubly
g g
TV and singly excited states, autoionization and radiative rates

FIG. 6. Total dielectronic recombination rate coefficients for @d DR branching ratios scale very smoothly with atomic
recombination from the ground state of He-like ions. Also shownnumber for both H- and He-like ions. Our experience with
are the scaled rate coefficients forfe Ni2®*, and Md®* (solid  the scaling of recombination from F-like and O-like ions
circles) for comparison with calculations and other predictions. The[21—-23 was somewhat different. Although the energies var-
solid and open trianglesare the results of Chefl2] and Karim ied very smoothly from one element to another, the scaling
et al.[14], respectively. for the branching ratios were not always smooth. In ke
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shell, however, these branching ratios scaled very smoothly, ACKNOWLEDGMENTS
and we expect smooth scaling of DR data for the higher
ionization stages in thé shell as well, such as for Li- and This work was supported by DTRA and the Office of

Be-like ions. But that has yet to be determined. Naval Research.
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