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Dielectronic recombination rate coefficients for highly ionized Ni-like atoms
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Ab initio calculations of the total dielectronic recombinati@R) rate coefficients for ten ions along the Ni
isoelectronic sequence in the ground state'*", Ag'®", Xe?®", PR G, Dy*®", T, AuSLT, AL,
and U*") have been performed using theLLac computer code package. Resonant and nonresonant stabi-
lizing radiative transitions were included. Collisional transitions following electron capture were neglected.
The present level-by-level calculations include the contributions of all the léveés 17 000 belonging to the
following Cu-like inner-shell excited configurations:d%In’l’ (n'<9), 3p°3d'%In’l’ (n’'<5), and
3s3p®3di%In’l’ (n’'<5). The configuration complexes with a hole in the iBiner shell contribute about 10%
to the total DR rate coefficients and the complexes with the hole in thénBer shell about 1%. The
contributions of 3%In’l’ for n’>9 were evaluated by extrapolation, applying @r® scaling, which was
checked for the specific T& case. It is shown that at electron temperatures higher than half the ionization
energyE, (Cu) of the Cu-like ion, the Burgess-Mert8M) semiempirical formula can provide DR results with
an accuracy better thah20% for the relatively heavy ion&>54), whereas for the lighter ions it leads to an
underestimation of up to a factor(f>r Mo). On the other hand, at low electron temperaf®,<0.3&,(Cu)]
the BM approximation underestimates the DR rate coefficients by up to a few orders of magnitude and its
temperature dependence is completely inadeq{i&i050-294®6)07110-7

PACS numbd(s): 34.80.Kw

l. INTRODUCTION and T4>" [6] and to our previous work on M&" [3] where
only resonant radiative decays were taken into account.
Accurate data on recombination rates of heavy ions is The effect of nonresonant stabilizingNRS) radiative
essential for the study of ionization balance of highly ionizedtransitions from autoionizing to nonautoionizing inner-shell
elementg1,2] and for the analysis of line intensitié8] in excited levels was investigated in Rgt]. These transitions

- o were found to produce a significant enhancement of the ef-
hot plasmas. The most important recombination process it . "np through both 8°4141" and 31°4151" complexes,
highly ionized plasmas is the dielectronic recombination

: ! g especially at low electron temperature. On the other hand,
(DR). Still, precise data on DR rate coefficients for heavyhe effect of radiativelecaysto autoionizinglevels possibly

ions are seldom available. Only few theoretical works havggowed by radiativecascade¢DAC) was found to be much
been published for DR of ions with more than 11 electronssmgjler, of the order of a few percent or even less. We will
In the present study we investigate the DR processegssume here that these conclusions hold for the higher inner-
throughout the Ni isoelectronic sequence in order to obtain shell configurations considered here as well. Consequently,
the total DR rate coefficients for the Ni-like ions. in the present calculations for DR through these higher con-
In a previous worK 4], partial rate coefficients for DR of figurations nonresonant stabilizing transitions have been in-
Ni-like ions through the two particular 4141’ and cluded, whereas decays to autoionizing levels have been ne-
3d%4151" Cu-like configuration complexes were calculated. glected.
These complexes give the dominant contribution to DR at Beside the detailed calculations performed for the most
low electron temperature. In the present study we proceeslignificant contributing configurations indicated above, a
with extensiveab initio detailed level-by-level calculations scaling rule has been applied to compute the converging con-
for the other significant Cu-like inner-shell excited com- tribution of the infinite number of much-higher-lying con-
plexes in order to obtain theotal DR rate coefficients. The figurations. Such a rule has been proposed bdfgreand its
present calculations include in addition the detailed contribuvalidity is checked here for the specific *f& ion.
tions of about 15 000 more levels belonging to the following  Until now, the large number of levels and computations
Cu-like inner-shell excited configuration complexes:that needed to be taken into account for obtaining the total
3d%In’l”  (6<=n’'<9), 3p53d1°4ln’l’ (n's5), and DR rate coefficients had motivated the common use of the
3s3p®3d'%In’l’ (n'<5). All calculations are performed as- approximate semiempirical Burgess-Merts formi8sg]. In
suming no electron collisions occur after the initial electronfact, this formula was created and fitted for isoelectronic se-
capture. The present results are compared to previously pulguences very much different from the present one. The re-
lished works on DR of Ni-like ions by Chen for & [5]  sults of this approximation are compared here to the total DR
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rate coefficients explicitly calculated in the present work for o SiAgi+ 2 g <kAdar + g =kAqa BP(d)

the Nil sequence. B”(d)= )

4

Il. THEORETICAL METHOD

In general, the dielectronic recombination of a Ni-like ion >Adi: ZAqq, andXAqq are the sums of the Einstein coef-
in its ground state 81° can occur through any Cu-likel 3 ficients for spontaneous emission from leddb levelsi, d”,

’ . a . _
inner-shell excited autoionizing level, ending at any final@nd d’, respectively.=A,, is the total coefficient for all
level below the ionization limit. This mechanism can be rep-energetically allowed autoionizations from leweto Ni-like

resented by the main processes levelsk’.
To include all the radiative decays from lewtlto other
[Ne cord3s?3p®3d°+e «—[Ne cord(3s3p3d)*’4in’l’, lower autoionizinglevels (d") while taking into account all

(1) possible further cascadéBAC), as has been done for the
3d%141" and A°4I51" complexes[4], is computationally

[Ne cord(3s3p3d)’4Iin’l’—[Ne cord3s?3p®3di”I” prohibitive for the higher complexes. In fact, these transi-
tions in the case of thed8414l’ and 3°4I51" complexes
+hv, (28 were found to have an effect of a few percent at nisse
Sec. Il A); thus, by not including these processes for the
or higher complexes one expects an error even smaller in the
Tt 2 619 , total DR rate coefficient. Disregarding the decays to autoion-
[Ne corg(3s3p3d)~'4In’l’—[Ne corg3s°3p°3d~4l4l izing levels leads to the following approximate expression
+hy, (2b) for the DR branching ratio:
where[Ne corg3s®3p®3d*° represents a Ni-like ion in the BO(d)~ ZiAdi+ Zar<iAdar @)

ground statefNe corgd symbolizing the full 522s%2p® elec-
tronic inner shells|[Ne cord(3s3p3d)*’4in’l’ represents a
Cu-like Lop having a sir}gle hole in one of thé sub—in.ner— TheEAﬁk, sum in expressiong}) and(4') reduces for the
shells.e” is the interacting free electron aid the emitted _relatively-low-lying d levels to one single termA§,: the
photon. The first process is the electron capture, which ig, ionization back to the Ni-like ground state’d Auto-
reversible by autoionization, whereg2a) and (2b) are the ionization to excited Ni-like levels becomes substantial for

resonantand nonresonantradiative stabilizing transitions, the high-lyingd levels, from which autoionizations tod34l

respectively. levels are energeti i ionizati
- . getically possible. All these autoionization
The rate coefficiengq for prqces;(l) .onlly, l.e., the cap- processes have been included in the present work.
ture of a free electron by a Ni-like ion in its ground state The rate coefficient foeffectiveDR, i.e., for proces¢l)

T[O f_orrp a I_Cu_:[llke 'Ok? in ar|1 etxcdltﬁd ti[am gbqvle tr}edfltrs_tl OIplus process2a) or (2b), from the initial ground levek of
g)nllza |onA|m| , can el\;.\va ua”(_e yl ?prlnmlp e_to d'eta'lbe the Ni-like ion through a given intermediate inner-shell ex-
alance. Assuming a Maxwetlian electron velocity distnbu- i 4 eveld to any final nonautoionizing levelor d” of the

tion corresponding to an electron temperatilige one ob- _like ion is ai
tains, for the capture rate coefficiefsee, e.g., Ref.10]), Cu-like ion is given by

a .
Ek!Adk, + EIAdI+ Ed”<kAdd”

D _ D
—E agg=BrgB"(d). 6
Bra=1.656x 10—22(kTe)—3/2% aexg —=2|, (3
dTRKT
Yk e The total rate coefficient for DR from the initial levé&lis

whereE, is the energy difference between the ledeand given by summing over all relevau levels:

the first ionization limitk. E, 4y andkT, are expressed in eV.

g« is the coefficient for autoionization from level to k, al=> ab. (6)
expressed ins. g, andg, are the statistical weights of the d
d andk levels, respectivelyB,q is expressed in cirs .

Assuming the ion does not undergo inelastic collisionsThe total number of intermediatg levels included in the
with electrons after capturing the free electron, the innerpresent detailed level-by-level computations, pertaining to
shell excited Cu-like ion in leved can either autoionize back the configuration complexess33p®3d®4In’l’ (4<n’'<9),
to form a Ni-like ion or decay radiatively. This decay can be3s?3p®3d*%lIn’l’ (n’<5), and 33p®3d*%In’l’ (n'<5) is
towards a levetl’ above the ionization limitK) from which 17 105. In addition, for the €3p®3d°4In’l’ (n'>9) com-
it can further either autoionize or decay or it can be to a leveplexes am’ 2 extrapolation rule has been applied. Configu-
i or d” below the ionization limit(i.e., effective recombina- ration mixing has been taken into account in the
tion); i denotes a 8'%"1” level of the recombined Cu-like (3s3p3d)’4l4l’ and (33p)’3d'%I51" complexes. For
ion [procesg2a)] andd” a 3d°4141" level below the ioniza- higher complexes the mixing is much less important and has
tion limit [procesg2b)]. Thus, considering all these possible been neglected.
depletion processes from a given ledekhebranching ratio The detailed level energies and radiative decay coeffi-
for (effective) dielectronic recombinatighrough the levet cients were computed here using the multiconfiguration rela-
is defined as tivistic RELAC code [11]. The autoionization coefficients
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TABLE |. Ratios of the rate coeffients for DR through the®a141’ and 31°4151” complexes calculated in four different approximations
to exact coefficients obtained by including all resonant andresonant stabilizingransitions(NRS) and decaysto autoionizinglevels
possibly followed by radiativeascade$DAC), using the multiple branching ratio in E@), for PP and At**. The four approximations
include, respectivelyresonant stabilizingdecays only(RS); resonant andonresonant stabilizinglecays only(NRS); all resonant and
nonresonantecays, but assuming thdecayso autoionizinglevels are followed byutoionizationonly (NRS+DAA); and all resonant and
nonresonantlecays, but assuming thdecaysto autoionizinglevels are followed byecombinationonly (NRS+DAR).

Te (eV)
lon Model 10 100 1000 10 000
3d°4141'complex

PPt RS 0.68 0.92 0.95 0.95
NRS 1.00 0.99 0.98 0.98

NRS+DAA 1.00 0.98 0.98 0.97

NRS+DAR 1.00 1.02 1.04 1.03

AU RS 0.95 0.97 0.98 0.98
NRS 1.00 1.00 1.00 1.00

NRS+DAA 1.00 1.00 1.00 1.00

NRS+DAR 1.00 1.00 1.01 1.01

3d°4151" complex

PRt RS 0.05 0.54 0.83 0.86
NRS 1.00 0.95 0.94 0.96

NRS+DAA 1.00 0.90 0.89 0.90

NRS+DAR 1.00 1.13 1.19 1.20

Audtt RS 0.02 0.45 0.78 0.82
NRS 1.00 1.00 0.99 1.00

NRS+DAA 1.00 1.00 0.95 0.95

NRS+DAR 1.00 1.00 1.06 1.07

were calculated in the semirelativistic distorted-wave ap-all the DAC processes involving thousands of autoionizing
proximation using the factorization-interpolation model levels, one has checked various approximations to evaluate
implemented in theluLLAC code packaggl2]. This method their effect.
has been applied in many cases and successfully tested by It is interesting to note that completely neglecting DAC
comparison to more time-consuming calculation methodsransitions(d—d'), which appear in expressidd) both in
[12,13. the numerator and in the denominator of the branching ratio,
gives a fairly good approximation. As explained in Ref],
including DAC means adding the terB,,B°(d’) to the
Ill. RESULTS AND DISCUSSION numerator and the terldA 4 to the denominator of the DR
) ) branching ratio expressioficompare expression&}) and
.In the fqllowmg the results of the qomputaﬂon; performed(4r)]_ On the average, one can assume that for a given ion the
P dEtazlelﬁd Iev1e+l-by-le¥rel calcglilatlogssjor tesr11+|0”5;'$’[° DR branching ratio for the different levels is more or less
Ag '41(9 - P’3_ ) Gd, DY3 , Ta™, AU, AP, constant; thus the above simplification should have no influ-
and U*" of the Nil isoelectronic sequence are presented. ence, because in this approximation the term added to the
numerator is smaller than the term added to the denominator
by the same ratio as the original ra® (d).
In order to illustrate this feature and to compare the re-
All the present computations take into accolaiter the sults of the various approximations, the ratios of the rate
initial electron captureradiative decays via resonant transi- coefficients for DR through & 4141’ and 31°415|" obtained
tions, or vianonresonant stabilizingNRS) transitions, i.e., in four different approximations to the rate coefficients ob-
to nonautoionizingevels, within the 81°4141” complex. In  tained by accurately including NRS and DAC processes are
Ref.[4] it was shown that the NRS transitions do indeed givegiven in Table | for Pt** and Ac*". In the first line only the
important contributions to the partial rate coefficients for DRresonant stabilizingRS) transitions are included. The other
through the 8°4141" and 34151’ complexes and by no three approximations all include resonant and NRS transi-
means can be ignored. The effectddcaysto autoionizing tions, but differ by the methods for evaluating the decays to
levels possibly followed bgascade4DAC) was also inves- autoionizing levels. In the second approximation, decays to
tigated in that work and was found to be minor relative to theautoionizing levels are completely disregarded and only NRS
NRS effect. Since for all the high-lying inner-shell excited transitions are included, i.e., as in expressidf). In the
configurations considered here it is not practical to includehird approximation aldecaysto autoionizinglevels are in-

A. Nonresonant radiative transitions
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TABLE II. Total DR rate coefficientgin cm® s7%) for Mo**", PP, and Au™! including NRS transitiongand the most important DAC
processesat different electron temperatures, compared to results of computations where only resonant trgRionsre taken into
account. X[—Y] denotesxx 10" ".

Te (eV)
lon Model 10 100 1000 10 000
Mo4* present work 2.%6-11] 7.5 -11] 1.37-11]
RS only[3] 8.99-12] 5.29-11] 1.04-11]
PP present work 2.79-10] 2.84-10] 1.3§-10] 7.84-12]
RS only 1.98-10] 2.50—10] 1.14-10] 6.84—12]
Austt present work 2.42-9] 7.64-10] 2.14-10] 1.89-11]
RS only 2.11-9] 7.26-10] 1.83-10] 1.54-11]

cluded, but are assumed to be followed &ytoionization tronic sequence, as a function of the electron temperature.
only, i.e.,BP(d’) in expressior(4) is taken to be zero. In the The total rate coefficients also include the contributions of
fourth approximation one assumes, to the contrary, that athe higher complexes#4In’l’ (n'>9) evaluated by ex-
decaydo autoionizinglevels are followed by radiative decay trapolation as discussed in Sec. Il C. The particular behavior
and ultimately byrecombinationonly, i.e., BP(d’) in ex-  of the rate coefficients for DR through the3t 41’ complex
pression(4) is taken to be unity. due to individual levels very close to the ionization limit for

The results in Table | clearly show that the NRS approxi-certain ions and the more typical behavior of DR through
mation gives the best DR predictions for thd®8141” and  3d°415]" have been discussed extensively in a previous pa-
3d°4I51" configuration complexes, i.e., closest to the accuper[4]. At low electron temperaturgT,<500 eV for Pr and
rate calculations that take all the DAC processes into ackT,<1000 eV for Ay the DR process through thel%414|’
count. Similar calculations for the other Ni-like iof44]  complex is predominant. This is due to the snig} values
show that this conclusion holds for the rest of the sequenci this complex. At higher electron temperature the contribu-
as well. Thus, in the present calculations for DR through theion of the 3d°4151’ configuration complex becomes larger.
higher complexes @&4In’l" (n’=6) and 3°3d'%l4l" (for  All the energy levels of this complex are above the ioniza-
which NRS radiative transitions are allowednly resonant tion limit. However, they are not high enough to be signifi-
and NRS transitions have been included, but DAC processesantly affected by autoionization to the excited®al Ni-
were completely neglected. The present DR calculations folike levels. This kind of autoionization processes can reduce
the 3d°4141" and A°4151" complexes, however, do still in-
clude DAC.

Table | shows that the commonly used RS approximation
can lead to drastic underestimations fa’815! " at low tem-
perature. Calculations show that this is also the case for
higher complexes. In order to show the overall effect of the
nonresonant transitions(generally NRS, and for the
3d%4141" and 3°4151" complexes DAC alsoon thetotal
DR rate coefficients, the results obtained for g PP,
and Ar'" are compared in Table Il to the results of our
previous mode[3], obtained with the same method, but tak-
ing only resonant transitionéRS) into account. It can be
seen that at low electron temperature the nonresonant transi-
tions enhance the total DR rate coefficient by a factor of up
to about 2 for relatively light elements and at high tempera-
ture by the order of 20% for all ions. This effect is mainly
due to the NRS transitions that open a large number of ef-
fective DR channels through Cu-like inner-shell excited con-
figurations from which the resonant decays are electric- ~
dipole forbidden (e.g., 3%sn’d) [4]. When NRS 10
transitions are neglected these configurations have no DR
contribution at all.

3 —1)

ch(cm s

0 500 1000 1500 2000
kTe(eV)

FIG. 1. Total and partial rate coefficients for DR of*Br
through the various Cu-like configuration complexes as a function

Figures 1 and 2 show the results for the total DR rateof the electron temperature. The solid curves represent the contri-
coefficient and the partial contributions of the various Cu-butions of the 8°In’l’ complexes and labels 4-9 represent val-
like inner-shell excited configuration complexes for two ionsues ofn’. The dashed curves refer to the’3p°3d*%In’l’ com-
PP and AP, from two different ranges of the isoelec- plexes and the dotted curves te3p®3d%In’|".

B. Contribution of the various configuration complexes
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FIG. 2. Total and partial rate coefficients for DR of %l FIG. 3. Partial rate coefficients for DR of 44 through the

through the various Cu-like configuration complexes as a functiorvarious 31%In’'l" configuration complexes as a function of the
of the electron temperature. The solid curves represent the contrprincipal quantum numben’ in the n’=4-15 range, for four se-
butions of the 8°4In’l’" complexes and the labels 4—-9 representlected temperatures. The solid curves are plotted through the calcu-
the value ofn’. The dashed curves refer to the?3p°3d%In’l’  lated values just to guide the eye. The dotted curves indicate the
complexes and the dotted curves t3p%3d'%4In’l". n’ 3 grid as reference for the scaling of the partial rate coefficients.

the effective DR rates through the higger-lying complexesgcale aq’ 2 (for highn’) and those of #—3d decays are
5 1 e r_ . .

The DR process through thes®p®3d'°4In’l’ (n'=4,5  approximately independent af’ and tend to a constant.
complexes is found to corgtrlbltéte altogether about 10% of therhys, for high values oh’ both the numerator and the de-
total DR rate and thesBp~3d™4In'l" (n'=4,5 complexes nominator of the branching ratio for DRexpression(4’)]
about 1%. These contributions are shown in Figs. 1 and 2 bﬁsymptotically tend to a constant. Thé behavior of a2y
the dashed and dotted curves, respectively. Since these cofyerefore depends off,4 alone. Assuming thaE, is ap-

H H 5 10, ! . .. .
tributions = are ~ small, the é?3p 3d™4In’l” and  proximately constant for sufficiently high values wf, the
3s3p°3d4In’l" complexes withn">5 have been totally exponent in the expression f@ 4 [Eq. (3)] is also constant
disregarded here. In some cases, levels from th@nd the only dependence oxi comes fromA3,, which
3s°3p°3d*°4141" complex can lie close to the ionization scales an’ % Thusp,, scales as’° and so doea?,. The
limit and therefore give a significant DR eff_ect gt very low ¢ondition for the exponent in Eq3) to be approximately
temperature, as can be seen for Pr in Fig. 1. Theonstant is expected to be fulfilled for smaller values oés
3s3p°3d™4In’l" configurations lie high above the ioniza- the electron temperature is higher, since at high temperature

tion I|m|t, making the autoionizations to many N|-I|kaj%4| the exponent is less sensitive to the ChangeElgf asn’
levels possible. This process is especially important for the/gries.

I’elatively lowZ elements. The distribution of the various Denoting bynS the |Owern’ Va|ue from WhichaD(n’)
CompleX Contributions to the tOtal DR rate CoeffiCient pre'sca|es accurate'y enough a’s_3' one can write

sented here for Ni-like praseodymium and gold is found to
be quite representative of the general distribution trend

throughout the isoelectronic sequence. 2 aP(n)=2 P(n)+ X
n'=4 n'=4 n'=ng+1

-3
aD(ns)-

)

S
C. Extrapolation of the 3d%4In’I" contributions for n’>9

_In order to estimate the DR contribution of the most sig-The rarely addressed but important problem is to find the
nificant higher complexes d#4in’l" (10<n’<w), an ex- value ofn,. Results of recent calculations for He-like ions
trapolation approximation proposed by Hafifl has been [15] were found to still deviate from tha’~° scaling for
used. The scaling of the partial rate coefficierit(n’) for  5<n’<8; therefore it is essential to check the validity of this
DR through a given 8%In’l’ complex for highn’ values  scaling and determine, for the Nii sequence. For this pur-
can be deduced from the scalings of the coefficients for autqose the T&#" ion has been taken as a sample. The contri-
ionization (Ag,) and radiative decay®Ay and Agy). The  putions of the 8%In’l’ complexes in the 4n’<15 range
sums=Aj,, and=Ayy (for n’l’—41" decay$ appearing in  have been calculated and plotted in Fig. 3. Configurations
expression (4') scale asn’~3. The sum A, (for  with |”>8 give a very small contribution and have been ne-
3d°%4In’l’—3d¥n"1") includes the coefficients of two types glected. It can be seen that the solid curves through the cal-
of radiative decays: the coefficients forl’—3d decays culated values tend to follow the dotted 3 grid as the
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TABLE Ill. Total DR rate coefficientdin cm® s~ for the ten Ni-like ions considered, as a function of the electron temperd(@u)
is the calculated ionization energy of the Cu-like ioX[ — Y] denotesXx 10" Y.

Te (€V)
E(Cu)
lon (eV) 10 20 50 100 200 500 1000 2000 5000 10 000
Mo'**  301.1 2.26-11] 3.71-11] 6.14—-11] 7.59-11] 6.41-11] 3.0d—11] 1.34-11] 5.24-12] 1.41-12] 5.10-13]
Ag*®"  499.3 1.07-10] 8.84-11] 9.90-11] 1.2§-10] 1.3§-10] 8.4§-11] 4.1-11] 1.79-11] 4.91-12] 1.80-12]
Xe?®"  855.7 5.66—10] 3.2§-10] 2.2§-10] 2.0§—10] 2.17-10] 1.79-10] 9.99-11] 4.56-11] 1.3§-11] 5.07-12]
PR 1168 2.79—10] 3.59-10] 3.34-10] 2.84—10] 2.64-10] 2.19-10] 1.3§-10] 6.71—-11] 2.0§—-11] 7.8§—12]
Gd®* 1531 5.08-10] 5.59-10] 4.50-10] 3.61—10] 2.99-10] 2.39-10] 1.64-10] 8.41—11] 2.70—11] 1.09-11]
Dy®* 1690 8.0p—10] 8.29-10] 5.4-10] 4.11-10] 3.27-10] 2.64—10] 1.79-10] 9.43-11] 3.09—-11] 1.2d-11]
Ta®" 2315 1.87-10] 2.74-10] 4.19-10] 4.3]-10] 3.57-10] 2.74—10] 1.99-10] 1.14-10] 3.9§-11] 1.57-11]
AuSYT 2038  2.2p-9] 1.54-9] 1.094-9] 7.69-10] 5.1-10] 3.09—10] 2.1-10] 1.29-10] 4.6§-11] 1.8-11]
A" 3650 2.88-9] 2.41-9] 1.63-9] 1.09-9] 6.5§-10] 3.37-10] 2.30—10] 1.40-10] 5.3§-11] 2.2d-11]
US4t 4601 7.04—-9] 4.84-9] 251-9] 1.40-9] 7.41-10] 3.33-10] 2.20-10] 1.41-10] 5.74-11] 2.43-11]

value ofn’ increases, confirming the validity of the scaling the Cu-like ion in the ground state for each ion. Figure 4
rule in the present case for higti-values. ForkT,=4 keV ~ shows the special behavior of the total DR rate coefficients
the n’ 3 scaling becomes quite appropriate here already fofor the various elements at low temperature. This effect is
n’=8, whereas fokT,=400 eV the curves still deviate from essentially due to the contributions of some particular levels
the grid even an’=15. This is due to the temperature de- close to the ionization limit in the 4141’ configuration
pendence of the exponential factor, mentioned above, whicbomplex, as discussed in Ré#].
appears in the expression af; [see Egs(3) and (5)]. At Table IV shows the present total DR results for&dand
low temperature however, the contribution of the high-lying Ta** compared to those obtained in RefS, 6] using the
complexes is very small, as shown in Figs. 1 and 2; thereforenulticonfiguration Dirac-FockMCDF) model, at various
the error introduced into the total DR rate coefficients by arelectron temperatures in the 50-eV to 3-keV range. We have
inaccurate extrapolation at low electron temperature is exfound that in most cases tipartial DR results of the present
pected to be also very small. Finally, we have chosen thevork are consistently about 20—30 % higher than those of
value ofng=9. Consequently, the detailed level-by-level cal-the MCDF method at all electron temperatures. An unex-
culations have been performed for the partial DR rate coefplained exception is the factor 2 discrepancy in the partial
ficients along the Ni sequence for all the complexes up to rate coefficients for DR through thed34141’ complex of
n'=9 only. Equation(7) can then be written as Gd, which has already been reported in Ré{f. Most of the
discrepancies in the total DR rate coefficient for Gd at low

9 temperatures in Table IV are due to the discrepancy for this

> aP(n’)= D aP(n’)+4.02&P°(9).
n' =4

n'=4

()

In the T4>" case, the sum of the extrapolated contributions .
for all the 3d%In’l’ (n'>9) complexes akT,=400 eV is itm
only about 2% of the total DR rate coefficient, whereas at "
kT.=4 keV it is approximately 18%. o

It should be stressed that the present calculations have 10 'D 584
been carried out under the assumption of no inelastic XZW
electron-ion collisions after the initial electron capture. As - Gd®e*
the electron density increases, electron collisions become " prot
more important and are associated with a lowering of the °g
continuum. These effects can severely affect the contribu- 9 Ta®*
tions of high-lying 31°4In’l" configurations to DR. In those "5 10710 [ pgte+
cases the extrapolated contributions should be partially or
even completely disregarded.

D. Total DR rate coefficients Molt+

After adding the sum of the extrapolated contributions of

the 3d%4In’l" (n’>9) configuration complexes to the contri- 10711 .

100 1000 10000

kT, (eV)

butions of the complexes calculated in Sec. Il B, one finally 10

obtains thetotal DR rate coefficients. These results are pre-
sented in Table Il in the 10-eV to 10-keV electron tempera-
ture range for the ten Ni-like ions considered. The table also FIG. 4. Total DR rate coefficients for the ten Ni-like ions con-
gives the calculated energy for the first ionizatiB{Cu) of  sidered, as a function of the electron temperature.
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TABLE IV. Total DR rate coefficientsin cn®s™?) for Gd*®" and T4%" at different electron temperatures, compared to the results of
Ref.[5] (for Gd) and Ref[6] (for Ta). X[ — Y] denotesXx 10~ ".

Te (eV)
lon Reference 50 100 300 1000 3000
Gd*t* present work 4.91-10] 3.61-10] 2.70—-10] 1.64—-10] 5.2 —11]
Ref.[5] 1.76-10] 1.55-10] 1.47-10] 9.29-11] 3.07-11]
Ta*" present work 4.19-10] 4.31-10] 3.17-10] 1.99-10] 7.40-11]
Ref.[6] 3.27-10] 3.5d-10] 2.57-10] 1.49-10] 5.44-11]

complex that dominates the DR proces&8<<200 eV. The the molybdenum DR rate coefficients by a factor of about 2.
residual discrepancies for both Gd and Ta at all temperatureBhe results for praseodymium appear to be fairly good,
are due to the present inclusion of NRS and DAC transitionsvhereas for uranium the BM approximati@mverestimates
that were neglected in Ref®, 6] and to the contributions of the DR coefficients by about 15%. The calculations show
the high-lying 31°4In’l” (n'>9) configurations evaluated that the deviation of the BM curves for the other ions varies
here by extrapolation, which were apparently neglected ismoothly between the two extreme deviations for Mo and U.
Ref. [5] for Gd (but not in Ref.[6] for Ta). o However, at low temperatufféT,<0.3E,(Cu)] the BM for-
In Fig. 5 the total DR rate coefficients obtained in the i3 gives completely incorrect predictions for all the ele-

present work are compared to the results from the SeMigents: it can underestimate the DR rate coefficients by up to
empirical Burgess-Merts(BM) approximation [8,9] for ;o\ orders of magnitude. Moreover, at low electron tem-

14+ 1+ a4+ -
Mo, PP, and U™ in the 10-eV to 2.5-keV electron perature the temperature dependence of the BM results is

temperature range. Vertical dotted lines on the curves indi; . .
cate for reference the temperat&,= 0.5, (Cu) for each totally inadequate. The reasons for the inadequacy of the BM

element. The predictions of this formula depend on th formula in the case of the isoelectronic sequence considered

atomic data used in it. The results plotted in Fig. 5 have bee erSe are expl;lameq Iln Fhe lfoll_owmg. : de i
obtained using the oscillator strengths and the transition en- ome substantial simplifying assumptions were made in

ergies computed bgeLAc [11] for the strongest 8-4f tran- the BM approxir'nat.ion. These assump'Fions are quite accqrate
sition only, as suggested by Breton, De Michelis, angfor the weakly ionized atoms pertaining to sequences iso-

Mattioli [2]. At high electron temperatuf&T,>0.5€,(Cu)],  electronic to light elements, but are no longer valid for the

as shown in F|g 5, the BM approximatio_rnderestimates ions inVeStigated here. The majOI‘ Simplification was to as-
sume that the main contribution to DR comes from levels

lying well above the ionization limit. Consequently, the ex-
. - ponential factor in Eq(3) would be slowly varying from one
individual leveld to another and the energy teify, in the
exponent could be substituted by an average energy constant
term. In the present isoelectronic sequence, thié4B4l’
complex lies very close to the ionization limit and is the
main contributor to DR at low electron temperature. In the
: : : case of Ni-like gadolinium, for instanc&,4 for this com-
« 10 : : plex varies from 0 to 226 eV, making any constant approxi-
mation for the energy term in the exponent inadequate in the
0<kT,<400 eV range. Furthermore, the approximation that
uses the energy and oscillator strength of the parent radiative
transition(of the recombining ioninstead of the actual val-
ues (for the recombined ioncannot be valid for levels so
close to the ionization limit. In the Gf" case the BM ap-
proximation uses the averagel8-3d°4f transition energy
of approximately 1420 eV, instead of the actigly value
(between 0 and 226 eVMoreover, the calculations carried
. out by Burgess were performed for light elements in the

present work

(cm®s

-12

10

0 500 1000 1500 2000 2500 nonrelativisticL S-coupling scheme. Thus the formula was
kTe (eV) originally stated to be valid only for ions of charge20 at
the most.
FIG. 5. Total DR rate coefficients for M&", PR, and " as In conclusion, the Burgess-Merts formula cannot be ex-

a function of the electron temperature. Solid curves show the result@€cted to estimate the DR rate coefficients correctly for the
of the level-by-level calculations. Dashed curves indicate the result§eavy ions of the Ni sequence at a low temperature. In this

obtained from the Burgess-Mert8M) formula. Vertical dotted ~domain, not only are the magnitudes of the coefficients given
lines on the curves indicate the temperatie,=0.5E,(Cu) for by the formula inadequate, but so is the electron temperature
each element. behavior predicted by it. Therefore, accurate evaluation of
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DR rate coefficients for ionized heavy elements in this tem- It appears that the Burgess-Merts formula predicts the to-

perature range necessitates detadbdnitio calculations. tal DR rate coefficients with an accuracy better thaP0%
for the heavy Ni-like ion§Z>54) at relatively high electron
IV. CONCLUSIONS temperaturg¢k T,>0.5€,(Cu)]. However, at low temperature

) . [kT,<0.3E,Cu] it is completely inadequate; it can underes-
Detailed level-by-level calculations of the total DR rate tjmate the total rate coefficients by up to a few orders of
coefficients for ground-state Ni-like ions have been PeTmagnitude. In conclusion, the smooth temperature depen-

formed and the results are presented for ten ions of the iSq4ence of the DR rate coefficients ligh temperaturemight
electronic sequence. These results show that the nonresonghie feasible the use of analytical approximations in this
stabilizing radiative transitions can play an important role iNtemperature range, as well as interpolation for other heavy
the DR processes especially at very low electron temperayi.jike ions. However, in order to obtain correct DR rate
ture. On the other hand, the approximation that totally né¢oefficients atiow temperatureonly detailed level-by-level
glects decays to autoionizing levels is generally a sufficientlyca|cylations are adequate, due to the iregular behavior of the
good one. The 8°4141" inner-shell excited configuration pR rate coefficients in this range. Thus, for accurate model-
complex has been found to give the main contribution to DRing of x-ray laser schemes and for determination of the pre-
at low electron temperature due to the fact that the levels ofjse fractional ion abundances in plasmas, such calculations
this complex lie just above the ionization limit. At high tem- 416 required. The results for the Nsequence may give an
perature DR contributions of higherd34in’l" complexes  igea of the limitations expected from DR semiempirical ap-

The DR contributions of very high &4In’l’ complexes

have been found to scale a$ 2 already around’ =9, en-
abling an accurate extrapolation for the converging DR con-
tributions of the complexes with’>9. At high temperature We are thankful to D. Mitnik and R. Doron for fruitful
these complexes contribute between 10% and 20% of thdiscussions and their valuable comments. We also thank M.
total DR rate coefficient. Klapisch for the use of theuLLAC code package.
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