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General analytic formula for total dielectronic recombination rate coefficients of Ni-like ions
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A general analytic formula for the total dielectronic recombinatiBir) rate coefficients of all the ions
along the Nil isoelectronic sequence with<8Z<92 is constructed on the basis of previously calculated DR
data, which were obtained by relativiséb initio level-by-level computations using thkLLAC code for ten
Ni-like ions. The DR rate coefficients are given as a function of the electron temperature and of the ion charge.
The results generated by this formula reproduce the previously calculated DR rate coefficients, generally to
better than 5% accuracy for all electron temperatrBs=0.0FE, ( E, is the ionization energy of the Cu-like
ion). As a test, the results of level-by-level DR calculations for two additional elements, barium and tungsten,
are compared to those of the analytic formula. The agreement is found to be similar to that for the first ten ions.
The analytic formula may be conveniently used for modeling the ion abundance distribution in hot plasmas.
[S1050-294{@8)09009-X

PACS numbd(s): 34.80.Kw

[. INTRODUCTION and found, for the most part, to agree within about 25% at
most electron temperatures. These discrepancies have been

The importance of dielectronic recombinatiéBR) for  mostly attributed to the inclusion of NRS and DAC transi-
calculating the ionization balance in hot plasmas is by nowtions in theHULLAC calculationg10].
long recognized(e.g., Refs.[1-4]). However, due to the It was already found that the commonly used Burgess-
complexity of the calculations, the full effect of DR on Merts (BM) semiempirical formuld12,13, which was con-
highly ionized heavy atoms is still to be investigated. In par-structed for evaluating the total DR rate coefficients of Bw-
ticular, very few relativisticab initio level-by-level DR cal- ions, is not adequate for highly ionized heavy atoms in gen-
culations for highly ionized heavy ions isoelectronic to theeral, nor for the Ni-like ions in particulaf5,10]. For the
third- and fourth-row elements have been published. relatively light( Z<50) Ni-like ions, the BM approximation

There are several published works on the DR of Ni-likewas found10] to underestimate the DR rates by as much as
ions. The total DR rate coefficients for Ni-like Gd and Ta in a factor of 2. Moreover, at relatively low electron tempera-
the ground state have been calculated in detail by CBgh  tures the BM approximation gives completely incorrect pre-
using the multiconfiguration Dirac-FodMCDF) relativistic ~ dictions for all the ions in the sequeniH)]. In a completely
method[7]. Recently, the relativistieiuLLAC (Hebrew Uni-  different approach by Hahpl4], the contributions to the
versity Lawrence Livermore Atomic Cofleode developed total DR rate coefficients are divided into five different ex-
by Bar-Shalomet al. [8] was used for a further systematic citation modes. However, this approximation is also desig-
study of DR processes along the Nil isoelectronic sequenceated for relatively ligh{Z<50) ions with only 12 electrons
[9,10]. In a first study[9] we thoroughly investigated the DR or fewer. Accordingly, the highest excitation mode included
of Ni-like ions in the ground state via the low-lying inner- in this latter work is the 8 or 3p excitation, whereas the
shell excited 8°4In’l" (n’ =4,5) Cu-like configurations. In major mode for DR of Ni-like ions is the @ excitation. In
the course of this study, the effect bbnresonant radiative conclusion, no adequate approximation is available for the
stabilizations(NRS) and decaysto autoionizinglevels pos- total DR rate coefficients of Ni-like ions or for ions in neigh-
sibly followed by cascadedDAC) was analyzed. More re- boring isoelectronic sequences.
cently, the results of the full calculations of ttetal DR rate In the present work, we seek to complete the investigation
coefficients for the Ni-like ions Mt™", Ag'®*, Xe?®*, PP*,  of the DR processes for Ni-like ions performed in Ré.
Gd", Dy®®", T, AU, At®", and U*' in the ground  and[10] for ten elements only, by extending it to the rest of
state were present¢dl0]. These extensive level-by-level cal- the Nil sequence. The main goal here is to construct a gen-
culations include the DR contributions of the high-lying Cu- eral expression for théotal DR rate coefficients of all the
like configurations 3#In’l’(n'<9), 3p°3d%In’l’ ( n’ elements along the Nil sequence, including those for which
<5), and 33p®3d'%In’l’ ( n’<5) and take the effect of no level-by-level computations have been performed. On the
NRS and DAC transitions into account. The residual contri-basis of the extensivab initio level-by-level calculations of
butions of the even higher configurations were also acthe total DR rate coefficients performed for ten Ni-like ions
counted for using extrapolation methods. All the DR calcu-in the 10 e\skT,<10 keV electron temperature range
lations for Ni-like ions were performed assuming no[10], one shows that a simple approximate analytic function
electron-ion collisions occur after the initial electron capture.of the electron temperature and of the ion charge can indeed
A recent work using a collisional-radiative modéll] shows be derived. This approximation enables an evaluation of the
that for the low-lying DR channels this approximation is still total DR rate coefficients for all the Ni-like ions from Seto
valid for electron densities up to D cm 2. The total DR US4*. This task is not straightforward because of the highly
rate coefficients for Ni-like Gd and Ta obtained by the twoirregular DR contributions from ion to ion of thed34141’
different methods, MCDF anduLLAC, were compare(10] Cu-like levels, which along the sequence move from above
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the ionization limit to below if9]. It has been shown that a transitions only. After fitting the parameteks andB; to best
single level that lies just above the ionization limit may com-reproduce the existing DR data, the second step is to fit these
pletely dominate the DR processes at low electron tempergearameters to functions of the ion chamge
tures. Moreover, this irregular behavior, which is reflected in  Instead of usingkT, in the parametric sum expression
the total DR rate coefficients mostly at low temperatures[Eqg. (3)], it is more convenient to define a reduced electron
may still have repercussions at high temperatures. temperaturer in units of the ionization energ, for each

The present analytic formula is useful for reproducing therecombinedCu-like) ion:
results of the total DR rate coefficients calculated in Ref.
[10], but it is mostly aimed at giving the total DR rate coef- _ kT,
ficients for the other Ni-like ions with an accuracy of the t E_|
same order of the level-by-level calculatioflieved to be
about 10% in the electron temperature range for which theThus, the general analytic expression for the DR rate coeffi-
ion abundances in most of the plasmas may be significantients of Ni-like ions proposed here is
Finally, the accuracy of the analytic formula is assessed here

4

by comparison to nevab initio level-by-level DR calcula- ap=(7) " expA,—B/7)+expA,— B,/ 7)
tions carried out for two other ions, Ni-like B4 and
W46+. + eXF(Aa_ Bg/T)] (5)

The choice of three exponential terrfia square brackets
Il. THEORETICAL METHOD appears indeed to be the most adequate. It enables us to best
introduce the different DR effects due to the lojjust above

In the following a very brief outline of the methods for S e T . . ) U
calculating the DR rate coefficients is given. The total ratelN ionization limil, intermediate-, and high-lying autoioniz-

coefficient for dielectronic recombination of the recombining!N9 Cu-like configurations. These contribute mostly at low
(Ni-like) ion in an initial statek is obtained by summing over (7<0-1), intermediate(7=1), and high(r>1) (reduced tem-

all the DR channels, i.e., all intermediate inner-shell excited?€ratures, respectivelyBg<B,<Bs). It should be noted
levelsd of the recombinedCu-like) ion: that expressiori5) includes only six parameters. In order to

reflect the ion charge dependenceaﬁ, each parameter is

o 5 in turn represented by a function of the ion charg&nlike
ay; :% BraB~(d), (1) in previous works for other sequenciks], in the present
work these functions are simple four-term power series, of

whereB,q is the rate coefficient for dielectronic capture from Which are shown to satisfactorily reproduce all the DR re-
level k to level d and BP(d) is the probability for effective  SUltS-

recombination by radiative stabilization after the initial cap-

ture, i.e., thebranching ratio for DR through level fL0]. In Il. RESULTS

the Ni-like case, for instance, it was found that in order to
obtain accurate results, the sum in Et)) should be taken
over more than 17 000 levels [10]. An analytic approxi-
mate formula may open the possibility to avoid these very As a first step, following the method described in the
complex and time-consuming DR calculations for ions thatpreceding section, the level-by-level DR computation results

A. Accurate parameters for reproducing the detailed
DR calculations

have not yet been investigated. for the ten ions of Ref{10] are fitted to expressiofb). The
Since 8,4 has the following dependence &, : best-fit procedure is performed for each ion separately in
order to obtain the six parameters for each one. The values of

s —Eyqg these parameters are presented in Table |. By using these
Bra~(KTe) ™ ~%ex KT, | 2 parameters in expressidb) it is possible to reproduce the
¢ total DR rate coefficients with an accuracy as good as about
E.q being the energy difference between levielsndd, the 2% for temperature&T,=0.0Z,, which cover the whole
straightforward approach is to try to estimatB by a para- domain in which the ions may exist with a significant abun-
metric sum expression of the type dance in most plasmas. It should be noted that an accuracy of
2% is much better than the intrinsic accuracy of the level-
m by-levelHULLAC calculations, which is expected to be of the
ap=(Te) 15> Aexp(—B;/Te). (3)  order of 10%. Consequently, the analytic function formula
=1 can be conveniently used for the DR rate coefficients of these

This method was already proposed by Burgess in 1a@% ten ions for modeling the ionization states in plasmas.

and by Roszman in 198[/15]. According to Burgess, the
summation in Eq(3) should be over each of the numerous
relevant stabilizing transitions. Roszman suggested a limited As a second step, we evaluate the parameters in expres-
summation over fivém=5) exponential terms: two for the sion (5) for all the remaining ions in the Nil sequence as
An=0 transitions and three for th&n>0 transitions. We described in the following. In order for the analytic formula
have tested several alternative analytic functions, but haviexpression5)] to be adequate for as many Ni-like ions as
found that expressio(B) with mtaken to be 3 gives the best possible, we first extend the basic results of Ré&f], in
results for DR in the Nil sequence where there Are>0  which Mo (Z=42) is the lightest element investigated, by

B. Interpolated parameters for the whole Nil sequence
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TABLE I. Parameters obtained by a best-fit procedure of expregSjaio the total DR rate coefficients
of ten Ni-like ions calculated by detailed level-by-level computations in REJ]. X[ —Y] stands forX

X107,
lon A, B, A, B, As B,
Mo4* —27.232 8.028B-2] —24.876 0.29630 —23.221 0.82488
Ag*t —26.931 4.2276-2] —24.424 0.26278 —22.692 0.77839
Xe** —-26.301 2.761p-2] —24.192 0.21398 —22.455 0.71011
Pl —25.967 3.2756-2] —24.268 0.17748 —22.462 0.66127
Gd*&+ —25.876 2.7414-2] —24.281 0.16690 —22.590 0.63417
Dy%®* —25.727 2.664[2] —24.133 0.17914 —22.636 0.63001
Ta*" —25.529 3.9620-2] —24.375 0.16497 —22.815 0.58865
Audtt —25.564 2.1540-2] —24.586 0.12238 —22.978 0.54260
At —25.682 1.3466-2] —24.873 8.9860-2] —23.108 0.50055
ub4* —25.752 9.2056-3] —25.179 9.134B-2] —23.324 0.47616
calculating the DR rate coefficient of an even lighter ele- Az;=—37.562 1—19.739-5.3608< 10 ?r
ment. For this purpose the Ni-like Kt (Z=36) ion has been
selected. For much lower charged ions theLLAC code +1.0164x 10 r?, (6¢)

based on the parametric potential method is not accurate

enough.Ab initio level-by-level calculations are performed and

here for KE*, but only for DR through the relatively low- s _ s
lying Cu-like 3d%4In’l’(n’'=4,5 configuration complexes. B3=102.06 “—11.43F "+1.2593-1.0259<10 “r.
These DR channels are the dominant channels at most elec- (6f)
tron temperature$10]. The total DR rate coefficient for
Kr8* is subsequently evaluated by assuming that the relativ
contribution of these DR channels to the total DR rate coef;[
ficient at each electron temperature in the Kr case is roughl
the same as for Mo, for which both part{@] and total[10] ol . )
DR rate coefficients were previously calculated in detail. Ik ions from Se(Z=34) to U (Z=92) are given in Table Il
From these approximate results for the total DR rate coefﬁlcor electron temperaturekTe eql_JaI_ to _O'E' ’0'35_' » Ei

cient of K the best-fit parametes; andB; are obtained 3E, and 1E, . The calculated ionization energiés are

for this ion as well. given in the second column of the table. For the ten elements

Subsequently, the values of each of the six parameters fdpvestigated in Ref[10] and for Ba and W(see the next
the previously investigated ten iori§able ) and for KE* section, the total DR rate coefficients obtained by level-by-

are fitted to six correspondingdependent power series. Un- level calculations are also given in the table below the results
like in other works(e.g., Ref.[16]), here series of a s.maII generated by the analytic formula. It should be stressed that

number ofr-dependent terms are found to be sufficient. Thehc any _analytic expre_ssion s desired for the DR total rate
parameters are fitted to six series of only fotirterms, se- coefficients of_these |on$or modell_ng purposéslt is pref-
lected in such a way that they still reproduce the originale_rable to use in expressidb) the directly fitted parameters

parameter values previously obtained for the eleven ion é\f’en in Lablf L ir;]s_teadh(_)fhthose deduced from Hg&)-
with a satisfactory accuracy. The limited number bterms k'n or (ta)r 0 ac ]|ceve Tlgbler ITCf#ragy. ies bet
(here fouy is intended to best insure the accuracy of the S can be seen from Table 11, the discrepancies between

interpolation for the DR rate coefficients of the intermediatel® level-by-level calculated dafa0] and those obtained by

ions not previously calculated. This procedure leads to tht%g:? g_enﬁraéegalylilg Erlrgélbanressmr(S) and Eqs.(63)-
following expressions for the various parameters: )]in the 0., <kTe= | electron temperature range are
generally found to be less than 10%, and in most of the cases

A;=25.116 "1—31.792+0.225 10 — 2.1852x 10 3r?, less than 5%. The discrepancies increase at low temperatures
(69 and are in fact inherent in any method of interpolation be-
tween ions along the sequence, due to the highly irregular

[%sing these functions for the parameters in expres&ion
e total DR rate coefficients for any Ni-like ion can be eas-
y obtained. The coefficients generated using the analytic
ormula [expression5) and Egs.(6a—(6f)] for all the Ni-

B;=1.3572 1-6.1320<10? variations from ion to ion of the DR contributions of the
low-lying Cu-like 3d°414l’configuration complex, since
+2.297910 3 —2.3559x 10 °r?, (6b) more levels(important to DR of these configurations fall
below the ionization limit a<Z increaseg9]. Although the
A,=—27.018+ 0.29041 — 4.5091X 10”32 higher-lying complexes give rather smooth contributions to
the total DR rate coefficients, thel®4141" irregularities still
+2.6027x 10 °r3, (60) have a residual effect at high temperatures as well. This ef-
fect is most pronounced for Ni-like Ta, for which the total
B,=29.556 "2—2.7263 ~1+0.400 75-4.5993< 10" °r, DR rate coefficients at low temperatures are particularly

(6d) small with respect to the general trend along the sequence
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TABLE Il. Total DR rate coefficientgin cn®s™%) for Ni-like Séf*to Ni-like U5 obtained by using the
general analytic formulfexpressior(5) and Eqs(6a)—(6f)] for various electron temperatures in units of the
ionization energyE, of the Cu-like ion. Superscripts “a” and “b” indicate the results of the detailed
level-by-level computations$[ — Y] stands forXx 10 Y.

KT,
lon E, (eV) 0.1E, 0.35, 1.0E, 3.0E, 10.CE,

sét 80.67 1.97-11] 1.57-11] 6.14-12] 1.89-12] 3.77-13]
Br’t 101.6 1.88—11] 1.5 —11] 7.41-12] 2.44—-12] 5.00—13]
Kr8* 124.4 1.90-11] 1.79—11] 1.09—11] 3.54-12] 7.24-13]
Rb>* 149.2 2.18-11] 2.30-11] 1.57-11] 5.09-12] 1.03-12]
S 175.9 2.51-11] 3.0 -11] 2.17-11] 6.99-12] 1.40-12]
Yyt 204.3 3.00-11] 4.03-11] 2.87-11] 9.09-12] 1.80-12]
Zrt?* 234.8 3.61—11] 5.1 -11] 3.5 -11] 1.19-11] 2.293-12]
Nb3* 266.9 4.31-11] 6.41—11] 4.37-11] 1.3q-11] 2.66-12]
Mol4+ 3011 5.04—-11] 7.74—-11] 5.1 —11] 1.59-11] 3.04-12]
: 4.77-11P 7.50—-112 48711 1.5 112 2.93-122

Tcts* 337.0 5.98—11] 9.04-11] 5.93-11] 1.80—11] 3.49-12]
Ruté* 374.8 6.87—11] 1.04-10] 6.64—11] 2.00-11] 3.87-12]
Rht"* 414.4 7.86—11] 1.17-10] 7.39-11] 2.2q-11] 4.23-12]
Pde* 455.9 8.91-11] 1.29-10] 7.99-11] 2.371-11] 4.5 -12]
Aglet 499.3 1.00-10] 1.41-10] 8.57—11] 2.59-11] 4.89-12]
9 : 9.8 — 117 1.37—-101 8.4 11 2.54—-11P 4.94—-12P
(ofs il 545.3 1.19-10] 1.594-10] 9.1d-11] 2.671—11] 5.11-12]
In?t* 591.8 1.24—10] 1.64-10] 9.57-11] 2.80—-11] 5.34—-12]
Sre2t 640.8 1.36—10] 1.74—-10] 9.99-11] 2.90-11] 5.53-12]
SKE3t 691.4 1.49-10] 1.84—-10] 1.04—10] 3.00—11] 5.70-12]
T4t 744.4 1.62—10] 1.99-10] 1.07-10] 3.07-11] 5.84—-12]
|25+ 799.4 1.76-10] 2.01-10] 1.1q-10] 3.14-11] 5.99-12]
Xe26+ 855.7 1.90-10] 2.09-10] 1.17-10] 3.19-11] 6.04-12]

2.09 —10 2.194-10P 1.1-10] 35111 6.33 12
cs™ 915.0 2.04—10] 2.1-10] 1.14-10] 3.29-11] 6.10—12]
2.1§-10] 2.29-10] 1.19-10] 3.24-11] 6.14—-12]

Ba?®* 974.6 b b b b b
2.19-10] 2.24-10] 1.17-10] 3.49-11] 6.31—-12]
La?%" 1037 2.39-10] 2.29-10] 1.14-10] 3.271-11] 6.1d-12]
ceot 1102 2.46—10] 2.34-10] 1.17-10] 3.271-11] 6.1d-12]
PRt 1168 2.60—10] 2.39-10] 1.17-10] 3.27-11] 6.14—12]
2.8 —10F 2.49-10P 1.19-10P 3.44-11F
Nd32* 1237 2.74-10] 2.43-10] 1.14-10] 3.2 -11] 6.17-12]
Prrst 1307 2.87-10] 2.47-10] 1.17-10] 3.24-11] 6.01—-12]
Snet 1379 3.00-10] 2.50—10] 1.17-10] 3.29-11] 6.01—-12]
Eu®* 1454 3.18—-10] 2.54-10] 1.14-10] 3.19-11] 5.99-12]
G 1531 3.24-10] 2.54-10] 1.14-10] 3.19-11] 5.81—12]

3.14-10F  2.4-10P 1.14-10p  3.14-11P
Tb37* 1609 3.37-10] 2.5 —10] 1.19-10] 3.17-11] 5.79-12]
3.44-10] 2.57-10] 1.13-10] 3.04-11] 5.64—-12]

Dy38* 1691 a a a a
3.43-10] 2.54-10] 1.13-10] 3.04-11]

Ho%%* 1772 3.5¢-10] 2.571-10] 1.14-10] 3.001-11] 5.59-12]
Er40* 1858 3.68—10] 2.571-10] 1.1q-10] 2.9q-11] 5.49-12]
Tm** 1944 3.77-10] 2.57-10] 1.09-10] 2.90-11] 5.37-12]
Yb*2* 2034 3.85—10] 2.56—-10] 1.07-10] 2.84-11] 5.29-12]
Lu43* 2125 3.98-10] 2.54-10] 1.09-10] 2.79-11] 5.14-12]
Hf44+ 2219 3.99—-10] 2.54-10] 1.04-10] 2.77-11] 5.00-12]
45" 2315 4.04-10] 2.54-10] 1.01—-10] 2.66—11] 4.89-12]

3.49-10F  2.41-10F  1.0-10F  25§-11]
4.09-10] 2.5(—10] 9.94-11] 2.60—11] 4.77-12]
W46+ 2414 3.55—10° 2.3§—10° 9.5 11 2.49-11P 4.74—-12P
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TABLE II. (Continued.

kT,
lon E, (eV) 0.1E, 0.3, 1.0E, 3.0E, 10.CE,

R 2514 4.12-10] 2.47-10] 9.73-11] 2.53-11] 4.64-12]
og'8+ 2616 4.14-10] 2.44-10] 9.57-11] 2.47-11] 4.57-12]
Ir4ot 2722 4.16—10] 2.47-10] 9.31-11] 2.40-11] 4.40-12]
POt 2829 4.16—10] 2.39-10] 9.09-11] 2.34-11] 4.21-12]
AU 2939 4.14-10] 2.39-10] 8.87—11] 2.21-11] 4.19-12]

4.09-10pR 2.3§—10 8.8 — 112 23011
Hg>%* 3052 4.14-10] 2.31-10] 8.64—11] 2.20-11] 4.09-12]
TISS* 3166 4.19-10] 2.24-10] 8.44—11] 2.19-11] 3.90-12]
Pp4* 3283 4.08—10] 2.24-10] 8.24-11] 2.04-11] 3.79-12]
Bi%* 3403 4.08-10] 2.20-10] 8.01—-11] 2.04-11] 3.67—12]
Pot* 3525 4.00-10] 2.1-10] 7.79-11] 1.94-11] 3.59-12]
ALST+ 3650 3.94-10] 2.14-10] 7.54-11] 1.90-11] 3.44-12]

4.19-10R 2.11-10F 7.84—-11P
RnP8* 3778 3.89—-10] 2.07-10] 7.371—-11] 1.84-11] 3.33-12]
Froo* 3908 3.89—10] 2.03-10] 7.1§-11] 1.79-11] 3.29-12]
Refo* 4041 3.75-10] 1.99-10] 6.94—11] 1.794-11] 3.11-12]
Actt 4177 3.68—10] 1.9 -10] 6.7 —11] 1.67-11] 3.00-12]
Thé2* 4315 3.61-10] 1.97-10] 6.57—11] 1.67-11] 2.91-12]
P&t 4456 3.58—10] 1.87—10] 6.34—11] 1.57-11] 2.81-12]

3.44-10] 1.89-10] 6.19—-11] 1.57-11] 2.701-12]
us4t 4601 3.57-102 1.84-10p° 6.39—112

8Detailed calculations in Ref10].
Detailed calculations in Ref17].

[10] due to thesmall contribution of the 8°4141’ complex, BM approximation[12,13. It can be seen that the general
as shown in Refl9]. As a result, the general formula, which analytic formula gives accurate results down to electron tem-
follows the mean trend of the sequenowgerestimateshe  peratures as low as 0.B2, and with the accurate parameters
actual DR rate coefficients for Ni-like Ta by up to 18% at the results are practically the same as those obtained by the
kT.=0.1E, and by still 3% atkT,=3E,. Another example detailed calculations in the electron temperature range con-
for the effect of the 8%414l" irregularities is the Ni-like Xe sidered. On the other hand, the BM approximation is no
ion. However, in contrast to the Ta case, in the Xe case thionger adequate already &iT.<0.3E,. At high electron
3d%l141" complex has several strong DR channels via levelgemperatures, the BM approximation gives an overestimation
lying just above the ionization limit, giving a particularly of about 25% for Ag and 10% for Au, while the general
large contribution to the total DR rate coefficier[i8]. As a  analytic formula reflects the detailed calculations very well.
result, the general formulanderestimatethe actual DR rate  The results for Ag and Au shown in the figure are represen-
coefficients for Ni-like Xe by almost 10% &fT.=0.1E, and tative of the other ions throughout the sequence. Therefore,
by still 5% atkT.=10E,. For the other Ni-like ions, the Fig. 1 can give an idea of the typical accuracy expected from
discrepancies between the general formula and the level-byhe present formuldboth when using Eqs(6a)—(6f) and
level calculations at low electron temperaturekT{ when using the parameters in Tableand from the BM
<0.1E,) are smaller. It should be noted that for all ions atapproximation, for all Ni-like ions.
very lowelectron temperature& < 0.00%,) the results of Although the fitting of the paramete#; and B; to the
the analytic formulaunderestimate¢he DR rate coefficients data is carried out for ions only as light as Kr, the results
with respect to the accurately computed values. The precisebtained by using the analytic formula for the next two
DR rates at these temperatures can be obtained by detailéighter elements Br and Se are still expected to be suffi-
level-by-level calculations only. It should be noted, however ciently accurate and are also given in Table Il. Extrapolation
that at very low temperatures the DR rates may be sensitivio lighter elements beyond Se is unreliable.
to the plasma environment, for example, to electric field ef-
fects: Consequently, even the results of the detailgd DR gal— IV. LEVEL-BY-LEVEL CALCULATIONS
culations for these temperatures should be used with caution. FOR Ni-LIKE Ba AND W

Figure 1 shows as an illustration the DR rate coefficients
for Ni-like Ag and Au obtained by the different methods: the  In order to assess the accuracy of the analytically gener-
level-by-level calculationgl0], the analytic formulgexpres- ated DR rate coefficients for all the Ni-like ions, extensive
sion (5)] using the accurate parametdfeom Table ), the level-by-level DR calculations were performed for two addi-
general analytic formul@also expressiori5) but with Eqs.  tional Ni-like ions, B&%*andW*¢", which were not included
(6a)—(6f) instead of the accurate parameteend finally the in Ref.[10] and thus not used for obtaining Eq6a)—(6f).
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T T whereas for W the agreement is very good at high tempera-
solid: calculations H H
short dashed: accur tures and the discrepancy increases to about 15% at low tem-
: ate params. . . 6
107 b > dashed: interpolated params. peratures. The relatively large discrepancy fof®Wat low
dotted: BM approximation temperatures is due to the same effect as for tH&'Tan
discussed in the preceding section, i.e., a particularly small
DR contribution of the 8%4141’ complex. This effect is
characteristic of the Cu-like ions of the elements around
Z=73, for which the autoionizing @414l’ levels are not

very close to the ionization limit.

| V. CONCLUSION

The lack of accurate DR data for most of the Ni-like ions
has motivated us to develop a general analytic expression for
evaluating the total DR rate coefficients along the Nil se-
quence (34Z7<92). These data are necessary for modeling
the fractional ion abundances of heavy elements in plasmas.
The present work saves the tedious task of level-by-level DR
calculations for the Ni-like ions not yet investigated. The
11 Do 3 )" proposed formula is constructed on the basis of previous
0.01 0.1 1 1o detailed DR calculations for ten ions along the Nil sequence.

KT /E, The total DR rate coefficients are given for all the Ni-like
© ions as a function of the electron temperature and the ion

FIG. 1. Total DR rate coefficients for A% and APt as a  charge. The results generated by the analytic formula in the
function of the electron temperature in reduced units of the ioniza0.1E,<kT<<10E, electron temperature range are found to
tion energyE, of the Cu-like ion. The solid curves show the results reproduce the previously calculated data to generally better
of the level-by-level calculationgRef. [10]). The short-dashed than 5%. At lower temperatures (0B kT.<O0.1E,|) the
curves represent the results of the analytic fornfabpressior(5)] results generated by the analytic formula are usually still
using the accurate parameters in Table I. The dashed curves reprgecurate to about 15%. The formula is also checked by com-
sent the results of the general analytic formigapression5) and  parison withnewlevel-by-level calculations performed inde-
Egs. (68—(6f)]. The dotted curves give the Burgess-MefM)  pendently for the DR rate coefficients of Ni-like Ba and W.
approximation. The formula is found to reproduce these DR rate coefficients

with the same accuracy. In the absence of accurate DR data

The computation procedure is identical to the one employegy; isoelectronic sequences adjacent to Nil, the present ana-
in Ref.[10]. The details of the computations for Ba and W, jytic formula with minor corrections to include th&n=0

including the partial contributions of the various configura-yansitions should be appropriate for ionization balance mod-
tion complexes, are published elsewhfl@|. Here, only the  gjing in these other sequences as well.

final results of thetotal DR rate coefficients for these ions
are given in Table Il and denoted by the superscript “b” for
comparison with the values obtained by using the general
analytic formula. It can be clearly seen that the agreement is One of the authoréE.B.) is indebted to the Charles Clore
quite good: For Ba the discrepancies are less than 3%srael Foundation for support.
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