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It is shown in the present study that configuration interaction betweenpf@ 2l'nl” resonances formed
by electrons incident on Na-like ions leads to a reduction in the calculated dielectronic recombination cross
section by as much as a factor of 2. This explains the previous discrepancies between independent theoretical
calculations and experimental measurements of dielectronic recombifhinkemannet al, Nucl. Instrum.
Methods Phys. Res. Sect. B, 154(1995] and resonant transfer plus excitati@ernsteinet al,, Phys. Rev.
A 40, 4085 (1989]. New calculations are performed for ¥é&, S&", and NB°" using the independent-
processes, isolated-resonance, distorted-wave method, and comparison with experiment is made where avail-
able.[S1050-2946)09311-0

PACS numbdps): 34.80.Kw

[. INTRODUCTION resonance approximatidd—6]. Although such results usu-
ally compare favorably with experimental measurement,
When a beam of electrons is incident on an atomic ion, ithere are certain notable exceptiold. For instance, the
is possible that energy may be transferred from one of thesBTEX measurements of neonlike Rfg incident onH, by
electrons to one of the electrons bound to the target ion. IBernsteinet al. [7] were accurately modeled by the calcula-
the initial electron loses enough energy, it becomes bound dtons of Hahnet al. [8], and independently by Badng®].
well. Subsequent radiative stabilization of this state comHowever, similar results for Na-like N8 on H, from
pletes the process known as dielectronic recombind®®)  these two independent theoretical calculations yielded a peak
[1]. A similar process, known as resonant transfer and exciRTEX cross section that was roughly twice the measured
tation plus x-ray emissiofRTEX) [2] occurs when atomic value of Bernsteiret al.[7]. This discrepancy only worsened
ions are made incident on neutral atoms or molecules. In thas the chargeg on the projectile ions Nb" decreased, i.e.,
ionic rest frame, the moving atom or molecule is seen as as more electrons were added. A similar discrepancy of
source of electrons with a broad momentum distribution. Foroughly a factor of two was observed in a recent joint
high projectile energies, the impulse approximat{@} is  theoretical-experimental study of dielectronic recombination
used to relate the RTEX cross sectiofrex(Ep) of ions  of Na-like Fe'>" [10].
incident on atoms or molecules to the DR cross section We have reexamined the problem nE=2—3 dielec-
opr(Ee) Of electrons incident on the same ion: tronic recombination of Na-like ions in order to unveil the
cause of this discrepancy. Specifically, we are concerned

B mostly with the dielectronic capture process followed by the
orrex(Ep) = j dp,J)(p2) oor(Ee)- (1) autoionization or radiative decay of the following reso-
nances:
The distribution of the target-electron momentpgis given 6
by the Compton profile 2p”3s
e~ +2p®3s—2p®3s3Inl’—< 2p°3l  +e (49
J(pz)=f f dp,dpy| ¥ (Px. Py P, 2 2p°nl’
6
and the electron energy is related to that momentum by 2p°3s3l
—1{ 2p83snl’' } +#w.
m 6 ’
Ee=17Ep— EctP2V2Ey /M, 3 2p°3inl b

wherem and M are the electron and projectile masses, re- In the earlier study of Badne|B], for instanceLS cou-
spectively, andE, is the ionization threshold of the target pling was used for the Na-like ion NB", and only the
atom or molecule. Thus, either process ultimately depend8p®3s3Inl’ configurations were included in the basis de-
on the DR cross section. scribing the resonance states. The other configurations in-
Most calculations ofopgr(E.) make use of perturbative volving a 2p hole and two M-shell electrons, i.e.,
methods, such as the independent-processes plus isolat&p®3p?nl, 2p°3p3dnl, and 2°3d?nl, were not included in
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this basis, and for nontrivial reasons. First, these configuragualitative aspects of ClI with nonradiatively stabilizing con-
tions are not directly accessible via a one-step capture prdigurations in the following section.
cess from the @%3s+e~ continuum, since it is a three- Another effect that needs to be considered is that of inter-
electron transition. Second, even if configuration interactiormediate coupling. For certain systems, one expects interme-
(Cl) between the directly accessibl@Bs3Inl’ configura- diate coupling to give rise to additional resonances or decay
tion and these others is included, a higher-order process istates. For instance, in Li-like ions, even singly charged
self, the net effect is usually just a redistribution of the DRBe™, there is an increase in then=0 DR cross section by
cross section among these resonanddd, leading to no a factor of 3/2 due to the accessibility of L-S-forbidden cap-
appreciable effect in the total cross section. Indeed, modure resonance$14,15. This factor diminishes to 1 for
studies of Cl between resonandd4—-13 find that the only  higher-charged systems, however. For the same Li-like sys-
significant effect is caused by shifts in the energy positiondems, but forAn>0 resonances, intermediate-coupling ef-
of the resonances, which, due to the energy dependence fects are only about 1094.6], on the other hand. Indeed, we
the radiative rates, alters the computed DR cross section. THind for Na-like ions that these effects cause an increase for
Cl being considered here is between configurations with apsome charge states and resonances, and a decrease for others.
proximately the same energy positions, so that this shiftingConsequently, we will not examine the effects of additional
effect is expected to be minimal. Third, inclusion of all resonances and/or decay states within the context of a model
2p°3131'nl" configurations in the basis description of the problem, since no general rule applies for the resultant
resonances would have led to a prohibitively time-changes in the DR cross sections. Furthermore, we deter-
demanding computation a few years ago, particularly for thenined that the net effect of intermediate coupling on the
Mg-like and Al-like ions considered also. present calculations is simply to redistribute the CI effects
Nevertheless, the increased computational power of toand so may be understood by considering a model CI prob-
days computers, and the mounting evidence that the previousm.
theoretical results are perhaps a factor of 2 too high, warrant
a second look at possible CI effects. Bearing in mind the IIl. MODEL PROBLEM OF TWO INTERACTING
increased computational time required for calculations that RESONANCES
include this additional ClI, we have broken down investiga- ) ) )
tion of these effects into various stages. In the next section, e first qualify the behavior of CI between resonances as
we discuss some of the qualitative aspects of the effect of thé Will apply to Na-like systems, by means of the following
present type of Cl on DR cross sections. In Sec. I, Wemo.del problem_. Consujer two autoionizing resonance states
consider a model problem in which two resonances interactVhich, neglecting the interaction with any accessible con-
one with allowed capture and radiative rates, the other witfinua, are described by the single-configuration wave func-
neither. Quantitative expressions for the DR probability as dions Wi and W5. Let Wi be the initial continuum wave
function of the ClI strength are derived for this case in thefunction and assume that, using perturbation th¢ar, the
low- and high-charged limits. We then consider in Sec. IVfirst resonance has a captugaitoionization rate given by
one group of resonances in the Na-like+:3 DR case. The
important Cl effects are revealed, which can be understood A=2a(WiV[¥P, (5

by analogy to the model problem. We then present the results . ; .
of calculations for the full 2>3 DR and/or RTE cross sec- WhereV is the interelectron potential. We next assume that

tions for F&5*, S&3*_ and NE° in Sec. V. The effects of the second resonance is inaccessible from this initial con-

Cl and intermediate counling are demonstrated. and co tinuum, but can autoionize, with a rate comparable to the
. . ) piing o Mt resonance, to a second continuum described by the wave
parison with experiment is made where available. A brief

. c
conclusion follows. function¥¢, i.e.,
2a|(wiV|vy)P=0, (6)
Il. CONFIGURATION INTERACTION (Cl) EFFECTS
2|V TP =A. @)
The effect of Cl between resonances on calculated DR
cross sections has been the subject of a number of previolairthermore, let us assume that the first resonance can also
studies[11-13, where independent methods concluded thatutoionize with a comparable rate to the second continuum,
the effect on total cross sections is not expected to exceedz,
3% for Fe??* and Fe&3* [12], 5% for other Li-like iong13],
or, for general cases based on qualitative considerations of 2w WHV[V)P=A. ®
Cowan and Griffi11], no more than 10—20 %. This latter ] o
study found that the largest effects occured when Cl wa¥Ve @lso assume that the first resonance can rad|§1t|vgly sta-
included between states that differed significantly in theirPilizé with rateR to a bound state with wave functiob®,
energy relative to final radiative-decay states, thus altering/nereas the second cannot:

the energy-dependent radiative rates. The configurations that 3

. o 4o
were allowed to interact all had radiative rates comparable to — (¥ |D|¥P)P=R, (9)
the final recombined states, however. Also mentioned in that 3c

study, but never actually considered, was the effect of ClI 3
with configurations that cannot radiatively stabilize to final 4o |<\I,r|D|\I,b>|2:0 (10)
recombined states. For this reason, we have reexamined the 3c? 2 '
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Here, w is the photon energy and is the dipole operator. 3Inl’=3d4p. In the absence of CI between resonances, i.e.,
This model was chosen because it resembles cases we witle isolated resonance approximation, the processes neces-

encounter in the DR of Na-like ions in the next section. Bysary to consider are the following:
allowing CI between the two resonances, we have two reso-

nances described by mixed wave functions: 2p®3s
Wi=cyWl+c, W, (11 e +2p°3s—2p°3s3d4p—{ 20°3d p +e~ (189
_ 2p®4p
‘P;:C2\If&_cqur2. (12)
The mixing coefficients satisfy the orthonormality relation 2p®3s4p
c2+c3=1. The energy-averaged DR cross section for each - 2p®3d4p tho.
resonance takes the general fdrh7] (18b)
P =ﬁ (13 Not included above are radiative decays to autoionizin
TOSAGT SR Y 9

states(such as p°3s3d?), which usually are weaker radia-

whereA,; denotes the autoionization rate from the resonancéVe transitions and also have a lower probability of cascad-
r to the ith accessible continuumi €1 is the initial con- NG to recombined states.

tinuum), R, is the radiative rate from the resonanct® any If Cl is included within the 331" complex, then the in-
lower recombined state, and the sum ovef includes only ~ termediate configurationsp®3s3d4p in Eq. (188 will mix
bound recombined states. In the single-configuration apwith the following: {2p°3s®4p, 2p°3p?4p, 2p°3d?4p}.

proximation, the probability of capture followed by decay The first of these is directly accessible from the
only involves the first resonance and is given by 2p®3s+e~ continuum, and is therefore routinely included in

calculations anyway. The third of these does not mix
strongly with the 2°3s3d4p configuration, on the one
PNOCI:Am' (14) hand, and also has a strong radiative rate to th€384p
configuration due to the®3—2p decay, on the other hand.
However, including CI results in contributions from both Thus CI's with these configurations are not expected to be

resonances giving too important[11]. The 20°3p?4p configurations are quite
) ) different, however. First, they are not directly accessible

P —c2A CiR L e2A 2R from the 20°3s+e~ continuum, since this involves a three-
Clm M7 2c2A+205A+C3R 2 2¢3A+2¢2A+CIR’ electron transition. Second, there is strong CI between the

(15)  2p°3s3d4p and 2°3p2%4p configurations due to the
o o 3s3d+3p? 1D dipole core mixing. Third, these configura-
In the limit A>R, which is the usual case for lower-charged tjons cannot radiate to any bound state, since only odd-parity

low-n resonances, we see that orbitals are occupied, and the decay to the final @bital
p can only be from an even-parity orbital. This intermediate
SIEN ci+cs, (16)  configuration can therefore only autoionize or radiatively de-
Pnoci asr cay to autoionizing states; in either case, it does not lead to

. . . dielectronic recombination. The most probable process due
which varies between 1.0 and 0.5 depending on the degree @ the effect of the above CI can be shown schematically as
mixing. Thus, for the case of strong mixing
(c;~c,~1/\2) the effect of Cl is to halve the calculated o
DR_ cross section. Note, however, that in the liRiA this e +2p53s—2p53s3ddp — 2p53p2Ap—2p®3p+e .
ratio is instead (19

Pci 2, .2
o) — cite=1. 17 The above considerations can be shown to dramatically
NOCI R>A . .
alter the full calculated cross sections. In Fig. 1, we show a

This indicates that as the nuclear chaZgis increased along comparison of Cl versus no-ClI calculations for the DR cross
. . . . 2 ; 5+ L 5

an isoelectronic series, and therefore the ratio of the radiativéection of Fe>" in the vicinity of the 2°3s3d4p reso-

to autoionization rateB/A is increased, the effect of Cl for nances. Both calculations included all three continua

a given resonance will lessen irrespective of the strength oP°3!, I=(O,1,2%, the 2)53836d4p resonance configura-
the ClI. tions, and the B°3s4p and 2°3d4p bound states. The CI

calculation also included thep23p24p configuration inter-
action. The effect of Cl is to reduce the three prominent
resonances by nearly a factor of 2. We point out that this

We quantify the previous qualitative reduction by consid-mixing gives rise to three other resonances, which are more
ering an actual calculation for the DR cross section. In ordeRp®3p?4p in character and appear at lower energies, but
to simplify the analysis, we assume that L-S coupling is validthese do not contribute significantly to the total DR cross
and we focus on a single group of resonances, namelsection.

IV. ANALYSIS OF THE 2 p®3s3d4p RESONANCES
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FIG. 1. Partial DR cross section for thpZs3d4p resonances

in Fe!>". Dashed line, single-configuration approximation for the Energy (eV)
resonances; solid line, configuration interaction with the ) )
2p®3p24p configuration included. FIG. 2: RTE cross section for It% +H,: short-dash(_ad line, L-S
results with no ClI; long-dashed line, L-S results witp®3p?nl
V. RESULTS mixing; solid line, IC results with p53p2nl mixing.

In the following subsections, we present the results for
electrons incident on various Na-like ions. We ran two sepa-
rate cases in each instance. The first included only the The RTE cross sections for F¥ are shown in Fig. 2 for
KMM resonances. Since these resonances are expectedtiigee different levels of approximation. First we performed
show the greatest degree of interaction, we included all cont-S calculations with the basis set used in the previous study
figurations within then=3 complex. All the configurations [9]- The resulting RTE cross section shows a peak of about
used for the initial continua, the intermediate resonancd00 Kb. When additional Cl is included, howeweonfigu-
states, and the final bound states are listed in Table |, wherf@tions listed undeb in Tables | and IJ, the cross sections
kl denotes a continuum distorted-wave orbital. For higherPeak at about 50 Kb instead. This is consistent with the pre-
energy resonances, we used instead the slightly reduced coious model problems covered earlier, where inclusion of Cl
figuration description shown in Table Il. Herd’, the va- N L-S calculations reduced the cross section by as much as a
lence orbital, is varied from4n<100 and G<I'<5. Itwas factor of 2. We also show the results from an intermediate-
verified on smaller runs that only the inclusion of the coupling calculation that included this additional CI. For this
2p33p2nl’ configuration gave a significant change in the case, intermediate-coupling effects increase the cross section
total cross section, while mixing with other configurations, compared to the L-S Cl calculations, but the peak is still only
such as p33p3dnl’, was unimportant. Also found to be @bout 70 Kb. It should also be pointed out that the
unimportant was the inclusion ofg23131'kl” continuum  intermediate-coupled no-Cl results were almost identical to
configurations, at least for the highly-charged ions considfhe L-S no-Cl ones, indicating that only when Cl was in-
ered here. The results for all Na-like ions were obtained fronfluded did intermediate-coupling have any effect. For the
calculations using this basis, and partial waves of total anguPr€Sent case, intermediate coupling just changes the degree
lar momentalL =0—4 were included. The results of both ©f Cl mixing and, therefore, according to the considerations
RTEX and DR calculations for each ion are described in the&f Sec. lll, the overall reduction of the cross section. It does
following subsections. All calculations used the programnOt give rise to any additional autoionization channels, how-
AUTOSTRUCTURE[18]. ever, another way in Wh|(_:h intermediate coupling can affect

the computed cross section.

A. Felst

TABLE I. Configuration basis used fdtMM DR of Na-like

ions. a: configurations which were included {®]. b: configura- TABLE Il. Configuration basis used fatMn (n>3) DR of
tions which were not included ifB]. Na-like ions.a: configurations which were included 8]. b: con-
figurations which were not included [9].
Continua Resonances Bound states
a a b a b Continua Resonances Bound states
2p®3skl 2p°3s?3p 2p°3p® 2p%3s?  2p®3p? a b a b
2p®3pkl  2p®3s%3d 2p®3p23d  2p®3s3p 2p®3p3d 2p®3sk 2p®3s?nl’ 2p®3p®nl’ 2pB3s?  2pf3p?
2p®3dkl  2p°3s3p? 2p®3p3d?> 2pf3s3d  2p83d? 2p®3pkl  2p®3s3pnl’ 2p®3s3p
2p®3s3pad 2p°3d® 2p®3dkl  2p®3s3dnl’ 2p®3s3d
2s2p®3s23p  2s2p83p°® 2p®nl’kl 2p®3snl’
2s2p%3s?3d  2s2p83p?3d 2p®3pnl’

2s2p%3s3p? 2s2p®3p3d?® 2p®3dnl’
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FIG. 3. DR cross section for E&". Solid line, present IC results FIG. 4. RTE cross section for §& +H,. Short-dashed line,
with 2p°3p?nl mixing, convoluted with the experimental energy L-S results with no CI; long-dashed line, L-S results with
distribution function; dashed line, experimental res(Rsf.[10]).  2p°3p”nl mixing; solid line, IC results with @>3p?nl mixing.

As previously mentioned, the joint theoretical- D. Nb*%*
experimental study of DR of F&" found the theory to be The experimentdl7] and theoretical8,9] studies of RTE
much higher than experiment for many of the prominentof niobium ions first yielded the large discrepancies for RTE
resonance$10]. The present theoretical results, including of Na-like ions. We therefore concentrate only on the RTE
additional CI and spin-orbit effects, are shown in Fig. 3 com-cross section for this system. These results are shown in Fig.
pared to experimentl0]. The theoretical cross section has 6. It is evident that the additional Cl reduces the theoretical
been convoluted with the experimental energy distributioncross section considerably, bringing it into better agreement
function using the parametel3=2.4 meV andT, =0.1 eV with the experimental data points. Thus, the previous dis-
[10]. It is clearly seen that the additional ClI has broughtcrepancy between theory and experiment can be attributed to
theory and experiment into much better agreement. The rea lack of this additional ClI in the earlier calculations. We
maining discrepancy we attribute to a lack of convergence ofote that there was no large disagreement between theory
our Cl basis, leading to somewhat inaccurate resonance pand experiment for NB*, however. For this system, the
sitions and widths. Nonetheless, we feel that, due to théan=1 resonant capture process is given by
above considerations, the most important configurations have B 6 5 )
been included in our expansion. e +2p°—2p3inl’, (20

B. Cu®®* so that all possible configurations are routinely included in

We simply mention that for resonant transfer excitation of
Cu'®" +H,, a similar factor of 2 reduction resulted from the
inclusion of additional Cl. These latest results will be com-
pared to the experimental values in a forthcoming pape}: AST

C. Se?3t

The RTE cross sections for $& are shown in Fig. 4.
For this charge state, theMM resonances are sufficiently
separated from theMn (n>3) complex that, even with the
broad Compton profile, two peaks can be distinguished. For
the LMM resonances, the L-S CI results are lower than the
L-S no-ClI results, and the intermediate-coupled CI results
are even lower. For theMn resonances, on the other hand,
the intermediate-coupled CI results are higher than the L-S
Cl results, though still lower than the L-S no-Cl results. This 0 P I ¥
is a perfect example of why it is difficult to estimate the 500 750 1000 1250 1500 1750
effects of intermediate coupling—for certain cases the effect Energy (eV)
is an increase in the RTE cross section, for other cases the
effect is a decrease. We also show the DR cross section for FIG. 5. Theoretical DR cross section for 8. Solid line,
this system, in Fig. 5, in anticipation of ongoing experimen-present IC results with (?3p?nl mixing, convoluted with the ex-
tal work [20]. perimental energy distribution function.

o

o
a

Cross section (Mb)
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80 ; ; : : why the discrepancy between theory and experiment per-
70 | A i sisted for all N§* ions withq<31. The proper inclusion of
X the required additional CI for systems wijk< 30 would lead
o) 60 . to even more time demanding computations than the present
= 50 F i ones, however, so that we will leave those calculations for a
2 future study.
§ 40 -
g 30 . VI. CONCLUSION
© 20F 1 We have demonstrated that additional CI with configura-
10 F - tions that are neither accessible from the initial continuum
0 nor radiate to the final recombined states of the electron-ion

0 50 100 150 200 250 system has a significant effect on the total DR or RTE cross
section. For the present case of electrons incident on Na-like
ions, the cross section was reduced by as much as a factor of
2. This has resolved previous discrepancies between theoreti-
cal calculations and experimental measurements for both the
Fe!®" and Nb*°" systems. This reduction is consistent with
the considerations presented for a simplified problem of the
interaction between two resonances, one which is not acces-
sible from the initial continuum or final recombined states. It
was also shown that intermediate coupling effects tended to
increase the cross section somewhat due to the resultant
e +2p53s2—2p°3s23Inl . 21) change in CI strength between resonances.

Energy (eV)

FIG. 6. RTE cross section for N& + H,. Short-dashed line,
L-S results with no CI; long-dashed line, L-S results with
2p®3p2nl mixing; solid line, IC results with p%3p2nl mixing;
diamonds, experimental data poiriief. [7]).

the basis for the resonancg8]. On the other hand, for
Nb?%* the An=1 resonant capture process is
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