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Theoretical study on dielectronic recombination of G ions in metastable states
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A computational scheme, based on the theory of the continuum-bound transitions of Bell and [Seaton
Phys. B18, 1589(1985] and the close-couplinB-matrix approach, has been developed to treat dielectronic
recombination(DR) in high-lying resonance-energy regions. This scheme and our presented numerical method
to compute DR in low-lying resonance-energy regipRbys. Rev. A62, 022706(2000] have been applied
together to elucidate the experimental spectra of the DR®f ions in the metastables?s S and 1s2s 'S
states. For comparison, a perturbative theoretical calculation of DR%orh@s also been accompanied. The
reasonable representation of the general dielectronic spectral shape is yielded by both our close-coupling and
perturbative calculations. However, both the methods do not reproduce the experimental double-peak structure
at ~6-8 eV. This shows that the further investigation on DR of this kind of ions is required both experimen-
tally and theoretically.
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I. INTRODUCTION experimental uncertaint{31]. In the merged-beam experi-
ments and the ion-storage-ring experiments with several
Dielectronic recombinatioiDR) between free electrons kinds of ions, the very strong increases of the measured ra-
and ions has attracted researchers’ attention for many yeaf4ation recombination rates in low relative-energy regions

owing to its importance in studies of astrophysics and plasm¥/€re seen over the calculated rates by several faf8¥s
physics(see, e.g}1,2]). Especially since the first direct mea- 34]. The temperature of these experimental electron beams is

surements of DR were carried Oi@-5|, interest in DR has obtained by fitting dielectronic resonance peaks. The double-
’ H H 6+ -7+
been heightened. A variety of theoretical approaches havB%"i‘rk structures of several He-like ionsTN O, F'*, and
been developed to investigate this prodee®, e.g[6—10), Si ", in the me_tastable states were not reproduce_d by pertur-
and the resolution of experiments has been raised step jptive calculation§l11,35,3@. It was thought that this obser-
step[11-14. So far a lot of progress has been made Thevation indicates a strong mixing of the three Rydberg series
. ) 1 3 1
great enhancement of DR caused by external fields wa@f resonances 2p(“P)nl, 1s2p(*P)nl, and 1s2s(*S)nl,
found by LaGattuta and HaHa5], Harmin[16], and Bartsch and the _muItlchannel-quantum-defect theory may be required
et al. [17]. Several groups showed that for heavy ions, relaf0 describe these systerf&y]. _
tivistic and Breit corrections to the Auger rates lead to a Al these issue a challenge to theoretical researchers and
drastic increase of the partial JB8—20. This increase may appeal exact trea_tments of phgtorecomblnatmn within non-
be conceived to be rational for highand mediurz ions.  Perturbative theories. In a previous papeé], based on the
But recently it was found that the relativistic effect plays ancl0S€-couplingR-matrix approach, we have presented a nu-
important role for Li" ions with extremely lowZ [21]. The merical method to calculate photorecombination in low-lying
occurrence of the experimental double-peak structure, whicffSOnance-energy regions. However, this method is invalid
was not explained by S-coupling R-matrix calculations, is when recomplngtlon into Rydberg series of resonances is in-
attributed to fine-structure effects. In a theoretical researci/0ved- In this investigation, based on the saRenatrix
on photorecombination of highly charged few-electron ura-2Pproach and Bell and Seatons continuum-bound transition
nium ions, Zimmermann, Grun, and Schd®P] revealed t_eory,_ we develop a computat|o_nal sche_)me to treat DR in
that it is required to investigate higher-order QED effects!9N-lying resonance-energy regions. This scheme and our
beyond the Breit interaction in the electron-electron interacPresented numerical method to compute DR in the low-lying
tion due to its strong influence on the cross sections. ThéESonance-energy regions are applied together to elucidate
resonance-background interference in highly charged urd® measured DR spectra of metastabl®” Gons in the
nium ions was observed at the super-EBIT facility of the€avy-ion storage-ring experimejitl,36. A corresponding
Lawrence Livermore National Laboratof23]. Radiation perturbative theoretical calculation is also made for compari-

damping was studied, and it turned out to be imporfadt. ~ SON Wwith that from thek-matrix approach.

26]. A recent close-coupling calculatig@?] for DR of C** In the second section, we will outline Bell and Seaton’s

removed the discrepancies between the experimental mek1€ory[7] derived from the rigorous continuum-bound tran-

surement and perturbative theoretical calculati®29. sition theory. In the thir_d section, the results calculated are
Also there exist some experiments that are not interpretd/ven and compared with the experiment of Anderseal.
able by existing theory. The asymmetric Fano profiles fo 11]. The conclusions are summarized in the final section.
Ar-like S and T#*, due to the resonance-background in-
terference, were predicted by the radiative optical-potential
method [30], but the experimental search for such line The close-couplingR-matrix approach was presented by
shapes are in disagreement with the calculations within th@urke, Hibbert, and RobfB88]. The details of this approach
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can be found in Ref4.38,39 and therefore are not repeated for electron scattering from channel to channels, o
in the present paper. Here we only describe Bell and Seatontepresents the open channel, andepresents the closed
formalism[7]. This formalism was derived from the rigorous channel. If we leg(v)=1 in Eqg.(6), it means that the elec-
theory of continuum-bound transitiofg0] to treat DR in the  tron flux, which is tripped in the closed-channel resonances
case of Rydberg series of resonances. and decays radiatively to bound states of ¢heion system,

The process of emission of radiation in the optical con-is neglected. Namely, radiation damping is not taken into
tinuum due to radiative capture of an electron by an ion wasccount.
discussed by Davies and Seafdi]. The general formula- For a given entrance channe] the DR probability can be
tion including radiation damping was given. The scatteringexpressed in terms &,.,
matrix S may be written with partitioning

Po=(1-S{Sedaa ®)

. See Sep

- Spe Sppl’ 1) where the unitarity condition for theS matrix Sgesee
+S;§espe=1 is used. Thu® , can be obtained by the diag-

where S, represents the submatrix for electron-electrononal elements of the matrix

scattering allowing for radiative decays,, represents that : . .

for photoionization S, represents that for electron capture 1-8eeSee=G(V) Xod Xcc— 9(v)EXp( —2i 7v) ]

with the emission of a photon, a represents that for * . 21 %

photon-photon scatteringe, andSpZﬁgFe written as, respec- X[Xeem9(w)exp+2imy)] "o, (9

tively,

whereG(v) =g(v)’— 1=exp(2mv°A, /7). Using the repre-
See=91-27°D(1+2) D], 2 sentation in whichy,. is diagonal, the DR probability for the
entrance channet is rewritten[9],

Spe=—2mi(1+2)~'D", )
whereS s the usual electron-electron scattering matrix in the Pa:G(V)Ey | E Xay'Nyyr
absence of interaction with radiation field3,is the reduced 7
dipole matrix with its matrix element defined as X[ Xyy—9(v)EXp(—2i 7v)] 2
2w3a3)1’2<7JIIR7'J'> — -
D.j . ,:( , (4) X[ x*.,— (V)eXK-I-ZiWV)]_l{E * N ”
’}/J,)/ J 1/2 X g X "o ! 1
3m (2J+1) vy = ey
and (10
- _ DT(E)D(E) with
Xee=NTxccN, (11
In Egs.(4) and(5), « is the fine-structure constan, is the _
photon energy in units of hartreeR=23;r; is the dipole Xoc= XocN, (12
operator, in which the summation is over all atomic elec- o
trons, yJ and y’'J’, respectively, specify the continuum and Xco=NTxco, (13

bound states of the atomic system, ai{d’) are the total
angular momenta; the wave function of the continuum elecwhere the summations overy’ run over all the closed chan-
tron is normalized per unit hartree ard represents the hels contributing to DRN is the diagonalizing matrix, and
Cauchy principal value of the integral. NT is the transpose d¥.

From the above rigorous continuum-bound transition The total DR cross section is
theory including radiation damping, and using the quantum-
defeat theory, Bell and Seatdi] construct a formalism in ™
order to treat recombination in high-lying resonance-energy o(B)= 2k%g ; 9P
regions. The obtained electron-scattering matrix allowing for

radiation damping is wherek is the wave number of the incident electron, and
. _ andg, are the statistical weight of the recombining ion state
See™ Xoo™ Xod Xec™9(»)EXA =2i71)] *Xeo  (B)  znd the continuum state, respectively.

To make a direct comparison with the experiment of

(14)

with Andersenet al. [11], we need to evaluate DR rate coeffi-
g( V)= eX[i 7TV3Ar /22)' (7) C|entS<U O'>

wherev is the effective quantum numbeX, is the radiative (vo)= J'OOU(Tf(U)d3U (15)

decay ratez is the ion chargey,z denotes the submatrix 0 '
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wheref(v) is the experimental electron distribution, charac- 30
terized by the pseudo-Maxwellian with the perpendicular jn=10 R Maci
temperaturel, and the parallel temperatuffg , 25 |1 Pre
11
Fv)= = 2 1ok T, | o " 2 :E
(V)= Sy, &XP~MuL/2KT, 27k, i
Xexd —m(v;—A)2/2KT|], (16) 15 f

wherem is the electron masg denotes Boltzmann’s con-
stant,v, andv| are the electron-velocity components per-
pendicular and parallel to the ion-beam directions, respec-
tively, andA is the detuning velocity that defines the relative

energy 6mA2=g,).

—

Rate Coefficients (107 cm’s™?)

e
tn

o 1 2 3 4 5 6
Ill. RESULTS AND DISCUSSION Relative Energy (V)

The formalism constructed by_ Bell and Se?‘“?” is a prgcise FIG. 1. Rate coefficients for dielectronic recombination 6O
ab initio theory[7]. It reasonably includes radiation damping jons from the metastables2s 'S state. The solid and dotted curve

in electron-ion scattering by treating the outer electron as gpresents the results of the close-coupRagatrix approach and
spectator This theory makes it practicable to exactly evalu- perturbation theory, respectively.

ate DR through an infinite series of resonances. From Sec. Il,
one may see that, in order to calculate the DR probabilityfrom perturbation theory for comparison with the results
and cross section in high-lying resonance-energy regions ugrom the close-coupling-matrix approach. The perturbative
ing the formalism by Bell and Seaton, one first has to evalutheoretical method utilized in this paper can be found in Ref.
ate the open-closetr closed-openand closed-closed sub- [26], it therefore was omitted here. We use the single-
matrices and the radiative decay rate of ion cores. We haveonfiguration approximation to evaluate the cross sections in
written a code for this purpose on the basis of the closethe transitions $2s'Sel,—1s2p(*P)nl—1s?nl for the
couplingR-matrix approachi39]. The developed scheme was case ofn<16, and use the & scaling law to obtains for
applied to the investigation of DR for® ions in the meta- the case of 18 n< Nmax. It May been seen that the differ-
stable k2s 'S states. For the case of DR from the metastableence between the DR cross sections from Raeatrix ap-
1s2s°S states, our presented method in the previous papgsroach and those from the perturbation theory are not large.
[26] has been employed to perform the calculation. The inAlso our perturbative results are quite in agreement with
vestigation includes the determination of the target states anBadnell, Pindzola, and Griffin’g36] (their line is not plotted
the calculation of recombination in the low- and high-lying herg. They have shown that the effects of configuration in-
resonance-energy regions. We adopted HibbgA§ Clv3  teraction are very small. It is surprising that the single-
program to optimize the< 2p, 3s, 3p, and 3l radial or-  configuration approximation engenders such results.
bitals on the 2!s, 23p, 3315 33!, and 3*'D states, Recombination from the €2s3S was evaluated by using
respectively. The 4 radial orbital was chosen to be the our presented numerical methf2b]. This method is devel-
Hartree-Fock ground-state orbital of Clementi and Roetiioped from the rigorous continuum-bound transition theory,
[42]. The 11 lowest target states 13, 23S, 2!S, 23P,  and radiation damping is explicitly included by evaluating
2'p, 33s, 3's, 33P, 3°D, 3'D, 3'P) are included in the Cauchy principal value of the integral in scattering ma-
our calculations. trices. In view of trivial contributions from the high partial
For every symmetry of the total spin and orbital angularwaves to the DR cross sections, the states ofete®*
momentum and parity5Lz, we carried out theR-matrix  system only withL <5 were retained in the present calcula-
computations of DR from thesPs 'S state. The cross sec- tion. The rate coefficient calculated is depicted as a function
tions well converged are obtained when total orbital angulaof the relative energy; in Fig. 2 (solid curve, and for
momentumL =11. This displays that the high partial waves comparison, the perturbative results are preseiftidted
have non-negligible contributions to the recombination fromcurve. It should be emphasized that the resonances from the
the 1s2s'S state. To consider the effect of field ionization in perturbative calculation are shifted by0.2 eV to match the
the analyzing region of the experiment, the calculation wasxperimental peaks. We noticed that the perturbation theory
cut off after the maximum value of the effective principal gives the comparable rate coefficients with tRematrix
quantum numben,,,,=60. Then,,, was determined from method. Specially, the perturbative results are in good agree-
the semiclassical field-ionization formula6]. Figure 1 pre- ment with these in Ref:36] (the curve is not accompanying
sents the DR rate coefficients o) (solid curve of O°" in  here. From Fig. 2, one can see that above about 7.5 eV,
the metastable 2s 'S state. In the convolution to evaluate dielectronic peaks drastically weaken. This is because the
rate coefficients, the two temperatur€s=0.135 eV and channels $2p(®P)al and 1s2s(*S)al are open above about
THZIO*3 eV that describe the experimental electron distri-7.5 eV. It is these autoionization channels that attenuate di-
bution were employed. We also gave tler) (dotted curve  electronic recombination. Badnell, Pindzola, and Griff36]
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FIG. 3. Comparison between the theoretical and experimental
(solid circles rate coefficients for DR of & ions in the mixed
1s2s3S and 1s2s'S states on an arbitrary scale. The ratio of the
population fractions of thess %S and 1s2s 'S is set to be 105 for
studied the degree to which these channels affect DR in théie R-matrix calculations and 110 for the perturbative calculations.
metastable §2s3S state by including and excluding transi-
tions to 1s2p P and 1s2s 'S continua. A marked effect was interference and resonance-backgroufRB) interference
displayed[36]. In Fig. 2 the higher perturbative values after may not result in the discrepancy, since our metf@@] is
~7.5 eV (dotted curveé may be due to the computational suitable for systems with stronger RR and RB interference.
errors of the widths of autoionization from these resonanceslowever, we noticed that this result was obtained in the
to the 1s2p 3P and 1s2s S states. LS-coupling approximation. We must check the relativistic

The exact population fractions of the target iofi"Gn the  effect in the recombination. The study showed that the effect
ground and metastables2s'S and 1s2s3S states in the plays an important role in DR for He-like lithium with ex-
experiments of Anderseet al.[11,12 are unclear. The state tremely low Z [21]. The occurrence of an experimental
population was roughly estimated to be 70% fa&?,130%  double peak is surprisingly attributed to relativistic correc-
for 1s2s'S, and <1% for 1s2s3S [12]. From the rough tions. We found that whether a resonance is significant de-
estimate, the ratio of the population fractions of the ions inpends not only on the Augei’¢) and radiative widthsI(;)
the first two states may be 30—30@hereas 1-0.1 % for of the resonance themselves but also onlthandI’, of the
1s2s3S). Since the recombination is only from the2s'S  dominant resonances. In tlee- 05" system, thd", of the
and 1s2s3S states in the energy region concern@-14  resonances due to the spin-orbital interaction~&—8 eV
eV), the calculated rate coefficients should be multiplied byare by far narrower than thié, of the dominant resonances,
the ratio to make a comparison with the observation. Webut theI',, which are decided by the transitions from the
adjusted the ratio until the best agreement between theorpner-shell electrons, of all the resonances at the
and experiment was reached. Figure 3 presents the DR ragxperimental-energy regions concerned are almost the con-
coefficients evaluated from th&-matrix approach(solid  stants which are much larger than thgdue to the spin-orbit
curve and from the perturbation theofgotted curvgalong  interaction. In this system, therefore, it is impossible to at-
with the experimental measurement of Anders¢mal. [11].  tribute the double-peak structure to the relativistic effect.
In Fig. 3 the suitable ratios for thes2s3S and 1s2s'Sare  There was the same discrepancy between the experiment and
105 for theR-matrix calculations and 110 for the perturbative the perturbative calculation in R€f36]. However, it should
ones. From this figure it may be found that the reasonablée mentioned that Badnell, Pindzola, and Griff86] per-
representation of the general dielectronic spectral shape fermed a simplified-model calculation to investigate effects
yielded, but both our close-coupling and perturbative calcuof mixing of the resonance through interaction with the ad-
lations do not reproduce the experimental double-peak strugacent continua on DR cross sections. They assume that the
ture at~6-8 eV. resonances 2s(!S)nl and 1s2p(®P)nl (n=20) interact

This discrepancy may not be due to the treatment of rawith the resonancess2p(*P)9l through the adjacent con-
diation damping, as the present computation pretty reliablyinua to acquire radiative strength from thes2p P
includes damping effects. We do not think that the difference— 1s? 'S channel, and thus DR cross sections through the
may be attributed to the treatment of electron correlationintermediate statessPs(!S)nl and 1s2p(3P)nl may be en-
This is because the solid curve evaluated on the basis of tHeanced compared with the DR cross sections without such
close-couplingR-matrix approach is the multichannel result; interactions. Namely, a double-peak structure may appear
the electron correlation of the+ion system is well in- owing to the interactions. Their model evaluation displayed
volved. Also the treatment of the resonance-reson@R€&  such a structure. Meanwhile, in RgB6] a close-coupling

FIG. 2. The same as in Fig. 1, but for recombination from the
1s2s3S state.
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investigation was appealed to prove that this experimentatoupling R-matrix approach, radiation damping in electron-
feature might be explained in this way. But neither Price’'sion scattering and electron-electron correlation are effec-
[43] nor our close-coupling-matrix calculationgsee Fig. 3  tively involved. This scheme and our presented numerical
give rise to the similar result. Because the mixing effectmethod[26] have been applied together to the investigation
through the continua are incorporated into our calculationsef dielectronic recombination of © ions in the metastable
obviously it is not possible for this experimental feature atstates. For comparison, the calculations from perturbation
~6-8 eV to be explained in this way. The discrepancy betheory are also accompanied. Although the reasonable repre-
tween the experiment and all the theoretical computationsentation of the general experimental dielectronic spectral
except for the simplified-model calculation is not explained.shape is yielded by both our close-coupling and perturbative
This displays that further experimental and theoretical workcalculations, both the methods do not reproduce the double-
are necessary to understand deeply dielectronic recombingeak structure of the experiment of Andersetral. [11] at
tion for C°*. For example, it may be valuable to measurethe ~6—8 eV energy region. This discrepancy remains to be
DR from the single, not mixed, metastable state and to seexplained. Our study shows that further theoretical and ex-
the difference between experiment and theory. Because gqferimental work may be required.
the development of the experimental technique, to do so at
present is possiblesee, e.g.[44]).
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