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Photorecombination of C** ions in low-lying resonance energy regions
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Within the framework of the rigorous continuum-bound transition theory of Davies and Jeat®hys. B
2, 757 (1969], we have developed a numerical method to calculate low-lying resonance photorecombination
by directly evaluating the Cauchy principal value of the integral in scattering matrices. The required dipole
matrix was obtained using the close-coupliRgnatrix code. The advantage of this method is that radiation
damping can be accurately estimated and it can naturally be applied to stronger resonance-resonance interfer-
ence systems. On the basis of this scheme, photorecombination cross sectiéfisafsGn theKLL, KLM;
andKLN resonance energy regions were calculated, and compared with synchrotron storage ring experimental
data and perturbative and close-coupling theoretical results. The comparisons showed that our damped cross
sections reproduce the results of the high-resolution experimental measurements, and are in agreement with the
theoretical calculations. However, our undamped cross sections are larger than the close-coupling results in the
parametrized method by a factor of up to 3. The discrepancies were interpreted.

PACS numbsd(s): 34.80.Kw

[. INTRODUCTION A great deal of progress has been made in studies on
photorecombination of ions with free electrof-15. In
Photorecombination is conventionally regarded as proparticular, the DR-RR interference in highly charged ura-
ceeding via two dominant channels, radiative recombinatiomium ions has been observed at the super-EBIT facility of
(RR) and dielectronic recombinatiofDR). RR is a direct the Lawrence Livermore National Laboratdfy6]. Radiation
transition from a free to a bound state with the emission of &lamping was studied, and turned out to be imporftant1g.
photon, whereas DR is an indirect two-step process in whictiiowever, there are still some experiments that cannot be
a free electron is captured into a doubly excited state folinterpreted by existing theory. The double-peak structures of
lowed by a stabilizing radiative transition. From the point of resonances for several kinds of He-like ion§f CN°*, 0°*,
view of quantum mechanics, there exists interference beand F*, were not reproduced by calculations using pertur-
tween the two channels if the RR and DR have the sambative theory[13,14,19-2]1 Badnell, Pindzola, and Griffin
initial and final states. The interference term is also a conf20] performed a simplified model calculation and obtained
tributor. Photorecombination is an atomic process of interesthe double-peak structure for DR of®0Oions, but they
in applied and fundamental physi€s]. This process may thought a close-coupling calculation would be required to
seriously affect the ionization balance and ionic excited-statexplain the experimental features. In merged-beam experi-
distributions of laboratory and astronomical plasmas, as inments and ion storage ring experiments with several kinds of
fusion devices and in the solar corona, and is an importarions, very strong increases of the measured rates were seen
cooling mechanism of high-temperature plasriag]. Di- over the calculated rates by factors of up to 4420-24.
electronic satellites produced in photorecombination are alsGchipperst al.[25] experimentally searched for asymmetric
used as diagnostics of plasma densities and electron tempetie shapes, as predicted by the theof28], due to DR-RR
tures[4]. On the other hand, investigation of photorecombi-interference for Ar-like St and T#". However, the mea-
nation is an efficient means to study electron correlationsurements are in disagreement with the calculations within
effects of relativity and QED, radiation dampii§g], and the experimental uncertainty. A conclusive statement could
guantum-mechanical interference effects between the DRot be made about whether, in the energy range 12.2—18.2
resonances and the RR background. Since the doubly excit&V/, asymmetric line shapes for Bcare present because of
states involved in dielectronic recombination are stronglythe lack of statistics. But recent[27], these authors attrib-
correlated systems, theories characterizing electron correlated the discrepancies to the difficulties in describing many-
tion are easily examined by comparison with experimentselectron-atom systems correctly. Concerning radiation damp-
The energy levels and the shapes of the observed resonariog, there are two different views. Pradhan and Zhpt@)
structures can feed back information on relativistic and QEDthought that radiation damping is important only for highly
corrections to electron-electron interaction and radiatiorcharged H- and He-like ions. Badnell, Gorczyca, and Price
damping. With increase of the effective atomic number, thd18] studied the effects of radiation damping on low-lying
interference between DR and RR in photorecombination bephotorecombination resonances for H-like through Ni-like
comes more and more striking. Thus observation of the inions, and concluded that it is not safe to assume that radia-
terference becomes practicable. By investigating photoretion damping can be neglected for astrophysical ions, even
combination of ions, information about many fundamentalafter excluding the cases of H- and He-like ions. Their un-
physical effects can be extracted. Meanwhile, good underdamped cross sections for th&N resonance of & ions
standing of these effects is of importance to practical applidiffer by a factor of up to 1 in the peak positipa8].
cations. Theoretically there are two ways to investigate photore-

1050-2947/2000/62)/0227068)/$15.00 62 022706-1 ©2000 The American Physical Society



LI-BO ZHAO, AKIRA ICHIHARA, AND TOSHIZO SHIRAI PHYSICAL REVIEW A 62022706

combination, perturbative and nonperturbative approache&eaton’s continuum-bound transition theory, and the pertur-
The perturbative methods generally adopt the independenbative theory to calculate photorecombination cross sections
process and isolated-resonance approximati@ng., see for comparison. In the third section, the calculated results of
[1,11,29). That means that the effects of the resonancephotorecombination cross sections are given, and the effects
resonance and resonance-background interferences are on@if-radiation damping on these resonances are discussed. The
ted [29]. The advantage of using perturbative theory is thafinal section summarizes our conclusions.

either inclusion or exclusion of radiation damping is straight-

forward, and this class of theories can also be applied to ll. THEORETICAL METHODS

studies of interference, for example, the third-order perturba-
tive study of Pindzolat al.[30]. But obviously it is imprac-
ticable to include all the perturbative orders. Nonperturbative Davies and Seaton’s5] theory treated photorecombina-
approaches, such as the close-coupRamatrix theories of  tion in a unified manner, including radiative and dielectronic
Burke, Hibbert, and RobfB1], can automatically involve all recombination and their interference. This theory starts from
orders of the interference. Based on Bienatrix theory, Ro-  neglecting the interaction with radiation fields, and assumes
bicheauxet al. [9] developed a radiative optical-potential that the electron-ion systems can be exactly solved. The so-
method. This method proved to be very successful in calculution of the wave functions is used to provide a representa-
lating photorecombination cross sectidid,29. Also, Na-  tion to set up equations including interaction with radiation
har and Pradhafi8] extended the close-coupling-matrix  fields. In the interaction Hamiltonian, only the electric-dipole
theory to photorecombination, but their treatment did notterms are retained, and the radiation field is restricted to con-
take effects of radiation damping into account. The prescripsidering only the states with no photon and with one photon.
tion not to include radiation damping, which is called the The resulting time-dependent matrix equations for the prob-
inverse-photoionization method, works well for low-chargedability amplitudes are solved by application of the Laplace
ions, since radiative rates scale as the effective chafge transform. The solutions for the probability amplitudes can
The radiative width for ions with smallo; is much smaller e expressed in terms of a scattering maftiwith partition-

than the autoionization width. However, with increase ofin9

A. The rigorous theory of continuum-bound transitions

Z, the effects of radiation damping on resonance structures S. S
grow larger. The neglect of radiative widths leads to a severe S:( ee ~ep (1)
underestimate of the total width, and therefore a correspond- Spe Spp

ing overestimate of DR cross sections, as pointed out by _
Gorczycaet al. [29]. Based on Davies and Seaton’s theoryWhere See represents the submatrix for electron-electron
[5] for including radiation damping, Sakimoto, Terao, andScattering allowing for radiative decays,, that for photo-
Berrington[32] developed a numerical scheme to evaluatdonization,Sp that for photorecombination, ari}, that for
photorecombination and photoionization. Further approximaPhoton-photon scattering. The submatricks and S are
tions were made in their calculations of dipole matrix ele-Written, respectively, in the forms

ments. First the dipole matrices were parametrized and ana-

g1 _9.2 -1t
lytically continued into complex planes. Then the necessary See=1-27°D(1+2) "D}, )
contour integral was evaluated, and finally the scattering ma- P it

trix was obtained. Pradhan and ZhahtQ] applied this Spe=—2mi(1+2) "D, &)

scheme to the evaluation of photorecombination of ions iNyeres s the electron-electron scattering matrix neglecting
the energy region related to low-lying resonances. The draw;

: . , adiative channelsD is the reduced dipole matrix with its
back of this scheme is that the overlapping of resonances Wasatrix element defined as

not well treated. Recent research on electron-impact excita-

tion in Mg-like ions indicated that huge enhancements in the

resonance line shapes occur due to direct configuration mix- Dysya=
ing between the two resonance states; however, interference

through a continuum state does not result in this kind ofand the matrixz is related to interaction with the radiation
enhancemer{B33]. It is obvious that an efficient treatment of fie|q, given by

interference is inevitable. Sakimo{@4] further dealt with

2670\ (YRl )
) 4)

37 (23+1)¥%2

photorecombination of overlapping resonances, but the over- ) D'(E)D(E)

lap was restricted to that from radiative decay effects, due to Z(Q)=—im f dEm- ®)
difficulties of fitting the overlapping resonances from auto-

ionization effects. Equation(5) can be further written as

In this paper, we develop a numerical method to evaluate
photorecombination of ions in low-lying resonance energy
regions. Our method is based on the rigorous continuum-
bound transition theory of Davies and Seaton, and no ap-
proximation is made. Using this method, we investigatedn Egs.(4), (5), and(6), « is the fine-structure constan,is
photorecombination of € ions for theKLL, KLM, andKLN  the photon energy in units of hartred®==,r; is the dipole
resonances. In the second section, we will outline Davies andperator, in which the summation is over all atomic elec-

D'(E)D(E)

Z(Q)=w2DT(Q)D(Q)—i7T73jdE E—Q) (6)

022706-2



PHOTORECOMBINATION OF ¢* IONS IN LOW-LYING . .. PHYSICAL REVIEW A 62 022706

trons, yJ andy’J’, respectively, specify the continuum and (Cy+T )27

bound states of the atomic system, ah@J’) are the total La(€)= —=2 7 (14)
) : (e—€g)°+(I'y+T))%/4

angular momenta, the wave function of the continuum elec-

tron is normalized per hartree afitimeans the Cauchy prin- |t z_. is small, the radiative width may be omitted. In this

cipal value of the integral. _ _ case, the total widti'=T,+T, in the denominator of the
If only the first-order term oD is retained, Eqs(2) and | grentzian line profile is approximated by the autoionization
(3) are approximated as width.
See=S, @)

Ill. CALCULATIONS AND DISCUSSION

— o _int
Spe= —2miD". ®) From Sec. Il, it can be seen that, in order to evaluate

photorecombination cross sections, one needs to calculate
the integral in Eq.(5) or (6). Sakimoto, Terao, and Ber-
rington [32] introduced a parametrized method to perform
photorecombination calculations. First the dipole matrix ele-
ment is expanded into a summation of the resonance and
PYR=(1- 8L eSee)i = (SpeSpe)ji - (9)  nonresonance contributions. Substituting the expansion into
Eqg. (5) and evaluating the integral, the parametrized expres-
The total cross section for photorecombination can be writsion for Z({2) can be obtained. Then the dipole matrix ele-
ten as ment is evaluated by using the close-coupl®gatrix code,
and these parameters are obtained by fitting the dipole matrix
__T PR element. The drawback of this method is that nonisolated
oer B)= WE; 9P (10 resonances cannot be handled. Sakimoto’s later treatment for
photorecombination of the resonance-resonance interference
wherek is the wave number of the incident electron, and was still restricted to overlaps due to radiative decay effects
andg; are the statistical weights of the recombining ion statg/34]. We carried out a precise calculation of photorecombi-

Equations(7) and (8) are the expressions fa,, and Sy
without radiation damping.

For a given entrance channelthe partial probability for
photorecombination is

and the continuum state, respectively. nation by directly evaluating the Cauchy principal value of
the integral in Eq.6). This scheme is valid for low-lying
B. The perturbative theory resonances, and can be conveniently applied to investigation

Oof the effects of resonance interference. Here recombination
ng[0ss sections for € ions are reported in energy regions
|gelated to theKLL, KLM, and KLN resonances. We em-
loyed the close-coupling-matrix approacii31,35 in the

S coupling scheme to calculate the dipole matrix elements.

In theoretical calculations of photorecombination base
on the perturbative theory, the independent-process a
isolated-resonance approximations are generally utilized. |
these approximation, DR cross sections can be written in thE

form The details oR-matrix theory can be found in Ref81] and
w2 Qg T, [35], and therefore are not repeated in this report.
oyl€)=— Eraw La(e), (11 The computation carried out in this study starts from the
I a r

determination of the target states. The 11 lowest target states
where e denotes the free-electron energy in rydbergsand (1 'S, 2°S, 2'S, 2°P, 2P, 3°s, 3's, 3°P, 3°D,
andg, are the statistical weights of the initial ionic core and 3 ‘D, and 3'P) are included in our calculations. Hibbert's
the doubly excited intermediate stalg, andT, are the auto-  [36] CIv3 program was used to optimize the,2p, 3s, 3p,
ionization and radiative widths of the intermediate state, deand 3 radial orbitals on the 2's, 2 3'p, 3 %'s, 3 3'p,
fined by and 331D states, respectively. Thesbrbital is the Hartree-

Fock ground-state orbital of\C of Clementi and Roet{i37].

2 We calculated the energy levels and the oscillator strengths
<\Pi \Pd> ' (12) in the lengthf, and velocity f, forms obtained with our

11-state target wave functions. The evaluated nonrelativistic
where¥; and ¥4 are antisymmetrized multielectron wave target terms are in good agreement with observations and
functions for the initial and intermediate doubly excited with Zhang and Pradhan’s calculatiofi)], and the oscilla-
states, and the continuum state is normalized per unit energiQr strengths in the two forms are well consistent. For in-
and stance, for the transitionsf 'S—1s2p P, f;=0.6872 and
f,=0.6835, and for the transition st 1S—1s3p P, f,

>t

s<t st

r,=2m

I :4_0)3 v S rlw 2 (13 =0.1674 and ,=0.1669. This substantiated the reliability of
3¢ d& st our target wave functions. These data can be supplied on
request.
wherew is the photon energy the velocity of light, andV ¢ For each symmetry of the total spin and orbital angular

the wave function for the final statE, /(I';+1I',) in Eq.(12) momentum and parit$ L7, R-matrix calculations were per-
is the branching ratio, andy(e€) is the Lorentzian line pro- formed. In view of the very small contributions to the cross
file, sections from the higher partial waves, only the partial waves
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FIG. 1. (a) The photorecombination cross sections for iid resonance of €. (b) Comparisons of the convolved cross sections with
the experimental measurement, where the solid and dotted curves, respectively, represent the damped and undamped results calculated on tf
basis of the rigorous continuum-bound transition theory, whereas the solid dots are the experimentdkydloesheoretical cross sections
with (solid curve and without(dotted curveé damping from Ref[10]. (d) The same as ib), but for the perturbative results.

with L<5 are retained in our calculations. Furthermore, wemental electron-energy distributions of Mannerwvét al.
adopted a larger-energy-step scan in the background regid@8], compared with the experimental photorecombination
without resonances than that in the resonance region, sinapectra by Mannervilet al, (c) Pradhan and Zhang's theo-
the background varies much smoothly relative to the resoretical results, andd) the same as itb) but calculated in the
nances. This has no influence on the calculation of crosspertubative theory{39]. In the calculation, we notice that
section convolutions with the experimental electron-energynly five of the eight possible resonance states appear. This
distribution. But for the resonance states, the large energis due to limitations of the angular momentum and parity
step may lead to an underestimate of the cross sections aednservation in th&S coupling scheme. The conservation of
miss the narrow resonances, owing to the drastic variation dbtal spin angular momentum cuts the two possible quartet
the resonance with energies. To guarantee that each resstates $(2p? °P) *P and 1s(2s2p 3P) *P, and in this re-
nance was resolved accurately, we first made a rough energyon there exists no even-parity continuum st&feto inter-

scan to determine the approximate positions of the resoact with the B(2p? 3P) ?P resonance. Therefore, dielec-
nances. Then, in a small vicinity at each resonance positiornronic recombination via the s{2p? P) ?P resonance is

a precise step calculation was made until the resonance wasapossible in theS coupling scheme. Only when relativistic
absolutely resolved. Figure 1 shows photorecombinatiomffects are taken into account does a very narrow resonance
cross sections of € for the KLL resonance as functions of arise. The relativistic calculations of Pradhan and ZHa:y
electron energies. In this figuré) represents the cross sec- in the Breit-Pauli approximation displayed such a resonance.
tions with radiation dampingb) the undamped and damped However, the resonance is too narrow to be resolved by the
cross sections iR-matrix theory convolved with the experi- experimen{see Fig. 1b)]. Our cross sections are consistent
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FIG. 2. The same as in Fig. 1, but for tk&M resonance.
with Zhang and Pradhan{d0] calculated using the param- eVy. That means T, equals about 1.2610 “eV

etrized method of Sakimoto, Terao, and Berringtda], ex-

cept for the second resonancg(2s2p °P) ?P and the third  vajue to make the calculation and the differences between
is (2s2p *P) 2P (their line is not plotted heje Our peak our results and theirs were just removed. The autoionization
values are about a factor of 1 and larger than those in thend radiative widths in our perturbative calculations were
Breit-Pauli approximation in Ref10]. The different meth- obtained using Cowan’s prograf9]. From Figs. 1b) and

ods may result in the discrepancies. Moreover, the resonandgd), we see that our perturbative theoretical results agree
may be underestimated if the energy steps are not closgith that of our close-coupling-matrix approach. Using our
enough. It should be mentioned that there also exist similagode in the Coulomb distorted-wave approximatid], we
differences in theKLM resonances shown in Fig(&. In  also calculated direct radiative recombination to test our
order to compare with the measurement, the cross sectiofsmatrix results at energy positions without resonances by
were convolved with the experimental energy distribution ofcomparison. In the calculation, effects of bourslelectrons

a pseudo-Maxwellian with vertical temperatufe and lon-  were taken into account by the rule of Slater screening. To
gitudinal temperaturd,. They are plotted together in Fig. obtain the converged cross section, radiative recombination
1(b). T, andT, are determined from a fitting to the observedinto n=2-9, 0<|<n—1 states was evaluated, wherand
1s2Inl’ (n=4-7) resonance profiles of the DR resonances are the principal and angular momentum numbers, respec-
[40]. In Ref.[40], DR calculations for these resonances weretively. We found agreement between the close-coupling
based on relativistic multichannel theof¢2]. The fitting  R-matrix calculations and the results in the Coulomb
gave T, =0.08eV andT,=10 “eV. It may be found that distorted-wave approximation. For example, at energies 220,
the experimental values agree with the present results bett@80, and 240 eV, the cross sections are 42.8, 41.8, and
than with Pradhan and Zhang[fig. 1(c)]. The evaluated 39.5b(10 ?*cn?), corresponding to 55.5, 55.2, and 48.7 b
cross sections in Ref10] were convoluted with a Gaussian from the R-matrix theory.

distribution of full width at half maximum{FWHM) of 0.57 The cross sections for tH€LM resonance are plotted in

[AE(FWHM)=4(e4k T, In 2)¥2]. We tried to employ thig,
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Fig. 2. The notation is the same as in Fig. 1. Figutb) 2
shows that our dampdgmatrix cross sections in the frame-
work of the rigorous continuum-bound transition theory re-
produce the high-resolution experimental observations of
Mannerviket al.[38] and are in agreement with Pradhan and
Zhang's damped resulf40], but the present undamped cross
sections are much higher than those in Rdf0] in the
(1s2p 'P)3d 2P resonance, at an energy of about 284.0 eV.
The peak value is high by a factor of more than 1. This
underestimate in Ref10] may be attributed to two factors:

(1) the authors used the different method, d@dtheir en-

ergy steps may not be close enough, as pointed out above.
We employed fewer points to scan the energy region, and
were able to repeat their results. In general, the narrow reso-
nances are important contributors to radiation damping.
Loose scanning cannot fully resolve such resonances; damp-
ing effects, therefore, are underestimated. But such underes-
timates do not have a serious influence on the damped cross
sections in some cases, such as when the resonance is ex-
tremely narrow, as is readily seen from Egl). In the per-
turbative calculation, we obtain similar results. However, the
resonance positions are not precise, while the calculated
resonance line profiles show good agreement. It should be
mentioned that for the (@p *P)3d ?P resonance, we em-
ployed the energy level and autoionization width from accu-
rate calculations using the saddle-point technifg@], in-
stead of our values. This is because, for the weaker
transitions, the treatment of electron correlation in Cowan'’s
code is not reliable; our energy level is low by 0.8 eV dhd

is small by a factor of about 5, compared with those from the
accurate saddle-point technique. At the last resonance, the
good agreement with both the experiment and our close-
coupling calculations in both the position and line profile
demonstrated the success of the saddle-point technique. On
the basis of the detailed calculation, at the peak we found
that the unconvolved cross sections of this resonance are
damped by a factor of up to more than 10. This can also
easily be deduced from E@l1), and the given value 0.721

for the radiation branching ratio in R€f38]. Moreover, we
note that the contributors to the experimental peak at energy
282.6 eV are not restricted to the labeled state
(1s2p 'P)3p 2Sin Fig. 4 of Ref.[38]. In fact, another state
(1s2p 1P)3d 2F makes a more important contribution.

The photorecombination cross sections for KieN reso-
nance were evaluated and convolved with the experimental
electron-energy distribution. They are displayed in Fi@) 3
along with the experimental specfi28]. A comparison with
the theoretical resulfsl0] was also madgsee Figs. @) and

the close-couplingr-matrix approach are better than Pradhan®
and Zhang's in both the resonance position and structure,
Furthermore, we found that at energy about 294 eV the cross
sections are damped by a factor of more than 3. This is
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FIG. 3. (@) The same as in Fig.(lt), but for theKLN resonance.
3(b)]. The comparison showed that our damped results front) The same as in Fig (@). (c) The convolved photorecombination
ross sections with an artificial electron-energy distributibn
=10"%eV, where the solid and dotted curves represent the damped
and undamped results, respectively.

different from Pradhan and Zhang’s results. Their calculation between and; andAE(FWHM). The reasons why the
tions in this energy region showed very small radiationeffects were underestimated in Pradhan and Zhang’s investi-
damping effects. The cross sections in @] were con-  gation were analyzed above. In the calculation, we found it is
voluted with a Gaussian function of FWHM 0.57 eV besidesa narrow resonance at near 294 eV that makes a significant
being calculated by different methods. But this does notontribution to damping. To display the influence of radia-
cause the discrepancy in this energy region, due to the relégion damping on distinct resonances, we convoluted the cross
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sections with an artificial electron-energy distribution with athe dipole matrix elements are expanded into an analytic
resolution higher than that of Mannervigt al, say, T, expression and then the parameters in the expression are fit-
=10"%eV [Fig. 3(c)]. We saw very important influences on ted, since the fitting is very difficult, and almost impossible
distinct resonances. A similar conclusion was also reportefor nonisolated resonances. Therefore, it is impracticable to
by Badnell, Gorczyca, and Pridd8]. They calculated the employ the parametrized method to calculate photorecombi-
cross sections for theKLn (n=4-7) resonances in nation with stronger resonance-resonance interference. Our
intermediate-coupling perturbative theotyS-coupling per- method, on the contrary, is naturally applicable to systems
turbative theory, an®R-matrix theory, and came to a consis- with stronger resonance-resonance interference. In such sys-
tent conclusion about radiation damping. We do not givetems, standard perturbative theory is also invalid, because
perturbative results for th€LN resonance. This is because it high-order interference effects cannot be fully taken into ac-
is very difficult to evaluate this resonance accurately usingount. On the basis of this scheme, we calculated photore-
the present perturbative code, since it includes weaker trarcombination for C¢* ions in the low-lyingKLL, KLM, and
sitions than theKLL and KLM resonances. It is well known KLN resonances. Comparisons of the present results with
that many perturbative codes cannot give good results fohigh-resolution experimental measurements and available
weak transitions. For the present purpose, inaccurate podheoretical calculations demonstrated the reliability of our

tions and widths cannot give useful results. method. The importance of radiation damping in the low-
lying resonance photorecombination of**Cwas noted.
IV. SUMMARY AND CONCLUSION Later, we will employ the method developed to stydythe

resonance-resonance interference in photorecombination of

Within the framework of the rigorous continuum-bound some systems, an@) radiation damping effects in photore-
transition of Davies and Seaton, we have developed a Nysgompination of non-helium-like ions.

merical method to calculate the low-lying resonance photo-

recombmatlon. by dlregtly evaluatlng the' Cauchy principal ACKNOWLEDGMENTS

value of the integral in scattering matrices. This method
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