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Total and partial recombination cross sections for E*
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Total and partial recombination cross sections fBf Rre calculated using close-coupling and distorted-
wave theory. For total cross sections, close-coupling and distorted-wave results, which include interference
between the radiative and dielectronic pathways, are found to be in good agreement with distorted-wave results
based on a sum of independent processes. Total cross sections near zero energy are dominated by contributions
from low-energy dielectronic recombination resonances. For partial cross sections, the close-coupling and
distorted-wave theories predict strong interference for recombination into the final recombined ground state
152252 'S, of F°*, but only weak interference for recombination into the levels of %#242p configuration.
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I. INTRODUCTION however, in which a weak resonance decays to only one

i o level. An example of this kind of resonance has been given
The free-bound spontaneous radiative emission process

- i + i -
plays an important role in the determination of the level y Gorczycaet al. [10] for the Ar-like S¢* ion at low en

ergies. Interference effects in the total recombination cross

populations and ionization balance of high temperature NONsection are produced by the unusual resonance structures as-

LTE Iab_oratory and _astrophysical_plasmas. '!'his process igq iated with the B53d2 %F terms in the recombined 3t
conventionally described as involving either diréoonreso- i, “\yhich radiate almost exclusively to the ground levels
nanj ra_d|at|ve recombmanorﬁRF_z), \_/vhl_ch is the inverse of 3p®3d 2D. Schipperset al. [11] have investigated this re-
the ordinary(nonresonantphotoionization process, or two- compination process, but the experiment does not allow for a
step(resonantdielectronic recombinatiofDR), which con-  conclusive test of the theoretical predictions. As has been
sists of a radiationless electron capté@ecompanied by ex- pointed out by the authors, limitations on the accuracy of
citation of the initial ion, to form a doubly excited poth the calculations and the experimental measurements are
autoionizing statefollowed by a spontaneous radiatively sta- present for this ion.
bilizing transition to a bound state. Experimental efforts have also been made using ion traps
It has been pointed out in several scattering-theory investo search for observational evidence of interferences in re-
tigations that the treatment of radiative and dielectronic recombination. Although the ion trap experiments measure a
combination as two distinct, noninterfering processes is nomixture of ion stages, they have a decided advantage over
strictly permissible within the framework of a rigorous ion storage rings in that they can monitor the photon emis-
guantum-mechanical theory; see, e[d], Over the years a sion. This allows them to measure partial recombination
number of theoretical approaches which unify the two recross sections, that is, recombination to a particular final
combination processes have been developed. A general pestate. However, the low-energy resolution of these devices
turbative projection operator approah-5] and nonpertur-  limits their application to very highly charged ions. The only
bative R-matrix methodg$6] and a radiative optical potential observation of RR-DR interference to date was reported by
[7,8] have provided computational approaches that can b&nappet al.[12] in an ion trap experiment. For a mixture of
easily applied to any atomic ion. different ions (" to U%"), the KL,L 5 resonance mani-
Many experimental efforts using ion storage rings havefold with emission of a 100 keV photon exhibits a marked
been made in searches for observational evidence of interfeasymmetry. The strength of the asymmetry was confirmed by
ence effects in total recombination cross sections. The highalculations of thé&L ,L 3 partial recombination correspond-
resolution achieved by these devices allows one to map oting to the emission of a 100 keV photon ifdJ ions[13].
resonance structures at the order of one-hundredth of one In this paper we explore the possibility of finding inter-
electron volt[9]. However, even under these conditions, theference effects in the total and partial recombination for low-
interference effects in the total recombination remain elusivecharged atomic ions in the well-studied Li isoelectronic se-
As has been pointed out by Badnell and Pind4&h the  quence. We calculate the total and partial recombination of
largest DR-RR interference effects are in the weakest line®*, associated with thesf2pnl(n=6,7) configurations in
which are generally buried under the stronger resonancethe recombined ¥ ion. We confirm the general conclusion
For most weak lines, interference effects are further supthat substantial interference effects are not seen in the total
pressed due to resonance decay to many final recombinedcombination cross section. The most promising candidate
states. for an observation of interference effects in the partial re-
There are cases in total recombination cross sectiongombination cross section are the processes in which the
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resonance decays to the lowes?2s® 'S, final recombined  a sine function with energi?/2, andD is the dipole radia-
level. This partial recombination might be observed bytion field interaction in the length gauge:
counting the recombination events that occur simultaneously
with an emission of light of approximately 150 eV. N+l

In Sec. Il we review nonperturbative and perturbative ap- D=(2w%3mc3) 2, rs. (6)
proaches for the photorecombinaton process. The nonpertur- s=1

bative theory is based on tiiematrix method for solving the The initial bound stat b ted in both th
coupled integro-differential equations which arise in the e initial bound stata); can be represented in both the

close-coupling approximation. The perturbative theory iSperturbative and the nonperturbative approaches as a linear

based on the distorted-wave method. The perturbation e>g})mbination of different target configurations. We include,

. . . B 2
pansion includes the sum of selected recombination term&’ €xample, configuration interaction between the2s

through third-order. In Sec. Il we present the total recombi-"’}ggSJSZsz configurations in the present Li-like ion calcula-

nation cross section for’F in the energy range 0 eV to 4.5 u he final . di bati
eV, calculated by using both the perturbative and nonpertur- The fina St"’_‘te"z’i IS computed In a nonperturbative ap-
bative approaches. In Sec. IV we analyze the total recombiroach by solving the coupled integro-differential equations

nation near zero energy. Examples of partial recombinatioM"hiCh arise in the_ close-coupling ap_proximatibm]. Th_is
which show asymmetric shapes are analyzed in Sec. V. papproach can be implemented by using the standard internal

nally, the results are summarized in Sec. VI region R-matrix codes[15,16 and the external region
' T R-matrix code developed by Seaton and co-workses, for

example, Ref[15]). We use here an extensively modified
IIl. THEORY version of these codes written by Badnetlal. [17]. The
Electron-ion recombination from levglinto a particular ~ close-coupling approach automatically includes many inter-
final recombined level, in the presence of one projectile ference processes, such as interferences between resonances
continuum, may be schematically represented as through the continuum, and between the resonances and with
the nonresonant photoionization background. Furthermore,
e*+A?+—>Ai(q‘1)++hv (1)  modified versions of th&matrix codes can incorporate ra-
diation damping via an imaginary optical potentidl.
and A computationally faster approach for recombination is
based on a perturbation method using distorted waves. In
e +AJ = A @TUT L AT 4y, (2 that case, the final statg is represented by a distorted wave
. o . coupled to a target wave function. In order to include inter-
whereq is the charge on the atomic ioh hwv is the energy  ference effects in this approach, it is necessary to calculate
of the emitted photon, and the double star in @jindicates  higher-order terms in the perturbative expansion. The modi-
a doubly excited resonance level The first of these two fications to the first-order expression for the photoionization
pathways is called radiative recombinatidRR) while the  process due to the presence of resonances may be derived
second is dielectronic recombinati¢bR). using either bound-continuum configuration-interaction
By the use of the principle of detailed balance, thetheory[18] or diagrammatic many-body perturbation theory
electric-dipole photorecombination cross section for ar19]. The contribution from a single autoionizing resonance
atomic ion in a leveJ to a recombined levalis given by(in #,, yields the following modified matrix element:

atomic unit$
0 _ <¢J|V|¢n><¢n|D|‘/f|>
UJF:i:%(Z_ZszLja (3 Mii= i)+ Antiln/2
9 ¢k A2 2 )

n—]

+<¢1|D|lﬂi>(—im (7)

wherew is the frequency of the radiation fieldjs the speed

of light, k is the linear momentum of the free electron, and . . . _

andg; are the statistical weights of the final recombined ionln this expressiof’, is the width of thes, resonance state

level ‘and of the initial target ion level, respectively. The andA,=E—E; is the energy detuning from resonance. The

photoionization cross sectiarf’. ;, from leveli to levelj, is electron-electron interaction is given by

given by N
. amic? stzl Ire=rneal ™ 8

® |2

i—j

[ox

and A7 ; is the autoionization rate from the autoionizing

where M is the photoionization matrix element of the Staten to the final statg
corresponding transition given by 4
o A2 =—|(yi|V]d)?. 9
MiHj:<¢j|D|¢i>- (5) n—j k|<'/’1| |¢n>| ( )
and ¢; is the initial bound statey; is the final state of the The second term in Eq.7) represents a photoexcitation-
ionized ion plus continuum electron normalized to one timesautoionization process, which is the inverse of the dielec-
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tronic recombination process. The last term in this expres- The distorted-wave approximation presented here, which
sion is responsible for the asymmetric shape of thencludes interference effects only between the DR and RR
resonances. processesi.e., resonance-background interferencesvalid
Combining Eqgs(3), (4), and(7), the total distorted-wave for resonances having small values of the principal quantum

recombination cross section in the presence of an isolatedumberan. For extension to highar, the treatment has to be
resonance may be expressed as generalized to allow overlapping resonan@es, resonance-

resonance interferenge$uch a treatment through the use of

the projection operator formalism has recently been given by
, (100 Robicheawet al.[20] and Griffin et al.[21] for the case of

DR in the presence of an electric field. The resonance ener-
RR DR ) gies, bound and continuum wave functions, matrix elements,
whereo;™; ando;~; are the RR and DR cross sections from gnq rates needed to evaluate the above equations for the total

2q7}e,+B3-2

2
n

R _ _RR DR RR pa
o-jﬂl_o-jﬂl+0-j~>l+0-j~>l n

i to j, respectively: recombination cross section are calculated usingathmeo-
) STRUCTURE program([22].
Ji 8w
RR _ 2
R = — (| D] )2, 11
7t 29; k3 Kos[Dlgol (A3 Ill. TOTAL CROSS-SECTION RESULTS FOR F 6*

In an earlier papef23], distorted-wave calculations for

or _ Oi 87 [(#|VIdn)(#nlDl¥i)|? the complete dielectronic recombination spectrum 6t F

7i-17 29, k3 An+il /2 ’ 12 were compared with the experimental data obtained using
the Aarhus University tandem accelerator, showing very
the Fano line-profile paramett8] is defined as good agreement. With the advent of new techniques for the
lowering of the transversal temperature in the ion storage
- (Wi VI ) b0lD] ) ring devices[24], con&dergble h|gh_er-resolut|on measure-
i = AN (13 ments of DR are now possible. In th|_s paper we chus on the
<,/,J_|D|¢,i>ﬂ first two peaks of Fig. 5 of that earlier paper. With the in-
2 crease in accuracy of the cooler-ring devices, experiments

are able to resolve the structure of these peaks, missed in the

Bi is the autoionization branching ratio given WY  earlier experiment.
=A§Hj/Fn, ande,=A,/T",/2. Results of the total recombination cross section through

The presence of the variablg in Eq. (10) produces the the 1s?2p6l resonances inF are presented in Fig. 1, while
asymmetry of the peaks, since this variable changes the sigecombination through thes#2p7! resonances is presented
at energies below and above the center of the peak, leadirig Fig. 2. For each of these figures we have calculated the
to a different interference effect at each side of the peak. IEross sections using the perturbative distorted-wave method
we neglect the last term in E7) coming from third-order [(a) and(b)] and the nonperturbatiie-matrix methodc). In
perturbation theory, the last two terms inside the brackets ipart(a) of these figures, the calculation neglects interference
Eqg. (10) disappear. In addition, the entire last term of Eq.between radiative and dielectronic recombination. In order to
(10) vanishes on energy averaging the recombination crosshow the separate contribution of each process, the radiative
section. recombination is shown in the dashed curves. In Fig. 2 the



PRA 59 TOTAL AND PARTIAL RECOMBINATION CROSS . . . 3595

o (Mb)

FIG. 2. Total electron-ion recombination
cross sections for the ®F ion, through the
1s?2p7! resonanceda) Distorted-wave calcula-
] tion without interference between DR and RR.
] (b) Distorted-wave calculation including interfer-
ence between DR and RRc) R-matrix calcula-
tion.

o (Mb)

o (Mb)

3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2
Energy (eV)

RR curve coincides with the axis. In pdt) the curves in- parison between Fig.(d4 and Fig. 1b) shows that both re-
clude the quantum interference between the two processesults are almost identical. There is a small difference be-
All the calculations have been performed in intermediatetween the calculations that include and neglect the
coupling, and we have shifted the calculated energies of thimterferences between DR and RR at the very low-energy
1522s%S,, 1s?2p2P,,, and 1s?2p2Pg, levels of the range(below 0.1 eV. These effects are so small that they
Li-like F® ion, in order to agree with the experimental val- might not be observed even in the high-resolution ion storage
ues[25]. ring experiments.

We have included in the three-levetmatrix calculation Either for Fig. 1 or for Fig. 2, comparisons between the
the 1s°2s and 1s?2p configurations of the recombining  distorted-wave andR-matrix results show a reasonable
ion. This Breit-Pauli close-coupling calculation includes con-agreement. The energy position of the resonances at this
figuration interaction between all the levels associated witlresolution is very sensitive to the configuration interactions
the 1s?2snl and 1s°2pnl configurations of the recombined included in the calculations. The similarity in the shape of
F°* ion. The R-matrix method also includes configuration the resonances obtained by using both methods indicates that
interactions between the resonances and the continuum stat@sonance-background interferences are strongly suppressed.
associated with the recombining ion configurations. We havd herefore, the differences between the distorted-wave and
not included radiation damping in tiiematrix calculations, R-matrix results can be assigned to the greater configuration
since for this lowZ ion the resonance widths are completely interaction included in th& matrix calculations.
dominated by the autoionization width.

In the distorted-wave calculations through the?4p6l
resonances, we have included configuration interaction be-
tween the E" ground configuration 4°2s? and the
1s22s2p, 1s%2p?, 1s?2pnl, and 1s?2s6l configurations. Beginning with studies on " [26,27), ion-beam experi-
For the recombination through thes?R2p7| resonances, we ments have reported unexpectedly large total recombination
had to cut back some of the configuration interactions, nerates near zero energy. For example, if&u28] the mea-
glecting the highell levels of the configurations st2p3l sured total recombination rate is found to be over 300 times
and 1s°2p4l, and we neglect also thesd2s6l configura- larger than the theoretical predictions of the radiative recom-
tion. On the other hand, we added configuration interactionbination rate. Experimental studies on “&l, Au®®*, and
with the 1s?2p7| and 1s?2s7l configurations. Radiative Au®'* [29] have shown that the absence or presence of low-
transitions from the autoionizingsi2pnl levels have been energy dielectronic recombination resonances plays a signifi-
calculated to all the lower levels, and we also have includedant role in the overall strength of the zero energy total re-
cascadegradiative transitions between the autoionizing lev-combination rate.
els). The importance of radiation damping can be easily es- The total recombination cross section and rate for F
timated by using the distorted-wave method, and we founahear zero energy are examined in detail in Fig. 3. The total
that these effects are negligible. recombination and radiative recombination cross sections are

The best candidates for the investigation of interferenceshown in Fig. 8a). The main peaks at 0.031 eV and 0.040
effects on the total recombination are, in general, the loweV correspond to thesf2p6p 2P, and 1s?2p6p 3P, reso-
energy peaks. In this energy range, both the radiative andance levels of ¥ . The 1s?2p6p 3P, resonance has an
dielectronic recombination have a large cross section. Comespecially large width extending into the near zero energy

IV. TOTAL RECOMBINATION RESULTS
FOR F%* NEAR ZERO ENERGY
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region. At 0.01 eV the total recombination cross section ishe 1k? dependence of the DR cross section can no longer
five times the radiative recombination cross section. As on®de assumed to be a constant over the bin width. To illustrate
moves to even lower energies, the total recombination crosthe error that could arise in using the bin-averaged DR cross
section remains much larger than the radiative recombinasection, we write

tion. According to Eqs(11) and (12), both the RR and DR

cross sections have the sam&>1factor in front, thus both AE

contributions increase at the same rate for low energies. If Fnﬁ AE

we express Eqg11) and(12) in terms of continuum wave oi=(at ﬁ:<UFHRi>EL(En)v (15
functions normalized to 1k times a sine function, the re- Aﬁ+ 7”)

sulting bound-free radiative and autoionization matrix ele-

ments are somewhat independent of energy. The resultin\%h L(E) | L . h f . d h
cross sections vary askf/ ereL(E,) is a Lorentzian-shape function, centered at the

The DR cross section is, in general, sharply peaked®Sonance enerds,. In Fig. 3b) is displayed the DR cross
around the resonance energies, and there are many peaks sections obtained by using the bin-averaged approximation
within a small energy interval. In most of the theoretical of E_q. (15)_ (long-dashed curyeand the correct DR cross
calculations of DR, an average procediig®] is applied. section using Eq(12) (dot-dashed curye The correct DR

The DR cross section is averaged over an energy bin of siZ0ss section at low energies is no longer a Lorentzian-shape

AE. So long as this bin size is chosen to be much smédler curve. As seen in Fig. (@), in thg presence of a resonance
least a factor of 10 or mojethan the actual experimental close to threshold, the separation of the RR from the total

beam width, such an averaging procedure will contain exrecombination cross section is not straightforward. It is in-

actly the same information as the originaPR. Thus, the E?resﬁ";g to note _thaj[ the use of the bm—iltverr?gedf apt;r)]roxma—
bin-averaged dielectronic cross-section is defined as lon atlow energies IS erroneous, no matter how tar the reso-
nances are placed from the threshold. In fact, every DR peak

1 (E,+AER would give a nonzero contribution at very low energy, and
(ajDEi)E EJ oPR(E")dE’ neglecting this contribution could lead to serious underesti-
En—AE/2 mation of the total recombination. Finally, we note that in all
g 872 of our previous work on dielectronic recombination with and
~—— (4 [V] ) bnl D] )2 without interference effects we have made use of @§)
2g; K3 rather than Eq(15).
The total and radiative recombination rates are shown in
XLJE”ME/Z dE’ Fig. 3(c). The rates are calculated by folding the total and
AE Jg, - aer Aﬁ+1“ﬁ/4 radiative recombination cross sections with a double Max-

wellian velocity distribution. We use&T;=0.1 meV and
g; 82 , 1 27 kT, =0.01 eV, which are near the limit of current experi-
*E F|<‘/’j|v|¢n><¢n|D|'pi>| AET. mental resolutio9]. The total recombination rate is about
I %n n 30 times larger than the radiative recombination rate at an
(14) energy of 0.001 eV. We note that a total recombination rate
using the energy-averaged dielectronic recombination cross
wherek,, = \2E,.. The bin-averaged dielectronic recombina- section would be very close to the total rate curve shown in
tion cross section fails at very low energies. At low energiestig. 3(c). The small difference is due to the relatively large
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experimental resolution. If the temperatures in the doublerder to appreciate the separate contribution of each process,
Maxwellian velocity distribution are reduced an order ofthe RR is displayed in the dashed curve. In Figb)4is
magnitude, then the effect of using an energy-averaged dishown the recombination cross section including the interfer-
electronic recombination cross section is very noticeable. Oences. In both figures, the calculations were performed by
the other hand, one could stay with the current experimentalsing the distorted-wave method. In Figcpis displayed the
resolution and move to higher charge states in the Li isoeleccross section obtained by using tRematrix calculations.
tronic sequence. Then the differences between the correghis method, unlike the perturbative method, includes the
low-energy cross section and an energy-averaged cross sefterferences implicitly and it is not easy to analyze them
tion would also grow quite large. separately.

_ Finally, we warn the reader that the effect of low-energy  Most of the contribution from the s£2p6l resonances
dielectronic resonances on the total recombination rate is n¢fas disappeared, since they cannot dipole radiate to the
the .end of the story. Even for bal’e ons, Where. no dlellnground Conﬁguration_ However, two peaks appear in the re-
tronic resonances are able to contribute, there still remains @ombination spectra. The first peak at 0.24 eV is produced

substantial discrepancy between observed total recombingy DR through the $22p6d 3D, autoionizing level, and the
tion rates and theoretical predictions of the radiative recomsecond peak at 0.62 eV is produced through the

bination rate[31]. 1s%2p6d 1P, autoionizing level. It appears that the domi-
nant stabilization pathway is due to weak configuration-
V. PARTIAL CROSS-SECTION RESULTS FOR F®* interaction mixing between the'S, ground level and

2 = iati i -
Promising candidates for the observation of the break—1S 2p6p(J=0) levels, and strong radiative coupling be

2 2
down of the independent-processes approximation in the pap_/veen the'ls 2p6d and Is 2_p6p levels. These pea!<s result
tial recombination of " are the following processes: In the emission of approximately 157 eV x-ray light. The

asymmetry of the peaks resulting when the interference is

e~ +F5%(1s22s)—F%*(1s22pnl) includ_ed is quite noticeable. Comparison between_F{g) 4
and Fig. 4c) shows a reasonable agreement, both in the po-
—F5%(1s225? 1Sy) + hvy, sition and the shape of the resonances, between the distorted-
wave and ther-matrix results. This partial recombination is
e +F°%"(1s%2s)—~F°"(1s°2pnl) an example of a weak transition having strong interference.

Since the radiative transitions are allowed only by configu-

ration interaction, extensive calculations are needed to ac-

count for the different correlation effects. The position and

shape of the peaks seem to be very sensitive to these inter-
—F5%(1s%2s2p 'P;) + hvs, actions.

Figure 5 shows the partial recombination cross section to
wheren is 6 and 7 for the §22pnl intermediate autoionizing the 1s?2s2p 3P, level. Figure %a) shows the distorted-wave
configurations. calculation of the recombination without the interference of

In Fig. 4 we present the partial recombination cross secbR and RR, i.e., the separate addition of these two indepen-
tion into the 1522s?1S, final level of the recombined dent processes. The dashed curve represents the RR process
ion. The recombination cross section obtained by adding thalone. Figure &) shows the distorted-wave calculation of
DR and RR, without interference, is shown in Figay In  the recombination including the interference, and in Fig) 5

—F5"(1s2252p 3Py 1 ) + vy, (16)

e +F%7(1s%2s)—F5(1s%2pnl)
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is shown theR-matrix calculation. The two main peaks ob- final curves. Within the degree of accuracy in our calcula-
served in the figures, at 0.031 eV and 0.040 eV, correspontions, the first resonances at very low energy might actually
to the recombination through the s2p6p3P; and be located below the threshold, and therefore would vanish
1s%2p6p 3P, levels, respectively. This particular partial re- from the recombination spectra. We also investigated the
combination cross section dominates the total recombinatiopartial recombination to the levelss32s2p 3P0,1 and 1Py,
cross section for these two resonances. If we compare tHaut they did not show any interesting interference effects.
height of the partial cross section of the?2p6p 3P, reso- Noticeable interference effects for the recombination
nance in Fig. &) with the height of the total cross section of through the $22p7! intermediate autoionizing levels have
the same resonance in Fig. 1, we see that the ratio is abobten found only for the partial recombination to the ground
0.75. Since for lowZ ions the dielectronic recombination is 1S, level, and they are displayed in Fig. 6. The distorted-
roughly proportional to the radiative rate, we can verify thewave calculations are very sensitive to configuration interac-
figure heights by taking the ratio of the partial to total radia-tion, especially correlations between the?2p7! levels

tive rates. The ratio of the partial radiative rate to the total(without these interactions, the peaks vaidthe curves of
radiative rate is 75% for théP,, while the ratio for the’P, Fig. 6(@ and Fig. §b) were calculated using the distorted-
is 63%. As expressed in E(L0), a peak must have a small wave method, and for Fig.(€) the R-matrix method was
Fano parameter in order to show a noticeable asymmetriemployed. In par{a) of the figure, the sum of the DR and
shape. A small Fano parameter can be obtained with largBR cross sections, without interference, is shown, while part
autoionization and photoionization rates and a small radiatb) shows the recombination cross section including the in-
tive transition ratésee Eq(13)]. The first peak of Fig. 5 has terferences. Configuration interaction betwees?2p7I,

a very high autoionization rateAl ,;=2.8<10"Hz), a  1s°2pnl’ (2<n=6), 1s°2s7l, and 15°2s2l" has been in-
relatively high photoionization cross SeCtiOﬂTf‘L,: 1.7 cIuded in the perturbative disto_rted-wave calculations. Com-
X 10" cm?), but a radiative transition rateAf, ;=8.3  parison between Fig.(B) and Fig. fc) shows a reasonable
% 10° Hz) that is not small enough to produce a very smallagdreement between the distorted-wave andRimeatrix re-

Fano parametergfl = —11). The second peak has an auto-Sults. For this case, the agreement for the position of the
I ' ;

oo L eaks is better than 0.05 eV. The shapes of the last two peaks

ionization rate coefficient ofA} ,;=1.3x10" Hz and a P P P

Fano parameteqi”j — 239, This large parameter produces a(at 3.88 eV and 4.14 e\Vvare also the same for both calcula-

. . : jons, but the rates, and in consequence the height of the
symmetric Lorentzian shape in the resonance, and the result-

ina shape of this particular resonance is very similar to tha eaks, are higher for the perturbative calculations. The tran-
ot?taineg by ne Ich):tin the interference y itions are very weak because they are only dipole-allowed
The e)rllera? featt?res in the reco.mbination s ectrun'%hrough configuration interaction. In order to be measured,
gen T PeCtiUM;, yse partial recombination events which emit a photon hav-
shown in Fig. 5 depend on the autoionization and radiative
) ) L ; ng hy~160 eV must be selected.
rates and one might expect that configuration-interaction eft

fects would not change the rates by such an amount so as to
change the shape of the peaks. However, as in the previous
example of transitions to the ground level, the results are
very sensitive to the structure calculation and the correlations Using both perturbative distorted-wave theory and non-
included. The separation between the peaks is small angerturbativeR-matrix theory we have calculated the total and

slight changes in the energies result in large changes in theartial electron-ion recombination cross sections for the

VI. SUMMARY
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& (Mb)

FIG. 6. Distorted-wave calculation of the par-
tial recombination cross sections for th& FHon,

.02 [ 1
- (b) through the %22p7l resonances, to the
s 1s%2s? 1S, level. (a) Distorted-wave calculation
e 001 [ 1 without interference between DR and RR. The

4,% dashed-line curve represents the RR recombina-
0.00 ! ! tion. (b) Distorted-wave calculation including in-

terference between DR and RR) R-matrix cal-
culation.

0.02 ]

& (Mb)

7730 35 40 45
Energy (eV)

ground state of & in the vicinity of the 1s?2p6l and to accurately find both the energy position and shape of the
1s%2p7! resonances. Quantum interference effects betweepeaks. Second, the peaks that could show some interference
the radiative and dielectronic recombination processes areffects in the total recombination are located very close to
found to be largest for the partial recombination cross sectiothe threshold and have small energy separations. This means
into the ground $%[ 2s?+ 2p?] 1S, final recombined level of ~that knowledge of the exact position of the peaks is crucial
=30 for an accurate calculation of the cross section. The cross-
The partial recombination cross section into the grounds€ction results shown here may serve as a convenient focus
15, level consists of very weak resonances having radiativéor future experiments attempting to observe the breakdown
decays which are produced mainly through configurationOf the independent-processes approximation. The analysis of
interaction effects. These resonances are buried under othie factors responsible for the interference effects can help in
stronger resonances and are not distinguishable in the totf)e theoretical search for other cases. As we show in this
recombination spectra. However, they show interestin%apery the interference effects are not necessarily limited to
asymmetric shapes that could be observed in experiments [Hghly charged higf ions or to special cases.
which the final recombination state is selected. The partial

- . . . 2 3 .
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