
atory,

PHYSICAL REVIEW A 69, 022704 ~2004!
Effects of quantum interference between radiative and dielectronic recombination
on photorecombination cross-section profiles for the He-like ions Ar16¿ and Fe24¿
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Total cross sections for electron-ion photorecombination~PR! processes are calculated using a projection-
operator and resolvent-operator approach. This approach provides a unified quantum-mechanical description of
the combined electron-ion PR process, including radiative and dielectronic recombination as coherent, inter-
fering components. An especially adapted version of the Hebrew-University Lawrence-Livermore Atomic
CodeHULLAC is developed and employed for the calculations. In particular, PR cross sections for He-like argon
and iron ions are calculated for incident-electron energies in the vicinity of the 1s2l2l 8 and 1s2l3l 8 doubly-
excited, autoionizing levels of the Li-like ions. Significant effects of quantum interference between radiative
and dielectronic recombination, in the form of asymmetric PR cross-section profiles, are predicted, especially
for weak transitions. The general behavior of the interference effect, as a function of the ion chargeq and as
a function of the principal quantum numbern8 of the outer electron in the autoionizing state, is investigated
using a hydrogenic-scaling analysis. It is found that the degree of asymmetry in the PR cross-section profile
can be substantial for close-to-neutral ions and also for very highly-charged ions. In the intermediate-charge
regime, on the other hand, the asymmetry is anticipated to be less prominent. The dependence of the quantum-
interference effect onn8 is predicted to be much weaker.

DOI: 10.1103/PhysRevA.69.022704 PACS number~s!: 32.80.Dz, 34.80.Kw, 32.70.Jz
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I. INTRODUCTION

The photorecombination~PR! process of a multiply
charged ion with a free electron, involving radiative em
sion, is traditionally described in terms of two distinct r
combination mechanisms. The first is nonresonant or di
radiative recombination~RR!, which is the inverse of the
ordinary photoionization process, and the second co
sponds to the first-order diagrammatic correction, namely
two-step, resonant dielectronic recombination~DR! process.
These two recombination mechanisms are usually treate
independent processes. It has been recognized, however
the traditional description of RR and DR, as two indepe
dent, noninterfering processes, is not strictly permiss
within the framework of a rigorous quantum-mechanic
theory @1–4#. For a fundamental quantum-mechanical d
scription of the entire, combined PR process, RR and
must be treated as coherent, interfering components
single electromagnetic transition occurring between the
evant initial and final atomic states. The need for a cor
sponding treatment of the resonant and nonresonant~time-
reversed! photoionization mechanisms has been firm
established. Several theoretical investigations have been
ried out ~e.g.,@5–9#! in pursuit of prominent manifestation
of the quantum-mechanical interference between RR
1050-2947/2004/69~2!/022704~11!/$22.50 69 0227
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DR. Asymmetrical PR cross-section profiles, which are ch
acteristic spectral signatures of a prominent quantu
interference effect, have been observed by Knappet al. @10#
for the PR of very highly-charged uranium ions in a
electron-beam ion trap~EBIT!. In a recent storage-ring ex
periment, broad, asymmetrical PR profiles have been
tected for Sc31 @11#. In that investigation, the observed pro
files have been attributed not only to the quantu
interference between RR and DR, but also to the interac
among neighboring, overlapping DR resonances. Except
these special cases, the customary independent-processe
isolated-resonance approximation has been found to be
successful in describing the overwhelming majority of P
cross-section experiments. Pindzolaet al. @12# have pre-
sented convincing physical explanations for the succes
the standard approximation in the vast majority of cas
Nevertheless, it is worthwhile to persist in the search
exceptional transitions for which the fundamental quantu
mechanical interference phenomenon would be revealed

Efforts to provide a unified quantum-mechanical descr
tion of RR and DR have primarily involved two major, a
ternative approaches. The first major approach is based
radiative modification of the close-coupling equatio
@13,14#. This inherently nonperturbative approach can be
plied using existing close-coupling orR-matrix codes@15#,
©2004 The American Physical Society04-1
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and overlapping resonances can be naturally treated. H
ever, only a relatively small, and in many cases insuffici
@16#, number of coupled channels can be taken into acco
in practical calculations. Furthermore, in order to resolve
equately the narrow PR resonances, it is often necessa
perform the calculations for a very large number of ene
points or to use the results of other calculations as a gu
@17#. An additional difficulty in the radiatively modified
close-coupling approach is the absence of a transparent
cedure for extending this approach to allow for the incorp
ration of collisional decoherence and relaxation processe
volving the autoionizing states, which can become import
at sufficiently high densities.

In the present investigation, we employ an alternative
proach that is based on projection-operator and resolv
operator methods@2,4,18#. By means of this alternative ap
proach, the transition operator describing the entire elect
ion PR process is naturally expressed as a sum of a d
nonresonant RR contribution and an indirect resonant t
corresponding to DR. This approach@18# provides a genera
nonperturbative procedure for obtaining the required ma
elements of the transition operator for model systems fea
ing a limited number of discrete, autoionizing states a
single-electron and single-photon continuum channels. In
calculations, we evaluate the leading term in a perturbat
theory expansion for the relevant matrix elements of the
transition operator. This leading contribution has been
rived @18# and evaluated in an investigation by Zimmerma
et al. @19#. Recently, we have adopted this lowest-order
proximation to obtain a convenient analytical formula for
parameter that meaningfully reflects the degree of asym
try in the energy profile of the PR cross section@9#. This
analytical formula was then evaluated to identify PR tran
tions of He-like Ar and Fe ions for which the effects
quantum interference may be observable. It is importan
note that the present ordinary Hilbert-space approach is
propriate only for the low-density regime, for which it
permissible to neglect electron-ion collisional processes
involve ions in autoionizing states. For higher densities, c
lisional decoherence and relaxation processes should b
corporated. A Liouville-space~reduced-density-operator!
generalization of the ordinary Hilbert-space projectio
operator and resolvent-operator approach has been pres
by Jacobset al. @20#. This generalization provides the fund
mental framework for the incorporation of both collision
and radiative decoherence and relaxation processes.

In this paper, we present the results of calculations for
entire set of PR transitions involving the 1s2l2l 8 and
1s2l3l 8 doubly-excited, autoionizing states of He-like A
and Fe ions. The effect of the quantum interference betw
RR and DR on the 1s2l2l 8 satellite-line intensities was firs
investigated for the He-like Ar ion by Jacobset al. @21#. In
that investigation, the main emphasis was on the to
~energy-integrated! intensities of the dielectronic-satellit
lines. In the present investigation, the primary focus is on
detailed energy profiles of the individual PR cross sectio
Moreover, we have extended the scope of the first calc
tions @21# to include the He-like Fe241 ion and also to trea
transitions involving the higher lying 1s2l3l 8 doubly-
02270
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excited, autoionizing states. The results obtained for the
1s2l2l 8 resonances are compared to the level-specific
cross-section parameters that have been measured
EBIT by Beiersdorferet al. @22#.

The remainder of the paper is organized as follows:
Sec. II, a brief review of the projection-operator an
resolvent-operator approach is provided. In Sec. III, we g
the explicit expressions for the various components of the
cross section, which we have obtained from the evaluatio
the lowest-order contribution in the perturbation-theory e
pansion. In Sec. IV, our detailed numerical results are p
sented. Finally, in Sec. V the expression for the profile asy
metry parameter, which we have introduced@9#, is employed
in a hydrogenic-scaling analysis of the quantum-mechan
interference effect. Our objective is to provide guidance
future experimental observations of the spectral signa
due to the quantum interference between RR and DR.

II. THE PROJECTION-OPERATOR AND
RESOLVENT-OPERATOR APPROACH

The ordinary Hilbert-space projection-operator a
resolvent-operator formulation@18# provides a fundamenta
foundation for a unified quantum-mechanical description
radiative and dielectronic recombination in the absence
collisional and radiative decoherence and relaxation p
cesses. Accordingly, this description is expected to be rig
ously valid at sufficiently low plasma densities and radiatio
field intensities.

The combined system, consisting of the recombining i
the incident electron, and the radiation field, can be descri
in terms of the total Hamiltonian operatorH5H01V, where
H0 is the sum of the unperturbed Hamiltonian operators
the non-interacting systems. The interaction operatorV in-
cludes, on an equal footing, both the electron-electron e
trostatic ~Coulombic! interaction and the interaction of th
atomic system with the quantized electromagnetic fie
These interactions are responsible for the autoionization
spontaneous radiative-emission processes, respectively.
unperturbed eigenstates relevant to the PR process ma
separated into three distinct classes of states. Single-elec
continuum states will be represented byu ipW &, where i de-
notes the initial state of the recombining ion~with chargeq!
andpW is the linear momentum of the incident electron. D
crete, doubly-excited, autoionizing states of the recombi
ion ~with chargeq21) will be represented byud&. Finally,
single-photon continuum states will be represented byu f kW &,
where f denotes the final state of the recombined ion~with
chargeq21) andkW is the linear momentum of the emitte
photon. The various energies must satisfy the condition
pressing conservation of total energyE:

E5Ei1«5Ed5Ef1\v. ~1!

Here,Ei is the energy of the recombining ion in the initia
statei, Ef is the energy of the recombined atomic system
the final statef, andEd is the energy of the doubly-excited
4-2
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EFFECTS OF QUANTUM INTERFERENCE BETWEEN . . . PHYSICAL REVIEW A69, 022704 ~2004!
autoionizing atomic stateud&. The energies of the inciden
electron and emitted photon are denoted by« and \v, re-
spectively.

The transition operatorT(z) can be defined, as a functio
of the complex variablez, by

T~z!5V1VG~z!V. ~2!

The resolvent~or Green’s! operatorG(z)5(z2H)21 corre-
sponds to the full Hamiltonian operatorH. The total PR cross
sections i f

PR(«), for the composite radiative-emission pr
cess leading to the transitioni→ f , can be expressed in th
form

s i f
PR~«!5 lim

h↓0
S 2p

\ D S 1

4p D
3

*dVpW*dVkWu^ f kW uT~E1 ih!u ipW &u2

F~pW !
r~\v!,

~3!

wherer~\v! is the density of final states per unit energy a
per solid angle intervals andF(pW ) is the incoming electron
flux. This cross section involves an average over all incide
electron directionsVpW and an integration over all outgoing
photon directionsVkW . In the familiar Fermi golden rule re
sult obtained in lowest-order perturbation theory, the f
transition operatorT(z) would be replaced by the interactio
operatorV alone.

Employing projection-operator techniques@18#, the tran-
sition operatorT(z) can be rearranged to provide a natu
separation into direct, nonresonant and indirect, reson
components. Consequently, the total PR cross section@Eq.
~3!#, describing the transitioni→ f for incident-electron en-
ergies« in the vicinity of a discrete autoionizing leveld, can
be unambiguously expressed as a sum of three contribut

s i f
PR~«!5s i f

RR~«!1s id f
DR~«!1s id f

int ~«!. ~4!

The three individual contributions correspond to the R
cross section, the DR cross section, and the product t
representing the interference~denoted byint! between the
RR and the DR transition amplitudes.

A nonperturbative procedure has been developed@18# for
the explicit evaluation of the desired matrix elements of
projected transition operator describing the entire PR p
cess. For the most general case, including multiple elec
and multiple photon continua, the implementation of th
procedure involves the calculation and inversion of matri
than can become very large for complex atomic systems
order to circumvent this difficulty, an alternativ
perturbation-theory-expansion procedure@18# can be em-
ployed. The lowest-order contribution in this perturbatio
theory expansion has been adopted in earlier calculat
@19,9# and is now utilized for the more extensive calculatio
reported in this paper. In this lowest-order approximati
the expressions for the RR and DR cross sections are fo
to be identical to the well-known results obtained in the
miliar independent-processes and isolated-resonance
02270
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proximation. However, even in this lowest-order approxim
tion of the unified description, the additional quantum
mechanical interference term is predicted.

III. EXPRESSIONS FOR THE COMPONENTS OF THE PR
CROSS SECTION

In order to compute the PR cross sections using exis
atomic structure and collision codes, such asHULLAC @23#,
the various atomic states must be more fully specified in
appropriate angular-momentum representation. We shall
glect hyperfine structure and specify the atomic eigenstati,
d, and f in terms of the total electronic angular-momentu
quantum numbersJi , Jd , andJf , respectively. We specify
the state of the incident electron using the quantum num
k5( l 2 j )(2 j 11), corresponding to the single-electron tot
and orbital angular-momentum quantum numbersj and l,
respectively. Accordingly, the unperturbed eigenstates of
combined system~composed of the initial atomic system, th
incident electron, and the emitted photon! can be more fully
specified as follows:

u ipW &5ug iJi ,pW k;J&,

ud&5ugdJd&, ~5!

u f kW &5ug fJf ,kW &,

where the symbols labeled byg represent sets of additiona
atomic quantum numbers not indicated explicitly, includi
the principal quantum numbers and the magnetic quan
numbers. The photon polarization is also not specified
plicitly but may be included ing f . Summations and aver
ages over the magnetic and photon-polarization quan
numbers are not explicitly indicated but are taken into
count. Invoking conservation of the total electronic angu
momentum in the radiationless transitions connecting the
toionizing resonance states and the corresponding nonr
nant electron-continuum states, we obtain the requirem
that J5Jd . In the following analysis, we will specify the
electron-continuum states in terms of the electron energ«
and use the energy-normalization convention.

In the electric-dipole approximation, the lowest-ord
contribution to the RR cross section can be reduced to
familiar result:

s i f
RR~«!5

1

2~2Ji11!

4p2\2v3

3c3p2

3(
k

(
J

u^g fJf iDW ig iJi ,«k;J&u2, ~6!

which is expressed in terms of reduced matrix elements
the many-electron electric-dipole moment operatorDW
5eSrW j between the discrete and~energy-normalized! con-
tinuum electronic states.

The transition amplitude for DR is most easily evaluat
after introducing the pole approximation for the resolve
4-3
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BEHAR et al. PHYSICAL REVIEW A 69, 022704 ~2004!
operators@18#. In the lowest-order perturbation-theory eval
ation, we recover the familiar expression for the DR cro
section:

s id f
DR~«!5

~2p\!3

8pm«

~2Jd11!

2~2Ji11!
Adi

a Ld~«!Bd f
D . ~7!

The rate for autoionization from the resonance stated to the
nonresonant electron-continuum statei and is given by

Adi
a 5

2p

\

1

~2Jd11! (k
u^g iJi ,«k;JiHesigdJd&u2dEd ,Ei1« .

~8!

Hes is the familiar electron-electron electrostatic-interacti
operatoreS(r kl)

21. The energy-normalized Lorentzian line
shape function is given by

Ld~«!5
G~d!/2p

~Ei1«2Ed!21S G~d!

2 D 2 . ~9!

The total~natural! width of the doubly-excited, autoionizing
level d, in the absence of environmental interactions, is giv
by

G~d!5\S (
f

Ad f1(
i

Adi
a D . ~10!

The EinsteinA coefficient for spontaneous radiative dec
from the stated to the statef can be written as follows:

Ad f5
4e2v3

3\c3

1

~2Jd11!
u^g fJf iDW igdJd&u2dEd ,Ef1\v .

~11!

The quantity

Bd f
D 5

\Ad f

G~d!
~12!

is the branching ratio corresponding to the probability for
spontaneous radiative transitiond→ f .

In electron beam experiments, such as those perfor
with EBIT, the ideal measurement would yield the PR cro
section, as a function of the incident-electron energy«. How-
ever, the natural widthG(d) of the DR resonance profile ca
be about two orders of magnitude smaller than the typ
EBIT electron-energy resolution of;50 eV. Consequently
one introduces a resonance-transition strengthSid f , which is
obtained from the PR cross section by integration o
incident-electron energies covering the immediate region
the resonance leveld:

Sid f5E s i f
PR~«!d«5

~2p\!3

8pm~Ed2Ei !

~2Jd11!

2~2Ji11!
Adi

a Bd f
D .

~13!

On the right-hand side of Eq.~13!, the resonance-transitio
strength is evaluated using the lowest-order DR cross
02270
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tion. The lowest-order interference cross section, which
found below to be an antisymmetric function of energy ne
the resonance level, gives a vanishing contribution. In ad
tion, the contribution of the slowly varying nonresonant R
cross section has been omitted in the lowest-order evalua
of the resonance-transition strength. The resonance-trans
strength defined by Eq.~13! more nearly corresponds to th
experimentally accessible quantity, especially in the limit
a very narrow resonance line shape.

In terms of the familiar~lowest-order! autoionization and
radiative-decay rates, and of the~lowest-order! DR cross sec-
tion, the ~lowest-order! interference contribution to the PR
cross section can be expressed in the simplified form@19#:

s id f
int ~«!5

4

\Adi
a F ~Ei1«2Ed!S 1

Qid f
D Gs id f

DR~«!, ~14!

where the multichannel Fano line-profile parameterQid f is
defined by

1

Qid f

5
p

~2Jd11!1/2

3

(
k

^g fJf iDW ig iJi ,«k;J&^g iJi ,«k;JiHesigdJd&

^g fJf iDW igdJd&
.

~15!

Equation~15! can be compared with Eq.~86! in the earlier
investigation of the quantum interference@4#. They are found
to be in agreement to first order in the small parame
1/Qid f , since in this approximation the continuum
continuum coupling parameter introduced in the earlier
vestigation can be set to unity. Zimmermannet al. @19# have
extended this analysis for higher-order electromagne
multiple transitions, for which 1/Qid f can have an imaginary
part, in addition to the real part given by Eq.~15!. It can be
seen from Eq.~14! that the electron-energy dependence
the ~lowest-order! quantum-interference contribution to th
total PR cross section, for energies in the vicinity of a D
resonance, is a consequence of the product of a linear f
tion of «, which changes sign at the position of the resona
energy «5Ed2Ei , and the symmetric Lorentzian-profil
function associated with the unperturbed~lowest-order! DR
cross section. Accordingly, this energy dependence co
sponds to an asymmetric~Fano-type! energy profile, which
has been observed in the EBIT experiment by Knappet al.
@10#. After computing the transition amplitudes and rates t
appear in Eqs.~6!, ~7!, and~14!, one can evaluate all lowest
order contributions to the total PR cross section, taking i
account both the RR and DR mechanisms together with t
quantum-mechanical interference.

In our earlier calculations@9#, we introduced a paramete
that reflects the degree of the asymmetry in the PR cr
section. This parameter was defined by evaluating
~lowest-order! DR and interference components of the P
cross section at the off-resonance electron energies«61/2,
4-4
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«61/25Ed2Ei6
G~d!

2
. ~16!

At these two off-resonance electron energies, the~lowest-
order! quantum-interference contribution has an extremum@a
maximum or minimum, depending on the sign in front
G(d) in Eq. ~16!#, and the~lowest-order! DR cross section
attains one half of its maximum value. At either one of the
electron energies, the absolute value of the~lowest-order!
ratio of the interference contribution and the DR cross s
tion is given by the relationship

Rint5Us id f
int ~«61/2!

s id f
DR~«61/2!

U5 4

\Adi
a

G~d!

2 U 1

Qid f
U. ~17!

FIG. 1. Total cross section for PR of He-like Ar161 for incident-
electron energies in the vicinity of the Li-like 1s2l2l 8 doubly-
excited, autoionizing complex, as a function of the incident-elect
energy. The continuum contribution to the total PR cross sec
corresponds to the unperturbed RR component.

FIG. 2. Total cross section for PR of He-like Fe241 for incident-
electron energies in the vicinity of the Li-like 1s2l2l 8 doubly-
excited, autoionizing complex, as a function of the incident-elect
energy. The continuum contribution to the total PR cross sec
corresponds to the unperturbed RR component.
02270
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For a larger value of this ratio, a more asymmetric profile
predicted for the total PR cross section.

IV. CALCULATIONS FOR He-LIKE Ar AND Fe IONS

In this section, we report the results of detailed~level-by-
level! ab initio computations for the electron-ion photor
combination cross sections of ground-state He-like arg
(Z518) and iron (Z526) ions, for incident-electron ener
gies in the vicinity of the 1s2l2l 8 and 1s2l3l 8 autoionizing-
configuration complexes of the corresponding Li-like ion
These computations have been based on the theoretica
proach described in the preceding sections. Configura
mixing within each complex has been fully included. Th
composite DR processes of a He-like ground-state i
through the 1s2l2l 8 and 1s2l3l 8 doubly-excited, autoioniz-
ing states, can be represented by the following sequenc
elementary transitions:

1s21e2→1s2ln8l 8 ~n852,3!, ~18!

1s2ln8l 8 ~n852,3!→1s22l 1\v1 , ~19a!

or

n
n

n
n

TABLE I. Resonances in the cross section for DR of He-li
Ar161 through the Li-like 1s2l2l 8 doubly-excited, autoionizing
complex. The DR resonance transitions are labeled using the n
tion introduced by Gabriel@24#. Eid is the resonance energy.Sid f is
the lowest-order resonance-transition strength, defined as an
gration over the resonance profile by Eq.~13!, for which the inter-
ference contribution vanishes and the RR contribution has b
omitted. Numbers in square brackets indicate powers of ten.

Transition Eid ~eV! Sid f ~eV cm2!

o 2160.3 6.06@221#

p 2160.3 3.77@221#

v 2167.8 6.54@223#

u 2168.9 2.39@222#

r 2194.0 3.09@220#

q 2195.7 1.67@220#

h 2202.5 1.00@224#

i 2202.5 2.10@223#

f 2203.9 5.20@222#

g 2203.9 7.20@224#

e 2205.8 4.90@221#

t 2206.5 3.68@220#

s 2207.3 2.70@220#

k 2221.2 1.83@219#

l 2221.2 5.07@224#

j 2221.8 2.50@219#

c 2224.8 9.46@223#

d 2224.8 2.37@222#

a 2227.8 3.72@220#

b 2227.8 2.87@221#

m 2244.1 2.68@220#

n 2244.1 5.88@220#
4-5
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TABLE II. Resonances in the cross section for DR of He-like Fe241 through the Li-like 1s2l2l 8 doubly-
excited, autoionizing complex. The DR resonance transitions are labeled using the notation introdu
Gabriel@24#. Eid is the resonance energy.Sid f is the lowest-order resonance-transition strength, defined a
integration over the resonance profile by Eq.~13!, for which the interference contribution vanishes and
RR contribution has been omitted. Where available, the corresponding experimental values~which are indi-
cated by Expt.! measured in EBIT@22# are given for comparison with the calculated values~which are
indicated by Calc.!. Numbers in square brackets indicate powers of ten.

Transition Eid ~eV! Calc.
Eid ~eV! Expt.

@22#
Sid f ~eV cm2!

Calc.
Sid f ~eV cm2!

Expt. @22#

o 4554.5 4553.4 8.52@221# 7.06@221#

p 4554.5 4553.4 8.12@221# 7.35@221#

v 4565.4 4566.3 1.54@222#

u 4570.3 4570.1 1.31@221#

r 4606.6 4604.9 3.87@220# 5.03@220#

q 4616.7 4615.3 1.02@221#

h 4623.6 4624.6 2.56@224#

i 4623.6 4624.6 2.22@222#

t 4630.8 4631.2 5.63@220#

f 4631.5 4632.9 2.46@221#

g 4631.5 4632.9 3.87@223#

s 4633.8 4633.2 1.05@220#

e 4639.0 4639.0 3.78@220# 3.90@220#

k 4657.5 4658.1 1.84@219#

l 4657.5 4658.1 1.72@220#

c 4659.7 4658.6 2.25@222#

d 4659.7 4658.6 7.72@222#

j 4664.6 4664.1 3.36@219#

a 4677.5 4677.0 6.24@220#

b 4677.5 4677.0 1.22@221#

m 4697.2 4697.7 2.37@220# 2.24@220#

n 4697.2 4697.7 9.63@222#
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It should be noted that the radiative stabilizations in E
~19a! and ~19b! may terminate on excited states that c
undergo further decay by subsequent radiative transitio
giving rise to radiative cascades.

In the present investigation, theHULLAC code @23# has
been adapted to provide the partial-wave radiative-emis
and autoionization amplitudes, including the requir
quantum-mechanical phases. In Fig. 1, the calculated t
PR cross sections i

PR(«) for He-like Ar in the ground state is
presented as a function of the incident-electron energy«, in
the energy region of the Li-like 1s2l2l 8 doubly-excited, au-
toionizing resonances. Figure 2 shows the results of a sim
calculation for He-like Fe. These results for the total P
cross sections i

PR(«) have been obtained by taking into a
count the three distinct contributions, corresponding to
RR, DR, and the interference components, as indicated
Eq. ~4!. The contributions of the entire set of 1s2l2l 8
doubly-excited, autoionizing statesd have been included, a
well as the corresponding set of singly-excited, bound sta
f that can be reached by electric-dipole-allowed radiative
cays:
02270
.
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s i
PR~«!5(

f
s i f

RR~«!1(
d, f

@s id f
DR~«!1s id f

int ~«!#. ~20!

The total PR cross sections in Figs. 1 and 2 exhibit the D
resonance peaks superimposed on the nonresonant RR
tinuum. Some of the resonance features show asymmet
profiles, which are due to the effect of the quantum interf
ence between the RR-continuum and the DR-resonance c
ponents. In these figures, the logarithmic scales tend to
centuate this asymmetry. For the designation of the D
resonance features~dielectronic-satellite lines! that are
associated with the individual radiative transitions from t
1s2l2l 8 doubly-excited, autoionizing states, we ha
adopted the familiar notation convention involving lowe
case letters, which was originally introduced by Gabriel@24#.
Since the sums over the final, bound statesf are included in
the definition of the electron-energy-dependent cross sec
given by Eq.~20!, some of these spectral features are
result of two alternative radiative-decay channels@corre-
sponding to the two distinct elementary transitions~19a! and
~19b!# originating from an individual doubly-excited, au
toionizing stated. Accordingly, these DR-resonance featur
are labeled by two different lower-case letters. In the emit
4-6
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EFFECTS OF QUANTUM INTERFERENCE BETWEEN . . . PHYSICAL REVIEW A69, 022704 ~2004!
x-ray spectrum, the two distinct radiative-decay chann
will obviously give rise to two separate dielectronic-satell
features, which may be individually resolvable.

It is important to note that the resonance-transit
strengthSid f defined by Eq.~13!, which we consider to be
the most experimentally accessible intensity measure fo
individual DR-resonance transitioni→d→ f , is determined
by performing an integration of the total energy-depend
PR cross section over the energy profile of the DR re
nance. The dominant DR resonances, i.e., those with h
Sid f values, are found to provide the primary contribution
the total PR rates and also to give rise to the most promin
DR-satellite lines. Consequently, the more relevant phys
DR-resonance property in Figs. 1 and 2 corresponds to
area under the cross-section profile rather than the maxim
value. Furthermore, a consideration of only the maxim
values of the DR-resonance profiles in Figs. 1 and 2 can
to incorrect interpretations. Specifically, the maximum va
of the energy-normalized Lorentzian function is proportion
to the reciprocal of its autoionizing-level widthG(d), which
is defined by Eq.~10!. This implies that the relatively wea
DR-resonance transitions~with low Sid f values! usually have
very narrow cross-section profiles with large maximum v
ues. In EBIT experiments,Sid f is the quantity that is mos
directly measured, whereas the natural-width profile of
DR-resonance transition is not easily observed, due to
much broader electron-beam energy distribution.

In order to provide a more meaningful assessment of
relative importance of the DR resonances, beyond the in
mation that can be obtained graphically, the entire set of
1s2l2l 8 DR resonance-transition strengths that we have
culated in lowest-order perturbation theory is listed in Tab
I and II, for Ar and for Fe, respectively. For the Fe ca
~Table II!, the calculated DR data are compared with t
measured results of Beiersdorferet al. @22#. It can be seen
that the calculated energy values are in excellent agreem
with the experimental results, within 0.4%. For the D
resonance-transition strengths, single-channel experime
results are available for five resonance transitions, which
given in the last column of Table II. The uncertainty in the
experimentalSid f values has been estimated@22# to be within
20%. It can be seen that all of the calculated values, exce
the case of the DR-satellite featurer, are within this uncer-
tainty range.

In the lowest-order perturbation-theory approximati
adopted in the present investigation, the quantu
interference component of the PR cross section provide
vanishing contribution to the DR resonance-transit
strength. This is a consequence of the completely asymm
ric electron-energy dependence centered at the reson
level, which leads to a vanishing contribution when in
grated over the resonance-energy profile. In order to prov
a more accurate evaluation of the quantum-interference c
section, which would predict nonvanishing contributions
the DR resonance-transition strengths, it will obviously
necessary to retain higher-order terms in the perturbat
theory expansions. We emphasize that the higher-order te
have been neglected in the present investigation. Howe
the most pronounced spectral characteristic of the quant
02270
ls

n

t
-
h

nt
al
he
m

ad
e
l

-

e
e

e
r-
e
l-
s

e

nt

tal
re

in

-
a

et-
nce
-
e
ss

e
n-
ms
er,

-

interference cross section, which is the asymmetric cro
section profile, can be realistically described and system
cally evaluated within the framework of the lowest-ord
approximation adopted in our present calculations.

In the investigation of higher-lying DR resonances, w
have calculated the total PR cross sections for ground-s
He-like Ar and Fe ions, for incident-electron energies in t
vicinity of the 1s2l3l 8 autoionizing-configuration complex
of the corresponding Li-like ions. The results are shown
Figs. 3 and 4, for Ar and Fe, respectively. We find that t
1s2l3l 8 complex gives rise to numerous DR-resonance f
tures, which are substantially overlapping in most cas
Dominant, isolated-resonance features with possibly det
able asymmetric profiles are not easily identifiable in t
complex. A few relatively weak DR-resonance features

FIG. 3. Total cross section for PR of He-like Ar161 for incident-
electron energies in the vicinity of the Li-like 1s2l3l 8 doubly-
excited, autoionizing complex, as a function of the incident-elect
energy. The continuum contribution to the total PR cross sec
corresponds to the unperturbed RR component.

FIG. 4. Total cross section for PR of He-like Fe241 for incident-
electron energies in the vicinity of the Li-like 1s2l3l 8 doubly-
excited, autoionizing complex, as a function of the incident-elect
energy. The continuum contribution to the total PR cross sec
corresponds to the unperturbed RR component.
4-7
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BEHAR et al. PHYSICAL REVIEW A 69, 022704 ~2004!
this complex~with Sid f,10225 eV cm2) are found to exhibit
very strong asymmetries~for which Rint.100). However,
these DR-resonance features tend to lie very close to,
therefore merge with, the more prominent DR resonance

The isolated-resonance approximation, which has b
employed in the present investigation, may not provide
sufficiently accurate spectral description for the individu
DR-resonance line shapes in the region of the numer
close-lying autoionizing levels corresponding to the 1s2l3l 8
complex. However, the isolated-resonant approximation m
be adequate for an estimation of the total PR rates obta
by the summation over entire sets of resonance transition
discussed by Pindzolaet al. @12#. In order to properly treat
interactions among autoionizing resonances and radia
transitions among autoionizing states, the density-matrix
proach proposed by Jacobset al. @20# might provide a more
appropriate framework. Using the asymmetry parameter
fined by Eq.~17!, an attempt is made in the next section
obtain a qualitative understanding of the spectral beha
that might be expected from the lowest-order quantu
interference effect for high-n8 configurations.

In Table III, we present the cross-section asymmetry
rameters that have been calculated for the 1s2l2l 8 reso-
nances in the PR of He-like Ar and Fe. From these resu
we deduce that the most asymmetric 1s2l2l 8 resonances
correspond to the satellite featuresl of Ar and q of Fe. The
results for the various contributions to the PR cross sec
are shown as functions of the incident-electron energy
Figs. 5 and 6, for thel feature of Ar and theq feature of Fe,
respectively. From the results presented in Tables I and I
can be seen that these satellite features correspond to
tively weak DR-resonance transitions. In the next section,
attempt to provide an explanation for the occurrence of
prominent asymmetries associated with relatively weak D
resonance transitions. We also indicate how the ratio defi
in Eq. ~17! can be used to qualitatively investigate the ge
eral dependencies of the quantum-interference effect on
ion chargeq and on the principal quantum numbern8 of the
outer electron in the autoionizing state.

V. DISCUSSION AND SCALING
OF THE QUANTUM-INTERFERENCE EFFECT

It should be possible to identify significant quantum
interference effects by means of systematic calculations f
representative variety of DR-resonance transitions in m
ions, similar to the calculations of Pindzolaet al. @12#. It
would be useful to include evaluations of the ratioRint, de-
fined by Eq.~17!, for the various arrays of DR-resonanc
transitions. Using the ratioRint, we present a preliminary
qualitative investigation of the variation of the quantum
interference effect with the ion chargeq, and also with the
principal quantum numbern8 of the outer electron in the
doubly-excited, autoionizing state.

From the reciprocal relationship between the D
resonance-transitions strengths in Tables I and II and theRint

values presented in Table III, the largest quantu
interference effects are predicted for the weakest D
resonance transitions. A qualitative understanding of this
02270
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sult is provided by means of a scaling analysis. The symb
A and Aa are used to represent the radiative decay and
autoionization rates, respectively, and the level designat
are omitted. For the extreme case whereAa@A ~which per-
tains especially to low-charged ions!, the DR resonance
transition strengthS, defined by Eq.~13!, and the DR cross
sectionsDR scale linearly withA. However, the ratioRint is
found to scale as (Aa/A)1/2, which tends to have a smalle
value for the more intense radiative transitions. In the ot
extreme case whereA@Aa ~which corresponds primarily to
highly-charged ions!, S;Aa andRint;(A/Aa)1/2.

For the case of near equality in whichA>Aa and S;A
~which corresponds particularly to intermediately-charg
ions!, we predict thatRint;(A)0 ~i.e., independent ofA!.
Consequently, for the intermediately-charged ions the ef
of the quantum interference is expected to be approxima
the same for both the dominant and the weak DR-resona
transitions. One might predict that the intermediate
charged ions would feature dominant DR-resonance tra
tions for which the quantum-interference effect is al
strong. However, it is shown below that, in th
intermediately-charged regime, the quantum-interference

TABLE III. The parameterRint, defined by Eq.~17!, which
reflects the degree of asymmetry in the total PR cross-section
file due to quantum interference between RR and DR, evaluated
recombination of He-like Ar161 and Fe241 through the Li-like
1s2l2l 8 doubly-excited, autoionizing complex. The DR resonan
transitions are labeled using the notation introduced by Gab
@24#. The most asymmetric resonance transition for each ion is
dicated in boldface. Numbers in square brackets indicate powe
ten.

Transition

Rint

Ar161 Fe241

a 5.61@23# 8.86@23#

b 4.62@22# 1.49@21#

c 9.14@22# 1.33@21#

d 3.99@22# 4.81@22#

e 7.64@23# 9.68@23#

f 2.65@23# 5.18@23#

g 5.14@22# 9.69@22#

h 3.87@22# 1.93@21#

i 5.84@23# 1.40@22#

j 7.46@23# 9.71@23#

k 6.64@23# 1.04@22#

l 5.51†À1‡ 1.45@22#

m 3.65@23# 8.16@23#

n 5.39@23# 2.72@22#

o 1.12@22# 1.06@22#

p 9.82@23# 7.33@23#

q 2.36@22# 2.09†À1‡
r 1.21@22# 2.00@22#

s 1.90@22# 3.23@22#

t 1.16@22# 1.48@22#

u 1.20@22# 3.11@22#

v 1.01@22# 3.38@22#
4-8
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EFFECTS OF QUANTUM INTERFERENCE BETWEEN . . . PHYSICAL REVIEW A69, 022704 ~2004!
fect is expected to be weaker than for the two extreme ca
~discussed above! corresponding to very low- or very highly
charged ions.

To investigate the behavior of the ratioRint as a function
of the ion chargeq, we employ a hydrogenic-scaling anal
sis. A similar analysis, which should be most appropriate
highly-charged species, has been previously used by H
@25# for the DR-rate coefficients. The differences betwe
the energies of atomic states with different principal quant
numbers~i.e., Dn>1), as well as the corresponding electr
and photon energies« and \v, scale asq2. The incident-
electron linear momentump scales asq, and the energy-
normalization electron-continuum wave functionscc scale

FIG. 5. ~Color online! The cross section for PR of He-like Ar161

in the vicinity of the DR-resonance transitionl. The total PR cross
section (sPR) is represented by a black line. The direct, nonre
nant RR cross section (sRR) is indicated by a red line, the two-step
resonant DR cross section (sDR) is indicated by a green line, th
interference contribution (s int) is indicated by a blue line, and th
sum of the RR and DR contributions is indicated by a dotted
line.

FIG. 6. ~Color online! The cross section for PR of He-like Fe241

in the vicinity of the DR-resonance transitionq. The total PR cross
section (sPR) is represented by a black line. The direct, nonre
nant RR cross section (sRR) is indicated by a red line, the two-step
resonant DR cross section (sDR) is indicated by a green line, th
interference contribution (s int) is indicated by a blue line, and th
sum of the RR and DR contributions is indicated by a dotted
line.
02270
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as p1/2;q1/2. The bound-state wave functionscb scale as
q3/2. The electric-dipole interaction between the atomic s
tem and the electromagnetic field scales asr;q21, while the
electron-electron electrostatic interaction scales as 1/r;q.

The q scaling ofQid f can be investigated by considerin
the various matrix elements in the definition given by E
~15!. For theDn>1 bound-bound radiative transitions, th
electric-dipole-interaction matrix element scales as follow

^g fJf iDW igdJd&;cbrcbd3r;q3/2q21q3/2q235q21.

~21!

Consequently, the EinsteinA coefficient given by Eq.~11!
has the well-knownq4 scaling. The matrix element for auto
ionization scales as follows:

^g iJi ,«k;JiHesigdJd&;cbcc

1

r
cbcbd3r 1d3r 2

;q3/2q1/2qq3/2q3/2q23q235q0.

~22!

This gives rise to the well-known charge independence of
nonrelativistic autoionization rate. The free-bound electr
dipole-transition~RR! matrix element scales according to th
relationship

^g fJf iDW ig iJi ,«k;J&;cbrccd
3r;q3/2q21q1/2q235q22.

~23!

Consequently, the RR cross section given by Eq.~6! scales as
q0 ~i.e., independent ofq!. Taking into account the scaling
relationships given by Eqs.~21!, ~22!, and ~23!, we obtain
the result

1

Qid f

;
^g fJf iDW ig iJi ,«k;J&^g iJi ,«k;JiHesigdJd&

^g fJf iDW igdJd&

;q22q0/q215q21. ~24!

To investigate theq scaling of the ratioRint defined by
Eq. ~17!, it is again necessary to consider two different cas
For Aa@A, G(d);Aa;q0 andRint;q21. Accordingly, for
low-q ions, the asymmetry is expected todecreasewith in-
creasing ion charge. In the other case, forA@Aa, G(d);A
;q4 andRint;q3. Consequently, for high-q ions the asym-
metry is expected to rapidlyincreasewith increasing ion
charge. For the general case, including the intermediaq
regime, G(d);(aq01bq4) and consequentlyRint;(aq21

1bq3), wherea andb are constants~usuallya@b). In sum-
mary, the asymmetry of the total PR cross-section profile
predicted to be prominent for close-to-neutral ions and s
nificant for very highly-charged ions. However, in th
intermediate-charge regime, the asymmetry is anticipate
be the least prominent.

The q-scaling analysis presented above may provide
qualitative understanding for the pronounced asymmetr
profiles that have been detected for U881 @10# and for Sc31

@11#. This analysis is in agreement with the conclusio
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BEHAR et al. PHYSICAL REVIEW A 69, 022704 ~2004!
reached in an extensive investigation by Pindzolaet al. @12#,
that the largest interference effects are generally expecte
be found in the extreme cases of very highly-charged i
and neutrals. For the majority of significantly intense D
resonance transitions in intermediately-charged ions, inc
ing those considered in the present investigation, onl
weak degree of asymmetry is found. It should be pointed
that the experimental results obtained for the PR of S31

@11# exhibit a more complex spectral variation than that p
dicted using the simplified hydrogenic-scaling analysis. T
is due to configuration mixing involving the 3p and 4s
states, which alters the (Dn50) 3p23d and the (Dn51)
3p24s transition rates. The hydrogenic-scaling analysis
obviously invalid forDn50 transitions.

We now investigate the scaling of the ratioRint, which is
defined by Eq.~17!, for high-n8 configurations, wheren8 is
the principal quantum number of the outer electron in
doubly-excited, autoionizing state. The wave functions r
resenting the doubly-excited, autoionizing states are assu
to scale as (n8)23/2. The relevant RR transitions do not in
volve the high-n8 levels and their rates are therefore ind
pendent ofn8. However, the high-n8 radiative-decay and
autoionization ratesA andAa both scale as (n8)23. For the
case Aa@A, we obtain Rint;(Aa/A)1/2;(n8)0. For the
other caseA@Aa, we find thatRint;(A/Aa)1/2, which also
scales as (n8)0. A different scaling of the rates is found in th
case of a radiative stabilization of the lower excitedn elec-
tron, e.g., 1s2ln8l 8→1s2n8l 8. Since the autoionization pro
cess 1s2ln8l 8→1s2 still involves then8 electron,Aa retains
the (n8)23 scaling, whileA now scales as (n8)0. For these
decay channels we obtain, for the extreme caseAa@A,
Rint;(Aa/A)1/2;(n8)23/2. For the other extreme caseA
@Aa, we find thatRint;(A/Aa)1/2;(n8)3/2. We point out
that, for the radiative-decay processes that do not involve
n8 electron, the conditionA@Aa may occur not only for
high-q ions but also for low-q ions in levels with high-n8
values. This is a result of the rapid decrease inAa with in-
creasingn8 and ofA being independent ofn8. In the inter-
mediate regime, as in the general case, we find thatG(d)
;a(n8)01b(n8)23 and consequently Rint;a(n8)3/2

1b(n8)23/2, wherea andb are constants.
As a result of our analysis, we find that, in DR proces

that involve the radiative decay of the intermediate autoi
izing state through a transition of the highly-excitedn8 elec-
tron, the degree of asymmetry of the total PR cross sect
as reflected by the ratioRint, is not expected to be strongl
dependent onn8. On the other hand, in DR processes that
not actively involve the radiative decay of then8 electron,
the asymmetry of the total PR cross section is predicted t
first decrease with increasingn8, but eventually to increase
with increasingn8. It should be emphasized that our concl
sions pertaining to then8 scaling of the quantum-interferenc
effect are expected to be valid provided that the isolat
resonance approximation, which is assumed in the deriva
of Eq. ~17!, continues to provide an adequate representa
for the high-n8 levels.

VI. CONCLUSIONS

A unified description of radiative and dielectronic recom
bination, which is based on a projection-operator a
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resolvent-operator formulation, has been applied to comp
the total photorecombination~PR! cross sections of He-like
argon and iron ions for incident-electron energies in the
cinity of the 1s2l2l 8 and 1s2l3l 8 autoionizing-
configuration complexes. This theoretical description of
is based on a fundamental quantum-mechanical founda
and it is expected to be rigorously valid at low plasma de
sities. In order to facilitate the calculations, a perturbatio
theory expansion of the transition operator has been use
only the lowest-order contributions in the perturbatio
theory expansion are retained, the familiar expressions
the direct ~nonresonant! radiative-recombination and two
step~resonant! dielectronic-recombination cross sections a
recovered. In addition, the lowest-order quantu
interference cross section is obtained, in terms of the ba
unperturbed~lowest-order! transition amplitudes that ar
conventionally associated with direct radiative recombin
tion, autoionization, and radiative emission. These unp
turbed~lowest-order! transition amplitudes are calculated b
means of the modifiedHULLAC code, which has been espe
cially adapted for this investigation.

Results for the total PR cross sections of He-like arg
and iron ions are presented for incident-electron energie
the vicinity of the 1s2l2l 8 and 1s2l3l 8 autoionizing-
configuration complexes. For certain weak satellite featu
significant effects of quantum interference are revealed in
form of radiatively modified, asymmetric~Fano-type! cross-
section profiles. In lowest-order perturbation theory, the
terference cross sections are predicted to be entirely as
metric with respect to the resonance positions a
consequently, cannot contribute to the resonance-trans
strengths obtained by integration over the resonance profi
For some of these weak transitions, the highly asymme
cross-section profiles could be observable with the individ
spectral resolution of the distinct x-ray emission lines as
ciated with the different radiative-decay channels. Beca
of the sub-eV natural width of the DR-resonance featur
the measurement of the detailed spectral profiles presen
substantial challenge with the resolution of current elect
beam experiments. We anticipate, however, that the deta
DR-resonance profiles will be resolved in future expe
ments.

There are several directions in which the present inve
gation should be extended. In order to obtain more deta
representations of the DR-resonance profiles, and in part
lar the nonvanishing interference contributions to t
resonance-transition strengths, it will be necessary to de
and evaluate the higher-order perturbation-theory contri
tions to the low-density PR cross section. In order to pur
the search for significant and experimentally observable
terference effects, DR-satellite transitions in more comp
atomic systems should be investigated. This investiga
could be facilitated by the scaling analysis presented in S
V for the charge and the principal-quantum-number dep
dencies of the asymmetry parameter defined by Eq.~17!. The
angular distribution and polarization of the emitted satel
radiation should also be evaluated to broaden the search
more pronounced quantum-interference phenomena, wh
effects could be more readily observable in electron-be
4-10
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EFFECTS OF QUANTUM INTERFERENCE BETWEEN . . . PHYSICAL REVIEW A69, 022704 ~2004!
experiments. Finally, the low-density theory should be
tended to incorporate environmental collisional and radia
decoherence and relaxation processes, which are expect
play important kinetic and spectral roles at sufficiently hi
plasma densities and/or at sufficiently high radiation-field
tensities. By means of a reduced-density-matrix formulat
@20#, the collisional and radiative decoherence and relaxa
processes can be treated on an equal footing and in a
consistent manner with the quantum-coherent autoioniza
and radiative-emission processes.
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