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Measure for the effect of quantum interference between radiative and dielectronic recombination
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The electron-ion photorecombination~PR! cross section is known to have an asymmetric energy profile, as
a result of quantum interference between direct radiative and dielectronic recombination. We introduce a
parameter that reflects the degree of this asymmetry and use it to identify PR transitions for which the effects
of interference may be observable. Significantly asymmetric PR cross-section profiles are found for a few PR
transitions from He-like Ar and Fe via 1s2l2l 8 autoionizing levels. The profile asymmetry parameter provides
a physical measure for the scaling of the interference effect with the ion charge.

PACS number~s!: 32.70.Jz, 32.80.Dz, 34.80.Kw
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The photorecombination~PR! process of a multiply
charged ion with a free electron, involving radiative em
sion, can have a significant influence on the atomic-state
netics and electromagnetic spectra in electron-ion beam
teractions and in laboratory and astrophysical plasmas.
PR process has been traditionally described in terms of
distinct recombination mechanisms. The first is nonreson
or direct radiative recombination~RR!, which is the inverse
of the ordinary photoionization process. The second co
sponds to the next diagrammatic order and is the two-s
resonant process, known as dielectronic recombination~DR!.
These two recombination mechanisms are usually treate
independent, noninterfering processes. It has been re
nized, however, that this traditional description is not stric
permissible within the framework of a rigorous quantu
mechanical theory@1–4#. At low densities, for which colli-
sional dephasing and relaxation phenomena can be igno
RR and DR must be treated as coherent, interfering com
nents of a single electromagnetic process occurring betw
the relevant initial and final atomic states. Several investi
tions have been carried out in the search for prominent
natures of the quantum-mechanical interference between
and DR~e.g., Refs.@5–7#!. The most conspicuous manife
tation of this interference is expected to be the asymme
energy profile of the total PR cross section. This asymme
profile has been observed by Knappet al. @8# for the PR of
very highly ionized uranium in an electron-beam ion tr
~EBIT! experiment.

In the present work, we introduce a parameter that refle
the degree of asymmetry in the total PR cross section and
it to identify PR transitions exhibiting a prominent asymm

*Email address: behar@astro.columbia.edu
1050-2947/2000/62~3!/030501~4!/$15.00 62 0305
-
i-
n-
he
o
nt

e-
p,

as
g-

-

ed,
o-
en
-

g-
R

ic
ic

ts
se

-

try. The projection-operator and resolvent-operator appro
of Jacobs, Haan, and Cooper@2,3,9# is employed in the low-
est order of perturbation theory to calculate the profile asy
metry parameter, as well as the cross sections for PR
He-like Ar (Z518) and Fe (Z526) through the 1s2l2l 8
autoionizing levels. The relativistic multiconfiguration He
brew University Lawrence Livermore atomic code~HULLAC!
package developed by Bar-Shalomet al. @10# is adapted to
provide the partial-wave radiative emission and autoioni
tion amplitudes, including the required phases.

It has been shown@3# that the total cross section for pho
torecombination from the initial leveli of the recombining
ion to the final levelf of the recombined ion, near the energ
of a discrete doubly excited autoionizing leveld, can be ex-
pressed as a sum of three contributions: the RR cross sec
the DR cross section, and the term representing the inte
ence~denoted by int! between the RR and the DR transitio
amplitudes:

s i f
PR~«!5s i f

RR~«!1s id f
DR~«!1s id f

int ~«!. ~1!

« denotes the kinetic energy of the incident free~beam or
plasma! electron.

In the lowest nonvanishing order of perturbation theo
the interference contribution can be expressed in terms of
familiar autoionization rateAdi

a and DR cross section:

s id f
int ~«!5s id f

DR~«!
4~Ei1«2Ed!

\Adi
a

1

Qid f
. ~2!

Ei andEd represent the energies of the atomic levelsi andd,
respectively. Equation~2! can be obtained from the mor
©2000 The American Physical Society01-1
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general nonperturbative expression presented in Eq.~86! of
Ref. @3#, by taking the continuum-continuum coupling fact
@3# to be unity and by assuming that 1/(Qid f)

2 vanishes. The
Fano parameterQid f can be defined in terms of the standa
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03050
reduced partial-wave matrix elements for RR from leveli to
level f and for autoionization from leveld to level i, as well
as by the reduced matrix element for the radiative transit
from level d to level f:
1

Qid f
5

p

~2Jd11!1/2

(
k

^ f Jf iHemi iJ i ,«k;Jd&^ iJ i ,«k;JdiHesidJd&

^ f Jf iHemidJd&
. ~3!
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Hem is the Hamiltonian for the electromagnetic interactio
which is responsible for RR as well as for stabilizing rad
tive emission. The electric-dipole approximation has be
adopted in the present computations.Hes represents the
Hamiltonian for the electrostatic electron-electron inter
tion, which is responsible for autoionization.Ji , Jd , andJf
are the total angular-momentum quantum numbers of
atomic levelsi, d, andf, respectively. The quantum numberk
represents both the orbital and total angular-momen
quantum numbers of the free electron.

The total PR cross section in Eq.~1!, including the inter-
ference contribution, can be rewritten in the familiar Fan
profile form @11# by generalizing the Fano parameters to
clude radiative coupling~Sec. IV of Ref.@12#!. The energy
~«! dependence of the PR cross section, thus, correspon
a radiatively modified Fano-type asymmetric energy-pro
function. It is advantageous to define a measure for the
portance of the interference effect. Badnell and Pindzola@5#
used the difference between energy-averaged cross sec
calculated with and without the inclusion of the interferen
contribution. This procedure can give an estimation of
interference contribution to the energy-integrated PR ra
but cannot describe the energy-dependent asymmetry in
PR cross-section profile.

We propose an alternative, more sensitive method for
scribing the degree of asymmetric behavior characteristi
the interference between RR and DR. In this method,
evaluate the DR and interference contributions at the
energies,

«61/25Ed2Ei6
G~d!

2
~4!

for which the interference contribution, due to a single~iso-
lated! resonanced, has an extremum@maximum or mini-
mum, depending on the sign in front ofG(d)# and the
Lorentzian function describing the energy dependence of
~unperturbed! DR cross section attains one-half of its max
mum value.G(d) is the total width of the doubly excited
level d due to the radiative emission and autoionization p
cesses:

G~d!5\S (
f

Ad f1(
i

Adi
a D . ~5!
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Ad f is the usual Einstein coefficient for the radiative tran
tion from leveld to level f. Using Eq.~2!, the absolute value
of the ratio of the interference contribution and the DR cro
section, evaluated at«61/2, can be expressed in the form

Rint5Us id f
int ~«61/2!

s id f
DR~«61/2!

U5 2G~d!

\Adi
a U 1

Qid f
U. ~6!

The profile asymmetry parameterRint provides a sensitive
measure for the degree of asymmetry in the PR cross-sec
profile. A larger value of this parameter corresponds to
more asymmetric profile. Note thatRint in Eq. ~6! is propor-
tional to 1/Qid f , but gives a more direct characterization
the degree of asymmetry than 1/Qid f . This should also be
contrasted with the 1/(Qid f)

2 dependence of the energy
averaged interference contribution given by Eq.~13! in Ref.
@5#. The profile asymmetry parameterRint is half the recip-
rocal of the lowest-order line-shape parameterq̂ defined by
Haan@12#, which was shown to be equivalent to the gen
alizedQ value given by Bell and Seaton@13#.

We report the results of detailed level-specific compu
tions for the PR cross section of He-like Ar and Fe in the 1s2

ground state~i!, in the energy region of the~Li-like ! 1s2l2l 8
autoionizing levels~d!. The calculated values ofRint are
given in Table I. Each level-specific (i→d→ f ) DR transi-
tion is labeled following the notational convention of Gabr
@14#. It can be seen that most of the PR transitions haveRint

values less than 0.1, which indicates that experimental de
tion of the interference effect for these transitions would
difficult. For the PR transition denoted byi from He-like Ar,
Rint has an unusually high value of 0.551. Accordingly, th
transition may represent the best candidate for experime
detection of the asymmetric profile among these PR tra
tions from He-like Ar. For He-like Fe, we identify four DR
transitions with the propertyRint.0.1. This suggests tha
highly charged ions could offer more promising candida
for observation of prominent asymmetric cross-section p
files. The detailed dependence of the interference effec
the ion charge is investigated elsewhere@15#.

Figure 1 depicts the small portion of the He-like Ar leve
specific PR cross section as a function of the incident e
tron energy in the vicinity of thel resonance transition. Ou
1-2
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calculations indicate that significant interference effects m
be observable for this transition. The three partial contri
tions @Eq. ~1!# are illustrated in Fig. 1 by means of separa
curves. It can be seen that, for this relatively weak DR tr
sition, the interference contribution produces a substan
asymmetric PR cross-section profile. It should be noted t
in the total PR cross section as a function of the incid
electron energy, the existence of two alternative radiati
decay channels gives rise to overlapping resonance pro
Consequently, the asymmetric profile associated with thl
resonance alone, which is plotted in Fig. 1, can be obser
only by the detection of the distinct x-ray photons emitted
the radiative decays to different levelsf @16,17#. Moreover,
the observation of the very narrow~sub-eV! width of the l
resonant-transition profile may be difficult with the ener
resolution of present electron-beam experiments. In the
like Fe PR cross section, theq resonance channel is found
exhibit the most asymmetric cross-section profile. Similar
the case of thel transition for Ar, theq feature for Fe is
predicted to be relatively weak in comparison with the mo
prominent 1s2l2l 8 features in the Fe group. The calculat
profile asymmetry parameter describing this resonance c
nel is not as large as that for thel resonance in Ar. In contras

TABLE I. The parameterRint @Eq. ~6!#, which reflects the de-
gree of asymmetry in the total PR cross section profile due to
terference between RR and DR, evaluated for recombination
He-like Ar161 and Fe241 through the Li-like autoionizing levels
1s2l2l 8. The resonance transitions are labeled in accordance
the notation of Gabriel@14#. The most asymmetric transition fo
each ion is indicated in boldface. Numbers in square brackets
resent powers of 10.

Transition label
@Ref. @14##

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#
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with the l resonance feature, however, theq feature is rela-
tively isolated in the electron-energy spectrum.

In conclusion, we have introduced a parameter for
degree of asymmetry in the total electron-ion photorecom
nation cross-section profile. This parameter is computed
the recombination of He-like Ar and Fe via the 1s2l2l 8
autoionizing levels and used to analyze the influence of
interference between RR and DR on the total PR cross
tion. For certain relatively weak transitions, significant e
fects of quantum-mechanical interference are revealed in
form of radiatively modified, asymmetric~Fano-type! cross-
section profiles. It is found that, in many cases, the asymm
ric profile will be observable only with the detection of th
individual photons emitted in the alternative radiative-dec
channels of the recombination process. Because of
sub-eV width of the DR resonance features, the observa
of the detailed energy profile may be difficult with the res
lution in current electron-ion–beam experiments. The pro
asymmetry parameter enables a systematic and detaile
vestigation of the interference between RR and DR, incl
ing the dependence on the ion chargez and on the principal
quantum numbern of the outer electron in the autoionizin
state. This analysis shows that asymmetric profiles can
especially significant for both high-z and for low-z ions as
well as for high-n and low-n levels, but less so for the inter
mediate cases@15#. Furthermore, by using a density-matr
approach, a generalized unified theory@18# will be applied to
treat, on an equal footing and in a self-consistent manner,
interference between RR and DR together with collisio
and radiative relaxation processes. In a further extensio
this investigation, it will be necessary to consider the infl
ence of electric and magnetic fields.

Numerous helpful discussions with R. Doron, P. Mand
baum, and J. L. Schwob at The Hebrew University are gra
fully acknowledged. The research work of V. L. Jacobs h
been supported by the U.S. Department of Energy through

FIG. 1. The cross section for PR of He-like Ar161 in the vicinity
of the level-specific resonance channell. The total PR cross section
(sPR) is represented by a solid line. The direct nonresonant
cross section (sRR) is indicated by a dashed line, the two-ste
resonant DR cross section (sDR) is indicated by a dotted line, and
the interference contribution (s int) is indicated by a dash-dotte
line.
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