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The electron-ion photorecombinatiéBR) 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 vias2l 2l autoionizing levels. The profile asymmetry parameter provides
a physical measure for the scaling of the interference effect with the ion charge.

PACS numbsd(s): 32.70.Jz, 32.80.Dz, 34.80.Kw

The photorecombinationPR) process of a multiply try. The projection-operator and resolvent-operator approach
charged ion with a free electron, involving radiative emis-of Jacobs, Haan, and Coof&:3,9 is employed in the low-
sion, can have a significant influence on the atomic-state kiest order of perturbation theory to calculate the profile asym-
netics and electromagnetic spectra in electron-ion beam irmetry parameter, as well as the cross sections for PR of
teractions and in laboratory and astrophysical plasmas. Thide-like Ar (Z=18) and Fe Z=26) through the $212|
PR process has been traditionally described in terms of tw@utoionizing levels. The relativistic multiconfiguration He-
distinct recombination mechanisms. The first is nonresonarfifew University Lawrence Livermore atomic codeJLLAC)
or direct radiative recombinatiofRR), which is the inverse Package developed by Bar-Shal@nal. [10] is adapted to
of the ordinary photoionization process. The second correProvide the partial-wave radiative emission and autoioniza-
sponds to the next diagrammatic order and is the two-stepgion amplitudes, including the required phases.
resonant process, known as dielectronic recombinaB). It has been showfB] that the total cross section for pho-
These two recombination mechanisms are usually treated 4&récombination from the initial level of the recombining
independent, noninterfering processes. It has been recolfn to the final levef of the recombined ion, near the energy
nized, however, that this traditional description is not strictlyOf @ discrete doubly excited autoionizing lewgican be ex-
permissible within the framework of a rigorous quamum_pressed asasum _of three contributions: the RR cross section,
mechanical theory1—4]. At low densities, for which colli- the DR cross sec’_uon, and the term representing the m_t_erfer-
sional dephasing and relaxation phenomena can be ignoregiice(denoted by intbetween the RR and the DR transition
RR and DR must be treated as coherent, interfering compgmplitudes:
nents of a single electromagnetic process occurring between
t_he relevant initial anpl final a_tomic states. Several investig_a— o e)=afRe)+ olfi(e)+ o™ (). )
tions have been carried out in the search for prominent sig-
natures of the quantum-mechanical interference between RR o o
and DR(e.g., Refs[5—7]). The most conspicuous manifes- € denotes the kinetic energy of the incident fridgsam or
tation of this interference is expected to be the asymmetri@!2Sma electron. o _
energy profile of the total PR cross section. This asymmetric N the lowest nonvanishing order of perturbation theory,
profile has been observed by Knappal. [8] for the PR of the !r-lterferer?ce. coptrlbutlor;can be expressed in terms of the
very highly ionized uranium in an electron-beam ion trapfa@miliar autoionization raté\y; and DR cross section:

(EBIT) experiment.
In the present work, we introduce a parameter that reflects A(E;+e—Eg) 1

int DR )
hA; Qiaf

2

the degree of asymmetry in the total PR cross section and use oigi(e)=0oigi(e)
it to identify PR transitions exhibiting a prominent asymme-

E; andE,4 represent the energies of the atomic levedadd,
*Email address: behar@astro.columbia.edu respectively. Equatiori2) can be obtained from the more
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general nonperturbative expression presented in(&).of  reduced partial-wave matrix elements for RR from leivid
Ref.[3], by taking the continuum-continuum coupling factor level f and for autoionization from level to leveli, as well

[3] to be unity and by assuming that Q;)? vanishes. The as by the reduced matrix element for the radiative transition
Fano paramete®;q; can be defined in terms of the standardfrom leveld to levelf:

L > (FIlHenli3i &k 3a)(i3; £ 5 34l H ed|d Ig)

Qur  (23g+ 1) (F3[HenldJq)

()

Hem is the Hamiltonian for the electromagnetic interaction, Ay is the usual Einstein coefficient for the radiative transi-
which is responsible for RR as well as for stabilizing radia-tion from leveld to levelf. Using Eq.(2), the absolute value
tive emission. The electric-dipole approximation has beerof the ratio of the interference contribution and the DR cross
adopted in the present computatiorts.s represents the section, evaluated at.;,, can be expressed in the form
Hamiltonian for the electrostatic electron-electron interac-

tion, which is responsible for autoionizatiod., J4, andJ; it

are the total angular-momentum quantum numbers of the Rint_ Uidf(sillz)‘: 2rd)| 1
atomic leveld, d, andf, respectively. The quantum number oues1n)|  RAL |Qiarl
represents both the orbital and total angular-momentum

qguantum numbers of the free electron. .

The total PR cross section in E(), including the inter- The profile asymmetry paramet&™ provides a sensitive
ference contribution, can be rewritten in the familiar Fano-measure for the degree of asymmetry in the PR cross-section
profile form[11] by generalizing the Fano parameters to in-profile. A larger value of this parameter corresponds to a
clude radiative couplingSec. IV of Ref.[12]). The energy more asymmetric profile. Note th&™ in Eq. (6) is propor-

(e) dependence of the PR cross section, thus, correspondstional to 1Q;4;, but gives a more direct characterization of
a radiatively modified Fano-type asymmetric energy-profilethe degree of asymmetry thanQlj;. This should also be
function. It is advantageous to define a measure for the imeontrasted with the 1(,4;)?> dependence of the energy-
portance of the interference effect. Badnell and Pindgbla averaged interference contribution given by Etf) in Ref.
used the difference between energy-averaged cross sectioff§. The profile asymmetry parametB™ is half the recip-
calculated with and without the inclusion of the interferencerocal of the lowest-order line-shape parameietefined by
contribution. This procedure can give an estimation of theHaan[12], which was shown to be equivalent to the gener-
interference contribution to the energy-integrated PR rateslized Q value given by Bell and Seatdi3].

but cannot describe the energy-dependent asymmetry in the We report the results of detailed level-specific computa-
PR cross-section profile. tions for the PR cross section of He-like Ar and Fe in tis8 1

We propose an alternative, more sensitive method for deground statéi), in the energy region of thé.i-like) 1s2121’
scribing the degree of asymmetric behavior characteristic cfutoionizing levels(d). The calculated values dR™ are
the interference between RR and DR. In this method, wejiven in Table I. Each level-specifi¢{~d—f) DR transi-
evaluate the DR and interference contributions at the twaion is labeled following the notational convention of Gabriel

(6)

energies, [14]. It can be seen that most of the PR transitions Haile
values less than 0.1, which indicates that experimental detec-
&201p=Eq— Eitld) 4) tion of the interference effect for these transitions would be
- 2 difficult. For the PR transition denoted lbyrom He-like Ar,

R has an unusually high value of 0.551. Accordingly, this
for which the interference contribution, due to a sinGi#-  transition may represent the best candidate for experimental
lated resonanced, has an extremunimaximum or mini-  detection of the asymmetric profile among these PR transi-
mum, depending on the sign in front df(d)] and the tjons from He-like Ar. For He-like Fe, we identify four DR
Lorentzian function describing the energy dependence of thgansitions with the property®™>0.1. This suggests that
(unperturbefi DR cross section attains one-half of its maxi- highly charged ions could offer more promising candidates
mum value.I'(d) is the total width of the doubly excited for observation of prominent asymmetric cross-section pro-
level d due to the radiative emission and autoionization profiles. The detailed dependence of the interference effect on
cesses: the ion charge is investigated elsewhgts].

Figure 1 depicts the small portion of the He-like Ar level-
F(d)=ﬁ(2 Adf+2 Agi)- (5) specific PR cross sggti_on as a function of the in_c_ident elec-
f i tron energy in the vicinity of thé resonance transition. Our
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TABLE I. The parameteR™ [Eq. (6)], which reflects the de-
gree of asymmetry in the total PR cross section profile due to in-
terference between RR and DR, evaluated for recombination of
He-like Ar'®" and Fé*" through the Li-like autoionizing levels
1s2121". The resonance transitions are labeled in accordance with
the notation of Gabrie[14]. The most asymmetric transition for
each ion is indicated in boldface. Numbers in square brackets rep-

resent powers of 10.

int
Transition label R
[Ref. [14]] Ariét Fet
a 5.61—-3] 8.8 —3]
b 4.67-2] 1.49-1]
c 9.14-2] 1.33-1]
d 3.99-2] 4.81-2]
e 7.64-3] 9.694-3]
f 2.69-3] 5.1 -3]
g 5.14-2] 9.69-2]
h 3.871—-2] 1.93-1]
i 5.84-3] 1.40-2]
i 7.4 3] 9.71-3]
k 6.64—3] 1.04-2]
I 5.51—1] 1.45-2]
m 3.65-3] 8.14-3]
n 5.39—3] 2.74-2]
o 1.17-2] 1.0 -2]
p 9.8 3] 7.33-3]
q 2.34-2] 2.09—1]
r 1.21-2] 2.00-2]
s 1.90-2] 3.29d-2]
t 1.14-2] 1.44-2]
u 1.2q0-2] 3.11-2]
v 1.001-2] 3.34-2]
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FIG. 1. The cross section for PR of He-likeAF in the vicinity

of the level-specific resonance chanheThe total PR cross section
(") is represented by a solid line. The direct nonresonant RR
cross section ¢R%) is indicated by a dashed line, the two-step,
resonant DR cross section %) is indicated by a dotted line, and
the interference contributiono™) is indicated by a dash-dotted
line.

with the | resonance feature, however, thdeature is rela-
tively isolated in the electron-energy spectrum.

In conclusion, we have introduced a parameter for the

degree of asymmetry in the total electron-ion photorecombi-
nation cross-section profile. This parameter is computed for
the recombination of He-like Ar and Fe via thes212|’
autoionizing levels and used to analyze the influence of the
interference between RR and DR on the total PR cross sec-
tion. For certain relatively weak transitions, significant ef-
fects of quantum-mechanical interference are revealed in the

for

m of radiatively modified, asymmetri¢-ano-type cross-

section profiles. It is found that, in many cases, the asymmet-

ric

the radiative decays to different level$16,17]. Moreover,
the observation of the very narro@ub-e\} width of thel

profile will be observable only with the detection of the

_ o o ) individual photons emitted in the alternative radiative-decay
calculations indicate that significant interference effects maynannels of the recombination process. Because of the
be observable for this transition. The three partial contribus;p-ev width of the DR resonance features, the observation
tions[Eq. (1)] are illustrated in Fig. 1 by means of separateof the detailed energy profile may be difficult with the reso-
curves. It can be seen that, for this relatively weak DR tranyytion in current electron-ion—beam experiments. The profile
sition, the interference contribution produces a substantlaésymmetry parameter enables a systematic and detailed in-
asymmetric PR cross-section profile. It should be noted thayestigation of the interference between RR and DR, includ-
in the total PR cross section as a function of the |nC|den§ng| the dependence on the ion chamend on the principal
electron energy, tlhe existence of two alternative radlatlyequantum numben of the outer electron in the autoionizing
decay channels gives rise to overlapping resonance profilegiate. This analysis shows that asymmetric profiles can be
Consequently, the asymmetric profile associated withlthe especially significant for both high-and for lowz ions as
resonance alone, which is plotted in Fig. 1, can be observege|| as for highn and lown levels, but less so for the inter-
only by the detection of the distinct x-ray photons emitted inpegiate casefl5]. Furthermore, by using a density-matrix

approach, a generalized unified thept$] will be applied to
treat, on an equal footing and in a self-consistent manner, the

resona_nt-transition profile may be difficult_ with the energyinterference between RR and DR together with collisional
resolution of present electron-beam experiments. In the Heyng radiative relaxation processes. In a further extension of

like Fe PR cross section, tlipresonance channel is found to ths investigation, it will be necessary to consider the influ-
exhibit the most asymmetric cross-section profile. Similar tognce of electric and magnetic fields.

the case of thé transition for Ar, theq feature for Fe is
predicted to be relatively weak in comparison with the more Numerous helpful discussions with R. Doron, P. Mandel-

prominent B2I2|’ features in the Fe group. The calculated baum, and J. L. Schwob at The Hebrew University are grate-
profile asymmetry parameter describing this resonance chafflly acknowledged. The research work of V. L. Jacobs has
nel is not as large as that for theesonance in Ar. In contrast been supported by the U.S. Department of Energy through an
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and by the Office of Naval Research, and waartially) physical Observatory. The research work of S. L. Haan has
supported by the National Science Foundation through ®&een supported by the National Science Foundation through
grant for the Institute for Theoretical Atomic and Molecular a grant to Calvin College.
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