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Total cross sections for electron-ion photorecombinafR) 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 $8e21" and 1s2131" 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 gleadas
a function of the principal quantum numbef 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 om’ is predicted to be much weaker.
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[. INTRODUCTION DR. Asymmetrical PR cross-section profiles, which are char-
acteristic spectral signatures of a prominent quantum-
The photorecombinationPR) process of a multiply interference effect, have been observed by Knefpal. [10]
charged ion with a free electron, involving radiative emis-for the PR of very highly-charged uranium ions in an
sion, is traditionally described in terms of two distinct re- electron-beam ion trafEBIT). In a recent storage-ring ex-
combination mechanisms. The first is nonresonant or diregberiment, broad, asymmetrical PR profiles have been de-
radiative recombinatiorfRR), which is the inverse of the tected for S&* [11]. In that investigation, the observed pro-
ordinary photoionization process, and the second correfiles have been attributed not only to the quantum
sponds to the first-order diagrammatic correction, namely thanterference between RR and DR, but also to the interaction
two-step, resonant dielectronic recombinati®R) process. among neighboring, overlapping DR resonances. Except for
These two recombination mechanisms are usually treated dsese special cases, the customary independent-processes and
independent processes. It has been recognized, however, tlisdlated-resonance approximation has been found to be very
the traditional description of RR and DR, as two indepen-successful in describing the overwhelming majority of PR
dent, noninterfering processes, is not strictly permissibleross-section experiments. Pindzaaal. [12] have pre-
within the framework of a rigorous quantum-mechanicalsented convincing physical explanations for the success of
theory [1-4]. For a fundamental quantum-mechanical de-the standard approximation in the vast majority of cases.
scription of the entire, combined PR process, RR and DRNevertheless, it is worthwhile to persist in the search for
must be treated as coherent, interfering components of exceptional transitions for which the fundamental quantum-
single electromagnetic transition occurring between the relmechanical interference phenomenon would be revealed.
evant initial and final atomic states. The need for a corre- Efforts to provide a unified quantum-mechanical descrip-
sponding treatment of the resonant and nonresoftamé-  tion of RR and DR have primarily involved two major, al-
reversedl photoionization mechanisms has been firmlyternative approaches. The first major approach is based on a
established. Several theoretical investigations have been caadiative modification of the close-coupling equations
ried out(e.g.,[5-9]) in pursuit of prominent manifestations [13,14). This inherently nonperturbative approach can be ap-
of the quantum-mechanical interference between RR angdlied using existing close-coupling é&-matrix codeq15],

1050-2947/2004/62)/02270411)/$22.50 69 022704-1 ©2004 The American Physical Society



BEHAR et al. PHYSICAL REVIEW A 69, 022704 (2004

and overlapping resonances can be naturally treated. Hovexcited, autoionizing states. The results obtained for the Fe
ever, only a relatively small, and in many cases insufficientls212|]’ resonances are compared to the level-specific DR
[16], number of coupled channels can be taken into accourtross-section parameters that have been measured using
in practical calculations. Furthermore, in order to resolve adEBIT by Beiersdorferet al. [22].

equately the narrow PR resonances, it is often necessary to The remainder of the paper is organized as follows: In
perform the calculations for a very large number of energySec. I, a brief review of the projection-operator and
points or to use the results of other calculations as a guidesolvent-operator approach is provided. In Sec. lll, we give
[17]. An additional difficulty in the radiatively modified the explicit expressions for the various components of the PR
C|Ose_coup|ing approach is the absence of a transparent prQEOSS SeCUOn, Wh|Ch We hf:-lVe (-)bta|ned from the eVaIUat|On Of
cedure for extending this approach to allow for the incorpothe lowest-order contribution in the perturbation-theory ex-
ration of collisional decoherence and relaxation processes ift@nsion. In Sec. IV, our detailed numerical results are pre-
volving the autoionizing states, which can become importangented. Finally, in Sec. V the expression for the profile asym-
at sufficiently high densities. metry parameter, which we have introdudé&d is employed .

In the present investigation, we employ an alternative apln @ hydrogenic-scaling analysis of the quantum-mechanical
proach that is based on projection-operator and resolventdterference effect. Our objective is to provide guidance for
operator methodf2,4,18. By means of this alternative ap- future experimental _observatlons of the spectral signature
proach, the transition operator describing the entire electrordue to the quantum interference between RR and DR.
ion PR process is naturally expressed as a sum of a direct
nonresonant RR contribution and an indirect resonant term
corresponding to DR. This approaft8] provides a general
nonperturbative procedure for obtaining the required matrix
elements of the transition operator for model systems featur- The ordinary Hilbert-space projection-operator and
ing a limited number of discrete, autoionizing states andresolvent-operator formulatiofi8] provides a fundamental
single-electron and single-photon continuum channels. In oufoundation for a unified quantum-mechanical description of
calculations, we evaluate the leading term in a perturbationradiative and dielectronic recombination in the absence of
theory expansion for the relevant matrix elements of the PRyllisional and radiative decoherence and relaxation pro-
transition operator. This Ieading contribution has been decesses_ According|y, this description is expected to be rigor-
rived[18] and evaluated in an investigation by Zimmermannously valid at sufficiently low plasma densities and radiation-
et al.[19]. Recently, we have adopted this lowest-order apield intensities.
proximation to obtain a convenient analytical formula for a  The combined system, consisting of the recombining ion,
parameter that meaningfully reflects the degree of asymmenhe incident electron, and the radiation field, can be described
try in the energy profile of the PR cross secti@]. This  in terms of the total Hamiltonian operateir=H°+V, where
analytical formula was then evaluated to identify PR transi-{0 js the sum of the unperturbed Hamiltonian operators for
tions of He-like Ar and Fe ions for which the effects of the non-interacting systems. The interaction operatdn-
quantum interference may be observable. It is important t@|udes, on an equal footing, both the electron-electron elec-
note that the present ordinary Hilbert-space approach is agrostatic (Coulombig interaction and the interaction of the
propriate only for the low-density regime, for which it is atomic system with the quantized electromagnetic field.
permissible to neglect electron-ion collisional processes thathese interactions are responsible for the autoionization and
involve ions in autoionizing states. For higher densities, colspontaneous radiative-emission processes, respectively. The
lisional decoherence and relaxation processes should be ifnperturbed eigenstates relevant to the PR process may be
corporated. A Liouville-space(reduced-density-operajor - separated into three distinct classes of states. Single-electron
generalization of the ordinary Hilbert-space projection-continuum states will be represented ), wherei de-
operator and resolvent-operator approach has been preseniggies the initial state of the recombining i6mith chargeq)
by Jacobeet al.[20]. This generalization provides the funda- and is the linear momentum of the incident electron. Dis-
mental framework for the incorporation of both collisional crete, doubly-excited, autoionizing states of the recombined
and radiative decoherence and relaxation processes. ion (with chargeq—1) will be represented bid). Finally,

I.n this paper, we Pres‘?’.’“ the'result's of calculations for th%ingle-photon continuum states will be representedlflﬁ)\/
entire set of PR transitions involving thesal2l” and wheref denotes the final state of the recombined {with

1s2131’ doubly-excited, autoionizing states of He-like Ar N . .
and Fe ions. The effect of the quantum interference betweef'2r9€d—1) andk is the linear momentum of the emitted
photon. The various energies must satisfy the condition ex-

RR and DR on the 4212I" satellite-line intensities was first X ;

investigated for the He-like Ar ion by Jacobsal.[21]. In  Pressing conservation of total energy

that investigation, the main emphasis was on the total

(.energy—lntegrate)d |qten5|t[es .of the d[electronlc—sqtelllte E=E+e=Ey=E+hw. (1)
lines. In the present investigation, the primary focus is on the

detailed energy profiles of the individual PR cross sections.

Moreover, we have extended the scope of the first calculaHere, E; is the energy of the recombining ion in the initial
tions[21] to include the He-like Fé" ion and also to treat statei, E; is the energy of the recombined atomic system in
transitions involving the higher lying sRI3l’ doubly- the final statd, andE, is the energy of the doubly-excited,

II. THE PROJECTION-OPERATOR AND
RESOLVENT-OPERATOR APPROACH

022704-2



EFFECTS OF QUANTUM INTERFERENCE BETWEEN . .. PHYSICAL REVIEW®9, 022704 (2004

autoionizing atomic statéd). The energies of the incident proximation. However, even in this lowest-order approxima-
electron and emitted photon are denoteddbgnd iw, re-  tion of the unified description, the additional quantum-

spectively. mechanical interference term is predicted.
The transition operatof(z) can be defined, as a function
of the complex variable, by lll. EXPRESSIONS FOR THE COMPONENTS OF THE PR

T(2)=V+VG(2)V. ) CROSS SECTION

, . In order to compute the PR cross sections using existing
The resolventor Green'$ operatorG(z)=(z—H) "~ corre-  giomic structure and collision codes, suchrasLAC [23],
sponds tc;ghe full Hamiltonian operatdr The total PR cross  ihe yarious atomic states must be more fully specified in the
sectionai; (), for the composite radiative-emission pro- gppropriate angular-momentum representation. We shall ne-
cess leading to the transitian-f, can be expressed in the glect hyperfine structure and specify the atomic eigenstates
form d, andf in terms of the total electronic angular-momentum

5 1 guantum numbers;, J4, andJ;, respectively. We specify
UiF;R(s): Iim(—ﬂ) (_> the state of the incident electron using the quantum number
AR CNAT k=(1—])(2j+1), corresponding to the single-electron total
. and orbital angular-momentum quantum numbgemsnd I,
JdQ s dQ(FKI T(E+in)|ip)]? respectively. Accordingly, the unperturbed eigenstates of the
X F(p) p(hw), combined systerfcomposed of the initial atomic system, the

incident electron, and the emitted photaan be more fully
©) specified as follows:

wherep(fw) is the density of final states per unit energy and

per solid angle intervals ané(p) is the incoming electron 1) =171 .Px;J),

flux. This cross section involves an average over all incident-

electron direction€); and an integration over all outgoing- [d)=[vada), 5)
photon directiond);. In the familiar Fermi golden rule re-

sult obtained in lowest-order perturbation theory, the full |£K) = y:Js ,K),

transition operatof (z) would be replaced by the interaction

operatorV alone. where the symbols labeled byrepresent sets of additional

Employing projection-operator techniqugss], the tran-  atomic quantum numbers not indicated explicitly, including
sition operatorT(z) can be rearranged to provide a naturalthe principal quantum numbers and the magnetic quantum
separation into direct, nonresonant and indirect, resonamumbers. The photon polarization is also not specified ex-
components. Consequently, the total PR cross se¢ion  plicitly but may be included iny;. Summations and aver-
(3)], describing the transition— f for incident-electron en- ages over the magnetic and photon-polarization quantum
ergiese in the vicinity of a discrete autoionizing level can  numbers are not explicitly indicated but are taken into ac-
be unambiguously expressed as a sum of three contributiongount. Invoking conservation of the total electronic angular

PR R DR int momentum in the radiationless transitions connecting the au-
olif(e) =0t (&) + o) + oigi(e). (4 toionizing resonance states and the corresponding nonreso-

o _— nant electron-continuum states, we obtain the requirement
The three individual contributions correspond to the RRthatJ=Jd. In the following analysis, we will specify the

cross section, the DR cross section, and the product tergeciron-continuum states in terms of the electron energy
representing the interferendedenoted byint) between the and use the energy-normalization convention.

RR and the DR transition amplitudes. In the electric-dipole approximation, the lowest-order
A nonperturbative procedure has been develdg&fifor  .,nuipution to the RR cross section can be reduced to the
the explicit evaluation of the desired matrix elements of thefamiliar result:

projected transition operator describing the entire PR pro-

cess. For the most general case, including multiple electron 1 2725203

and multiple photon continua, the implementation of this giF;R(s): —

procedure involves the calculation and inversion of matrices 2(23i+1) 3c’p

than can become very large for complex atomic systems. In

order to circumvent this difficulty, an alternative X ; [(y:34|D]|yidi e ;)% (6)
K

perturbation-theory-expansion procedyr] can be em-

ployed. The lowest-order contribution in this perturbation- . ]

theory expansion has been adopted in earlier calculationdhich is expressed in terms of reduced matrix elements of
[19,9] and is now utilized for the more extensive calculationsthe many-electron electric-dipole moment operatbr
reported in this paper. In this lowest-order approximation,=eXr; between the discrete ar{@nergy-normalizedcon-

the expressions for the RR and DR cross sections are fourtthuum electronic states.

to be identical to the well-known results obtained in the fa- The transition amplitude for DR is most easily evaluated
miliar independent-processes and isolated-resonance agfter introducing the pole approximation for the resolvent
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operatorg 18]. In the lowest-order perturbation-theory evalu- tion. The lowest-order interference cross section, which is
ation, we recover the familiar expression for the DR crossound below to be an antisymmetric function of energy near
section: the resonance level, gives a vanishing contribution. In addi-
tion, the contribution of the slowly varying nonresonant RR
cross section has been omitted in the lowest-order evaluation
of the resonance-transition strength. The resonance-transition
strength defined by Eq13) more nearly corresponds to the
The rate for autoionization from the resonance stitie the  experimentally accessible quantity, especially in the limit of
nonresonant electron-continuum stai@nd is given by a very narrow resonance line shape.
) 1 In terms of the familialowest-ordey autoionization and

a_<™m x7 . 2 radiative-decay rates, and of tHewest-ordey DR cross sec-

Adi=7, (234+1) ; (%9121 IIHed yada)| "0, - tion, the (Iowe)s/t—orde) interference contribution to the PR
(8) cross section can be expressed in the simplified fidrén:

#OF (6) (27h)3 (234+1)
idf 8mme 2(2J;+1)

AdiLa(2)Bgr. (D)

Hes is the familiar electron-electron electrostatic-interaction _ 1
operatoreX. () 1. The energy-normalized Lorentzian line- oig(e)= 7z | (Eite—Ed) Q_) oar(e), (14
shape function is given by di idf
r(d)/2m where the multichannel Fano line-profile paramefgg; is
Ly(e)= ()2 9 defined by
(Ei+8_Ed)2+(T>

1 T

The total(natura) width of the doubly-excited, autoionizing Q. (2J4+1)2
leveld, in the absence of environmental interactions, is given

by

> (vilIDlyidi e ;I nidi e 15 3| Hedl vada)
X

F(d)=ﬁ<2 Adf+2i Agi)' (10) (7134ID] yaJa)

The EinsteinA coefficient for spontaneous radiative decay (15

from the stated to the statd can be written as follows: Equation(15) can be compared with E86) in the earlier

46243 1 investigation of the quantum interfereried. They are found
to be in agreement to first order in the small parameter

Asr=r=3 57 [(vIilDllvade) PO, £, o
3fic® (2J4+1) o 1/Q4r, since in this approximation the continuum-

(1D) continuum coupling parameter introduced in the earlier in-
The quantity vestigation can be set to unity. Zimmermaetral. [19] have
extended this analysis for higher-order electromagnetic-
o hAgt multiple transitions, for which @;q; can have an imaginary
Bdf:W (12)  part, in addition to the real part given by Ed.5). It can be

seen from Eq(14) that the electron-energy dependence of

is the branching ratio corresponding to the probability for thethe (lowest-ordey quantum-interference contribution to the
spontaneous radiative transition- f. total PR cross section, for energies in the vicinity of a DR
In electron beam experiments, such as those performesonance, is a consequence of the product of a linear func-
with EBIT, the ideal measurement would yield the PR crosdion of &, which changes sign at the position of the resonance
section, as a function of the incident-electron enargylow- ~ energy e=Eq—E;, and the symmetric Lorentzian-profile
ever, the natural widtl(d) of the DR resonance profile can function associated with the unperturb@owest-ordey DR
be about two orders of magnitude smaller than the typicaf’0ss section. Accordingly, this energy dependence corre-
EBIT electron-energy resolution of50 eV. Consequently, SPOnds to an asymmetrigano-typg energy profile, which
one introduces a resonance-transition streggth, which is ~ has been observed in the EBIT experiment by Kneppl.
obtained from the PR cross section by integration ovet10]. Aftgr computing the transition amplitudes and rates that
incident-electron energies covering the immediate region offPPear in Eqs(6), (7), and(14), one can evaluate all lowest-

the resonance levet order contributions to the total PR cross section, taking into
account both the RR and DR mechanisms together with their
PR (27h)3 (233+1) . © quantum-mechanical interference.
Sidf:f oj; (g)de= 87m(E,—E,) 2(23,1 1) Bt In our earlier calculationf9], we introduced a parameter

13 that reflects the degree of the asymmetry in the PR cross
section. This parameter was defined by evaluating the

On the right-hand side of Eq13), the resonance-transition (lowest-order DR and interference components of the PR

strength is evaluated using the lowest-order DR cross se@fross section at the off-resonance electron enetgiges,
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TABLE |. Resonances in the cross section for DR of He-like

| A PR IZRE ] Ar's* through the Li-like 52121" doubly-excited, autoionizing
v " e P T PR complex. The DR resonance transitions are labeled using the nota-
t] nail I tion introduced by Gabridl24]. E;4 is the resonance enerdyy; is
~ o a\ 3 the lowest-order resonance-transition strength, defined as an inte-
g gration over the resonance profile by Ef3), for which the inter-
i 0L | ference contribution vanishes and the RR contribution has been
§ g omitted. Numbers in square brackets indicate powers of ten.
-
a3 L 3 Transition Eiq (eV) S.g¢ (eVcnf)
el 1 o} 2160.3 6.06—21]
RR p 2160.3 3.77-21]
21I60 21|30 22|00 22|20 22|40 v 2167.8 6.54-23]
o eV) u 2168.9 2.3p-22]
4 r 2194.0 3.0p-20]

FIG. 1. Total cross section for PR of He-like & for incident- q 2195.7 1.67—20]
electron energies in the vicinity of the Li-likes2I12l’ doubly- h 2202.5 1.0p-24]
excited, autoionizing complex, as a function of the incident-electron i 2202.5 2.1p-23]
energy. The continuum contribution to the total PR cross section f 2203.9 5.20-22]
corresponds to the unperturbed RR component. g 2203.9 7.20-24]

e 2205.8 4.9p-21]

r'(d) t 2206.5 3.68—20]

ex1p=Eg—Eix——. (16) s 2207.3 2.7p-20]

k 2221.2 1.8p-19]

I 2221.2 5.07—24]

At these two off-resonance electron energies, (osvest- i 2221.8 2.5p-19]
ordel) quantum-interference contribution has an extrenjam c 22248 9.4p-23]
maximum or minimum, depending on the sign in front of d 29248 2.37-22]
I'(d) in Eqg. (16)], and the(lowest-ordey DR cross section a 22278 3.7p-20]
attains one half of its maximum value. At either one of these b 2997.8 2.87-21]
electron energies, the absolute value of {fevest-ordeyr m 22441 2.68-20]
ratio of the interference contribution and the DR cross sec- N 2244'1 5.88—20]

tion is given by the relationship

int
oigi(e 1|

Rint:

4 T(d)

DR
Tigt(€+1p)

KA 2

"
Qiar|”

105 L Fe** PRyvia 1s202I'

10°

10*

10 cm?)

OoFR

10°

102

4540 4560 4580 4600 4620 4640 4660 4680 4700
s5(eV)

FIG. 2. Total cross section for PR of He-like¥& for incident-

7

For a larger value of this ratio, a more asymmetric profile is
predicted for the total PR cross section.

IV. CALCULATIONS FOR He-LIKE Ar AND Fe IONS

In this section, we report the results of detailézlel-by-
level) ab initio computations for the electron-ion photore-
combination cross sections of ground-state He-like argon
(Z=18) and iron £=26) ions, for incident-electron ener-
gies in the vicinity of the %2121’ and 1s2I3l’ autoionizing-
configuration complexes of the corresponding Li-like ions.
These computations have been based on the theoretical ap-
proach described in the preceding sections. Configuration
mixing within each complex has been fully included. The
composite DR processes of a He-like ground-state ion,
through the %212|" and 1s2I3l’ doubly-excited, autoioniz-
ing states, can be represented by the following sequence of
elementary transitions:

1s’+e —1s2In’'l’ (n'=2,3), (18

electron energies in the vicinity of the Li-likes2I2|’ doubly-
excited, autoionizing complex, as a function of the incident-electron
energy. The continuum contribution to the total PR cross section

corresponds to the unperturbed RR component. or
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TABLE Il. Resonances in the cross section for DR of He-liké*Feahrough the Li-like 52121’ doubly-
excited, autoionizing complex. The DR resonance transitions are labeled using the notation introduced by
Gabriel[24]. E;q is the resonance enerdyy; is the lowest-order resonance-transition strength, defined as an
integration over the resonance profile by EtP), for which the interference contribution vanishes and the
RR contribution has been omitted. Where available, the corresponding experimental(wdligksare indi-
cated by Exp). measured in EBIT22] are given for comparison with the calculated val@esich are
indicated by Calg. Numbers in square brackets indicate powers of ten.

Eiq (eV) Expt. Sar (€Ven?) Sar (€Ven?)

Transition Eiq (eV) Calc. [22] Calc. Expt. [22]

0 4554.5 4553.4 8.92-21] 7.06-21]

p 4554.5 4553.4 8.12-21] 7.39-21]

v 4565.4 4566.3 1.94-22]

u 4570.3 4570.1 1.3%+21]

r 4606.6 4604.9 3.§7-20] 5.09 —20]

q 4616.7 4615.3 1.2-21]

h 4623.6 4624.6 2.96-24]

i 4623.6 4624.6 2.22-22]

t 4630.8 4631.2 5.63-20]

f 4631.5 4632.9 2.46-21]

g 4631.5 4632.9 3.§723]

S 4633.8 4633.2 1.05-20]

e 4639.0 4639.0 3.78-20] 3.90-20]

k 4657.5 4658.1 1.§4-19]

[ 4657.5 4658.1 1.72-20]

c 4659.7 4658.6 2.25-22]

d 4659.7 4658.6 7.72-22]

j 4664.6 4664.1 3.36-19]

a 4677.5 4677.0 6.24-20]

b 4677.5 4677.0 1.22-21]

m 4697.2 4697.7 2.37-20] 2.24—20]

n 4697.2 4697.7 9.63-22]

1s2In’l’ (n'=2,3—1s?n"l' +hw,. (19b) -
v2 aFR(s)=Z ainF*(s)erZf [o2R(s)+ o™ (s)]. (20)

It should be noted that the radiative stabilizations in Eqs.
(193 and (19b may terminate on excited states that canThe total PR cross sections in Figs. 1 and 2 exhibit the DR-
undergo further decay by subsequent radiative transitiongesonance peaks superimposed on the nonresonant RR con-
giving rise to radiative cascades. tinuum. Some of the resonance features show asymmetrical
In the present investigation, theuLLAC code[23] has  profiles, which are due to the effect of the quantum interfer-
been adapted to provide the partial-wave radiative-emissioBnce between the RR-continuum and the DR-resonance com-
and autoionization amplitudes, including the requiredponents. In these figures, the logarithmic scales tend to ac-
quantum-mechanical phases. In Fig. 1, the calculated tot&lentuate this asymmetry. For the designation of the DR-
PR cross sec’[iorriP R(&) for He-like Ar in the ground state is resonance featuregdielectronic-satellite lines that are
presented as a function of the incident-electron energy  associated with the individual radiative transitions from the
the energy region of the Li-likesI2|’ doubly-excited, au- 1s212l’ doubly-excited, autoionizing states, we have
toionizing resonances. Figure 2 shows the results of a similasidopted the familiar notation convention involving lower-
calculation for He-like Fe. These results for the total PRcase letters, which was originally introduced by Galid.
Cross sectionriPR(s) have been obtained by taking into ac- Since the sums over the final, bound stdtese included in
count the three distinct contributions, corresponding to thehe definition of the electron-energy-dependent cross section
RR, DR, and the interference components, as indicated bgiven by Eq.(20), some of these spectral features are the
Eq. (4). The contributions of the entire set ofsal2l’ result of two alternative radiative-decay channgterre-
doubly-excited, autoionizing stateéishave been included, as sponding to the two distinct elementary transiti¢h8a and
well as the corresponding set of singly-excited, bound state€9b)] originating from an individual doubly-excited, au-
f that can be reached by electric-dipole-allowed radiative detoionizing stated. Accordingly, these DR-resonance features
cays: are labeled by two different lower-case letters. In the emitted
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x-ray spectrum, the two distinct radiative-decay channels A6 PR via 152030

will obviously give rise to two separate dielectronic-satellite
features, which may be individually resolvable.

It is important to note that the resonance-transition
strengthS;4; defined by Eq(13), which we consider to be
the most experimentally accessible intensity measure for an
individual DR-resonance transitiar—~d— f, is determined
by performing an integration of the total energy-dependent
PR cross section over the energy profile of the DR reso- 0 L J

10° |

10° |

(1024 em?)

10 L

oFPR

H

nance. The dominant DR resonances, i.e., those with high
Siq¢ values, are found to provide the primary contribution to 102 | L
the total PR rates and also to give rise to the most prominent

DR-satellite lines. Consequently, the more relevant physical 2690 2700 2710 2720 2730 2740 2750 2760
DR-resonance property in Figs. 1 and 2 corresponds to the &5V

area under the cross-section profile rather than the maximum

value. Furthermore, a consideration of only the maximum FIG. 3. Total cross section for PR of He-like & for incident-
values of the DR-resonance profiles in Figs. 1 and 2 can leaglectron energies in the vicinity of the Li-likes2I3l’ doubly-

to incorrect interpretations. Specifically, the maximum valueexcited, autoionizing complex, as a function of the incident-electron
of the energy-normalized Lorentzian function is proportionalenergy. The continuum contribution to the total PR cross section
to the reciprocal of its autoionizing-level widii(d), which  corresponds to the unperturbed RR component.

is defined by Eq(10). This implies that the relatively weak

DR-resonance transitiorfwith low Si4; values usually have interference cross section, which is the asymmetric cross-
very narrow cross-section profiles with large maximum val-section profile, can be realistically described and systemati-
ues. In EBIT experimentsS;y; is the quantity that is most cally evaluated within the framework of the lowest-order
directly measured, whereas the natural-width profile of theapproximation adopted in our present calculations.
DR-resonance transition is not easily observed, due to the |n the investigation of higher-lying DR resonances, we
much broader electron-beam energy distribution. have calculated the total PR cross sections for ground-state
In order to provide a more meaningful assessment of th¢ie-like Ar and Fe ions, for incident-electron energies in the
relative importance of the DR resonances, beyond the inforyicinity of the 1s2131’ autoionizing-configuration complex
mation that can be obtained graphically, the entire set of thef the corresponding Li-like ions. The results are shown in
1s2121" DR resonance-transition strengths that we have calFigs. 3 and 4, for Ar and Fe, respectively. We find that the
culated in lowest-order perturbation theory is listed in Tables| s2|3|” complex gives rise to numerous DR-resonance fea-
| 'and Il, for Ar and for Fe, respectively. For the Fe casetures, which are substantially overlapping in most cases.
(Table 1), the calculated DR data are compared with theDominant, isolated-resonance features with possibly detect-
measured results of Beiersdorferal. [22]. It can be seen able asymmetric profiles are not easily identifiable in this

that the calculated energy values are in excellent agreemegbmplex. A few relatively weak DR-resonance features in
with the experimental results, within 0.4%. For the DR

resonance-transition strengths, single-channel experimental
results are available for five resonance transitions, which are
given in the last column of Table Il. The uncertainty in these [
experimental5;4; values has been estimafgt?] to be within 10
20%. It can be seen that all of the calculated values, except in
the case of the DR-satellite featureare within this uncer-
tainty range.

In the lowest-order perturbation-theory approximation
adopted in the present investigation, the quantum-
interference component of the PR cross section provides a
vanishing contribution to the DR resonance-transition 1
strength. This is a consequence of the completely asymmet- 1025-—__J
ric electron-energy dependence centered at the resonance ;
level, which leads to a vanishing contribution when inte- . . .
grated over the resonance-energy profile. In order to provide O T a0 s 500 s&o 5840
a more accurate evaluation of the quantum-interference cross £(eV)
section, which would predict nonvanishing contributions to r
the DR resonance-transition strengths, it will obviously be  FiG. 4. Total cross section for PR of He-like%& for incident-
necessary to retain higher-order terms in the perturbatiorelectron energies in the vicinity of the Li-likes2I3l’ doubly-
theory expansions. We emphasize that the higher-order termcited, autoionizing complex, as a function of the incident-electron
have been neglected in the present investigation. Howevegnergy. The continuum contribution to the total PR cross section
the most pronounced spectral characteristic of the quantuntorresponds to the unperturbed RR component.

\.
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this complex(with S;4¢<<10™2° eV cn?) are found to exhibit TABLE Ill. The parameterR™, defined by Eq.(17), which
very strong asymmetrie§for which Rint>loo)_ However. 'eflects the degree of asymmetry in the total PR cross-section pro-
these DR-resonance features tend to lie very close to ar{&e due to quantum interference between RR and DR, evaluated for
therefore merge with, the more prominent DR resonances, fecombination of He-like A" and Fé' through the Li-like

The isolaed-resorince approximaton, which his beef 1 SO0 cted aumeriang conpie, The O osoraee
employed in the present investigation, may not provide %24]. The most asymmetric resonance transition for each ion is in-

sufficiently accu.rate spectral_ descrlpthn for the IndlVldl“l"’“dicated in boldface. Numbers in square brackets indicate powers of
DR-resonance line shapes in the region of the numero

close-lying autoionizing levels corresponding to the2li31’
complex. However, the isolated-resonant approximation may Rint
be adequate for an estimation of the total PR rates obtained
by the summation over entire sets of resonance transitions, as  Transition Arle+ F24+
discussed by Pindzolet al. [12]. In order to properly treat

interactions among autoionizing resonances and radiative a 5.61-3] 8.86 3]
transitions among autoionizing states, the density-matrix ap- b 4.64-2] 1.49-1]
proach proposed by Jacobsal. [20] might provide a more ¢ 9.14-2] 1.33-1]
appropriate framework. Using the asymmetry parameter de- d 3.99-2] 4.81-2
fined by Eqg.(17), an attempt is made in the next section to e 7.64-3] 9.64-3]
obtain a qualitative understanding of the spectral behavior f 2.69-3] 5.1 -3]
that might be expected from the lowest-order quantum- g 5.14-2] 9.69-2]
interference effect for high! configurations. h 3.81-2] 1.93-1]

In Table Ill, we present the cross-section asymmetry pa- i 5.84-3] 1.44-2]
rameters that have been calculated for tre2I2l’ reso- i 7.44-3] 9.71-3]
nances in the PR of He-like Ar and Fe. From these results, k 6.64 3] 1.04-2]
we deduce that the most asymmetrie2l2|’ resonances I 5.50—1] 1.49-2]
correspond to the satellite featuresf Ar and g of Fe. The m 3.69—3] 8.1 —3]
results for the various contributions to the PR cross section n 5.39-3] 2.77-2]
are shown as functions of the incident-electron energy in ) 1.19-2] 1.06-2]
Figs. 5 and 6, for thé feature of Ar and the feature of Fe, p 9.84-3] 7.33-3]
respectively. From the results presented in Tables | and 11, it q 2.3-2] 2.09-1]
can be seen that these satellite features correspond to rela- r 1.20-2] 2.00-2]
tively weak DR-resonance transitions. In the next section, we s 1.90-2] 3.23-2]
attempt to provide an explanation for the occurrence of the t 1.16-2] 1.44-2]
prominent asymmetries associated with relatively weak DR- u 1.20-2] 3.17-2]
resonance transitions. We also indicate how the ratio defined v 1.01-2] 3.34-2]

in Eq. (17) can be used to qualitatively investigate the gen-
eral dependencies of the quantum-interference effect on the
ion chargeg and on the principal quantum number of the  sult is provided by means of a scaling analysis. The symbols

outer electron in the autoionizing state. A and A? are used to represent the radiative decay and the
autoionization rates, respectively, and the level designations
V. DISCUSSION AND SCALING are omitted. For the extreme case whAafe>A (which per-
OF THE QUANTUM-INTERFERENCE EFFECT tains especially to low-charged ionshe DR resonance-

transition strengtft§, defined by Eq(13), and the DR cross

It should be possible to identify significant quantum- sectiono®R scale linearly withA. However, the ratiR'™™ is
interference effects by means of systematic calculations for found to scale asA?/A)Y? which tends to have a smaller
representative variety of DR-resonance transitions in manyalue for the more intense radiative transitions. In the other
ions, similar to the calculations of Pindzo& al. [12]. It  extreme case wher>A? (which corresponds primarily to
would be useful to include evaluations of the raftf!, de-  highly-charged ions S~A? and R"~ (A/A%) Y2,
fined by Eq.(17), for the various arrays of DR-resonance For the case of near equality in whigt=A? and S~A
transitions. Using the rati®'™, we present a preliminary (which corresponds particularly to intermediately-charged
qualitative investigation of the variation of the quantum-ions), we predict thatR™~(A)° (i.e., independent of).
interference effect with the ion chargg and also with the Consequently, for the intermediately-charged ions the effect
principal quantum numben’ of the outer electron in the of the quantum interference is expected to be approximately
doubly-excited, autoionizing state. the same for both the dominant and the weak DR-resonance

From the reciprocal relationship between the DRtransitions. One might predict that the intermediately-
resonance-transitions strengths in Tables | and Il andRtffe  charged ions would feature dominant DR-resonance transi-
values presented in Table Ill, the largest quantum+tions for which the quantum-interference effect is also
interference effects are predicted for the weakest DRstrong. However, it is shown below that, in the
resonance transitions. A qualitative understanding of this reintermediately-charged regime, the quantum-interference ef-

022704-8



EFFECTS OF QUANTUM INTERFERENCE BETWEEN. ..

| The / resonance transition

PHYSICAL REVIEW®9, 022704 (2004

as p?2~gY2 The bound-state wave functiong, scale as
p q

q%?. The electric-dipole interaction between the atomic sys-

tem and the electromagnetic field scales as~, while the
electron-electron electrostatic interaction scales as- ¢/
The g scaling ofQ;4s can be investigated by considering
the various matrix elements in the definition given by Eq.
(15). For theAn=1 bound-bound radiative transitions, the
electric-dipole-interaction matrix element scales as follows:

(7131ID ]l vgda) ~ tror s dr ~g¥%q " 1q¥%q 3=q L.
(21
Consequently, the Einstei coefficient given by Eq(11)

has the well-knowr* scaling. The matrix element for auto-
ionization scales as follows:

2220.8 2221.0 22212 22214 2221.6
£,(V)

FIG. 5. (Color online The cross section for PR of He-like &t
in the vicinity of the DR-resonance transitibnThe total PR cross 1
section @F) is represented by a black line. The direct, nonreso- (yidi,ex;d \Hes||7d~]d>”¢b¢c— ¢b¢bd3rld3r2
nant RR cross sectiowfR) is indicated by a red line, the two-step, r
resonant DR cross sectiow{F) is indicated by a green line, the _ 3/2q1/2 3/2q3/2qu -3_ .0
interference contributione™) is indicated by a blue line, and the q a9 a- =9
sum of the RR and DR contributions is indicated by a dotted red (22
line.

This gives rise to the well-known charge independence of the

fect is expected to be weaker than for the two extreme casd¥nrelativistic autoionization rate. The free-bound electric-
(discussed aboyeorresponding to very low- or very highly- dipole-transitionRR) matrix element scales according to the
charged ions. relationship

To investigate the behavior of the raf®" as a function - 3 351 13 2
of the ion chargey, we employ a hydrogenic-scaling analy- (734Dl yidi e k;I)~ o ped°r ~a* 0 'q™ g =q "~
sis. A similar analysis, which should be most appropriate for (23
highly-charged species, has been previously used by Ha : .
[25] for the DR-rate coefficients. The differences betweerl;qe(? ?isgql:re]gg)get:geﬁi? o(ar)os'?aiierfgt;?gtg“;iz ggr(]??ﬁgalseczlf;l:g
the energies of atomic states with different principal quantun}elatioﬁships given by Eds{Zl) (22), and (23), we obtain
numberg(i.e.,An=1), as well as the corresponding electronthe result ' ' '
and photon energies and #w, scale asq?. The incident-
electron linear momenturp scales agy, and the energy-

normalization electron-continuum wave functiolg scale 1 _ (v134lIDllvi3i & 1; I vidi e 1, I[Hedl vada)

Qias (713D y4Ja)

2000 T T T T

/ ~q~%q%q"~

1

. =q L (29
500 [ The g transition in Fe .
To investigate they scaling of the ratioR™ defined by
Eq.(17), it is again necessary to consider two different cases.

For A%>A, T'(d)~A2~q° andR"~q~ . Accordingly, for
low-q ions, the asymmetry is expected decreasewith in-
creasing ion charge. In the other case, AerA?, T'(d)~A
~q* andR™~q3. Consequently, for higlrions the asym-
metry is expected to rapidlyncreasewith increasing ion
charge. For the general case, including the intermedjate-
e regime, I'(d)~(aq®+bg*) and consequenthfR™~ (aq~?*
aplis +bg®), wherea andb are constantgusuallya>b). In sum-
mary, the asymmetry of the total PR cross-section profile is

FIG. 6. (Color onling The cross section for PR of He-like#&  Predicted to be prominent for close-to-neutral ions and sig-
in the vicinity of the DR-resonance transitign The total PR cross  Nificant for very highly-charged ions. However, in the
section ™) is represented by a black line. The direct, nonreso-iNtermediate-charge regime, the asymmetry is anticipated to
nant RR cross sectionfR) is indicated by a red line, the two-step, b€ the least prominent.
resonant DR cross sectiow¢®) is indicated by a green line, the The g-scaling analysis presented above may provide a
interference contributionsf™) is indicated by a blue line, and the qualitative understanding for the pronounced asymmetrical
sum of the RR and DR contributions is indicated by a dotted redorofiles that have been detected fd¥U[10] and for Sé*
line. [11]. This analysis is in agreement with the conclusion,

1000

GW(IO'M sz)

" 500

4616.0

4616.5

L " 1 n "
4617.0
£,(eV)
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reached in an extensive investigation by Pindzilal.[12], resolvent-operator formulation, has been applied to compute
that the largest interference effects are generally expected the total photorecombinatiofPR) cross sections of He-like

be found in the extreme cases of very highly-charged iongrgon and iron ions for incident-electron energies in the vi-
and neutrals. For the majority of significantly intense DR-cinjity of the 1s2121” and 1s2I3l'  autoionizing-
resonance transitions in intermediately-charged ions, includsqnfig ration complexes. This theoretical description of PR

ing those considered in the present investigation., only based on a fundamental quantum-mechanical foundation
weak degree of asymmetry is found. It should be pointed ou o . . ’
and it is expected to be rigorously valid at low plasma den-

that the experimental results obtained for the PR of'Sc < . . .
[11] exhibit a more complex spectral variation than that pre_smes. In order to facilitate the calculations, a perturbation-
dicted using the simplified hydrogenic-scaling analysis. Thigh€ory expansion of the transition operator has been used. If

is due to configuration mixing involving thep3and 4 only the Iowe_st—order cqntributions in._the perturpation—
states, which alters theAf=0) 3p—3d and the An=1)  theory expansion are retained, the familiar expressions for
3p—4s transition rates. The hydrogenic-scaling analysis ishe direct (nonresonant radiative-recombination and two-
obviously invalid forAn=0 transitions. step(resonant dielectronic-recombination cross sections are
We now investigate the scaling of the raRJ'!, which is  recovered. In addition, the lowest-order quantum-
defined by Eq(17), for highn’ configurations, whera’ is interference cross section is obtained, in terms of the basic,
the principal quantum number of the outer electron in theunperturbed(lowest-ordey transition amplitudes that are
doubly-excited, autoionizing state. The wave functions repconventionally associated with direct radiative recombina-
resenting the doubly-excited, autoionizing states are assumeidn, autoionization, and radiative emission. These unper-
to scale astf’) "2 The relevant RR transitions do not in- turbed(lowest-ordey transition amplitudes are calculated by
volve the higha’ levels and their rates are therefore inde-means of the modifiegiuLLAC code, which has been espe-
pendent ofn’. However, the higm’ radiative-decay and cially adapted for this investigation.
autoionization rate# and A* both scale asr(’) . For the Results for the total PR cross sections of He-like argon
case A®>A, we obtain R"~(A%A)">~(n")%. For the and iron ions are presented for incident-electron energies in
other caseA>A?, we find thatR™ ~(A/A*)*? which also  the vicinity of the 2121’ and 1s2I3l’ autoionizing-
scales asr(')°. A different scaling of the rates is found in the configuration complexes. For certain weak satellite features,
case of a radlayl\{e stagnhlz?tlor_l of the lower exciteglec-  sjgnificant effects of quantum interference are revealed in the
tron, e.g., 52In’l’~1s°n"l". Since the autoionization pro-  form of radiatively modified, asymmetrigano-typg cross-
cess 3,52lr3‘ I”— 15 still involves then elect,roon,A retains  gection profiles. In lowest-order perturbation theory, the in-
the (n")~ scaling, whileA now scales asr(’)". For these (o ference cross sections are predicted to be entirely asym-
decay channels we obtain, for the extreme CASE'A,  mepic with respect to the resonance positions and,
Z A‘: (v'?/\e/ '2?1 q E(ar:RZ‘m;( A'\:/‘Xa)tﬂfw?;h‘;g,ze)wgrgi"%agﬁt consequently, cannot contribute to the resonance-transition
' < ' , strengths obtained by integration over the resonance profiles.
th’at, for the radmuve—dgcay proacesses that do not involve th or some of these weak transitions, the highly asymmetric
Eigﬁﬁ?gr?gbtt?te afs%n?cl)t:olr?vzpi\o n;n?g lgsglljsr Vr\]”c::] %r?éymf,()r cross-section prpfiles could.bg observable \(vith thg individual
values. This is a result of the rapid decreasé\fnwith in- spectral resolution of the distinct x-ray emission lines asso-
creasingn’ and of A being independent ai’. In the inter- ciated with the different radiative-decay channels. Because
mediate regime, as in the general case, we find Fa) of the sub-eV natural width qf the DR-resona_nce features,
~a(n’)°+b(n’)'*3 and consequently’ RNt~ a(n’)32 the mea_surement of thg detailed speptral profiles presents a
substantial challenge with the resolution of current electron

r—3/2
*+b(n’) ", wherea andb are constants. beam experiments. We anticipate, however, that the detailed

As a result of our analysis, we find that, in DR processe ' . : .
that involve the radiative decay of the intermediate autoion?[)R-resonance profiles will be resolved in future experi-

izing state through a transition of the highly-excitedelec- ments.

tron, the degree of asymmetry of the total PR cross section '!'here are several directions in which the_present invegti-
as réflected by the rati®™, is not expected to be strongly gation should be extended. In order to obtain more detailed

dependent on’. On the other hand, in DR processes that d representations of the DR-resonance profiles, and in particu-

not actively involve the radiative decav of the electron %Yar the nonvanishing interference contributions to the
y Y ' _resonance-transition strengths, it will be necessary to derive

t_he asymmetry O.f the total .PR cross section Is pre_dlcted to aénd evaluate the higher-order perturbation-theory contribu-
first decrease with increasing, but eventually to increase tions to the low-density PR cross section. In order to pursue

W'th |ncrea_5|r_1g1’. It should _be emphasized thaF our Cor‘Clu'the search for significant and experimentally observable in-
sions pertaining to tha’ scallng.of the quantum-lnterfgrence terference effects, DR-satellite transitions in more complex
effect are expectgd to be va_hd .prowded th"."t the 'Sqlate.détomic systems should be investigated. This investigation
resonance apprQXImatlon, Wh.'Ch is assumed in the der'va'[.'of?ould be facilitated by the scaling analysis presented in Sec.
of Eq. (17), cc,mtmues to provide an adequate representatiog; 0. the charge and the principal-quantum-number depen-
for the highn' levels. dencies of the asymmetry parameter defined by(EQ. The
angular distribution and polarization of the emitted satellite
radiation should also be evaluated to broaden the search for
A unified description of radiative and dielectronic recom-more pronounced quantum-interference phenomena, whose
bination, which is based on a projection-operator andeffects could be more readily observable in electron-beam

VI. CONCLUSIONS

022704-10



EFFECTS OF QUANTUM INTERFERENCE BETWEEN . .. PHYSICAL REVIEW®9, 022704 (2004

experiments. Finally, the low-density theory should be ex- ACKNOWLEDGMENTS
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