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Overlapping identical resonances and radiative interference effects in recombination
of heavy multicharged ions
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The quantum electrodynamical effects of radiative interference in the recombination of electrons with heavy
multicharged ions are discussed. Numerical calculations of the corresponding cross sections in the vicinities of
KL12M12 and KM12M12 dielectronic recombination resonances of the heliumlike uranium have been per-
formed. The results obtained may serve as a focus for near-future experiments with the Super-EBIT facilities.
@S1050-2947~99!07008-0#

PACS number~s!: 34.80.Kw, 11.80.2m, 12.20.2m
s
tin
n
rm
ss
he
p

ed

es
io
ve
tr
d
ris

iv
ak
cu
ct
dia
t

ar
cl

o
n
io
o
ry

be
ve
here

v-

ro-
for

ally

RR
en-
re-
RR
e

ipal
in-
rse

e

s-
oton
vent
t
es.
for
rst
I. INTRODUCTION

Overlapping resonances have been thoroughly inve
gated in nuclear and particle physics. The most interes
case is the overlap of identical resonances, that is, resona
with identical quantum numbers, when the interference te
survive not only in the differential but also in the total cro
section after integration over angles. As a consequence, t
terms lead to some special interference effects, for exam
quantum beats, which are well known in neutralK-mesons
@1# and the8Be nucleus@2,3#.

In atomic physics, a similar situation was investigat
theoretically@4# and observed experimentally@5# in the de-
cay of coherently excited 2s and 2p states of the hydrogen
atom in an external electric field. The electric field mix
even- and odd-parity states so that the resulting combinat
have identical quantum numbers. Though the excited le
do not overlap in this case due to the repulsion in the elec
field, they are close enough to be excited coherently an
give the interference effect. Overlap of resonances may a
in principle, if an external magnetic field is also added@6#.

Unlike the case of neutral atoms, where the radiat
overlap of identical resonances is very rare, it can easily t
place in the spectra of highly charged heavy ions, in parti
lar in heliumlike uranium. The magnitude of these effe
can be qualitatively estimated by the magnitude of the ra
tive broadening compared to the energy interval between
levels of a multiplet with identical parity and total angul
momentum quantum numbers. If there are no special ex
sions, the interference effect turns out to be of order (aZ)3

@7#, that is, aboutZ times as large as the effect of nonres
nant levels on the line shape@8#. From this estimate, one ca
see that the overlap in the spectra of multicharged heavy
arises because the radiative shifts and widths become c
parable with the interelectron interaction corrections at ve
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high-Z values. It means also that this phenomenon can
only described within QED theory, where all the radiati
corrections are treated in a consistent manner. We use
the same technique as in Refs.@7,9–15# based on the
S-matrix or on the Green-function approaches.

The theory of radiative decay of overlapping identical le
els in multicharged ions has been developed in Refs.@9–12#.
The process of recombination of an electron with a hyd
genlike heavy ion provides one possible practical way
preparation of the situation under investigation@14–16#. The
total cross section of the recombination process gener
includes resonant dielectronic-recombination~DR! and non-
resonant radiative-recombination~RR! cross sections, and
terms which describe the interference between DR and
channels. Interference terms due to radiative overlap of id
tical DR resonances will also be present but their cor
sponding effects usually turn out to be masked by DR-
interference@14–16#. The latter has been investigated in th
vicinity of the KLL resonances theoretically@14–20# and re-
cently observed experimentally@21#.

As usual, we label here DR resonances by the princ
quantum numbers of the electrons that form the excited
termediate state, that is, using the notation for the inve
Auger process. For example, theKLL DR resonances are
those in which a continuum electron is captured into theL
shell, while aK-shell electron is excited to theL shell. In
heavy multicharged ions, theL shell splits into two distinct
subshells: theL12 shell, containing 2s1/2 and 2p1/2 levels, and
theL3 shell, that contains the 2p3/2 state. This splitting gives
rise to three groupings ofKLL DR resonances, such as th
KL12L12, KL12L3, andKL3L3 resonances.

It should be noted that in contrast with direct cros
section measurements, the technique of recording the ph
energy and electron beam energy for every observed e
developed in Refs.@21,22# allows for separation of differen
x-ray transitions from the dielectronic capture resonanc
This way of doing the experiment provides a good means
observation of the double radiative interference effects fi
2069 ©1999 The American Physical Society
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discussed in Ref.@7#. By these effects we mean the radiati
interference in the recombination process on groups of
tually overlapping identical, for example doubly excited, le
els. Such situations can give the largest radiative interfere
effect, since not only initial but also final recombined sta
overlap in this case. Also it seems to be possible to obse
the pure radiative interference effects because, in con
with them, the DR-RR interference terms in the cross sec
are suppressed by at least a factor of 1/Z. In lowest-order
perturbation theory, the amplitudes of excitation of the gro
of double-excited levels in the process of direct radiat
capture of an electron by a hydrogenlike ion in the grou
state with emission of only one photon vanishes due to
orthogonality of the wave functions. These amplitudes c
tribute to the cross section if one only takes into acco
higher-order graphs, i.e., either in at least two-photon p
cesses or after improvement of the operator for the emis
of a photon by the interelectron interaction corrections of
order of 1/Z. The RR process manifests itself only as a ba
ground in this case. The characteristic x rays emitted by
can be used to calibrate the total cross sections@21,22#. In
experiment@21# the combined spectra of a mixture of high
charged uranium ions have been observed. However,
resonances of He-like ion are shifted in energy compare
those from other recombined ions. The situations conside
in this paper are quite general and should also apply to o
few-electron multicharged heavy ions. The purpose of
present work is to find out the particular cases which
most favorable for experimental observation of the interf
ence effects having the radiative origin.

Relativistic units\5c51 with the fine-structure constan
a5e2/4p and the electron massme are used throughout th
paper.

II. THEORY

We shall use here the Furry picture in tightly bound-st
QED and approximation of noninteracting electrons. The
ter is also known as 1/Z expansion. In zero approximation
the electrons of multicharged heavy ion are supposed to
teract only with external field of the nucleus. To classify t
states of the ion, it is natural to use thej j -coupling scheme.
In the case of two-electron ion, the unperturbed wave fu
tion of the stateud&5uJMn1l 1 j 1n2l 2 j 2& is written as

Cd~x1 ,x2!5N d
21Â

3 (
m1 ,m2

CJM
j 1 j 2~m1m2!cd1m1

~x1!cd2m2
~x2!.

~1!

Hereudkmk&5unkl kj kmk& (k51,2) denote one-electron solu
tions of the Dirac equation in the Coulomb field of nucleu
J,M are the total angular momentum and its projection, a
CJM

j 1 j 2(m1m2) are the Clebsch-Gordan coefficients. Antisym

metrization operatorÂ5(P(21)[ P] P̂, where@P# is the par-
ity of permutation of the electron coordinates, and norm
ization factorNd is given by
u-
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Nd5HA2 if d1Þd2

2 if d15d2 .
~2!

The zero-approximation energyEd
(0) of the two-electron

statesd is defined by the sum of the corresponding on
electron energies«dk

(k51,2), taking into account the finite

nuclear-size effects. The energyEd
(0) does not depend on th

parity and total angular momentumJ of the ion. This degen-
eration is removed by interelectron interaction and radiat
corrections. The latter split the states with the sameJ but
with different parity. For double excited states, a multip
may contain a few levels with identical quantum number

We shall consider the DR process of an electron with
hydrogenlike multicharged ionA(Z21)1 in its ground state,
which may be schematically represented as

e2~«!1A(Z21)1~1s1/2!

˜A(Z22)1~d!** ˜A(Z22)1~s!** 1g~v!˜•••, ~3!

wheree2 denotes the incident electron with energy« andg
is the emitted photon with frequencyv. The labelsd ands
merely serve to identify two-electron states and do not re
here to any particular value of orbital angular momentu
The d and s states are assumed to be groups of the dou
excited mutually overlapping levels with identical quantu
numbers. Then the resonance condition is«1E1s1/2

.Ed ,

whereE1s1/2
andEd are the energies of the hydrogenlike a

heliumlike ions, respectively. In addition, only photons wi
frequency in the region ofv.Ed2Es are supposed to be
measured in all directions of emission.

Consider, for example, the simplest DR process~3! with
stabilizing radiative decay of the intermediate states to the
ground statef of the two-electron ion with the emission o
two photonsg8 and g9 in frequency regionsv8.Es2Er
andv9.Er2Ef , respectively. The amplitude of the proce
has been obtained within the resonance approximation
Ref. @7# and looks like

SDR~v,v8,v9,«!522p id~E1s1/2
1«2Ef2v2v82v9!

3(
r

^ f uR̂g9ur &

E1s1/2
1«2v2v82Er

3(
s

^r uR̂g8usR&
E1s1/2

1«2v2Es

3(
d

^sLuR̂gudR&
E1s1/2

1«2Ed
^dLu Î u i &. ~4!

Here u i & is a wave function describing the initial state of th
system~one-electron ion in its ground 1s1/2 state plus con-
tinuum electron!. In coordinate representation, it looks like

C i~x1 ,x2!5
1

A2
Âc« l jm~x1!c1s1/2m8~x2!. ~5!
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In Eq. ~5!, c1s1/2m8(x) is the wave function of the groun

state of the one-electron ion. The functionc« l jm(x) describes
the state of the electron in the external Coulomb field
nucleus with the energy« («.me), angular momentumj,
and parityl. These functions are normalized on the ene
scale as

E c« l jm
† ~x!c«8 l 8 j 8m8~x!d3x5d~«2«8!d l l 8d j j 8dmm8 .

By Ed5Ed2 iGd/2 in Eq. ~4! we denote the complex ei
genvalues of the non-Hermitian operatorĤ5Ed

(0)1̂
1U(Ed

(0)) acting in the corresponding subspace of the
perturbedd states@13–15#. The quasipotentialU is defined
here in the lowest approximation. Matrix elements ofĤ are
given by

Ĥdd85Ed
(0)ddd81K dU(

k51

2

@SR
(SE)~k!1SR

(VP)~k!#Ud8L
1

2a

NdNd8
(

m1,m2

CJM
j 1 j 2~m1m2! (

m18,m28
C

JM

j 18 j 28~m18m28!

3S K d1m1d2m2U a1ma2
m

r 12
ei u«d1

2«d18
ur 12Ud18m18d28m28L

2K d2m2d1m1U a1ma2
m

r 12
ei u«d2

2«d18
ur 12Ud18m18d28m28L D ,

~6!

where r 125ux12x2u, a1ma2
m512a1•a2 , SR

(SE) and SR
(VP)

are regularized operators of the electron self-energy
vacuum polarization, andNd andNd8 are normalization fac-
tors given by Eq.~2! for statesd and d8, respectively. The
right udR& and left^dLu eigenvectors ofĤ @13–15# ~see also
Ref. @9#, where only right vectors have been employed! are
defined as

ĤudR&5EdudR&, ^dLuĤ5^dLuEd . ~7!

The vectors satisfy the orthogonality and completeness c
ditions:

^dLudR8 &5ddd8 , (
d

udR&^dLu51̂.

In the problem of two identical levels, the explicit expre
sions for the right and left vectors are given in the Append

In Eq. ~4!, matrix elements of the operator

Î ~r 12;Ed
(0)!5a

a1ma2
m

2r 12
(
k51

2

ei u«dk
2«1s1/2

ur 12 ~8!

describe the excitation process of the statesd by radiationless
capture, taking into account the retardation effect. Note
the one-electron energy«1s1/2

does not include the Lamb
f

y

-

d

n-

.

at

shift corrections whileE1s1/2
does. The operator for the emis

sion of a photon with polarizatione and momentumk is
defined by

R̂g5e(
n51

2
~a•e* !

~2p!3/2A2v
e2 ik•xn.

To obtain the expression for the cross section of DR p
cess, one needs to integrate the square of modulus of
amplitude~4! over the final states and average it over t
initial states of the system. The averaging procedure lead
the summation overj ,l ,m, and m8561/2, quantum num-
bers of function~5!, and division by 2N0, whereN0 is the
number of degenerate electron states with fixed energy« in
the unit phase space. The latter is most easily calculate
the states of the free electron are described by the momen
and polarization. Keeping in mind that the degree of deg
eracy is the same for any set of quantum numbers, one
write

N052E d3q

~2p!3
d~q22«21me

2!52
4pp2

~2p!3
,

wherep25«22me
2 . The factor 2 here takes into account tw

different polarization states of the electron. Due to the u
tarity condition for the Clebsch-Gordan coefficients, t
summation overm,m8 in cross section can be substituted
the sum over the total angular momentumJ and its projec-
tion M. Then one can finally get@23#

sDR~«!

5
p2

2p2 (
j ,l

(
J,M

(
s

(
d,d8

Wdd8,s^dLu Î u i J&^dL8 u Î u i J&*

~«1E1s1/2
2Ed!~«1E1s1/2

2Ed8
* !

.

~9!

Here we employ functions

C i J
~x1 ,x2!5 (

m,m8
CJM

j 1/2~mm8!C i~x1 ,x2!,

whereC i(x1 ,x2) is given by Eq.~5!. Matrix elements of the
operator Î @Eq. ~8!# are diagonal with respect to quantu
numbersJ and do not depend on projectionM. It means that
summation overM in Eq. ~9! can be actually replaced b
multiplication on the number of all possible projections ofJ,
that is, 2J11 factor.

The nondiagonal partial widthsWdd8,s for radiative tran-
sitions betweend ands states are defined by multipolar ex
pansion of the expression

Wdd8,s52pv2(
e
E dV^sRuR̂gudR&^sLuR̂gudR8 &* , ~10!

wheredV means integration over the directions of the ph
ton emission. Note that Eq.~10! differs from the definition
given in Ref.@7# and generalizes the corresponding expr
sions in Refs.@14–16#. However, with the present choice o
the matrix elements involved inWdd8,s , our expression for
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TABLE I. Listed areKM12M12 DR resonancesd of heliumlike uranium, their binding energiesEd , total radiative widthsGd , resonance
energies« of the incoming electron~without the rest energy!, the Auger widthsAd of the statesd, the final recombined statess, the
frequenciesv5Ed2Es of the emitted photons, the partial widthsWdd,s for the radiative decays of the statesd to the statess, and
nonorthogonality integralŝdRudR& and^dRudR8 & for every pair of identical levels,d andd8. All quantities were calculated in the biorthogon
basis.

Ed Gd « Ad v Wdd,s

d ~keV! ~eV! ~keV! ~eV! s ~keV! ~eV! ^dRudR& ^dRudR8 &

@3p1/23p1/2#0 29.063 7.007 102.760 0.022 @2s1/23p1/2#1 19.457 1.39710.035i 1.004 20.089i

@2p1/23s1/2#1 19.531 0.23720.035i

@3s1/23p1/2#1 29.120 9.207 102.703 0.016 @2p1/23p1/2#0 19.350 0.53420.022i 1.000

@2p1/23p1/2#1 19.427 0.93920.025i

@2s1/23s1/2#0 19.438 0.02210.022i

@2s1/23s1/2#1 19.500 0.17310.025i

@3s1/23p1/2#0 29.145 9.207 102.677 0.044 @2p1/23p1/2#1 19.402 0.00210.001i 1.000

@2s1/23s1/2#1 19.475 0.13520.001i

@3s1/23s1/2#0 29.146 11.405 102.677 0.030 @2s1/23p1/2#1 19.374 1.54320.078i 1.004 0.089i

@2p1/23s1/2#1 19.448 0.73010.078i
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as
sDR looks similar to the formula for the DR part of the cro
section published in Refs.@14–16#. Moreover, definition~10!
keeps the Bell-Steinberger equality in its conventional for

(
s

Wdd8,s5 i ~Ed2Ed8
* !^dR8 udR&, ~11!

but now the final statess may also have identical quantum
numbers. Note that, in contrast with Eq.~9!, in Eq. ~11! the
summation overs includesall possible low-lying states.

The particular case whend5d8 in the sum of Eq.~9!
corresponds to the superposition of Lorentz shapes of the
process. The termssDR with dÞd8 describe the radiative
interference due to overlap between the upper as wel
between the lower states, and lead to the asymmetry of
summarized shape. It should be noted that the definition
the ‘‘pure’’ Lorentz shapes is not unique in different bas
sets. This means that even if termsdÞd8 are not taken into
account in Eq.~9! the radiative interference turns out to b
,

R

as
he
of

partially involved insDR in the biorthogonal basis throug
the complex mixing coefficients of the identical states. Ne
ertheless, it is usual to use the orthogonal basis set and in
case the Lorentz terms do not include the radiative inter
ence. Asymmetry of the shapes can be numerically cha
terized, for example, by Low’s parameter@8#. We use for this
purpose the nonorthogonality integrals^dRudR8 &. In orthogo-
nal basis, such parameter can be chosen to be the rat
nondiagonal widths to energy intervals between the over
ping levels.

III. NUMERICAL RESULTS AND DISCUSSION

Numerical calculations of the DR cross sections ha
been performed using Eq.~9! in the vicinities ofKL12M12
andKM12M12 resonances of heliumlike uranium. The ene
gies and rates were calculated in the framework of theZ
expansion. The results obtained are given in Tables I–
The electrical and magnetical dipole contributions as well
s in
TABLE II. The parameters ofKL12M12 resonances of heliumlike uranium. Notations are the same a
Table I.

Ed Gd « Ad v Wdd,s

d ~keV! ~eV! ~keV! ~eV! s ~keV! ~eV! ^dRudR& ^dRud
R
&

@2p1/23p1/2#0 48.470 10.176 83.353 0.227@2s1/22p3/2#1 14.797 0.421 1.017 20.187i

@2s1/23p1/2#1 48.520 9.587 83.303 0.102@2p1/22p3/2#2 14.816 0.029 1.003 20.077i

@2p1/22p3/2#1 14.833 0.006

@2s1/23p1/2#0 48.524 7.056 83.299 0.186 @2s1/22p3/2#1 14.743 0.001 1.000 20.004i

@2p1/23p1/2#1 48.548 1.424 83.275 0.001 @2s1/22p3/2#1 14.720 0.090 1.002 20.061i

@2s1/22p3/2#2 14.843 0.449

@2s1/23s1/2#0 48.558 30.225 83.265 0.195@2s1/22p3/2#1 14.709 0.134 1.017 0.187i

@2p1/23s1/2#0 48.592 31.671 83.231 0.157@2p1/22p3/2#1 14.761 0.545 1.000 0.004i

@2p1/23s1/2#1 48.595 30.246 83.228 0.026@2p1/22p3/2#2 14.742 0.427 1.003 0.077i

@2p1/22p3/2#1 14.759 0.085

@2s1/23s1/2#1 48.620 38.978 83.203 @2s1/22p3/2#1 14.647 0.001 1.002 0.061i

@2s1/22p3/2#2 14.770 0.007
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the electrical quadrupole ones have been taken into acc
in the rates. We have also tabulated the calculated diag
and nondiagonal values of the nonorthogonality integrals
every pair of identical DR resonances, and the energie
the emitted photons. For convenience the identical states
classified according to theLS limit. However, such classifi-
cation can be somewhat artificial. For example, contributi
of the pure@2s1/23s1/2#J and@2p1/23p1/2#J configurations are
redistributed under increasingZ values. The energies of th
levels have the radiative@24–28# ~electron self-energy and
vacuum polarization! and the exact one-photon interelectr
interaction corrections included. The effect of finite size
the nuclear charge distribution was taken into account
numerical solution of the Dirac equation in the Coulom
field of a homogeneously charged sphere.

First we have investigated the situations most promis
for the experimental observation of the double radiative
terference effects. In the case ofKL12M12 DR resonances

FIG. 1. Total DR cross section for U911 in the vicinity of
KL12M12 resonances resolved with regard to theL12L12 shell as a
function of the incident electron energy~solid curve!. The dashed
curve corresponds to the Lorentz terms in orthogonal basis.

TABLE III. Listed areKM12M12 DR resonancesd of heliumlike
uranium, the final recombined statess, the frequenciesv of the
emitted photons, and the partial widthsWdd,s for the radiative de-
cays of the statesd to the statess. All quantities were calculated in
the biorthogonal basis.

v Wdd,s

d s ~keV! ~eV!

@3p1/23p1/2#0 @2p3/23s1/2#1 14.966 0.703

@2p3/23p1/2#2 14.972 0.006

@3s1/23p1/2#1 @2p3/23s1/2#1 14.909 0.004

@2p3/23p1/2#1 14.915 0.091

@2p3/23p1/2#2 14.915 0.455

@2p3/23s1/2#2 14.922 0.005

@3s1/23p1/2#0 @2p3/23s1/2#1 14.884 0.001

@2p3/23p1/2#1 14.890 0.546

@2p3/23s1/2#2 14.897 0.009

@3s1/23s1/2#0 @2p3/23s1/2#1 14.883 0.392

@2p3/23p1/2#1 14.889 0.001

@2p3/23p1/2#2 14.889 0.011
nt
al
r
of
re

s

f
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g
-

there are four pairs of identical levels. These a
@2s1/23s1/2#J and @2p1/23p1/2#J and @2s1/23p1/2#J and
@2p1/23s1/2#J levels withJ50,1. As final recombined levels
in this case, the doubly excited@2s1/2

2 #0 , @2p1/2
2 #0, and

@2s1/22p1/2#0,1 states were chosen. The first pair here has
same parity and zero total angular momentum, but the s
ond pair has a different total angular momentum and d
not mix. The overlap parameters for these levels calcula
in the biorthogonal basis are equal to@14#

^@2s1/2
2 #0R

u@2s1/2
2 #0R

&51.016,

^@2s1/2
2 #0R

u@2p1/2
2 #0R

&50.180i .

The results of the corresponding DR cross section calc
tions are shown in Fig. 1, and are in agreement with res
of Ref. @7#. The second example is given byKM12M12 reso-
nances. In this case, there are only two identical upper sta
@3s1/2

2 #0 and @3p1/2
2 #0, and the cross section is resolved wi

regard to radiative decays to theL12M12 shell ~see Table I
and Fig. 2!. As can be seen in both examples considered,
interference effects originate from the radiative overlap
the upper and lower groups of doubly excited states w
identical quantum numbers. The situation shown in Fig
looks more favorable for the experimental observation. T
deviation from the Lorentz shape here is larger and reac
nearly 25% in the range of 83.34 keV for the energy
incoming electron.

We have also considered two other possible situatio
where only upper groups of double excited levels overl
The radiative interference terms are significant in cross s
tion of KL12M12 resonances resolved with regard to t
L12L3 shell. The latter splits into four@2l 1/22p3/2#J levels,
different either by parity or by total angular momentumJ
51,2 ~see Table II!. The results of the corresponding D
cross-section calculations are shown in Fig. 3. The inter
ence terms here significantly defect the Lorentz shape in
83.28 keV range. However, the absolute value of the
cross section turns out to be rather small. In the case
KM12M12 resonances, we have calculated the cross sec
associated with stabilizing radiative transitions to t

FIG. 2. Total DR cross section for U911 in the vicinity of
KM12M12 resonances resolved with regard to theL12M12 shell
~solid curve!; dashed curve, with no radiative interference include
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@2p3/23l 1/2#J (J51,2) levels~see Table III and Fig. 4!. The
size of the interference effect is nearly 20%, however the
contributions to the cross section are small again in the
responding energy ranges.

Unforunately we could not find situations where the
diative interference terms originated only from the low
groups of double excited identical levels would give rise
an essential effect in the cross section. In this case, the r
nance structure of the DR cross section is due to the up
group of nonoverlapping levels, which effectively reduc
the relative value of the interference effect. One can exp
some essential effects in the DR cross section, if the latte
integrated over the energy of incident electrons and is c
sidered as a function of photon frequency in the region
v.Ed2Es transitions.

The main approximation in the calculations is due to
omission of 1/Z-order corrections in the evaluation of th
radiative widths, which are as a consequence uncertai
about 223 %. The magnitude of the effect looks larg
enough to be observable on the experiments. We should
that in work@21# the differential cross section was measure
To observe the effect we discuss, one should measure
total cross section, that is, to detect the photons emitted in
directions. The last problem is not principal restriction f
Super-EBIT experiments.
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APPENDIX

Let us designate the matrix elements of the operatoĤ
@Eq. ~6!# in subspace of two degenerate statesua& and ub&,
which are constructed according to Eq.~1!, as

Ĥ5SHaa Hab

Hba Hbb
D .

FIG. 3. Total DR cross section for U911 in the vicinity of
KL12M12 resonances resolved with regard to theL12L3 shell ~solid
curve!; dashed curve, with no radiative interference included.
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The solution of the problem

ĤudR&5EdudR&

is given by

Ed5
1

2
~Haa1Hbb!6F1

4
~Haa2Hbb!

21H ab
2 G1/2

and

udR&5hdua&1jdub&.

The complex mixing coefficientshd andjd look like

hd5~11zd
2!21/2, jd5~11zd

2!21/2zd ,

where

zd5~Ed2Haa!/Hab .

We have taken into account here that, due toT invariance,
Hab5Hba @9#. As a result, the components of the vecto
^dLu can be chosen to be equal to the corresponding com
nents of the vectorudR&, that is,

^dLu5udR&T and^dRu5udL&T,

but

^dRu5udR&† and^dLu5udL&†.

In addition, for any pair of identical statesd andd8, if only
dÞd8, one can write

^dRudR&5^dR8 udR8 &, ^dRudR8 &5^dR8 udR&* .

For states with different quantum numbers there is no diff
ence between the leftudL& and rightudR& vectors.

FIG. 4. Total DR cross section for U911 in the vicinity of
KM12M12 resonances resolved with regard to theL3M12 shell~solid
curve!; dashed curve, with no radiative interference included.
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