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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
KL,,M 1, and KM,M 4, 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.
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[. INTRODUCTION high-Z values. It means also that this phenomenon can be
only described within QED theory, where all the radiative
Overlapping resonances have been thoroughly investieorrections are treated in a consistent manner. We use here
gated in nuclear and particle physics. The most interestinthe same technique as in Refs7,9—15 based on the
case is the overlap of identical resonances, that is, resonancgsnatrix or on the Green-function approaches.
with identical quantum numbers, when the interference terms The theory of radiative decay of overlapping identical lev-
survive not only in the differential but also in the total crossels in multicharged ions has been developed in R6fs12].
section after integration over angles. As a consequence, the$@e process of recombination of an electron with a hydro-
terms lead to some special interference effects, for examplgenlike heavy ion provides one possible practical way for
guantum beats, which are well known in neutkamesons preparation of the situation under investigatidd—16. The
[1] and the®Be nucleud2,3]. total cross section of the recombination process generally
In atomic physics, a similar situation was investigatedincludes resonant dielectronic-recombinati@R) and non-
theoretically[4] and observed experimentall§] in the de- resonant radiative-recombinatidiRR) cross sections, and
cay of coherently excited2and 2p states of the hydrogen terms which describe the interference between DR and RR
atom in an external electric field. The electric field mixeschannels. Interference terms due to radiative overlap of iden-
even- and odd-parity states so that the resulting combinatiorttcal DR resonances will also be present but their corre-
have identical quantum numbers. Though the excited levelsponding effects usually turn out to be masked by DR-RR
do not overlap in this case due to the repulsion in the electriinterferencg14—16. The latter has been investigated in the
field, they are close enough to be excited coherently and twicinity of the KLL resonances theoreticall4—20Q and re-
give the interference effect. Overlap of resonances may arisegntly observed experimentall21].
in principle, if an external magnetic field is also addéd As usual, we label here DR resonances by the principal
Unlike the case of neutral atoms, where the radiativequantum numbers of the electrons that form the excited in-
overlap of identical resonances is very rare, it can easily takéermediate state, that is, using the notation for the inverse
place in the spectra of highly charged heavy ions, in particuAuger process. For example, tikdL DR resonances are
lar in heliumlike uranium. The magnitude of these effectsthose in which a continuum electron is captured into lthe
can be qualitatively estimated by the magnitude of the radiashell, while aK-shell electron is excited to the shell. In
tive broadening compared to the energy interval between thkeavy multicharged ions, thie shell splits into two distinct
levels of a multiplet with identical parity and total angular subshells: thé ;, shell, containing 8,,, and 24, levels, and
momentum quantum numbers. If there are no special excluheL; shell, that contains theg, state. This splitting gives
sions, the interference effect turns out to be of order)® rise to three groupings dfLL DR resonances, such as the
[7], that is, abou® times as large as the effect of nonreso-KL 5L 1,, KL1sl 3, andKL 3l 3 resonances.
nant levels on the line shap8]. From this estimate, one can It should be noted that in contrast with direct cross-
see that the overlap in the spectra of multicharged heavy iorsection measurements, the technique of recording the photon
arises because the radiative shifts and widths become comenergy and electron beam energy for every observed event
parable with the interelectron interaction corrections at verydeveloped in Refd.21,22 allows for separation of different
x-ray transitions from the dielectronic capture resonances.
This way of doing the experiment provides a good means for
*Electronic address: anef@thd.pnpi.spb.ru observation of the double radiative interference effects first
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discussed in Ref.7]. By these effects we mean the radiative V2 ifdy#d,

interference in the recombination process on groups of mu- 4= _ (2
tually overlapping identical, for example doubly excited, lev- 2 ifd;=d,.

els. Such situations can give the largest radiative interference

effect, since not only initial but also final recombined statesThe zero-approximation energg{’) of the two-electron
overlap in this case. Also it seems to be possible to observetatesd is defined by the sum of the corresponding one-
the pure radiative interference effects because, in contrasfectron energiesdk (k=1,2), taking into account the finite

with them, the DR-RR interference terms in the cross sectiomyclear-size effects. The energ{® does not depend on the
are suppressed by at least a factor do.1lh lowest-order  parity and total angular momentudrof the ion. This degen-
perturbation theory, the amplitudes of excitation of the grouperation is removed by interelectron interaction and radiative
of double-excited levels in the process of direct radiativecorrections. The latter split the states with the saimeut
capture of an electron by a hydrogenlike ion in the groundyith different parity. For double excited states, a multiplet
state with emission of only one photon vanishes due to thénay contain a few levels with identical quantum numbers.
orthogonality of the wave functions. These amplitudes con- \ye shall consider the DR process of an electron with a
tribute to the cross section if one only takes into accounfygrogenlike multicharged ioA@ D" in its ground state,
higher-order graphs, i.e., either in at least two-photon proyhich may be schematically represented as

cesses or after improvement of the operator for the emission
of a photon by the interelectron interaction corrections of the e (s)+ AT D*(1s,,)
order of 17. The RR process manifests itself only as a back- € v

ground in this case. The characteristic x rays emitted by RR Ay LA ()R 4 y(w) -, (3)
can be used to calibrate the total cross sectj@is22. In

experimen{21] the combined spectra of a mixture of highly wheree~ denotes the incident electron with enetgyand y

charged uranium ions have been observed. However, ﬂ]g the emitted photon with frequenay. The labelsd ands

[ﬁsog?p;;so?;;?:tg&%ﬂngée.gg'ﬂ?h;n e.tnzrtggncocn;ﬁa.rggré erely serve to identify two-electron states and do not refer
S : lons. situations S! ere to any particular value of orbital angular momentum.

in this paper are quite general and should also apply to othefhe d ands states are assumed to be groups of the doubly

few-electron multmhgrged heavy lons. The purpose of th‘“:éxcited mutually overlapping levels with identical quantum
present work is to find out the particular cases which are | mbers. Then the resonance conditioneisE.. ~E
most favorable for experimental observation of the interfer- ' Isyp, —dv

ence effects having the radiative origin. WhereElsll2 andE4 are the energies of the hydrogenlike and
Relativistic unitsh =c=1 with the fine-structure constant heliumlike ions, respectively. In addition, only photons with
a=e?/4s and the electron mass, are used throughout the frequency in the region obh=Ey—Eg are supposed to be
paper. measured in all directions of emission.
Consider, for example, the simplest DR procé&3swith
stabilizing radiative decay of the intermediate state the
Il. THEORY ground statd of the two-electron ion with the emission of
. o two photonsy’ and y” in frequency regionse’ =E;—E,
We shall use here the Furry picture in tightly bound-statedndw”:Er_ E,, respectively. The amplitude of the process

QED and approximation of noninteracting electrons. The laty,as peen obtained within the resonance approximation in
ter is also known as Z/expansion. In zero approximation, Ref. [7] and looks like

the electrons of multicharged heavy ion are supposed to in-
teract only with external field of the nucleus. To classify the
states of the ion, it is natural to use tfjecoupling scheme.

In the case of two-electron ion, the unperturbed wave func- .
tion of the statdd)=|IMn,l4j1n,l,j,) is written as xS (fIR|r)

T B, temo—0' =&

Spr(w, 0", 0",e)= =27 5(Eys te—Ei—0—0'-0")

‘I}d(xl ,X2) :Ngl./zl

rIR./|s
" XS g
X 3 CRAMLM) o, (X0) Y, (62)- ST :
1,112 .
s |R,|dg) -
(1) s (sRyldR) e y
3 B re i@

Here|d,my)=|nyljm,) (k=1,2) denote one-electron solu-

tions of the Dirac equation in the Coulomb field of nucleus,
J,M are the total angular momentum and its projection, an
c!i2(m;m,) are the Clebsch-Gordan coefficients. Antisym-
metrization operatodl=3p(—1)IP1P, where[P] is the par- 1

ity of permutation of the electron coordinates, and normal- Wi (Xq 1 Xo) = —= At m(X1) /(Xy). (5)
ization factorAy is given by N Petim(X0) Y15,,m (Xe

Here|i) is a wave function describing the initial state of the
ystem(one-electron ion in its groundsl,, state plus con-
inuum electron In coordinate representation, it looks like
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In Eq. (5), 15 ,m(X) is the wave function of the ground shift corrections whilé;s , does. The operator for the emis-
state of the one-electron ion. The functigp;,(x) describes sion of a photon with polarizatioe and momentunk is
the state of the electron in the external Coulomb field ofdefined by

nucleus with the energy (e>m,), angular momentuny,

and parityl. These functions are normalized on the energy (a-€") .
scale as _621 2m 20
t 3y / To obtain the expression for the cross section of DR pro-
im (X e H(X)d°x= (e — o ’ .
f Verim(X) ey e (X) (e=e)d mm cess, one needs to integrate the square of modulus of the

amplitude (4) over the final states and average it over the
By £&4=E4—iT'¢/2 in Eq. (4) we denote the complex ei- initial states of the system. The averaging procedure leads to
genvalues of the non-Hermitian operatoi{=E{’’1  the summation ovej,l,m, andm’=*+1/2, quantum num-
+U(E{) acting in the corresponding subspace of the unbers of function(5), and division by N,, whereN, is the
perturbedd states|13—15. The quasipotentiall is defined number of degenerate electron states with fixed energy

here in the lowest approximation. Matrix elementsiofare the unit phase space. The latter is most easily calculated, if
given by the states of the free electron are described by the momentum

and polarization. Keeping in mind that the degree of degen-

2 eracy is the same for any set of quantum numbers, one can
Hag =EL 8qq + < d 3 EBk) +3P(K)] d’> write
=1
d3 2
N0=2f q35(q —s24+md)= 2 ps,
> ChiEmmy) X C2(mimy) (2m) (2m)
Nde’ ma,M my,m,
wherep?=g2—m2. The factor 2 here takes into account two
ay,ah 15— 50| 10| A7 rnt A7 vont different polarization states of the electron. Due to the uni-
X| | dimydomy ———=ed e 1A dimydom, tarity condition for the Clebsch-Gordan coefficients, the
12 summation ovem,m’ in cross section can be substituted by
an at the sum over the total angular momentdnand its projec-
_ < d,m,d;m, 172 aileg,~eqrlr1a dimidémé> ) tion M. Then one can finally gd23]
(6) opr(€)
7 Waar s(di[Ti)(d([T]i5)*
wherer =X~ Xy, a;,ab=1-ay- @, 3§ and 3§ =— > 2 - —.
are regularized operators of the electron self-energy and 2p% 1T IM s g (e+Eis),— &) (et By )~ &)
vacuum polarization, and/y and Ny, are normalization fac- 9)

tors given by Eq(2) for statesd andd’, respectively. The

right |dg) and left(d, | eigenvectors of{ [13-15 (see also Here we employ functions
Ref.[9], where only right vectors have been employade

defined as
! Wi (X1 %)= 2 CHAMM)Wi(xy, %),
m,m’

H|dr)=Egldr),  (di[H=(d\|&;. @) o _
whereW,(x;,X,) is given by Eq.(5). Matrix elements of the
The vectors satisfy the orthogonality and completeness coreperatori [Eq. (8)] are diagonal with respect to quantum
ditions: numbers] and do not depend on projectidh It means that
summation oveM in Eq. (9) can be actually replaced by
- multiplication on the number of all possible projectionslpf
(dildR)= d4ar % |dr){(dL|=1. that is, 22+ 1 factor.
The nondiagonal partial widthé/yq ¢ for radiative tran-
sitions betweerl ands states are defined by multipolar ex-

In the problem of two identical levels, the explicit expres- . .
pansion of the expression

sions for the right and left vectors are given in the Appendix.
In Eq. (4), matrix elements of the operator

- Wy s=27073, [ d0(selR|de)(s R g, (10

12 elled, 21,112 8

2r12 k=1 whered() means integration over the directions of the pho-
ton emission. Note that Eq10) differs from the definition

describe the excitation process of the statby radiationless given in Ref.[7] and generalizes the corresponding expres-

capture, taking into account the retardation effect. Note thasions in Refs[14—-16. However, with the present choice of

the one-electron energy;s , does not include the Lamb the matrix elements involved iWyq s, our expression for

1(rEP) =«
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TABLE I. Listed areKM 1,M 15, DR resonanced of heliumlike uranium, their binding energi&s;, total radiative widthd", resonance
energiese of the incoming electrorfwithout the rest energy the Auger widthsAy of the statedd, the final recombined states the
frequenciesw=E4—Eg of the emitted photons, the partial widthy4 s for the radiative decays of the statdsto the statess, and
nonorthogonality integrak&dg|dg) and(dg|dg) for every pair of identical levels] andd’. All quantities were calculated in the biorthogonal
basis.

Ed Fd & Ad w de,s
d (keV) (ev) (keV) (eV) s (keV) (eV) (drldg)  (dgldg)
[3p123P12l0 29.063  7.007  102.760  0.022 [2s,,3pys];  19.457  1.39%0.035 1.004  —0.089
[2p13S10l. 19531 0.2370.035
[3s13P1211 29120  9.207  102.703  0.016 [2py3pislo  19.350  0.534-0.022 1.000

[2p13py5],  19.427  0.939-0.025
[2s1,355,  19.438  0.022-0.022
[251,35l1  19.500  0.173-0.025

[3s1,,3P 15510 29.145  9.207  102.677  0.044 [2py3pipl;  19.402  0.002 0.001 1.000
[2s1,881l1  19.475  0.1350.001
[3s1,,3S15]0 20.146  11.405  102.677  0.030 [2s,8pi5l;  19.374  1.5430.078 1.004 0.089

[2p123s1/0]1 19.448 0.736-0.078

opr looks similar to the formula for the DR part of the cross partially involved inopg in the biorthogonal basis through
section published in Refg14—16. Moreover, definition(10) the complex mixing coefficients of the identical states. Nev-
keeps the Bell-Steinberger equality in its conventional formertheless, it is usual to use the orthogonal basis set and in this
case the Lorentz terms do not include the radiative interfer-
. , ence. Asymmetry of the shapes can be numerically charac-
Es War s=1(Ea— &g )(dRldR), (11) terized, for example, by Low’s paramef&]. We use for this
purpose the nonorthogonality integrdlig|ds). In orthogo-
but now the final states may also have identical quantum nal basis, such parameter can be chosen to be the ratio of
numbers. Note that, in contrast with E®), in Eqg.(11) the  nondiagonal widths to energy intervals between the overlap-
summation oves includesall possible low-lying states. ping levels.

The particular case whed=d’ in the sum of Eq.(9)
corresponds to the superposition of Lorentz shapes of the DR
process. The termspr with d#d’ describe the radiative
interference due to overlap between the upper as well as Numerical calculations of the DR cross sections have
between the lower states, and lead to the asymmetry of theeen performed using Eq9) in the vicinities of KL,M 5
summarized shape. It should be noted that the definition cind KM ;,M ;, resonances of heliumlike uranium. The ener-
the “pure” Lorentz shapes is not unique in different basisgies and rates were calculated in the framework of tize 1/
sets. This means that even if terghg d’ are not taken into  expansion. The results obtained are given in Tables I-IIl.
account in Eq(9) the radiative interference turns out to be The electrical and magnetical dipole contributions as well as

IIl. NUMERICAL RESULTS AND DISCUSSION

TABLE Il. The parameters oKL,,M, resonances of heliumlike uranium. Notations are the same as in
Table I.

Ed Fd & 'Ad w de’s
d keV) (V) (keV) (eV) s (kev)  (eV) (dgldg) (dgld.)

[2py23pyplo  48.470 10.176 83.353  0.227[2sy2p3ply 14797 0421 1.017 —0.187

[25183p1pls  48.520 9.587 83.303 0.102[2p,,2pspl, 14.816 0.029 1.003 —0.077
[2p122psp2l;  14.833  0.006

[2s13p1p0lo 48524 7.056 83.299 0.186[2s,,2pspl; 14.743 0.001  1.000 —0.004

[2p123p1pls 48548 1424 83.275 0.001[2sy,2pzpl;  14.720  0.090  1.002 —0.06%
[251,2p3p],  14.843  0.449

[2s13815lg 48558 30.225 83.265 0.195[2s,,2psp]; 14.709 0.134 1.017  0.187

[2py3siple 48.592 31.671 83.231 0.157[2py2pspl; 14761 0545  1.000  0.004

[2py3s1)y 48.595 30.246 83.228 0.026[2py2pspl, 14.742 0.427 1.003  0.077
[2p122p32l;  14.759 0.085

[2s,,3815]1 48.620 38.978 83.203 [251,2P30]1  14.647 0.001 1.002  0.061
[251,2p3p], 14.770 0.007
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TABLE Ill. Listed areKM 1,M 1, DR resonanced of heliumlike
uranium, the final recombined statssthe frequenciesv of the 10.0
emitted photons, and the partial widtlig,,  for the radiative de-
cays of the stated to the states. All quantities were calculated in

=
the biorthogonal basis. g 7.5
5
o Wad,s 3 5.0
d s (keV) (ev) 2 '
o
[3p123P112l0 [2p3/23S12]1 14.966 0.703 25
[2p323p1/2]2 14.972 0.006
[3s1/23P12]1 [2p3/23S12]1 14.909 0.004 0
[2p323p12]1 14.915 0.091 102.67 102.70 102.73 102.76
[2p3238P12l2 14.915 0.455 Energy (keV)
2 S 14.922 0.005
[35153P 5] £2p3/§sﬂjz 14.884 0.001 FIG. 2. Total DR cross section for % in the vicinity of
12>P1r2lo PaizS1/2l1 ' ' KM ,M 1, resonances resolved with regard to the;M;, shell
[2P3123P 1121 14.890 0.546 (solid curve; dashed curve, with no radiative interference included.
[2pa23s1/0] 14.897 0.009
[3sy23s112l0 [2P323S12]1 14.883 0.392
[2p323P1sl1 14.889 0.001 there are four pairs of identical levels. These are

[2p3/3P1l2 14.889 0.011 [25123812]; and [2py8p1pl; and [2sy,3py]; and
[2p1/23S1/2]; levels withJ=0,1. As final recombined levels

in this case, the doubly excitef2s?,]o, [2p3,]o, and
the electrical quadrupole ones have been taken into accoup®s;,,2p1/2]0 1 States were chosen. The first pair here has the
in the rates. We have also tabulated the calculated diagonabme parity and zero total angular momentum, but the sec-
and nondiagonal values of the nonorthogonality integrals foond pair has a different total angular momentum and does
every pair of identical DR resonances, and the energies afot mix. The overlap parameters for these levels calculated
the emitted photons. For convenience the identical states aie the biorthogonal basis are equal[tid]
classified according to theS limit. However, such classifi-

cation can be somewhat artificial. For example, contributions ([Zsf,z]oR|[ZS§,2]0R>= 1.016,
of the purd 2s,,,351/2]; and[ 2p423p1/2]; configurations are
redistributed under increasirgyvalues. The energies of the ([28%,2]0R|[2p§,2]0R>=0.180.

levels have the radiative24—28 (electron self-energy and

vacuum polarizationand the exact one-photon interelectron The results of the corresponding DR cross section calcula-
interaction corrections included. The effect of finite size of P 9

the nuclear charge distribution was taken into account b}'?&s ?r[(;]sr_:_c;]wn In Fr']% 1)’( ar:]ldlarie |r;va§r;lr;emer'\1/lt W'rth re_sults
numerical solution of the Dirac equation in the Coulomb o' ~o- LAl "€ Second exampie 1S give WM32M reso

field of a homogeneously charged sphere. n:?nzces. In(;hlgs (;ase, th%r?hare only twot_lder?tlcal U|c|)pedr stf'i:';]es,
First we have investigated the situations most promisin S1i2lo and[3pilo, and the cross section is resolved wi

for the experimental observation of the double radiative in1€92rd to radiative decays to the,M, shell (see Table |
terference effects. In the case ¥t ;,M, DR resonances, gnd Fig. 3. As can be seen in both example_s (_:0n3|dered, the
interference effects originate from the radiative overlap of

50 the upper and lower groups of doubly excited states with
identical quantum numbers. The situation shown in Fig. 1
looks more favorable for the experimental observation. The
deviation from the Lorentz shape here is larger and reaches
nearly 25% in the range of 83.34 keV for the energy of
incoming electron.

We have also considered two other possible situations,
where only upper groups of double excited levels overlap.
The radiative interference terms are significant in cross sec-
tion of KL{,Mi, resonances resolved with regard to the
Lq,L3 shell. The latter splits into fouf2l,,,2p3,]; levels,

different either by parity or by total angular momentum
0526 83.30 83.34 83.38 =1,2 (see Table . The results of the corresponding DR
cross-section calculations are shown in Fig. 3. The interfer-
ence terms here significantly defect the Lorentz shape in the

FIG. 1. Total DR cross section for ¥ in the vicinity of ~ 83.28 keV range. However, the absolute value of the DR
KL1,M 5, resonances resolved with regard to thgl ;, shell as a cross section turns out to be rather small. In the case of
function of the incident electron energgolid curve. The dashed KM ,M 1, resonances, we have calculated the cross section
curve corresponds to the Lorentz terms in orthogonal basis. associated with stabilizing radiative transitions to the

40

30

20

Cross section (b)

10

Energy (keV)
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15 5
2 10 2
c c
9 9
3 k<]
Q [J]
(2] (7]
w 1]
S 5 8
G o
e S’ N . o
83.22 83.26 83.30 83.34 83.38 102.67 102.70 102.73 102.76
Energy (keV) Energy (keV)
FIG. 3. Total DR cross section for % in the vicinity of FIG. 4. Total DR cross section for % in the vicinity of
KL4,M 4, resonances resolved with regard to thgl ; shell (solid KM 1,M ;, resonances resolved with regard to thé ;, shell (solid
curve; dashed curve, with no radiative interference included. curve); dashed curve, with no radiative interference included.

[2p323l15]5 (3=1,2) levels(see Table Il and Fig. 4 The  The solution of the problem

size of the interference effect is nearly 20%, however the DR

contributions to the cross section are small again in the cor- 7Ai|d V=&, dr)

responding energy ranges. R/ dIFR
Unforunately we could not find situations where the ra-

diative interference terms originated only from the lower

groups of double excited identical levels would give rise to 1 1 "

an essential effect in the cross section. In this case, the reso- _ 2 2

nance structure of the DR cross section is due to the upper €a=5 (Maa Hoo) | 7 (Maa™ Hoo) "+ Hap

group of nonoverlapping levels, which effectively reduces

the relative value of the interference effect. One can expecnd

some essential effects in the DR cross section, if the latter is

is given by

integrated over the energy of incident electrons and is con- |dr) = 774l@) + £4|b).
sidered as a function of photon frequency in the region of
w=E4— E transitions. The complex mixing coefficientgy and &4 look like
The main approximation in the calculations is due to the
omission of 1Z-order corrections in the evaluation of the - -
na=(1+£8) 7 &=(1+) VL,

radiative widths, which are as a consequence uncertain to

about 2-3%. The magnitude of the effect looks large \\nere

enough to be observable on the experiments. We should note

that in work[21] the differential cross section was measured.

To observe the effect we discuss, one should measure the {q= (&4~ Haa) Hap-

total cross section, that is, to detect the photons emitted in aUv h ken i h hat. duerti .
directions. The last problem is not principal restriction for e have taken Into account here that, dueltmvariance,

Super-EBIT experiments. Hap=Hpa [9]- As a result, the components of thg vectors
(d.| can be chosen to be equal to the corresponding compo-
ACKNOWLEDGMENTS nents of the vectofdg), that is,
A.V.N. thanks the Department of Physics and Astronomy (d.|=|dg)T and(dg|=|d, )7,
at University College London for their kind hospitality dur-
ing his visit to London. He also gratefully acknowledges pyt
financial support from the Royal Society for this study.
— t — t
APPENDIX (drl=|dr)" and(d.|=[d)".
In addition, for any pair of identical statesandd’, if only

Let us designate the matrix elements of the operafor d+d’. one can write

[Eq. (6)] in subspace of two degenerate stdis and |b),
which are constructed according to Ed), as

(drldg)=(dr|dr), (drldr)=(drldr)*.

For states with different quantum numbers there is no differ-
ence between the left, ) and right|dg) vectors.

Haa Hab)
Hpa  Hop)




PRA 60

[1] E.D. Commins and P.H. Bucksbaur/eak Interactions of
Leptons and Quark&ambridge University Press, Cambridge,
1983.

[2] W.D. Callender and C.P. Browne, Phys. Rev2,Cl (1970.

[3] A.M. Nathan, G.T. Garvey, P. Paul, and E.K. Warburton,
Phys. Rev. Lett35, 1137(1975.

[4] T.G. Eck, Phys. Rev. LetB1, 270(1973.

[5] A. Gaupp, H.J. Andraand J. Macek, Phys. Rev. Le®2, 268
(1974.

[6] K.E. Lassila and V. Ruuskanen, Phys. Rev. Ldtf, 490
(1966.

[7] L.N. Labzowsky and A.V. Nefiodov, Phys. Rev. 49, 236
(19949.

[8] F. Low, Phys. Rev88, 53 (1952.

[9] M.A. Braun, Zh. Kksp. Teor. Fiz94, 145(1988 [Sov. Phys.
JETP67, 2039(1988].

[10] V.G. Gorshkov, L.N. Labzowsky, and A.A. Sultanaev, Zh.
Eksp. Teor. Fiz.96, 53 (1989 [Sov. Phys. JETR69, 28
(1989].

[11] V.G. Gorshkov, V.V. Karasiev, L.N. Labzowsky, A.V. Ne-
fiodov, and A.A. Sultanaev, Opt. Spektrosk2, 31 (1992
[Opt. Spectrosc72, 16 (1992].

[12] V.V. Karasiev, L.N. Labzowsky, A.V. Nefiodov, V.G. Gorsh-
kov, and A.A. Sultanaev, Phys. Sdi6, 225(1992.

[13] V.M. Shabaev, J. Phys. 84, 5665(1991).

OVERLAPPING IDENTICAL RESONANCES AND. . ..

2075

[14] V.V. Karasiev, L.N. Labzowsky, A.V. Nefiodov, and V.M.
Shabaev, Phys. Lett. A61, 453(1992.

[15] V.M. Shabaev, Phys. Rev. BO, 4521(1994).

[16] A.V. Nefiodov, V.V. Karasiev, and V.A. Yerokhin, Phys. Rev.
A 50, 4975(1994).

[17] N.R. Badnell and M.S. Pindzola, Phys. Rev. 45, 2820
(1992.

[18] M.S. Pindzola, N.R. Badnell, and D.C. Griffin, Phys. Rev. A
46, 5725(1992.

[19] M.S. Pindzola, F.J. Robicheaux, N.R. Badnell, M.H. Chen, and
M. Zimmermann, Phys. Rev. A2, 420(1995.

[20] M. Zimmermann, N. Gia, and W. Scheid, J. Phys. 3, 5259
(1997.

[21] D.A. Knapp, P. Beiersdorfer, M.H. Chen, J.H. Scofield, and D.
Schneider, Phys. Rev. Left4, 54 (1995.

[22] D.A. Knapp, R.E. Marrs, M.B. Schneider, M.H. Chen, M.A.
Levine, and P. Lee, Phys. Rev. 4V, 2039(1993.

[23] A.V. Nefiodov, D.L. Moores, and L.N. Labzowsky, Pis'ma Zh.
Eksp. Teor. Fiz68, 552(1998 [JETP Lett.68, 576 (1998].

[24] G. Soff and P.J. Mohr, Phys. Rev. 40, 2174(1989.

[25] P.J. Mohr and Y.-K. Kim, Phys. Rev. A5, 2727(1992.

[26] P.J. Mohr, Phys. Rev. A6, 4421(1992.

[27] P.J. Mohr and G. Soff, Phys. Rev. Lef0, 158 (1993.

[28] H. Persson, I. Lindgren, S. Salomonson, and P. Sunnergren,
Phys. Rev. A48, 2772(1993.



