PHYSICAL REVIEW A 104, 012818 (2021)
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We consider theoretically the process of two-electron one-photon (TEOP) transitions to the ground state
with the emission of a single K,, photon in a He-like sequence of atomic ions: from boron to uranium.
The corresponding transition probabilities and transition energies are calculated within the QED theory. The
calculations of the transition probabilities are performed in various gauges. The intensity ratios between the
TEOP transitions and the other major transitions are presented.
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I. INTRODUCTION

The autoionizing states are responsible for many resonant
processes in the collision of highly charged ions with elec-
trons and other atomic particles. Such resonant processes as
dielectronic and trielectronic recombinations [1], excitation
autoionization [2], and resonant excitation double autoion-
ization [3] actively proceed in highly ionized laboratory and
astrophysical plasmas. The resonance structure of these col-
lision processes is mainly determined by the autoionizing
states. Therefore, they continue to trigger the interest of re-
searchers working in different fields of physics from both
experimental and theoretical points of view.

The autoionizing states are of particular interest for study-
ing two-electron one-photon (TEOP) transitions, which are
single-photon transitions where two electrons change their
quantum numbers. Such transitions occur only due to the
interelectron interaction and represent a process that is very
sensitive to the description of the interelectron correlation.

In the present work, we perform the calculation of the
TEOP transition probabilities for He-like ions within the
QED theory. The calculations of these transition probabilities
were presented in [4—10]. The investigations of transitions,
where both electrons change their principal quantum numbers,
were presented in [4-7] for Z < 47. The calculations of the
probabilities for transitions from autoionizing states to single
excited states, (25%) — (1s, 2p), are presented in [6,8—10]. In
the works [4,8], the calculations are performed within per-
turbation theory with respect to the interelectron interaction
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[11,12]; in the works [5-7,10], the calculations are performed
with the use of the GRASP program [13,14].

The first successful experimental investigation of the
TEOP transitions was reported in work [15], where two va-
cancies in a K shell were filled by two LL electrons with
single-photon emission observed in Ni-Ni, Ni-Fe, Fe-Ni, and
Fe-Fe collisions. In works [16,17], TEOP transitions (2s%) —
(1s,2p) and (ls, 25%) — (152, 2p) in He- and Li-like ions
of Si were investigated experimentally. In work [18], the
TEOP transition (1s, 2s?) — (1s?,2p) was investigated ex-
perimentally in the process of dielectronic recombination
with He-like Ar. In the recent work [19], the strong TEOP
[(1s25)15p]1/2,3/2 —> 1s24s transition was observed in Li-like
ions of O.

We consider the TEOP decay of LL autoionizing states of
He-like ions to its ground state, where both electrons change
their principal quantum numbers. The most attention is paid
to the (252pi2)1 — 1s* and (252p32); — 1s® transitions,
which represent the strongest ones with K,, emission. The
TEOP transitions in the lowest order of the QED perturba-
tion theory are described by the Feynman graphs depicted
in Fig. 1. In particular, the (2s2p) — (1s)? + y transition is
represented by these Feynman graphs, where (ab) = (252p)
and (a'b’) = (1sls). In this case, the initial state is an autoion-
izing state and, in the summation over the complete Dirac
spectrum, there are intermediate continuum states (e,) with
the energies &, > m,c? such that ey, + €2, & &5 + &,,. For the
TEOP transitions, such states are of importance since they par-
ticipate in a channel of the (2s2p) — (Is, ¢,) — (1s)> +y
decay. In order to take into account the region of these states,
a special method was developed. This region of the continuum
states is absent in the previous calculations using GRASP [5,6].

©2021 American Physical Society
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FIG. 1. The Feynman graphs corresponding to the lowest order
of the QED perturbation theory contributing to the TEOP transitions
with one-photon emission, where k and A are 4-momentum and
polarization of the photon, respectively. The index n denotes the
summation and integration over the complete Dirac spectrum.

Below, we present the exact QED method for calculating
the TEOP transition probabilities and analyze the numerical
results.

II. METHOD OF CALCULATIONS

The autoionizing states are usually quasidegenerate. Ac-
cordingly, the quasidegenerate QED perturbation theory
should be used for the description of the TEOP transitions.
For this purpose, we use the line-profile approach (LPA)
[20,21]. Within the LPA, the reference states (the initial and
final states) are associated with certain positions of resonances
in some process of scattering (usually the photon scattering
is considered). The positions of the resonances depend on
the properties of the scattering process. In order to describe
the reference states by only two parameters (the energy and
width), it is necessary to use an approximation—the resonant
approximation. In this approximation, the line profile is in-
terpolated by a Lorentz profile which is characterized by the
position of resonance and its width.

For the application of the quasidegenerate perturbation
theory within the LPA, the infinite matrix V = V© 4 AV is
introduced. The matrix V(? is a diagonal matrix and its matrix
elements have the following form:

Vi = (WO, 1) By, + by, [ W1, 1)), (D)

where indices u = (J,M,, u;, up) and d = (JuMy, d, d») rep-
resent complete sets of the quantum numbers describing
two-electron states, and u; = (ny, j,l,,) and d; = (ng, jala)
denote sets of the quantum numbers describing one-electron
states (n, j, and [ are the principal quantum number, the
total angular momentum, and the orbital angular momentum,
respectively). The two-electron wave functions W% in the j-j
coupling scheme read

\I-lr(lo)(rl,rz) =N Z Cj’}wj"’ (m,,lmn2)

m/!] m/lz

x det {Yu, (r1). ¥, (r2)} 2)

where CJ’,‘MJ2 (my, my,) are the Clebsch-Gordan coefficients, N

is a normalization constant, and ,, and i,, are the one-
electron Dirac wave functions corresponding to energies &,
and ¢,,. In Eq. (1), by = ap + B — % is the Dirac Hamilto-

nian, « is the fine structure constant, and 8, « are the Dirac
matrices. The relativistic units (7 =c¢ = m, = 1) are used
throughout, unless otherwise stated.

Matrix AV contains a small parameter of the QED pertur-
bation theory. In the present work, AV is formed by the matrix
elements of the one- and two-photon exchange corrections,
the electron self-energy, and vacuum polarization corrections.
For the considered process, the most important correction is
the one-photon exchange. The matrix elements of AV corre-
sponding to this correction are expressed as

(AV'™)y = (WO, )| a2, (|6 — €4

) ’”12)
X |\IJ;O)(r1 , rz)), 3)

where «” = (1, &), and /,,,, denotes the photon propagator
which, in the Feynman gauge, is given by

8w, €XP (IR2712)

Ivlvz(Qs rp) = .
12

“)
where rj, = |[ry —rp|,and g,,,, = (1, —1, —1, —1) is the met-
ric tensor. The other corrections such as two-photon exchange
corrections, the electron self-energy, and vacuum polarization
corrections are taken into account in a similar way [20].
Following LPA, we introduce the finite set of two-electron
configurations (g), which includes all the two-electron config-
urations composed of a certain set of electrons (for example,
1s, 2s, 2p, 3s, 3p, 3d electrons). The set g should include con-
figurations with energies close to the energy of a reference
state ng, which is the initial or final state of the considered
process. The matrix V can be presented as a block matrix [20],

v [vn V12i| _ [vl(f” + AV AVpp

5
Vor Vo AVy, V2(20) + AVZZ] )

where matrix Vj; is defined on the set g, which contains
configurations mixing with the reference state n, € g. Matrix
V11 is a finite matrix and can be diagonalized numerically,

Vi =BV B, BB=I. (6)

Then, the standard perturbation theory can be applied for the
diagonalization of the infinite matrix V. The initial and final
states are described by the corresponding eigenvectors of this
matrix [20],

@, =) B Y+ Y [AVly,

keeg k¢gl.eg
B
x Dy O )

where ng, = (JM, nyjili, nyjolb) is a complete set of quan-
tum numbers describing the reference state, and indices &,
I, describe the two-electron configurations: the index I, runs
over all configurations of the set g; the index k runs over
all the configurations not included in the set g (this implies
integration over the positive- and negative-energy continuum).
Here, the two-electron wave functions W(? are the Slater de-
terminants in the j-j coupling scheme, and the corresponding
energies £ are the sum of the one-electron Dirac energies.
The energies E,, are the eigenvalues of the matrix Vi;.

The first term in Eq. (7) corresponds to the zeroth order
of the quasidegenerate perturbation theory and describes the
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correlation between the configurations included in the set g,
which is expressed in the matrix B. The second term in Eq. (7)
determines the first order of the quasidegenerate perturbation
theory and describes the correlation of the reference state with
all other configurations which are not included in the set g. We
note that the set g is chosen so that the denominators in Eq. (7)
are large enough for the convergence of the perturbation the-
ory. Both terms take into account the higher-order corrections
of the standard QED perturbation theory. For regular transi-
tions, if the set g is large enough, the first term provides high
accuracy. However, in the case of special transitions such as
TEOP, the second term can make a significant contribution to
the transition probabilities and should be taken into account.

If the reference state n, is an autoionizing state, then in the
continuous part of the Dirac spectrum there is a one-electron
state with the energy such that the corresponding two-electron
energy E,go) is close to E,, . This leads to an appearance of
small values in the denominator in Eq. (7). During the inte-
gration over the continuous part of the spectrum, we can see
considerable cancellation in the contributions of the energy
regions below and above E, . We note that the autoionizing
states have nonzero widths (I',, = —2Im({E,,,}), and there is
no divergence in the integration over the continuous part of
the Dirac spectrum.

In the present work, the summation over the complete
Dirac spectrum was performed using a finite basis set for the
Dirac equation constructed from B-splines [22,23]. The size
of the basis set is chosen as N & 100. In the framework of this
method, the ion is considered enclosed within a sphere with
the finite radius R ~ 100/(«Z) r.u. Accordingly, the Dirac
spectrum (&,) is replaced by a finite number of pseudostates
(with energies ¢®N)) for fixed angular quantum numbers: N
positive-energy states and N negative-energy states [22]. The
low-lying positive-energy states accurately describe the corre-
sponding Dirac states (g, ~ ¢{®N)). The B-spline states with
energies £fN) > m,c? and e®N) < —m,c? do not describe
physical states, but describe the B-spline approximation of
the continuum part of the Dirac spectrum. These B-spline
states significantly depend on both the radius R and the size of
the basis N. The corresponding two-electron energies E &)
also depend on R and N. Hence, the denominators in Eq. (7)
continuously depend on R. We note that if the reference state
is not an autoionizing state, then the result of the summation
does not depend on R. However, in the case of the autoionizing
states, special attention should be paid to the energy region in
which the denominator becomes small and the considerable
cancellation mentioned above takes place. The implementa-
tion of this cancellation can be done in two ways. The first
one is to adjust the radius R so that Re{E, } = (E,gR’N )+
Eriifv ))/2. The cancellation between the n and n + 1 terms
implements the mentioned cancellation in the continuous part
of the Dirac spectrum. This approach was successfully used in
[24] for calculation of the energy levels of autoionizing states.
The second way is to adjust the radius R so that Re{E, } =
E®N) and to exclude the corresponding term from the sum-
mation. In this case, the cancellation betweenn — 1 and n + 1
takes place. In the present work, we used the second approach.
We found that the second method is more convenient for
dealing with complex values. The result of the summation is

stable for R and N if the appropriate fine adjustment procedure
is followed.

The amplitude of the one-photon transition is given as a
matrix element of the photon emission operator (&), with
the bra and ket vectors given by the functions & in Eq. (7)
corresponding to the initial and final states, respectively,

U = (®™[2]0™M). ®)

The operator & is constructed using perturbation theory
[20,21]. In this work, we consider this operator in the zeroth
order. The contribution of the first order is small and can
be neglected [21]. The zeroth order of operator E can be
represented by its matrix elements which read

By = A, Susds + €Al Suva )

L-‘Ll]ledldz uldl uzdz

where uy, u,, di, d, are one-electron states with certain total
angular momentum and parity, and the one-electron matrix

elements AMZ’M* are defined as
Ay = / Ery, Oy AR Oy, (10)

The photon wave function A®*Y = (V&2 A®L)Y) ip the ve-
locity (transverse) gauge can be written as

o
VEDE) =0, ARV = [Teke® (11
w

where k is the photon wave vector, w = |k| is the frequency,
and e™ is the polarization vector with the polarization A.
For the description of autoionizing states, the quasidegenerate
QED perturbation theory is utilized. In particular, we partly
take into account the higher orders of the standard QED per-
turbation theory. In the general case, this leads to a violation
of gauge invariance for a fixed order of the quasidegenerate
QED perturbation theory. The violation of gauge invariance
is explained by the higher-order corrections [20] and can be
used to estimate the contribution of the higher orders of the
employed perturbation theory.

We also use the following gauge transformation for the
photon wave function in Eq. (11):

2r .
vk _ G /;nezkr’ (12)

o
A®D = (@ 4 Gp) ge”", (13)

where v = k/w and G is an arbitrary gauge parameter which
is set equal to G = 1. The velocity gauge is given by G = 0.

The transition probability is connected with the amplitude
as

&k
AWy = 2 8(E; — Ep)|U&D? (14)

@n)y’
where E; and E are the energies of the initial and final states
of the system, respectively. The total transition probability
involves the integration over the photon momentum (k), the
summation over the photon polarizations (1), the averaging
over the projections of the total angular momentum of the
initial state (M;), and summation over the projections of the
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final state (M),

1 2
W, d*v vkt s
= 2i+1 (271)2/ Z| if (15)

The integration over k and the summation over A can
be performed analytically [25]. For this purpose, the wave
functions of the photons with certain £ and A are expressed
in terms of the wave functions of the photons with certain
angular momentum (), its projection (m), and type of pho-
tons (electric photons [§ = 1] and magnetic photons [§ = 0]).
After the integration over k and the summation over X, the
total transition probability can be written as

oo Z Ui

where the expression for Ui(fj’l’g) is given by Egs. (8)—(10)
where, in E(}E (10), the 4-vector A®MV is substituted by

Wi = (16)

Afn Mo W A;EIM) ). The magnetic photon wave func-
tions read
Vin(r, ) =0, (17)
M 2
A}, (r,o) = Zgj(wr)ijm(n), (18)

where g;(x) = 4mj;(x), jj(x) is the spherical Bessel func-
tion [26], and Y j;,,(n) denotes the vector spherical harmonics
[27] depending on angles n = r/|r|. The electric photon wave
functions in the velocity gauge are

VE(r,w) =0, (19)

jm

. :
A]}:m(i‘, w)=,/— i {,/ 2 ]—i- 18;+1(wV)ij+1m(”)
1
—,/2]]++ng (@r)Y lm(n)} 20)

For investigation of the gauge invariance, the results of the
calculation in the velocity (transverse) gauge are compared
with the ones obtained in the length (nontransverse) gauge.
The length gauge can be derived from the velocity gauge by
the following transformation in the momentum representa-
tionnA - A +vx(k,t),V -V + x(k,t), with

1
x (k1) = 5w — kD, [ L1 j Ve @, Q1)

where Y;,,(v) is the spherical harmonics [27]. This transfor-
mation affects only the electrlc photons. Accordingly, in the
length gauge, the 4-vector AEY appears as

jm

2
VE(r o) = —/ ”,/’Jr g (@), (22)
27 [2j+1
Aﬁ)(r,a))z il J_,i_ gj+1(@r)Y jirim(n). (23)
o\

To analyze the obtained results, we also performed cal-
culations taking into account only the first term in Eq. (7).

This corresponds to the zeroth order of quasidegenerate per-
turbation theory. The zeroth-order transition probabilities are
denoted as Wj.

III. RESULTS AND DISCUSSION

We consider TEOP transitions from autoionizing LL states
to the ground state of He-like ions. In Table I, we present
the corresponding transition probabilities for the states with
nonzero total angular momentum (J # 0) for He-like ions
of boron, neon, argon, krypton, xenon, tungsten, and ura-
nium (states with J = 0 do not decay to the ground state by
one-photon emission). In the first column, the initial states
are indicated. The second and third columns give the ener-
gies (E) and the total widths (I") of the initial states. The
calculation takes into account the one- and two-photon ex-
change corrections as well as the electron self-energy and
vacuum polarization corrections. The higher-order corrections
are also partly taken into account. The total widths (I") of
the autoionizing states include both the radiative and Auger
widths. The fourth column presents the energies of the emitted
photons. In the next six columns, we present the transition
probabilities calculated within three gauges: velocity gauge
WY and W), length gauge (W."' and W1)), and gauge
with G = 1 (W °=" and W(G=D). The gauge parameter G is
introduced in Eqs. (12) and (13). The values W(V) W(L) and

WO(G D correspond to the calculations performed within the
framework of the zeroth order of the quasidegenerate pertur-
bation theory, while W™, W®) and W¢=D correspond to
the full calculation [see Eq. (7)]. We note that the considered
gauges make it possible to check the gauge invariance of the
electric transitions, while the magnetic transitions remain un-
changed. Therefore, the magnetic-transition probabilities are
given in only one gauge in Table I. To compare the intensities
of the TEOP transitions with those for other transitions, we
present the branching ratio I'rgop/I" and the intensity ratio
I'reop/Torop, Where I'rgop is related to the TEOP transition
probability as I'rgop = AW Y and I'ogep denotes the radiative
widths corresponding to all possible one-electron one-photon
(OEOQOP) transitions.

The difference between Wy and W shows the importance of
the first order of the quasidegenerate perturbation theory. The
individual contributions of the zeroth and first orders can vary
greatly in different gauges. The application of the quaside-
generate perturbation theory leads to the violation of gauge
invariance since the calculations partly take into account the
higher orders of the interelectron interaction. Accordingly,
the results of the full calculations may be gauge dependent.
The difference between the full calculations in the considered
gauges can be used to estimate the calculation accuracy, which
is determined by the higher-order contributions of the used
perturbation theory. The interelectron interaction is more im-
portant for light ions than for heavy ones. Therefore, the used
perturbation theory works better for heavier ions. Moreover,
the convergence of the perturbation theory may be different
for various gauges and for various transitions. In particular,
for uranium ion, the relative differences between results in
various gauges are <0.1% and <1.8% for the E1 transitions
from the (252p3,,)1 and (2s2p,2); states, respectively, and
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TABLE 1. The TEOP transition probabilities to the ground state for LL states of He-like ions. The first column indicates the LL states.
The second and third columns present the energies AE (AE = E — 2m,c?, where E is the full energy of the state) and total widths I' of the
corresponding states. Column 4 gives the transition energies (w). The next six columns present the TEOP transition probabilities to the ground
state calculated in the three different gauges: velocity gauge (W, '’ and W), length gauge (W™’ and W), and gauge with G = 1 [W,="
and W@=D; see Egs. (12) and (13)]. Subscript 0 at W, denotes that the calculation was performed within the zeroth order [the first term in
Eq. (7)], while values without this subscript correspond to the full calculation. The last two columns contain the branching ratio I'rgop/I" and
the intensity ratio I'rgop/Iorop, Where I'rgop = AW and Toop is the radiative width corresponding to all of the one-electron one-photon
transitions.

Initial AE r o W, w™ W, w® W=D we=n Trrop [rrop
state (keV) (€eV) (keV) (s™ s™h s™h s™ s™h s™h r Corop
Z=5
(252p1 ) —0.15275 0.008 0.44666 1.632[4] 1.202[4] 5.607[3] 1.288[4] 1.771[4] 1.202[4] 9.72[—10] 3.29 [—8]
(252p3p2)1 —0.14626  0.110  0.45315 3.106 [9] 2.037[9] 1.161[9] 2.422[9] 3.341[9] 2.045[9] 1.22[=5] 5.51[=3]
(252p3;2),  —0.15274  0.008  0.44667 1.901[2] 6.974[1] 571 [—12] 1.91[—10]
(2p1p2psa)n —0.14878 <0.001  0.45063 5.735 [-2] 2.131 [—2] 2.95 [—14] 2.95 [—14]
(2p1a2p3p), —0.14687 0203 0.45253 4186 [1]  3.314[4] 7.383[5] 2.326[3] 4.849[5] 4.516[4] 1.08[—10] 4.68 [—8]
(2p3p)? —0.14876 <0.001  0.45065 2.739 [—3] 1.145[0] 2.839[1] 2.786[—2] 1.856[1] 1.692[0] 1.56[—12] 1.59 [—12]
Z=10
(2s2p12)1 —0.64577 0.013  1.91214 3.203[6] 2.283[6] 1.032[6] 2.500[6] 3.502[6] 2.285[6] 1.15[=7] 3.77 [=7]
(252p3)2)1 —0.63129 0.126 192662 1.332[10] 9.145[9] 4.872[9] 1.028 [10] 1.436[10] 9.162[9] 4.79 [-5] 1.50 [—3]
(252ps;2),  —0.64548 0.013  1.91243 1.573[4] 5.517 [3] 2.89 [—10] 9.12 [—10]
Q2pia2psp)n —0.63727  0.008  1.92064 1.950[1] 8.084 [0] 6.70 [—13] 6.70 [—13]
(2p1a2psp), —0.63244 0232 1.92547 3.171[1] 9.643[5] 1399[7] 6.655[5] 9.299[6] 9.827[5] 2.74[-9] 8.05 [—8]
2p3)} —0.63702 0.008 1.92089 2.906 [—1] 1.759 [3] 2.786[4] 1.157[3] 1.846[4] 1.801[3] 1.38 [—10] 1.46 [—10]
Z=18
(252p1)2)1 —2.14979  0.054 6.39711 3.001 [8] 2.154[8] 9.934([7] 2.309[8] 3.272[8] 2.155[8] 2.62[—6] 3.33[—6]
(252p3p) —2.12077 0.169 6.42613 4.536 [10] 3.203 [10] 1.638 [10] 3.465 [10] 4.898 [10] 3.206 [10] 1.25 [—4] 4.96 [—4]
(252ps;n),  —2.14655 0.052  6.40035 6.256 [5] 2.148 [5] 2.74[-9] 3.34[-9]
Qpia2psp) —2.13149  0.085 6.41541 2.408 [3] 1.114[3] 8.65[—12] 8.65[—12]
2p1a2p3p): —2.12912 0.100  6.41777 9.075[0] 6.881[5] 1.142[7] 5.986[5] 7.600[6] 6.902[5] 4.53[-9] 5.35[-9]
(2p3p)? —2.12024 0302 6.42666 1.968 [1] 1.031[7] 1.611[8] 9.061[6] 1.074[8] 1.033[7] 2.25[—8] 8.04 [—8]
Z =136
(2s2p12)1 —8.86672 0.725 26.36484 2.887 [10] 2.110[10] 9.840[9] 2.198 [10] 3.137[10] 2.110[10] 1.91 [=5] 2.01 [—=5]
(252p32)1 —8.75552  0.792 26.47603 1.761 [11] 1.287[11] 6.561 [10] 1.346 [11] 1.894 [11] 1.288 [11] 1.07 [—4] 1.25 [—4]
(252p3n),  —8.80072  0.687 26.43083 4.914[7] 1.659 [7] 1.59[—8] 1.62[-8]
Qpia2psp) —8.77044 1367 2646111 6209 [5]  3.995 [5] 1.92 [—10] 1.92 [—10]
(2p122pspn); —8.75962 1495 2647193 1.119[4] 5.287[7] 2.045[9] 5.000([7] 1.360[9] 5.290[7] 233[—8] 2.55[—8]
(2p3p)} —8.68575 1.453 26.54580 7.193[3] 4.899[7] 1.628[9] 4.659[7] 1.085[9] 4.901[7] 2.22[—8] 2.39 [—8]
Z =54
(2s2p1p) —20.6452  3.617 60.9258 1.592[11] 1.174[11] 6277 [10] 1.202 [11] 1.703 [11] 1.175 [11] 2.14 [=5] 2.18 [—5]
(252p3pp) —20.1851  3.463 61.3858 3.832[11] 2.922[11] 1.798 [11] 3.032 [11] 4.024 [11] 2.923 [11] 5.55[-5] 5.73 [-5]
(252p3)s —20.2494 3372 613215 6.773[8] 2.333 (8] 455[—8] 4.57 [—8]
(2p122p3p) —20.2048 6906 61.3662 1.416[7] 1.513[7] 1.44 [—=9] 1.44 [—9]
(2p122p3n)2 —20.1889  7.051 61.3821 3.555[5] 1.133[8] 1.537[10] 1.108 [8] 1.026[10] 1.135[8] 1.06[—8] 1.08 [—8]
2p3p)? —19.7764  6.784 61.7946 2.214[5] 8.396([7] 7.735[9] 8.788[7] 5.143[9] 8.416[7] 8.15[-9] 8.24[-9]
Z =74
(252p1p)1 —40.9132  12.88 119.0230 4.970[11] 3.557 [11] 2.590 [11] 3.549 [11] 5.167 [11] 3.557 [11] 1.82[—5] 1.84 [—5]
(252p3p)1 —39.2130  11.54 1207232 7.868 [11] 6.404 [11] 5.573 [11] 6.451 [11] 7.978 [11] 6.405 [11] 3.65 [-5] 3.69 [—5]
(252p3;2),  —39.3046 1145 120.6316 5.565[9] 2.064 [9] 1.19[=7] 1.19[=7]
(2p122p3p) —39.2494 2416 120.6868 1.191[8] 2.767 [8] 7.54[-9] 7.54[-9]
(2p122p3p)2 —39.2314 2430 1207048 1390[7] 1.508[9] 6.266 [10] 1.413[9] 4.277[10] 1.510[9] 4.09 [—8] 4.11 [—8]
(2p3p)? —37.5940 22.89 1223422 2.376[6] 5.995[8] 2.544[10] 5.666 [8] 1.687[10] 6.001 [8] 1.72[—8] 1.73[—8]
Z=92
(252p1a)1 —67.8558  31.34 1935296 1.152[12] 7.454 [11] 7.639 [11] 7.320 [11] 1.174 [12] 7.454 [11] 1.57 [-5] 1.58 5]
(252pspp) —63.2680 2619 198.1173 1386 [12] 1.213 [12] 1.481[12] 1.215[12] 1.389[12] 1.213 [12] 3.05[—5] 3.06 [—5]
(252p3n),  —63.3917  26.06 197.9936 2559 [10] 1.066 [10] 2.69 [-7] 2.70 [-7]
(2p122p3p)1 —63.3554 5691 198.0300 4.181[8] 2.280 [9] 2.64 [—8] 2.64[—8]
(2p122p3)2 —63.3397  57.03  198.0456 2.367[8] 1.217[10] 1363 [11] 1.171 [10] 9.821 [10] 1.218 [10] 1.40 [=7] 1.41 [—7]
(2p3p)} —58.8286 51.94 202.5567 8.687[6] 3.978[9] 4.379[10] 3.813[9] 2.895[10] 3.980[9] 5.04 [—8] 5.05[—8]
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TABLE II. The transition probabilities for the (252p3/,), state of the He-like sequence of atomic ions. The first column presents atomic
number Z of the ion; the second and third columns present the energies AE (AE = E — 2m,c?, where E is the full energy of the state) and
widths T" of the (252p3/,), state. Columns 4 and 5 correspond to TEOP transitions to the ground state, where w is the transition energy and W
is the TEOP transition probability in the velocity gauge. Further, columns 6 and 7 contain the branching ratio I'rgop/I" and the intensity ratio
I'teop /T orop. The last four columns correspond to transitions with final (1s2s), and (1s2s), states, where w is the transition energy and W is
the OEOP transition probability. The values marked by superscript letters a—e are taken from works [4], [5], [6], [8], and [7], respectively.

Initial state Final state
(252p3 2 (1s)? (Ls2s)o (Ls2s),
AE r w w FTEOP FTEOP w w w w
zZ (keV) (eV) (keV) (s r Corop (keV) s™h (keV) s™h
5 —0.14626 0.110 0.45315 2.04 [9] 1.22 [-5] 5.51[-3] 0.25034 3.51 [11] 0.25470 1.06 [6]
0.45294% 2.64[9]* 0.25015*  3.58[11]*
0.452658>  1.268[91° 3.517[117° 9.442[51°
6 —0.21599 0.114 0.66595 3.03 [9] 1.75[-5] 3.92[-3] 0.36156 7.44[11] 0.36709 6.30 [6]
0.665436°  1.703[9]° 7.459[111° 6.045[61°
0.36135¢  7.57[11]4 0.366774 8.17[6]¢
7 —0.29934 0.118 0.91965 4.24 19] 2.36 [—5] 294 [-3] 0.49325 1.40 [12] 0.49995 2.94 (7]
0.919113>  2.409[9]° 1.401[121° 2.880[7]°
0.493049  1.42[12]¢ 0.499664 3.69[7]¢
8 —0.39632 0.120 1.21431 5.66 [9] 3.09 [-5] 2.29[-3] 0.64542 2.41[12] 0.65332 1.11 [8]
1.213744%  3.117[9]° 2.413[12]° 1.110[8]°
0.64523%  2.44[12]¢ 0.653054 1.37[8]¢
9 —0.50697 0.123 1.54995 7.29 [9] 3.90[-5] 1.83[-3] 0.81811 3.89 [12] 0.82721 3.64 [8]
1.549366°  3.918[9]° 3.893[12]° 3.634[8]°
0.81792¢  3.93[12]¢ 0.826964 4.35[8]4
10 —0.63129 0.126 1.92662 9.15 [9] 479 [-5] 1.50[-3] 1.0113 5.96 [12] 1.0216 1.05 [9]
1.92666* 1.269[10]* 1.01129*  6.00[12]*
1.926027°  4.813[9]° 5.964[12]° 1.046[91°
1.92600° 6.030[9]° 1.01114¢  5.661[12]° 1.02197¢ 8.316[8]°
1.01124 6.02[12]¢ 1.02144 1.22[9]¢
11 —0.76930 0.129 2.34438 1.12 [10] 5.74[-5] 1.26[-3] 1.2251 8.76 [12] 1.2367 2.73 [9]
12 —0.92103 0.132 2.80329 1.35[10] 6.74 [-5] 1.07[-3] 1.4595 1.25[13] 1.4723 6.50 [9]
2.802706°  6.899[9]° 1.246[131° 6.466[91°
1.45944 1.26[13]4 1.47214 7.33[9]¢
13 —1.08650 0.136 3.30358 1.60 [10] 7.77 [-5] 9.17 [—4] 1.7147 1.72 [13] 1.7287 1.44 [10]
14 —1.26573 0.140 3.84505 1.88 [10] 8.81[—5] 7.97[—4] 1.9904 2.32[13] 2.0057 3.00 [10]
3.843901°  9.391[91° 2.318[137° 2.983[10]°
3.84442¢ 1.232[10]¢ 1.99022¢  2.237[13]° 2.00604¢ 2.736[10]°
1.9903¢ 2.35[13]¢ 2.0055¢ 3.31[101¢
15 —1.45874 0.146 4.42791 2.17 [10] 9.82 [—5] 7.00[—4] 2.2869 3.06 [13] 2.3035 5.92 [10]
4.42864* 3.04[10]* 2.28728*  3.09[13]*
16 —1.66556 0.152 5.05225 2.49 [10] 1.08 [—4] 6.20[—4] 2.6043 3.96 [13] 2.6221 1.11[11]
17 —1.88622 0.160 5.71817 2.84 [10] 1.17 [—4] 5.53[—4] 2.9424 5.05[13] 2.9615 2.01[11]
18 —2.12077 0.169 6.42613 3.20 [10] 1.25[—4] 4.96 [—4] 3.3017 6.35 [13] 3.3221 3.49 [11]
6.424385"  1.568[10]° 6.346[13]° 3.465[11]°
6.42541¢ 2.077[10]¢ 3.30140°  6.178[13]° 3.32240¢ 3.318[11]°
3.3015¢ 6.47[13]¢ 3.3219¢ 3.75[111¢
19 —2.36920 0.179 7.17561 3.59[10] 1.32[—4] 4.48[—4] 3.6818 7.88 [13] 3.7035 5.86 [11]
20 —2.63156 0.191 7.96702 4.00 [10] 1.38 [—4] 4.06 [—4] 4.0830 9.65 [13] 4.1060 9.53 [11]
7.96916% 5.56[10]* 4.08394*  9.84[13]*
7.967522Y  1.945[10]° 9.646[13]° 9.472[11]°
7.96643¢ 2.587[10]¢ 4.08273¢  9.419[13]¢ 4.10639¢ 9.153[11]¢
4.0828¢ 9.87[13]¢ 4.1059¢ 1.01[12)¢
21 —2.90788 0.205 8.80049 4.43 [10] 1.43 [—4] 3.70[—4] 4.5053 1.17 [14] 4.5296 1.51[12]
22 —3.19820 0.221 9.67616 4.89 [10] 1.46 [—4] 3.39[—4] 4.9488 1.41[14] 4.9745 2.32[12]
9.674753*  2.368[10]° 1.404[141° 2.306[12]°
4.94884 1.44[14]¢ 4.97464 2.45[12]¢
23 —3.50260 0.239 10.59490 5.36 [10] 1.48 [—4] 3.11[—4] 5.4140 1.67 [14] 5.4411 3.48[12]
24 —3.82103 0.259 11.55556 5.85[10] 148 [—4] 2.86[—4] 5.9003 1.97 [14] 5.9288 5.11[12]
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TABLE II. (Continued.)

Initial state

Final state

(252p3 o) (1s)? (Ls2s)o (Ls2s),
AE r w w FTEOP m w w w w
z  keV) @) (keV) ™ r Foror  (keV) ™ (keV) ™
25 —4.15357 0.283 12.55891 6.36 [10] 148 [—4] 2.64[-4] 6.4081 2.31[14] 6.4381 7.33 [12]
26 —4.50026 0.309 13.60513 6.88 [10] 1.47[-4] 2.45[-4] 6.9375 2.69 [14] 6.9689 1.03 [13]
13.60968* 9.42[10]* 6.93967*  2.78[14]*
13.604082"  3.342[10]° 2.683[14]° 1.025[13]°
13.60475¢ 4.346[10]° 6.93735¢ 2.636[14]° 6.96945¢ 1.005[13]°¢
6.93764 2.79[1471¢ 6.9690¢ 1.08[13]¢
27 —4.86114 0.338 14.69441 7.42 [10] 1.44 [—4] 2.27[—4] 7.4887 3.10 [14] 7.5215 1.42 [13]
28 —5.23632 0.371 15.82809 7.98 [10] 1.41[-4] 2.11[-4] 8.0623 3.56 [14] 8.0966 1.92 [13]
15.832492 1.087[11]* 8.06454*  3.71[14]*
15.82642¢ 3.875[10]¢ 8.06192¢  3.561[14]° 8.09666° 1.911[13]°
15.82711¢ 5.001[10]°¢ 8.06175¢  3.496[14]° 8.09683¢ 1.881[13]°¢
8.0620¢ 3.72[14]1¢ 8.0964¢ 2.02[13]¢
29 —5.62570 0.408 17.00424 8.54 [10] 1.38 [—4] 1.96 [—4] 8.6573 4.06 [14] 8.6932 2.56 [13]
17.00344¢ 5.338[10]°¢ 8.65688°  3.990[14]° 8.69348¢ 2.505[13]°¢
30 —6.02938 0.448 18.22411 9.08 [10] 1.33[—4] 1.82[—4] 9.2745 4.60 [14] 9.3119 3.35[13]
18.22352¢ 5.682[10]° 9.27413°  4.529[14]° 9.31228°¢ 3.283[13]°
9.27454 4.86[14]4 9.31194 3.52[13]¢
31 —6.44747 0.493 19.48783 9.68 [10] 1.29 [—-4] 1.71[—4] 9.9139 5.20 [14] 9.9528 4.31[13]
32 —6.87998 0.543 20.79569 1.03 [11] 1.25[—4] 1.60[—4] 10.576 5.84 [14] 10.616 5.48 [13]
33 —7.32707 0.597 22.14970 1.09 [11] 1.20[—4] 1.50[—4] 11.261 6.53 [14] 11.303 6.87 [13]
34 —7.78861 0.656 23.54681 1.15[11] 1.16 [—4] 1.41[—4] 11.968 7.28 [14] 12.012 8.50 [13]
35 —8.26474 0.721 24.98882 1.22 [11] 1.11[—-4] 1.33[-4] 12.698 8.08 [14] 12.743 1.04 [14]
36 —8.75552 0.792 26.47603 1.29 [11] 1.07 [-4] 1.25[—4] 13.450 8.94 [14] 13.498 1.26 [14]
26.47588¢ 7.897[10]° 13.45021¢ 8.817[14]°¢ 13.49825¢ 1.245[14]¢
13.4514 9.69[14]¢ 13.498¢ 1.35[14]¢
37 —9.26103 0.869 28.00871 1.36 [11] 1.03[—4] 1.18[—4] 14.226 9.86 [14] 14.275 1.51[14]
38 —9.78146 0.952 29.58962 1.43[11] 9.87 [-5] 1.12[—4] 15.027 1.09 [15] 15.078 1.80 [14]
39 —10.31663 1.042 31.21442 1.50 [11] 9.47 [-5] 1.06[—4] 15.850 1.19 [15] 15.902 2.12 [14]
40 —10.86672 1.139 32.88562 1.57 [11] 9.10 [-5] 1.01[—4] 16.697 1.30 [15] 16.751 2.48 [14]
41 —11.43182 1.244 34.60356 1.65[11] 8.74 [-5] 9.59[-5] 17.567 1.42 [15] 17.623 2.87 [14]
34.60361¢ 1.002[11]° 17.56701¢  1.405[15]° 17.6242¢ 2.884[14]°
42 —12.01201 1.357 36.36857 1.73 [11] 8.40[—5] 9.14[-5] 18.462 1.55[15] 18.520 3.31[14]
43 —12.60754 1.478 38.18432 1.81[11] 8.08 [-5] 8.72[-5] 19.383 1.68 [15] 19.443 3.79 [14]
44 —13.21816 1.607 40.04492 1.90 [11] 7.77 [-5] 8.34[-5] 20.326 1.83 [15] 20.388 4.32 [14]
45 —13.84413 1.746 41.95376 1.99 [11] 7.49 [-5] 798 [-5] 21.295 1.98 [15] 21.359 4.90 [14]
46 —14.48554 1.894 4391119 2.08 [11] 7.22 [-5] 7.65[-5] 22.288 2.14 [15] 22.354 5.52 [14]
47 —15.14247 2.052 4591768 2.17 [11] 6.96 [—5] 7.35[-5] 23.307 2.31[15] 23.375 6.20 [14]
45.9188¢ 1.313[11]° 23.30707¢  2.283[15]¢ 23.37657¢ 6.141[14]¢
48 —15.81521 2.220 47.97775 2.26 [11] 6.72 [-5] 7.05[-5] 24.353 2.49 [15] 24.424 6.93 [14]
49  —16.50353 2.398 50.08396 2.36 [11] 6.49 [-5] 6.79 [-5] 25.423 2.69 [15] 25.496 7.71 [14]
50 —17.20767 2.588 52.24051 2.47 [11] 6.28 [-5] 6.55[-5] 26.519 2.89 [15] 26.595 8.55[14]
51 —=17.92777 2.788 54.44794 2.58 [11] 6.08 [-5] 6.32[-5] 27.642 3.10[15] 27.719 9.45 [14]
52 —18.66392 3.001 56.70665 2.69 [11] 5.89 [-5] 6.11[-5] 28.791 3.33 [15] 28.871 1.04 [15]
53 —19.41648 3.226 59.02240 2.80[11] 5.72[-5] 591[-5] 29.970 3.56 [15] 30.052 1.14 [15]
54 —20.18513 3.463 61.38580 2.92 [11] 5.55[=5] 5.73[-5] 31.173 3.81[15] 31.258 1.25 [15]
55 —=20.97021 3.714 63.80221 3.05[11] 540 [-5] 5.55[-5] 32.404 4.07 [15] 32.491 1.37 [15]
56 —21.77184 3.978 66.27210 3.17[11] 5.25[-5] 5.39[-5] 33.663 4.35[15] 33.753 1.49 [15]
57 —22.59017 4.255 68.79617 3.31[11] 5.11[=5] 5.24[-5] 34.950 4.64 [15] 35.043 1.62 [15]
58 —23.42554 4.548 71.38098 3.44[11] 498 [-5] 5.10[-5] 36.269 494 [15] 36.364 1.76 [15]
59 —24.27769 4.855 74.01560 3.59[11] 4.87[-5] 4.97[-5] 37.614 5.26 [15] 37.712 1.90 [15]
60 —25.14696 5.177 76.70625 3.74 [11] 475 [-5] 4.85[-5] 38.988 5.59 [15] 39.089 2.06 [15]
61 —26.03350 5.515 79.45333 3.89 [11] 4.64 [-5] 4.73[-5] 40.392 5.94 [15] 40.496 2.22 [15]
62 —26.93746 5.869 82.25778 4.04 [11] 454 [-5] 4.62[-5] 41.826 6.30 [15] 41.933 2.39 [15]
63 —27.85929 6.239 85.12839 421 [11] 444 [-5] 4.51[-5] 43.294 6.69 [15] 43.405 2.57 [15]
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TABLE II. (Continued.)

Initial state

Final state

(252p3/2)1 (1s5)? (1s2s)o (152s),
AE r w w FTEOP FTEOP w w w w

z  keV)  @V) (keV) (s r Toror (keV) (s (keV) (s

64 —28.79860 6.627 88.04973 4.38 [11] 4.35[-5] 442[-5] 44.790 7.08 [15] 44.904 2.75 [15]
65 —29.75602  7.032 91.03262  4.55[11] 426[-5] 432[-5] 46.318 7.50 [15] 46.435 2.95[15]
66 —30.73142 7.454 94.07422 4.73 [11] 4.18 [-5] 4.24[-5] 47.877 7.93 [15] 47.997 3.15[15]
67 —31.72527 7.896 97.17853 4.92[11] 4.10[-5] 4.15[-5] 49.469 8.38 [15] 49.593 3.37[15]
68 —32.73767 8356 10035217  5.11[11]  4.02[-5] 4.08[-5] 51.098 8.85[15] 51.226 3.59 [15]
69 —33.76881 8.835 103.58261 5.31[11] 395[-5] 4.00[-5] 52.758 9.34 [15] 52.889 3.82[15]
70  —34.81879 9.334  106.87600 5.51[11] 3.89[-5] 3.93[-5] 54.450 9.84 [15] 54.585 4.07 [15]
71 —35.88801  9.853 11023530  5.72[11] 3.82[-5] 3.87[-5] 56.178 1.04 [16] 56.317 432 [15]
72 —=36.97664 10.393 113.66090 5.94 [11] 3.76 [-5] 3.80[-5] 57.942 1.09 [16] 58.084 4.59 [15]
73 —38.08481 10.954 117.16167 6.17 [11] 371 [-5]1 3.74[-5] 59.745 1.15 [16] 59.892 4.86 [15]
74 —3921296 11.536 120.72321 6.40[11]  3.65[=5] 3.69[—=5] 61.581 1.21 [16] 61.732 5.15[15]
75 —40.36134 12.141 124.35508 6.65 [11] 3.60[-5] 3.64[-5] 63.455 1.27 [16] 63.610 5.45 [15]
76 —41.53000 12.767 128.05628 6.90 [11] 3.55[-5]1 3.59[-5] 65.366 1.33 [16] 65.526 5.76 [15]
77 —42.71947 13417 131.83066  7.16[11]  3.51[=5] 3.54[-5] 67.317 1.40 [16] 67.481 6.08 [15]
78 —43.92943 14.090 135.68517 7.42[11] 347[-5] 3.49[-5] 69.310 1.46 [16] 69.479 6.42 [15]
79 —45.16112 14.786 139.60759 7.70 [11] 343[-5] 3.45[-5] 71.341 1.53 [16] 71.515 6.76 [15]
80 —46.41437 15507 143.60552  7.98[11]  3.39[-=5] 3.41[-5] 73.412 1.61[16] 73.591 7.12 [15]
81 —47.68958 16.252 147.68134 8.27 [11] 335[-5] 3.37[-5] 75.526 1.68 [16] 75.710 7.49 [15]
82 —48.98695 17.023 151.83613 8.55[11] 331[-5] 3.33[-5] 77.683 1.76 [16] 77.872 7.88 [15]
83 —50.30608 17.818 156.07752  8.86[11]  3.27[-5] 3.29[-5]  79.886 1.84 [16] 80.081 8.27 [15]
84 —51.64925 18.640 160.39672 9.19 [11] 324[-5] 3.26[-5] 82.132 1.92 [16] 82.333 8.68 [15]
85 —53.01553 19.488 164.79712 9.52 [11] 321[-5] 3.23[-5] 84.423 2.00 [16] 84.630 9.11 [15]
86 —54.40594 20.362 169.28698 9.86 [11] 3.19[-5] 3.20[-5] 86.763 2.09 [16] 86.975 9.55 [15]
87 —55.82048 21.264 173.86368 1.02 [12] 3.16 [-5] 3.18[-5] 89.150 2.18 [16] 89.369 10.0 [15]

88 —57.25791 22.193 178.53350 1.06 [12] 3.14[-5] 3.15[-5] 91.588 2.27[16] 91.813 1.05 [16]
89 —58.72168 23.150 183.28747 1.09 [12] 3.11[-5] 3.13[-5] 94.073 2.36 [16] 94.305 1.09 [16]
90 —60.21096 24.135 188.13466 1.13 [12] 3.09[-5] 3.10[-5] 96.610 246 [16] 96.848 1.14 [16]
91 —61.72624 25.148 193.07718 1.17 [12] 3.07[-5] 3.08 [-5] 99.199 2.56 [16] 99.445 1.19 [16]
92 —63.26803 26.191 198.11731 1.21 [12] 3.05[-5] 3.06[-5] 101.84 2.66 [16] 102.10 1.25 [16]

are <4.3% for the E2 transitions. For neon ion, the relative
differences are <11% and <8.7% for the E1 transitions from
the (252p3;2)1 and (252p;sp); states, respectively, and are
<34% for the E2 transitions. For the E2 transitions in boron
ion, the relative difference is so large that we conclude that
the perturbation theory does not work (it also manifests itself
in a significant difference between Wy and W). However, the
results for the El transitions in boron are still plausible: the
relative differences are <16% and <7% for (252p3,2); and
(252p1/2)1, respectively.

A feature of the TEOP transitions is that both electrons of
the initial states change their quantum numbers. Hence, the
TEOP transitions proceed due to the interelectron interaction.
The necessity of this interaction makes such transitions con-
siderably weaker than those which can be described without
interelectron interaction. Below, we focus our attention on the
TEOP (252p); — (1s)? transitions which are characterized by
the highest branching ratios.

In Tables II and III, we present the TEOP transition
probabilities for the (252pi/2)1 3P, and (252p3/2)1 lp, states,
respectively, to the ground states (1s)> 'Sy of the He-like
sequence of atomic ions. In order to compare the TEOP
and OEOP transitions, the transition probabilities to the

(1s25)o 'Sp and (1s2s); 35, single excited states are also pre-
sented. We note that for the (252p; 2 ), 3P, state, the transitions
to the (1s2s); 35, state are the main radiative decay chan-
nel, while the transitions to the (1s)2, (1s2s)y 'Sy state are
spin forbidden in the nonrelativistic limit. For the case of
the (252p3/2)1 IP, state, the situation is reversed: the tran-
sitions to the (1s2s)y 'Sy state are the main decay channel
and the transitions to the (1s2s); 35, state are spin forbidden
in the nonrelativistic limit. Accordingly, the TEOP transi-
tion (252p1,2)1 3P — (15)? ISy has an additional smallness
compared to the TEOP transition (252p3,2); P = (15)2 15,
in the region of small Z. In Fig. 2, we present the TEOP
transition probabilities W as a function of Z. In the case
of the spin-allowed (2s52p3,2); P, — (1s)* 'S, transition,
the dependence of W on Z is rather simple: W ~ Z2 [4].
For heavy ions, relativistic effects lead to a deviation of the
Z2 dependence. For the spin-forbidden (252pj,2) P >
(1s)*> 'Sy transition, the dependence on Z is not power
law.

In Fig. 3, we present the relative difference |[W® —
W] /W™ between the values of the transition probabilities
calculated in the velocity and length gauges as a function of
Z. This relative difference can be used for estimation of the
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TABLE III. The same as in Table II, but for the (252p,,); state.

Initial state Final state
(252p1on (1s)? (1s25)g (1s2s),
AE r w w I'reop TI'reop w w w w
zZ (keV) eV) (keV) (sh r Tokop (keV) ™ (keV) ™

5 —0.15275 0.008 0.44666 1.20 [4] 9.72 [—-10] 3.29 [—8] 0.24384 1.48 [6] 0.24821 3.26[11]
0.446197°  7.110[3]° 1.358[61° 3.284[111°

6 —0.22404 0.009 0.65790 4.55 [4] 345[-9] 5.93 [-8] 0.35351 8.40 [6] 0.35904 6.99 [11]
0.657394>  2.276[4]° 8.148[6]° 7.020[117°

0.35363¢  7.66[6]¢ 0.35905¢  7.11[11}¢

7 —0.30896 0.009 0.91003 1.44 (5] 1.01 [-8] 1.01 [-7] 0.48362 3.77[7] 0.49033 1.32 [12]
0.909475*  9.158[4]° 3.724[71° 1.330[12]°

0.48372¢  3.48[7]¢ 0.49033¢  1.34[12]¢

8 —0.40755 0.010 1.20308 3.99 [5] 2.57 [-8] 1.62 [—7] 0.63420 1.38 [8] 0.64210 2.30[12]
1.202496Y  2.497[51° 1.385[81° 2.304[12]°

0.63428¢  1.29[8]¢ 0.64210¢  2.32[12]¢

9 —0.51981 0.011 1.53711 9.98 [5] 5.75[-8] 2.52 [-7] 0.80527 4.42 [8] 0.81437 3.73 [12]
1.536491%  6.060[51° 4.417[81° 3.736[12]°

0.80533¢  4.13[8]¢ 0.81437¢  3.77[12]¢

10 —0.64577 0.013 1.91214 2.28 [6] 1.15[-7] 3.77 [-7] 0.99686 1.2519] 1.0072 5.74 [12]
1.911507°  1.343[6]° 1.246[91° 5.751[12]°
1.91125¢ 1.648[6]° 0.99638°  1.042[9]° 1.00722¢  5.661[12]¢

0.99692¢  1.17[9]¢ 1.00724 5.80[12]¢

11 —0.78544 0.015 2.32825 4.78 [6] 2.08 [—7] 5.37 [-7] 1.2090 3.19 [9] 1.2205 8.48 [12]

12 —0.93886 0.018 2.78547 9.44 [6] 349 [-7] 7.47 [-T] 1.4417 7.50 [9] 1.4545 1.21[13]
2.784820°  5.332[6]° 7.471[9]° 1.210[13]°

1.4418¢ 7.03[9]1¢ 1.45454 1.22[131¢

13 —1.10606 0.021 3.28403 1.76 [7] 5.45[-17] 1.01 [—6] 1.6951 1.64 [10] 1.7091 1.67 [13]

14 —1.28705 0.026 3.82373 3.12[7] 8.06 [—7] 1.33 [—6] 1.9691 3.39 [10] 1.9844 2.26 [13]
3.822746°  1.715[71° 3.375[101° 2.262[13]°
3.82279¢ 1.955[7]¢ 1.96859¢  3.090[10]° 1.98441¢  2.239[13]°

1.96914 3.19[10]¢ 1.98444 2.28[13]¢

15 —1.48188 0.031 4.40477 5.33 [7] 1.14 [-6] 1.72 [-6] 2.2638 6.64 [10] 2.2803 2.99 [13]

16 —1.69058 0.037 5.02723 8.76 [7] 1.55[—6] 2.18 [—6] 2.5792 1.24 [11] 2.5970 3.88 [13]

17 —1.91320 0.045 5.69119 1.39 [8] 2.04 [—6] 2.71 [-6] 2.9154 2.22[11] 2.9345 4.96 [13]

18 —2.14979 0.054 6.39711 2.15 [8] 2.62 [—6] 3.33 [—6] 3.2727 3.84 [11] 3.2931 6.24 [13]
6.396059°  1.138[8]° 3.818[11]° 6.238[13]°
6.39607¢ 1.307[8]¢ 3.27206°  3.611[11]° 3.29305¢  6.179[13]°

3.2726¢ 3.63[117¢ 3.29304 6.33[13]¢

19 —2.40037 0.065 7.14444 3.24 [8] 3.28 [-6] 4.03 [—6] 3.6500 6.42 [11] 3.6723 7.75[13]

20 —2.66500 0.078 7.93358 4.75 [8] 4.03 [-6] 4.82 [—6] 4.0495 1.04 [12] 4.0726 9.51[13]
7.933026"  2.491[8]° 1.034[12]1° 9.509[131°
7.93267¢ 2.860[8]° 4.04897¢  9.8669[11]° 4.07263°  9.432[13]°

4.04954 9.86[11]¢ 4.07264 9.67[13]¢

21 —2.94373 0.092 8.76464 6.82 [8] 4.85[—6] 5.68 [—6] 4.4694 1.64 [12] 4.4938 1.15[14]

22 —3.23663 0.110 9.63773 9.57 [8] 5.75[—6] 6.61 [—6] 49104 2.51[12] 4.9361 1.39 [14]
9.635396"  4.986[8]° 2.500[12]° 1.388[14]°

4.9105¢ 2.391121¢ 4.9363¢ 1.42[141¢

23 —3.54380 0.129 10.55369 1.32 [9] 6.72 [—6] 7.61 [—6] 5.3728 3.76 [12] 5.3999 1.65 [14]

24 —3.86523 0.151 11.51136 1.78 [9] 7.74 [—6] 8.66 [—6] 5.8561 5.51[12] 5.8846 1.95 [14]

25 —4.20102 0.176 12.51146 2.36 [9] 8.81 [—6] 9.76 [—6] 6.3606 7.88 [12] 6.3906 2.29 [14]

26 —4.55125 0.205 13.55414 3.08 [9] 9.90 [—6] 1.09 [-5] 6.8865 1.11 [13] 6.9179 2.67 [14]
13.553011°  1.599[91° 1.100[13]° 2.666[14]°
13.55346° 1.828[9]¢ 6.88605¢ 1.067[13]°¢ 6.91815¢  2.655[14]°

6.8867¢ 1.06[13]¢ 6.9181¢ 2.74[14]¢

27 —4.91599 0.237 14.63955 3.96 [9] 1.10 [-5] 1.20 [—5] 7.4338 1.52 [13] 7.4667 3.08 [14]

28 —5.29539 0.272 15.76902 5.01[9] 1.21 [-5] 1.31 [-5] 8.0032 2.06 [13] 8.0375 3.54 [14]
15.76805¢ 2.607[9]¢ 8.00259¢  2.051[13]° 8.03735¢  3.537[14]¢
15.76773¢ 2.955[9]¢ 8.00238¢  1.992[13]° 8.03745¢  3.576[14]°

8.0031¢ 1.97713]¢ 8.03744 3.66[14]¢
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TABLE III. (Continued.)

Initial state

Final state

(252p12) (1s)? (Ls2s)o (1s2s),
AE r w w FTEOP m w w w w
Z o keV) @) (keV) ™ r oror  (keV) ™ (keV) ™
29 —5.68942 0.312 16.94052 6.26 [9] 1.32 [-5] 1.42 [-5] 8.5936 2.73 [13] 8.6295 4.05[14]
16.93945¢ 3.676[9]° 8.59288¢  2.652[13]° 8.62948¢  4.029[14]°
30 —6.09821 0.356 18.15527 7.75 [9] 1.43 [-5] 1.54 [-5] 9.2057 3.57 [13] 9.2431 4.60 [14]
18.15446° 4.512[9]° 9.20507¢  3.472[13]°¢ 9.24322¢  4.578[14]°
9.20584 3.43[13]¢ 9.24324 4.77[14)4
31 —6.52187 0.404 19.41343 9.42 [9] 1.53 [-5] 1.64 [-5] 9.8395 4.60 [13] 9.8784 5.20 [14]
32 —6.96048 0.457 20.71519 1.13 [10] 1.63 [-5] 1.73 [-5] 10.495 5.84 [13] 10.536 5.85 [14]
33 —7.41424 0.516 22.06253 1.33 [10] 1.70 [-5] 1.80 [—5] 11.174 7.32 [13] 11.216 6.55 [14]
34 —7.88309 0.580 23.45232 1.56 [10] 1.78 [-5] 1.88 [-5] 11.873 9.06 [13] 11.917 7.31[14]
35 —8.36721 0.649 24.88635 1.82 [10] 1.85 [-5] 1.95[-5] 12.595 1.11 [14] 12.641 8.13 [14]
36 —8.86672 0.725 26.36484 2.11[10] 1.91 [-5] 2.01[-5] 13.339 1.34 [14] 13.386 9.01 [14]
26.3645¢ 1.220[10]°¢ 13.33882¢  1.318[14]¢ 13.38687¢ 8.977[14]°¢
13.340¢ 1.31[14]¢ 13.387¢ 9.49[14]¢
37 —9.38172 0.808 27.88802 2.42[10] 1.97 [-5] 2.06 [-5] 14.106 1.61 [14] 14.155 9.95 [14]
38 —9.91248 0.897 29.45860 2.76 [10] 2.02 [-5] 2.11[-5] 14.896 1.91[14] 14.947 1.10 [15]
39  —10.45887 0.994 31.07217 3.11 [10] 2.06 [—5] 2.15[-5] 15.708 2.26 [14] 15.760 1.21 [15]
40 —11.02113 1.098 32.73121 3.50[10] 2.10 [-5] 2.18 [-5] 16.542 2.64 [14] 16.597 1.32 [15]
41  —11.59940 1.211 34.43598 3.92 [10] 2.13 [-5] 2.21 [=5] 17.400 3.06 [14] 17.456 1.45 [15]
34.43588° 2.232[10]°¢ 17.39928°  3.013[14]° 17.45647¢ 1.440[15]¢
42 —12.19382 1.332 36.18676 4.35[10] 2.15[-5] 2.23[-5] 18.280 3.53[14] 18.338 1.58 [15]
43 —12.80469 1.461 37.98717 4.82 [10] 2.17 [-5] 2.24 [-5] 19.185 4.05[14] 19.246 1.72 [15]
44  —13.43186 1.601 39.83123 5.31 [10] 2.18 [-5] 2.25[-5] 20.113 4.62 [14] 20.175 1.87 [15]
45 —14.07562 1.750 41.72227 5.83 [10] 2.19 [-5] 2.26 [-5] 21.063 5.24 [14] 21.127 2.03 [15]
46 —14.73614 1.909 43.66059 6.37 [10] 2.20 [-5] 2.26 [-5] 22.038 5.91[14] 22.104 2.20 [15]
47 —15.41358 2.080 45.64658 6.94 [10] 2.20 [-5] 2.25[-5] 23.036 6.64 [14] 23.104 2.38 [15]
45.6476° 3.917[10]¢ 23.03686°  6.548[14]° 23.10536°  2.371[15]¢
48 —16.10828 2.261 47.68469 7.53[10] 2.19 [-5] 2.25[=5] 24.060 7.43 [14] 24.131 2.57 [15]
49  —16.82010 2.454 49.76739 8.16 [10] 2.19 [-5] 2.24 [-5] 25.107 8.28 [14] 25.180 2.77 [15]
50 —17.54937 2.660 51.89881 8.81 [10] 2.18 [-5] 2.23[-5] 26.178 9.20 [14] 26.253 2.99 [15]
51 —18.29630 2.879 54.07941 9.50 [10] 2.17 [-5] 2.22[-5] 27.273 1.02 [15] 27.351 3.22 [15]
52 —19.06107 3.111 56.30950 1.02 [11] 2.16 [-5] 2.21[-5] 28.394 1.12 [15] 28.474 3.46 [15]
53  —19.84407 3.357 58.59481 1.10 [11] 2.15 [-5] 2.19[—-5] 29.542 1.24 [15] 29.624 3.71[15]
54  —20.64518 3.617 60.92575 1.17 [11] 2.14 [-5] 2.18 [-5] 30.713 1.36 [15] 30.798 3.98 [15]
55 —21.46477 3.893 63.30764 1.26 [11] 2.12 [-5] 2.16 [-5] 31.909 1.48 [15] 31.997 4.27 [15]
56 —22.30308 4.184 65.74086 1.34 [11] 2.11 [-5] 2.14 [-5] 33.132 1.62 [15] 33.222 4.57 [15]
57 —23.16034 4.492 68.22600 1.43[11] 2.09 [-5] 2.13[—=5] 34.380 1.76 [15] 34.472 4.88 [15]
58 —24.03695 4.816 70.76956 1.52 [11] 2.08 [-5] 2.11 [-5] 35.657 1.92 [15] 35.753 5.22 [15]
59 —24.93289 5.158 73.36040 1.61[11] 2.06 [-5] 2.09 [-5] 36.958 2.08 [15] 37.057 5.57 [15]
60 —25.84854 5.519 76.00467 1.71 [11] 2.04 [-5] 2.07 [-5] 38.286 2.25[15] 38.387 5.94 [15]
61 —26.78417 5.898 78.70265 1.82 [11] 2.03 [-5] 2.05[-5] 39.641 2.43 [15] 39.745 6.32 [15]
62 —27.74008 6.297 81.45517 1.92 [11] 2.01 [-5] 2.04 [-5] 41.023 2.62 [15] 41.130 6.73 [15]
63 —28.71672 6.716 84.27097 2.03 [11] 1.99 [-5] 2.02 [-5] 42437 2.82 [15] 42.547 7.16 [15]
64 —29.71403 7.156 87.13430 2.15[11] 1.98 [—5] 2.00 [-5] 43.874 3.03 [15] 43.988 7.60 [15]
65 —30.73272 7.618 90.05592 2.27[11] 1.96 [—5] 1.98 [-5] 45.341 3.25[15] 45.458 8.07 [15]
66 —31.77277 8.102 93.03287 2.39[11] 1.94 [-5] 1.97 [-5] 46.836 3.49 [15] 46.956 8.56 [15]
67 —32.83483 8.610 96.06897 2.52[11] 1.93 [-5] 1.95[-5] 48.360 3.73 [15] 48.484 9.08 [15]
68 —33.91897 9.141 99.17087 2.65[11] 1.91 [-5] 1.93 [-5] 49.917 3.99 [15] 50.044 9.61 [15]
69 —35.02589 9.697 102.32552 2.79 [11] 1.89 [-5] 1.92 [-5] 51.501 4.26 [15] 51.632 1.02 [16]
70 —36.15570 10.279 105.53909 2.93[11] 1.88 [—5] 1.90 [-5] 53.113 4.54 [15] 53.248 1.08 [16]
71 —37.30899 10.887 108.81432 3.08 [11] 1.86 [—5] 1.88 [-5] 54.757 4.84 [15] 54.896 1.14 [16]
72 3848610 11.522 112.15144 3.24 [11] 1.85 [-5] 1.87[-5] 56.432 5.15[15] 56.575 1.20 [16]
73 —=39.68709 12.186 115.55939 3.39[11] 1.83 [-5] 1.85[—5] 58.143 5.47 [15] 58.289 1.27 [16]
74  —4091315 12.878 119.02302 3.56 [11] 1.82 [—5] 1.84 [-5] 59.881 5.81[15] 60.032 1.34 [16]
75 —42.16447 13.599 122.55194 3.73 [11] 1.80 [—5] 1.82[-5] 61.652 6.16 [15] 61.807 1.41[16]
76 —43.44134 14.351 126.14494 3.90[11] 1.79 [-5] 1.80 [—5] 63.455 6.53 [15] 63.615 1.49 [16]
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TABLE III. (Continued.)

Initial state

Final state

(2s2p12h (1s)? (1s25)o (1s2s),

z (keV) (eV) (keV) s™ r TCoeop (keV) s™ (keV) s™h

77 —44.74452 15.135 129.80560 4.08 [11] 1.77 [-5] 1.79 [-5] 65.292 6.92 [15] 65.456 1.56 [16]
78 —46.07349 15952 133.54111  426[11] 176[=5] 1.78[-5] 67.166 732[15] 67335 1.65 [16]
79 —47.43063 16.802 137.33808 446 [11] 1.75 [-5] 1.76 [-5] 69.071 7.73 [15] 69.245 1.73 [16]
80 —48.81559 17.686 141.20430 4.65[11] 1.73 [-5] 1.75[-5] 71.011 8.17 [15] 71.190 1.82[16]
81 —5022907 18.605 145.14184  486[11] 1.72[-5] 1.73[-5] 72.986 862[15]  73.171 1.91 [16]
82 —51.67167 19.560 149.15141 5.06[11] 1.70 [-5] 1.72 [—5] 74.998 9.09 [15] 75.188 2.01[16]
83 —53.14238 20.554 153.24123 5.28 [11] 1.69 [—5] 1.70 [-5] 77.050 9.58 [15] 77.245 2.11[16]
84 5464531 21.585 15740066  550[11]  1.68[=5] 1.69[=5] 79.136 1.01[16]  79.337 221 [16]
85 —56.17917 22.655 161.63348 5.73 [11] 1.66 [—5] 1.68 [—5] 81.259 1.06 [16] 81.466 2.32[16]
86 —57.74541 23.766 165.94752 596 [11] 1.65 [—5] 1.66 [—5] 83.423 1.12 [16] 83.636 2.43[16]
87 5934434 24919 17033982  620[11]  1.64[-5] 1.65[-5] 85.626 1.17[16]  85.845 254 [16]
88 —60.97402 26.115 174.81739 6.44 [11] 1.62 [—5] 1.64 [—5] 87.872 1.23 [16] 88.097 2.66 [16]
89 —62.64049 27.353 179.36866 6.69 [11] 1.61 [—5] 1.62 [—5] 90.154 1.29 [16] 90.386 2.78 [16]
90 —64.34231 28.636 18400331  695[11] 1.60[—5] 1.61[=5] 92.478 135[16] 92717 2.91[16]
91 —66.08031 29.965 188.72311 7.19 [11] 1.58 [—5] 1.59 [—5] 94.845 1.42[16] 95.091 3.04 [16]
92 —67.85577 31.341 193.52957 7.45[11] 1.57 [-5] 1.58 [-5] 97.254 1.49 [16] 97.507 3.18 [16]

calculation accuracy. In general, the accuracy of the OEOP
transitions is better than the accuracy for TEOP transitions.
The gauge invariance for the TEOP transitions was inves-
tigated in works [5,7]. In work [5], it was 26% for Z =4
and 35% for Z = 26, and in work [7], it was 20-50% for
Z =10-47.

The branching ratio I'tgop/I” and the intensity ratio
I'reop/Torop can provide valuable information to experimen-
tally study the TEOP transitions. In Fig. 4, we present these
ratios as a function of Z. It shows that the branching ratio

1012_
1011 -
1010_
10° -
‘7’; ) —(252pg),
g 108 4 --@-- (252p,,), (Safronova [4]) 3
o] --m-- (282p,,); (Kadrekar et. al [5]) [
O (282P4p0)4 (Ding et. al [7])
10° 4 —(282py) ]
- --m-- (2s2p,,,), (Kadrekar et. al [5]) |
-/ (282p, )1 (Ding et. al [7]) ‘
104 ;_
L B B B B B B LU ELEL R
10 20 30 40 50 60 70 80 90
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FIG. 2. Transition probabilities (W) as functions of Z for
(2s2p3p)1 ' — (1s)? 1Sy (black curves) and (252p;); Py —
(1s)? 'Sy (red curves) transitions. The results of [5,7] are presented
in the length gauge; the results of [4] are presented in the dipole ap-
proximation. The difference between our results obtained in different
gauges is barely noticeable in the scale of this plot.

I'reop/T” has nonmonotonic behavior. This can be explained
as follows: (a) I'rgpp increases with Z; (b) I has near-constant
behavior for small Z (I" & I'syger, Where I'puger denotes the
Auger width) and I" ~ Z* for large Z (I'" & I'1aq, Where T'iyq
denotes the radiative width).

The intensity ratio I'rgop/Topop is measurable and
presents a comparison of the TEOP and OEOP transi-
tions. Unlike the total width I', T'ogop does not contain
the I"auger and I'reop Widths (I'ogop = I' — 'Auger — I'trOP ~
[aq)- Due to the simplicity of the Z dependence of I'rgop for
the (252p3,2)1 IP, state, the ratio shows monotonic behavior
(~Z72). For the (252p12)1 “Pi state, the ratio has a similar
behavior for large Z, while for small Z, it is more complicated

10" E
= \
V; 102 4%
s
R
1
-3
g 1073 \ R 2
= b ,( H i (252p4j,)y > 18 _
§ i "llull' === (252p)y > (182s)g
Yo == (252py5), > (1528), [
1045 0 ——(25205), > 18> |
V === (282pgpp)y — (182s)y |
= (282pyp)y — (1828) |

10 20 30 40 50 60 70 80 90

FIG. 3. Relative difference (|[WY — W™ |/W®)) between the
values of the transition probabilities calculated in the velocity and
length gauges as a function of Z.
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FIG. 4. Branching ratio I'rgop/I" (black curves) and intensity ra-
tio Trrop/Torop = Wreor/Woroe (red curves) for (252p3)1 ‘P —
(1) 1Sy (upper panel) and (252p;2); *Py — (1s)* 1S, (lower panel)
transitions as functions of Z.

since the corresponding TEOP transition is spin forbidden in
the nonrelativistic limit.

In Tables II and III, we compare our results with results of
other works [4-8]. A reasonable agreement was found with
the work of Safronova [4], where the dipole approximation
and the perturbation theory for the electron-electron interac-
tion were used. The reason for the discrepancy is that our work
goes beyond the dipole approximation and takes into account
the second order (and partly higher orders) in the interelectron
interaction and the radiative corrections.

We also compare our results with those obtained using the
GRASP code [13,14]: Kadrekar and Natarajan [5,6] and Ding
et al. [7]. The difference in the results significantly exceeds
the accuracy of our calculation, which is estimated as the dif-
ference between the results in the velocity and length gauges.
Our results for the TEOP transition probabilities are roughly
two times larger than the results of [5,6].

In Tables II and III, we also provide a comparison of our re-
sults for OEOP transition probabilities and transition energies
with other authors. The results are in good agreement.

IV. SUMMARY

We investigated TEOP (2s2p); — (1s)? transitions for the
He-like sequence of atomic ions. The corresponding tran-
sition probabilities and transition energies were calculated
within the QED theory. The one- and two-photon exchange
corrections were taken into account as well as the electron
self-energy and vacuum polarization corrections. The gauge
invariance of the obtained results was investigated. In the case
of low- and middle-Z ions, it was found that the violation of
the gauge invariance for TEOP transitions is 1-3 orders of
magnitude larger than the one for OEOP transitions. Due to
the strong degeneracy of the autoionizing states, the TEOP
transitions are much more sensitive to the interelectron in-
teraction. Taking into account the higher-order interelectron
interaction corrections, in particular, the exact treatment of
the electron self-energy and vacuum polarization screening
corrections should improve the gauge invariance. The inten-
sity ratios between the TEOP transitions and the other major
transitions were presented. These ratios can be measured in
future experiments. For the study of TEOP transitions, an
important issue is the formation of autoionizing states. One
of the most promising ways is to observe the TEOP transi-
tions in the process of dielectronic recombination [28]. In this
case, autoionization states can decay along several channels.
The branching ratios are necessary for compiling a complete
picture of the decay of the autoionization state.

ACKNOWLEDGMENTS

We are grateful to Professor Jacek Rzadkiewicz and Pro-
fessor Karol Koziot for reading the manuscript. This work
is supported by the National Key Research and Develop-
ment Program of China under Grant No. 2017YFA0402300,
the Chinese Postdoctoral Science Foundation Grant No.
2020M673538, the National Natural Science Foundation of
China under Grant No. 11774356, and the Chinese Academy
of Sciences (CAS) Presidents International Fellowship Ini-
tiative (PIFI) under Grant No. 2018VMBO0016. The reported
study was funded by RFBR and NSFC according to the re-
search Project No. 20-52-53028. The work of O.Y.A. on the
calculation of the differential transition probabilities was sup-
ported solely by the Russian Science Foundation under Grant
No. 17-12-01035.

[1] K. N. Lyashchenko and O. Y. Andreev, Phys. Rev. A 98, 012503
(2018).

[2] K. N. Lyashchenko, O. Y. Andreev, and A. B. Voitkiv, Phys.
Rev. A 96, 052702 (2017).

[3] K. J. LaGattuta and Y. Hahn, Phys. Rev. A 24, 2273 (1981).

[4] U. L. Safronova and V. S. Senashenko, J. Phys. B 10, L271
(1977).

[5] R. Kadrekar and L. Natarajan, Phys. Rev. A 84, 062506 (2011).

[6] L. Natarajan and R. Kadrekar, Phys. Rev. A 88, 012501 (2013).

[7] X. Ding, C. Wu, M. Cao, D. Zhang, M. Zhang, Y. Xue, D. Yu,
and C. Dong, Chin. Phys. B 29, 033101 (2020).

[8] F. Goryaev, L. Vainshtein, and A. Urnov, At. Data Nucl. Data
Tables 113, 117 (2017).

[9] D. Zhang, C. Dong, and K. Fumihiro, Chin. Phys. Lett. 23,2059

(20006).

[10] L. Natarajan, Phys. Rev. A 90, 032509 (2014).

[11] V. Shevelko and L. Vainshtein, Atomic Physics for Hot Plasmas
(Institute of Physics Publishing, Bristol, 1993).

[12] L. Vainshtein and U. Safronova, At. Data Nucl. Data Tables 21,
49 (1978).

[13] E. Parpia, C. Fischer, and I. Grant, Comput. Phys. Commun. 94,
249 (1996).

[14] P. Jonsson, X. He, C. F. Fischer, and I. Grant, Comput. Phys.
Commun. 177, 597 (2007).

[15] W. Wolfli, C. Stoller, G. Bonani, M. Suter, and M. Stdckli,
Phys. Rev. Lett. 35, 656 (1975).

012818-12


https://doi.org/10.1103/PhysRevA.98.012503
https://doi.org/10.1103/PhysRevA.96.052702
https://doi.org/10.1103/PhysRevA.24.2273
https://doi.org/10.1088/0022-3700/10/8/002
https://doi.org/10.1103/PhysRevA.84.062506
https://doi.org/10.1103/PhysRevA.88.012501
https://doi.org/10.1088/1674-1056/ab6c51
https://doi.org/10.1016/j.adt.2016.04.002
https://doi.org/10.1088/0256-307X/23/8/027
https://doi.org/10.1103/PhysRevA.90.032509
https://doi.org/10.1016/0092-640X(78)90003-7
https://doi.org/10.1016/0010-4655(95)00136-0
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1103/PhysRevLett.35.656

QED CALCULATION OF TWO-ELECTRON ONE-PHOTON ...

PHYSICAL REVIEW A 104, 012818 (2021)

[16] R. Elton, J. Cobble, H. Griem, D. Montgomery, R. Mancini, V.
Jacobs, and E. Behar, J. Quantum Spectrosc. Radiat. Transfer
65, 185 (2000).

[17] FE. B. Rosmej, H. R. Griem, R. C. Elton, V. L. Jacobs, J. A.
Cobble, A. Y. Faenov, T. A. Pikuz, M. Geiflel, D. H. H.
Hoffmann, W. Sii8, D. B. Uskov, V. P. Shevelko, and R. C.
Mancini, Phys. Rev. E 66, 056402 (2002).

[18] Y. Zou, J. R. Crespo Lépez-Urrutia, and J. Ullrich, Phys. Rev.
A 67, 042703 (2003).

[19] M. Togawa, S. Kiihn, C. Shah, P. Amaro, R. Steinbriigge,
J. Stierhof, N. Hell, M. Rosner, K. Fujii, M. Bissinger, R.
Ballhausen, M. Hoesch, J. Seltmann, S. Park, F. Grilo, F. S.
Porter, J. P. Santos, M. Chung, T. Stohlker, J. Wilms et al., Phys.
Rev. A 102, 052831 (2020).

[20] O. Yu. Andreev, L. N. Labzowsky, G. Plunien, and D. A.

Solovyev, Phys. Rep. 455, 135 (2008).

[21] O. Yu. Andreev, L. N. Labzowsky, and G. Plunien, Phys. Rev.

A'79, 032515 (2009).

[22] W. R. Johnson, S. A. Blundell, and J. Sapirstein, Phys. Rev. A
37,307 (1988).

[23] V. M. Shabaev, 1. L
Plunien, and G. Soff, Phys. Rev. Lett. 93,
(2004).

[24] V. A. Yerokhin, A. Surzhykov, and A. Miiller, Phys. Rev. A 96,
042505 (2017).

Tupitsyn, V. A. Yerokhin, G.
130405

[25] A. 1. Akhiezer and V. B. Berestetskii, Quantum
Electrodynamics ~ (Wiley  Interscience, = New  York,
1965).

[26] M. Abramowitz and 1. A. Stegun, Handbook of Mathematical
Functions With Formulas, Graphs and Mathematical Tables
(Dover, New York, 1972).

[27] D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii,
Quantum Theory of Angular Momentum (World Scientific,
Singapore, 1988).

[28] K. N. Lyashchenko, O. Y. Andreev, and D. Yu, Phys. Rev. A
101, 040501(R) (2020).

012818-13


https://doi.org/10.1016/S0022-4073(99)00066-7
https://doi.org/10.1103/PhysRevE.66.056402
https://doi.org/10.1103/PhysRevA.67.042703
https://doi.org/10.1103/PhysRevA.102.052831
https://doi.org/10.1016/j.physrep.2007.10.003
https://doi.org/10.1103/PhysRevA.79.032515
https://doi.org/10.1103/PhysRevA.37.307
https://doi.org/10.1103/PhysRevLett.93.130405
https://doi.org/10.1103/PhysRevA.96.042505
https://doi.org/10.1103/PhysRevA.101.040501

