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1. Introduction

The study of highly charged ions plays an important

role in modern physics [1–6]. The comparison of the

various properties of highly charged ions measured in high-

precision experiments with the results of theoretical calcu-

lations makes it possible to test the methods of quantum

electrodynamics (QED) at the strong-coupling regime, to

improve the accuracy of the fundamental constants and

nuclear-structure parameters. The investigation of highly

charged ions with two electrons — heliumlike ions — is

of particular interest since they are the simplest atomic

systems in which the interelectronic-interaction effects are

manifested.

During the last decades, the experimental accuracy of

the transition-energy measurements in highly charge ions

has been significantly improved. For instance, the uncer-

tainty of the Lamb-shift measurement in H-like uranium

constitutes 2% [7,8]. Even better precision has been

achieved in experiments with Li-like ions [9–12]. The

high-precision measurements of the transition energies in

He-like ions were performed in a number of works [13–
22]. To analyze the experimental results, the theoretical

evaluation of the transition energies as well as the transition

probabilities is required. The most precise calculations of

the transition energies in He-like ions were performed in

Refs. [23–26]. The transition probabilities were evaluated in

Refs. [27–30].
Currently, one of the experiments to study the electronic

structure of highly charged ions is carried out at the storage

ring CRYRING@ESR at the GSI in Darmstadt [31,32].
Within this experiment, the investigation of the x-ray

spectrum associated with the transitions from the states

with single excitations into the L, M, and N shells to

the ground state is planned for He-like uranium. Typical

energies of these transitions are tens of keV. In addition to

the transition energies, the measurements of the population

of the excited states in He-like uranium are scheduled. To

correctly identify the levels and to analyze the experimental

data, the theoretical calculations of the electronic-structure

parameters of the singly-excited states of U90+ are in

demand.

The present work aims at the theoretical study of the

electronic structure of He-like uranium. The energy levels

of singly-excited 1sns , 1snp, 1snd states with n ≤ 4 are

calculated within the Breit approximation by means of the

configuration-interaction method in the basis of the Dirac-

Fock-Sturm orbitals. The QED corrections to the energy lev-

els are evaluated using the model-QED-operator approach.

The nuclear recoil, frequency-dependent Breit-interaction,

nuclear polarization, and nuclear deformation corrections

are taken into account as well. In addition, for the

1s3d → 1s2p, 1s3p → 1s2s , 1s3p → 1s2p, 1s4d → 1s2p
transitions the one-photon-transition probabilities are calcu-

lated.

The paper is organized as follows. In Sec. 2, the

theoretical methods used for the calculations are described.

The numerical results as well as the comparison with other

works are discussed in Sec. 3.

The atomic units are used throughout the paper.
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2. Methods of calculations

The calculations of the energies and transition probabili-

ties in heliumlike uranium are performed within the Breit

approximation by means of the configuration-interaction

method in the basis of the Dirac-Fock-Sturm orbitals (CI-
DFS) [33–35]. To describe the N-electron system (in our

case N = 2) within the Breit approximation, the Dirac-

Coulomb-Breit Hamiltonian (DCB) is used,

ĤDCB = 3(+)
[

ĤD + V̂C + V̂B

]

3(+). (1)

Here ĤD is the sum of the one-electron Dirac Hamiltonians

ĤD =

N
∑

i

ĥD
i , (2)

ĥD
i = c(αααi · pppi) + mc2(β − 1) + Vnucl(r i ), (3)

where ppp is the momentum operator, ααα and β are the Dirac

matrices, and Vnucl is the potential of the nucleus. In the

calculations, the Fermi nuclear-charge-distribution model is

employed and the root-mean-square radius for the uranium

nucleus is taken from Ref. [36]. The operator V̂C is the sum

of the two-electron Coulomb-interaction operators

V̂C =
1

2

N
∑

i 6= j

1

r i j
, r i j = |rrr i − rrr j |, (4)

the operator V̂B is the sum of the Breit-interaction operators

V̂B = −
1

2

N
∑

i 6= j

1

2r i j

[

αi · α j +
(αi · r i j)(α j · r i j )

r2i j

]

. (5)

In the Hamiltonian (1), 3(+) is the product of the one-

electron projectors on the positive-energy eigenvalues of the

Dirac-Fock (DF) operator.

In the CI-DFS method, the many-electron wave function

9(JMJ) with the total angular momentum J and its

projection MJ is expanded in the basis of the configuration-

state functions (CSFs) 8α(JMJ),

9(JMJ) =
∑

α

Cα(JMJ)8α(JMJ). (6)

The CSFs are the eigenfunctions of the operator Ĵ2. They

are constructed as the appropriate linear combinations of

the Slater determinants. The mixing coefficients Cα(JMJ)
are determined from the solution of the matrix eigenvalue

problem

HDCBC(JMJ) = EDCB(J)C(JMJ), (7)

where HDCB is the Hamiltonian matrix in the basis of the

CSFs and C(JMJ) is the vector of the mixing coefficients.

The one-electron basis is constructed as follows. For

the occupied nl states and for the low-lying virtual n′l′

states, where n′ ≤ n and l′ ≤ l, the orbitals are obtained as

numerical solutions of the DF equations. All other virtual

orbitals correspond to the solutions of the DF equations in

the finite basis set of the Sturmian functions. The Sturmian

functions are the numerical solutions of the Dirac-Fock-

Sturm equation

(ĥDF − ε0)φ j = λ jW (r)φ j , (8)

where ĥDF is the DF Hamiltonian, ε0 is the one-electron

reference energy of the occupied DF ns , np or nd orbital,

and W (r) is the weight function

W (r) =

[

1− e−(ar)2

(ar)2

]n

. (9)

The parameters a and n are adjusted to achieve the fastest

convergence of the energy E(J) with respect to the number

of the virtual orbitals.

The QED corrections are calculated using the model-

QED-operator approach [37–39]. The model-QED opera-

tor V̂Q is constructed in the way to reproduce the exact

values of the diagonal and off-diagonal matrix elements of

the one-loop QED contributions for the low-lying states

of H-like ions. The practical application of the model-

QED operator V̂Q consists in adding it to the DCB

Hamiltonian ĤDCB,

ĤDCBQ = 3
(+)
Q

[

ĤD + V̂C + V̂B + V̂Q
]

3
(+)
Q , (10)

and then finding the lowest eigenvalues of the matrix HDCBQ

HDCBQC(JM) = EDCBQ(J)C(JM). (11)

We should note that the operator VQ is included into the

Hamiltonian ĥDF at the basis-construction stage, therefore,

the projectors 3
(+)
Q in Eq. (10) differ from the projectors

3(+) in Eq. (1). The QED correction to the energy of a

level is determined as the difference of the total energies

1EQED(J) = EDCBQ(J) − EDCB(J). (12)

The described procedure allows one to partially take into

account the screened QED corrections within the multi-

configuration calculations.

The nuclear recoil effect, caused by the finite mass of the

nucleus, leads to the shift of the energy levels. Within the

lowest-order relativistic approximation and to first order in

the electron-to-nucleus mass ratio m/M, the nuclear-recoil

Hamiltonian can be written as [40–43]

ĤMS =
1

2M

∑

i, j

[

pppi · ppp j −
αZ
r i

(

αααi +
(αααi · rrr i)rrr i

r2i

)

· ppp j

]

.

(13)
The QED corrections to the nuclear recoil effect were

calculated earlier (see, e.g., Refs. [40,41,44–48] and ref-

erences therein). In the present paper, the nuclear recoil

correction to the energy level, 1EMS, is defined as the sum

of the expectation value of the operator ĤMS, evaluated

Optics and Spectroscopy, 2023, Vol. 131, No. 3



Relativistic calculations of the energies of the low-lying 1sns , 1snp, 1snd states and the probabilities... 285

using the correlated many-electron function 9(JMJ), and

the corresponding one-electron QED corrections.

The frequency-dependent Breit-interaction correction to

the energy level, 1EFB, is calculated as follows. Let us

consider the one-photon-exchange operator

I(ω) = α
µ
1α

ν
2Dµν(ω, rrr12), (14)

where Dµν is the photon propagator in the Coulomb gauge

D00(ω, rrr12) =
1

r12
, Di0 = D0i = 0, i = 1, 2, 3,

Dil(ω, rrr12) =4π

∫

dkkk
(2π)3

exp(ikkk · rrr12)
ω2 − kkk2 + i0

(

δil −
k ik l

kkk2

)

,

i, l = 1, 2, 3.

(15)

Considering the ω → 0 limit in Eq. (15), we obtain

the standard form of the Breit interaction (5). The

correction 1EFB is evaluated as the expectation value of the

symmetrized one-photon-exchange operator [49–53] with

the wave functions obtained by the CI-DFS method.

The nuclear polarization and nuclear deformation correc-

tions to the energy levels of He-like uranium are calculated

according to Refs. [25,54–57].
Let us consider the probability of the transition of the

many-electron system from the state β with the total

angular momentum Jβ to the state α with the total angular

momentum Jα . The probability of spontaneous emission of

a photon with the frequency ω and the multipolarity λL
(λ = E for the electric-type transitions and λ = M for the

magnetic type transitions) is given by the expression [58]

A(λ)
L (β, α) = 2αω

2L + 1

2Jβ + 1

∣

∣

∣
〈α||T (λ)

L ||β〉
∣

∣

∣

2

, (16)

where 〈α||T (λ)
L ||β〉 is the reduced matrix element of the

multipole transition operator T (λ)
L . To calculate the transition

probabilities, the many-electron functions 9α and 9β ob-

tained by means of the CI-DFS method are used. The many-

electron functions are evaluated for the DCB Hamiltonian

with the model-QED operator included (10). Therefore, the
calculated transition probabilities partially incorporate the

QED corrections.

3. Numerical results and discussion

For heliumlike uranium, the systematic calculations of

the energies of the 1sns , 1snp, 1snd states with n ≤ 4 are

carried out. When constructing the many-electron basis

within the CI-DFS method, all the possible single and

double excitations from the reference configuration, which

corresponds to the occupied state, into a space spanned

by a given number of virtual orbitals are considered. The

orbitals with n ≤ 17 for each quantum number l ≤ 11 are

used as a one-electron basis set in the calculations of the

total energy EDCB, the total number of the one-electron

functions is 138. For each considered state, the uncertainty

associated with the incompleteness of the one-electron basis

is determined from the analysis of the convergence of the

total energy EDCB with respect to the number of the one-

electron functions. It is established that the uncertainty of

EDCB due to the finite size of the basis does not exceed a

value of the order of 0.1 eV for all the considered states.

Further, various corrections to the energies EDCB are

calculated. The QED corrections are evaluated using the

model-QED-operator approach according to Eqs. (10) —
(12). When calculating the QED correction, a significantly

smaller basis of the one-electron functions is used, since

the correction 1EQED converges with respect to the number

of the one-electron functions faster than the total energy

EDCB. The orbitals with n ≤ 13 for each quantum number

l ≤ 4 are used in the QED-correction calculations, the total

number of the used functions is 55. The uncertainty

of the evaluated QED corrections associated with the

incompleteness of the basis set constitutes approximately

0.01 eV for the all considered states. Additionally,

the nuclear recoil correction, 1EMS, and the frequency-

dependent Breit interaction correction, 1EFB, are calculated.

These corrections are evaluated using even smaller number

of the virtual orbitals, however, the numerical accuracy for

these corrections is several orders of magnitude higher than

the accuracy for the energy EDCB.

In Table 1 for the ground state of heliumlike uranium, the

values of the energy obtained using the DCB Hamiltonian,

EDCB, the QED correction, 1EQED, the nuclear recoil

correction, 1EMS, the frequency-dependent Breit-interaction

correction, 1EFB, the nuclear polarization and deformation

corrections, 1EPD, as well as the total energy including all

the corrections, E tot, are presented. The obtained results are

compared with the data from Ref. [25]. In Ref. [25], the
rigorous calculations of the one-electron (self-energy and

vacuum polarization) and screened QED corrections, the

two-photon-exchange contribution, and also the higher-order

interelectronic-interaction contributions within the Breit ap-

proximation were performed. Moreover, the contributions of

the one-electron two-loop diagrams were taken into account

there. The calculations of the nuclear recoil effect in both

the present work and Ref. [25] have been carried out taking

into account the corresponding QED contribution.

The DCB energy obtained in the present work is

compared with the DCB energy from Ref. [25] calculated

using the projectors 3(+) in the Eq. (1) which correspond

to the Dirac equation (3). The value of the QED

corrections calculated in the present work is compared

with the sum of the one-electron and screened QED

corrections calculated in Ref. [25] using the local Dirac-Fock

potential (LDF). The frequency-dependent Breit-interaction

correction is compared with the value of the one-photon-

exchange contribution from Ref. [25]. Our total energy

is compared with the total value from Ref. [25], which

also includes the nuclear polarization and deformation

corrections.
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Table 1. The ground-state energy of heliumlike uranium

calculated using the Dirac-Coulomb-Breit Hamiltonian, EDCB, and

various corrections to this value: the frequency-dependent Breit

interaction correction, 1EFB, the QED correction, 1EQED, the

nuclear recoil correction, 1EMS, the nuclear polarization and

deformation corrections, 1EPD. The value E tot
1s1s is the total energy

(eV). The total energy is compared with the result of Ref. [25].

Contribution Value

EDCB
−261910.84

1EFB
−0.02

1EQED 527.00

1EMS 0.92

1EPD
−0.62

E tot
1s1s −261383.56

E tot
1s1s [25] −261386.15

The comparison shows that the results of the present

calculations for the ground state of heliumlike uranium are

in agreement with the result of Ref. [25]. Indeed, the

DCB energy of the ground state of heliumlike uranium,

calculated in the present work, is −261910.84 eV, while

in Ref. [25] this quantity equals −261910.73 eV, that is

within our estimated numerical uncertainty of 0.1 eV. The

correction 1EFB in Ref. [25] is strictly zero, since the one-

photon exchange between the 1s electrons occurs at the

zero frequency of the virtual photon, ω = 0. However, in

the present work the value of 1EFB deviates from zero due

to the mixing of the states which have different energies. For

the ground state of heliumlike uranium, the QED correction

calculated in the present work by means of the model-QED-

operator method is 527.00 eV, which agrees up to the 0.5%

uncertainty with the sum of the one-electron and screened

QED corrections, 523.01 eV, obtained in Ref. [25]. The

value of the nuclear recoil correction, 1EMS, equals 0.92 eV,

and it is in good agreement with the result of 0.93 eV

obtained in Ref. [25]. The difference of the total ground-

state energies for heliumlike uranium E tot
1s1s obtained in the

present work and Ref. [25] is about 2.5 eV, and it is mainly

due to the lack of an accurate consideration of the two-

photon-exchange contribution, the approximate treatment of

the screened QED contributions, and partial taking into

account the contribution of the two-loop diagrams in the

present work.

In Table 2 for the excited (1s2s)0 , (1s2s)1 , (1s2p1/2)0,
(1s2p3/2)2, (1s2p1/2)1, (1s2p3/2)1 states of heliumlike

uranium, the results of the calculations of the energies

obtained using the DCB Hamiltonian, EDCB, the QED cor-

rections, 1EQED, the nuclear recoil corrections, 1EMS, the

frequency-dependent Breit-interaction corrections, 1EFB,

the nuclear polarization and deformation corrections, 1EPD,

are presented. The total energies, E tot, which include all

the corrections, and energies relative to the ground state,

E tot − E tot
1s1s , are given. The latter results are compared with

the related values from Ref. [25].

Table 2 shows that the results of the present work are

in reasonable agreement with the results of Ref. [25]. The

energies EDCB obtained in the present work are consistent

with the results of Ref. [25] within the uncertainty of 0.1 eV

estimated for the Dirac-Coulomb-Breit equation solutions.

For various excited states, as in the case of the ground

state, the difference of the contributions 1EQED between

this work and Ref. [25] is about 0.5%. For the total

energies E tot, the difference between the final results does

not exceed 2.5 eV. The systematic deviation decreases if

we consider the transition energy to the ground state —
the difference between the results becomes about 1 eV. The

reasons of these deviations are the same as for the ground-

state values: in the present work, the QED corrections

are taken into account approximately and the two-photon-

exchange contribution beyond the Breit approximation is

excluded from the consideration.

In Table 3, the results for the energies of the (1sns)0,
(1sns)1, (1snp1/2)0, (1snp1/2)1, (1snp3/2)1, (1snp3/2)2
states with n = 3, 4 are presented. For each state, the

values of the individual contributions, the total binding

energy, and the energy relative to the ground state are

given. The transitions energies to the ground state are

compared with the results of Ref. [26]. In Ref. [26],
the interelectronic interaction was treated within the Breit

approximation using the configuration-interaction method.

Additionally, in Ref. [26] the frequency-dependent Breit

interaction and the nuclear recoil corrections were taken

into account. The consideration of the one-loop QED

corrections was based in Ref. [26] on the employed by us

model-QED-operator approach. Furthermore, the two-loop

QED corrections were considered there. In Ref. [26], the
uncertainty of the theoretical calculations of the transition

energies was estimated to be at the level of 1 eV. From

Table 3 it can be seen that for the transitions considered,

our results are in reasonable agreement with the results of

Ref. [26]: the differences for all the transition energies do

not exceed 2 eV.

Finally, in Table 4 the results for the energies of the

(1snd3/2)1, (1snd3/2)2, (1snd5/2)2, (1snd5/2)3 states with

n = 3, 4 are shown. For each state, the values of the

individual contributions, the total energy, and the energy

of the singly-excited state relative to the ground one are

presented. Based on the comparison of the present results

for the transition energies to the ground state from the

1sns , 1snp states with n = 1, 2 and 1sns , 1snp states

with n = 3, 4 with the theoretical prediction Ref. [25] and

Ref. [26], respectively, we estimate the uncertainty of the

obtained results for the corresponding transitions from the

1snd states with n = 3, 4 to be at the level of 2 eV.

This uncertainty includes the error due to the QED effects

beyond the model-QED-operator approach and the error

due to the uncertainty of the root-mean-square radius of

the 238U nucleus.

In Table 5, the one-photon transition probabilities

for the 1s3d → 1s2p, 1s3p → 1s2s , 1s3p → 1s2p, and
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Table 2. The energies of the 1s2s and 1s2p states of heliumlike uranium calculated using the Dirac-Coulomb-Breit Hamiltonian, EDCB,

and various corrections to these values: the frequency-dependent Breit-interaction corrections, 1EFB, the QED corrections, 1EQED, the

nuclear recoil corrections, 1EMS, the nuclear polarization and deformation corrections, 1EPD. E tot are the total energies and E tot
− E tot

1s1s

are the total energies relative to the ground state (eV). The latter values are compared with the total results from Ref. [25].

State Contribution Value State Contribution Value

(1s2s)0

EDCB
−165418.06

(1s2p3/2)2

EDCB
−161115.78

1EFB 0.67 1EFB
−7.05

1EQED 314.79 1EQED 275.05

1EMS 0.58 1EMS 0.50

1EPD
−0.37 1EPD

−0.31

E tot
−165102.39 E tot

−160847.60

E tot
− E tot

1s1s 96281.17 E tot
− E tot

1s1s 100535.96

E tot
− E tot

1s1s [25] 96281.78(54) E tot
− E tot

1s1s [25] 100536.95(54)

(1s2s)1

EDCB
−165673.15

(1s2p1/2)1

EDCB
−165488.45

1EFB 0.23 1EFB 0.10

1EQED 315.89 1EQED 272.92

1EMS 0.58 1EMS 0.54

1EPD
−0.37 1EPD

−0.32

E tot
−165356.82 E tot

−165215.20

E tot
− E tot

1s1s 96026.74 E tot
− E tot

1s1s 96168.36

E tot
− E tot

1s1s [25] 96027.07(54) E tot
− E tot

1s1s [25] 96169.43(54)

(1s2p1/2)0

EDCB
−165379.04

(1s2p3/2)1

EDCB
−161052.09

1EFB 0.32 1EFB 2.96

1EQED 272.73 1EQED 275.16

1EMS 0.53 1EMS 0.54

1EPD
−0.32 1EPD

−0.31

E tot
−165105.77 E tot

−160773.74

E tot
− E tot

1s1s 96277.79 E tot
− E tot

1s1s 100609.82

E tot
− E tot

1s1s [25] 96279.01(54) E tot
− E tot

1s1s [25] 100610.68(54)

Table 3. The energies of the 1sns and 1snp states with n = 3, 4 of heliumlike uranium calculated using the Dirac-Coulomb-Breit

Hamiltonian, EDCB, and various corrections to these values: the frequency-dependent Breit-interaction corrections, 1EFB, the QED

corrections, 1EQED, the nuclear recoil corrections, 1EMS, the nuclear polarization and deformation corrections, 1EPD. E tot are the total

energies and E tot
− E tot

1s1s are the total energies relative to the ground state (eV). The latter values are compared with the total result from

Ref. [26].

n Contribution (1sns)0 (1sns)1 (1snp1/2)0 (1snp3/2)2 (1snp1/2)1 (1snp3/2)1

n = 3

EDCB
−146389.84 −146456.53 −146380.77 −145104.14 −146408.38 −145084.29

1EFB 0.24 0.08 0.55 −2.06 0.18 0.92

1EQED 281.11 281.34 269.13 269.52 269.08 269.54

1EMS 0.51 0.51 0.50 0.49 0.50 0.50

1EPD
−0.33 −0.33 −0.31 −0.31 −0.31 −0.31

E tot
−146108.30 −146174.94 −146110.90 −144836.51 −146138.93 −144813.64

E tot
− E tot

1s1s 115275.26 115208.62 115272.66 116547.05 115244.63 116569.92

E tot
− E tot

1s1s [26] 115276.70 115209.77 115273.83 116548.37 115245.92 116571.21

n = 4

EDCB
−139923.01 −139949.50 −139919.59 −139387.14 −139930.42 −139378.70

1EFB 0.10 0.03 0.28 −0.86 0.09 0.39

1EQED 272.64 272.71 267.71 267.93 267.73 267.95

1EMS 0.49 0.49 0.48 0.48 0.48 0.48

1EPD
−0.31 −0.31 −0.31 −0.31 −0.31 −0.31

E tot
−139650.09 −139676.58 −139651.43 −139119.89 −139662.43 −139110.19

E tot
− E tot

1s1s 121733.47 121706.98 121732.13 122263.67 121721.13 122273.37

E tot
− E tot

1s1s [26] 121734.83 121708.20 121733.31 122264.98 121722.35 122274.65

Optics and Spectroscopy, 2023, Vol. 131, No. 3



288 N.K. Dulaev, M.Y. Kaygorodov, A.V. Malyshev, I.I. Tupitsyn, V.M. Shabaev

Table 4. The energies of the 1snd states with n ≤ 4 of heliumlike uranium calculated using the Dirac-Coulomb-Breit Hamiltonian, EDCB,

and various corrections to these values: the frequency-dependent Breit-interaction corrections, 1EFB, the QED corrections, 1EQED, the

nuclear recoil corrections, 1EMS, the nuclear polarization and deformation corrections, 1EPD. E tot are the total energies and E tot
− E tot

1s1s

are the total energies relative to the ground state (eV).

n Contribution (1snd3/2)2 (1snd3/2)1 (1snd5/2)3 (1snd5/2)2

n = 3

EDCB
−145092.76 −145084.47 −144759.69 −144754.50

1EFB 0.02 0.12 0.03 0.02

1EQED 266.48 266.49 267.20 267.21

1EMS 0.49 0.49 0.49 0.49

1EPD
−0.31 −0.31 −0.31 −0.31

E tot
−144826.07 −144817.69 −144492.28 −144487.08

E tot
− E tot

1s1s 116557.49 116565.87 116891.28 116896.48

n = 4

EDCB
−139382.25 −139378.74 −139240.45 −139238.15

1EFB 0.01 0.07 0.02 0.00

1EQED 266.62 266.63 267.04 266.92

1EMS 0.48 0.48 0.48 0.48

1EPD
−0.31 −0.31 −0.31 −0.31

E tot
−139115.44 −139111.87 −138973.22 −138971.06

E tot
− E tot

1s1s 122268.12 122271.69 122410.34 122412.50

1s4d → 1s2p transitions with the lowest possible mul-

tipolarities are presented. The transition energies are

obtained from the results given in Tables 1 — 4. In

the calculations of the transition probabilities, the orbitals

with n ≤ 14 for l = 0, n ≤ 11 for l = 1 and n ≤ 9 for

l = 3, 4 are used, the total number of the one-electron

functions is 37. The dipole E1 (1s3d5/2)3 → (1s2p3/2)2
and (1s3d3/2)2 → (1s2p1/2)1 transitions have the largest

probabilities, which are approximately 0.44 · 1016 s−1. The

energies of these transitions are equal to 16360.5 eV and

20389.1 eV, respectively.

4. Summary

In the present work, the energies of the 1sns , 1snp,
1snd states with n ≤ 4 of heliumlike uranium are calculated

using the configuration-interaction method in the basis of

the Dirac-Fock-Sturm orbitals. The energies and prob-

abilities of the one-photon 1s3d → 1s2p, 1s3p → 1s2s ,
1s3p → 1s2p, and 1s4d → 1s2p transitions with the lowest

possible multipolarities are evaluated. The QED corrections

to the energies of the states are taken into account using

the model-QED-operator approach. In addition, the nuclear

recoil corrections, the frequency-dependent Breit-interaction

corrections, and the nuclear polarization and deformation

corrections are calculated to the energies of the states and

transition energies.

Acknowledgment

This work was supported by the Russian Science Foun-

dation (Grant � 22-62-00004, https://rscf.ru/project/22-62-

00004/).

Table 5. The probabilities of the one-photon transitions with

the lowest possible multipolarity λL, A(λ)
L (β, α) (s−1), and the

transition energies, 1Eβα (eV), for heliumlike uranium. The 1s
orbital is omitted in the designations of the initial and final states

for the sake of brevity.

Transition β → α λL 1Eβα A(λ)
L (β, α)

(3d3/2)2 → (2p3/2)1 E1 15947.7 0.747 · 1014

(3d3/2)2 → (2p3/2)2 E1 16021.5 0.645 · 1015

(3d3/2)1 → (2p3/2)2 E1 16029.9 0.119 · 1015

(3d5/2)3 → (2p3/2)1 M2 16281.5 0.149 · 1012

(3d5/2)2 → (2p3/2)1 E1 16286.7 0.390 · 1016

(3d5/2)3 → (2p3/2)2 E1 16355.3 0.436 · 1016

(3d5/2)2 → (2p3/2)2 E1 16360.5 0.437 · 1015

(3d3/2)1 → (2p1/2)0 E1 20288.1 0.294 · 1016

(3p3/2)1 → (2s1/2)0 E1 20288.8 0.776 · 1015

(3p3/2)1 → (2p1/2)0 M1 20292.1 0.224 · 1012

(3d3/2)2 → (2p1/2)1 E1 20389.1 0.443 · 1016

(3d3/2)1 → (2p1/2)1 E1 20397.5 0.148 · 1016

(3p3/2)2 → (2s1/2)1 E1 20520.3 0.114 · 1016

(3p3/2)1 → (2s1/2)1 E1 20543.2 0.373 · 1015

(3d5/2)2 → (2p1/2)0 M2 20618.7 0.215 · 1012

(4d5/2)2 → (2p3/2)1 E1 21802.7 0.127 · 1016

(4d5/2)3 → (2p3/2)2 E1 21874.4 0.141 · 1016
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ler, F. Nolden, M. Steck, T. Stöhlker, Z. Stachura. Phys. Rev.

Lett., 91 (7), 073202 (2003).
[11] P. Beiersdorfer, H. Chen, D.B. Thorn, E. Träbert. Phys. Rev.
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[32] P. Pfäfflein, S. Allgeier, S. Bernitt, A. Fleischmann,

M. Friedrich, C. Hahn, D. Hengstler, M.O. Herdrich,
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