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K-shell photoionization (PI) of Li, Be+ and B2+ from ground state 1s22s 2Se have been

studied by using the R-matrix method with pseudostates. The K-shell PI process is
featured with the contributions from the core-excited metastable states or dominated

by the Auger states 2Po. The resonant parameters of the Auger states 2Po and the
PI cross-sections have been calculated and compared with the available experimental

and theoretical works. Our results agree very well with that of the published works.

It is worth noting that compared with previous theoretical calculations, our results
of B2+ show better agreements with the latest high-resolution advanced light source

measurements [A. Müller et al., J. Phys. B 43 (2010) 135602].

Keywords: K-shell photoionization; R-matrix; Auger states.

1. Introduction

Thanks to the satellites such as Chandra and XMM-Newton, an abundance of X-

ray spectra on many astronomical objects are currently available.1 However, lots of

high-quality atomic data are seriously needed to interpret these spectra, particularly

in the K-shell energy range. It is significant to provide accurate values for K-shell

photoionization (PI) cross-sections and Auger resonant parameters resulting from

the photoabsorption of X-rays near the K-edge of Li and Li-like Be+ and B2+.

Many theoretical works/methods have studied the K-shell PI and Auger states

of Li and Li-like ions, such as B-spline method,2,3 saddle-point method (SPM),4–11
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LS coupling R-matrix method.12–14 However, those works only partly agree well

with the published experimental data. There are many experiments on the PI pro-

cesses of Li,15–24 Be+,15,16,25–28 and B2+.10,12,15,16,26,29–31 It is worth mentioning

that based on the advanced light source (ALS) synchrotron radiation facility, re-

cently Müller et al.12 have achieved the high resolution K-shell PI spectra of B2+,

and the resonant parameters of the 2Po Auger states in a high accuracy. Using

the R-matrix with pseudo-states (RMPS), the present theoretical work studies the

K-shell PI cross-sections and resonant parameters of 2Po Auger states of Li, Be+

and B2+. Our results show very good agreement with the available works, and show

better agreements with the latest high-resolution ALS measurements12 compared

with other theoretical calculations. The theoretical method is briefly presented in

Sec. 2, followed with the numerical results in Sec. 3, the conclusion is given in Sec. 4.

Atomic units will be used if otherwise not stated explicitly.

2. Theory

The R-matrix method is employed in this work. The R-matrix theory for photon-

atom and electron-atom interactions has been discussed in detail by Burke,32 here

we will give only a brief description of it. The basic idea of R-matrix theory is to

divide the coordinate space into three regions, an inner region, an outer region and

an asymptotic region. In the internal region, the scattering electron (or photo elec-

tron) is indistinguishable from the electrons of the target, the short-range, exchange

and correlation interactions between the scattering electron (or photo electron) and

target electrons are completely taken into account in this region. The wave function

of the (N + 1)-electron system in the internal region is expanded in a configuration

interaction basis:33

ψk(x1, . . . , xN+1) = A
∑
ij

cijkΦ̄i(x1, . . . , xN ; r̂N+1σN+1)× 1

rN+1
uij(rN+1)

+
∑
j

djkχj(x1, . . . , xN+1) , (1)

where A is the antisymmetrization operator accounting for the exchange between

the scattering electron (or photo electron) and the target electrons. The functions

Φ̄i are formed by coupling the target states with the angle and spin functions of

the scattering electron (or photo electron). uij are radial functions of the scattering

electron (or photo electron), and χj are square-integrable correlation functions to

ensure completeness of the total wave functions. The coefficients cijk and djk are

obtained by diagonalizing the (N + 1)-electron Hamiltonian in the basis ψk.

In the external region, the electron exchange and correlation effects between

the incident (or outgoing) and target electrons are negligible, only the long-range

local multipole potential of the target atom (or ion) plays an important role on

the scattered electron (or photo electron), whose motions can be described by a set

of coupled second-order differential equations with the long-range local multipole
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potential of the target atom (or ion). The coupled equations and the wave functions

can be solved considering the boundary conditions in the asymptotic region. Finally,

the R-matrix is determined by matching the solutions at the boundary between the

inner and outer regions, and the wave function of (N + 1)-electron system in the

whole space is solved.33

To calculate the PI cross-section, we also need to determine the line strength,

which in length gauge is obtained from the reduced dipole matrix33 by

SL(Ef ; i) =
∑
Llf

|(LlfEf‖DL‖i)|2 (2)

for a transition from an initial bound state i of energy Ei to a final free state f of

energy Ef = Ei + ω, where ω is the photon energy in Ryd and DL is the dipole

length operator. The PI cross-section is given by

σ =
4

3
π2a20α

ω

gi
SL , (3)

where a0 is the Bohr radius, α is the fine-structure constant, gi is the statistical

weight of the initial bound state.

The resonant parameters have been determined by fitting the eigenphase sum

to the Breit–Wigner resonance form:34,35

δ = − arctan

(
Γ/2

E − Er

)
, (4)

where δ is the phase shift, Γ is the resonant width and Er is the resonant position.

The above expression also tells Γ can be determined from

Γ = 2/δ′(Er) . (5)

Generally, the point of maximum gradient δ′(E) serves as definition for the position

of the resonance, and the width can be determined from Eq. (5). In the calculation,

we have used an energy grid of 10−4 Ryd throughout the energy region considered,

but in the vicinity of some resonances we have even refined it to 10−8 Ryd in order

to accurately obtain the resonant parameters.

3. Numerical Results

The Belfast atomic R-matrix packages33 are employed to do the scatter-

ing calculations, the target wave functions are optimized and prepared with

AUTOSTRUCTURE36,37 in LS coupling level. During the orbital optimization

with AUTOSTRUCTURE, 6 spectroscopic orbitals (1s, 2s, 3s, 2p, 3p, 3d) are de-

termined by using the Thomas–Fermi–Dirac–Amaldi model potential,38 and 12

pseudo-orbitals (4s̄–7s̄, 4p̄–7p̄, 4d̄–7d̄) are generated from a set of non-orthogonal

Laguerre orbitals39

Pnl(r) = Nnl(λnlzr)
l+1

e−λnlzr/2L2l+1
n+l (λnlzr) , (6)
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Table 1. Energy level (Ryd) of target ion Li+.

No. Configuration AUTOSTRUCTURE NIST40 Difference (%)

1 1s2 1S 0.000000 0.000000 0.00

2 1s2s 3S 4.339730 4.337949 0.04

3 1s2s 1S 4.477728 4.477734 0.00

4 1s2p 3P 4.496387 4.504039 −0.17

5 1s2p 1P 4.571950 4.572816 −0.02

6 1s3s 3S 5.095184 5.055294 0.79

7 1s3s 1S 5.112519 5.091958 0.40

8 1s3p 3P 5.112897 5.098542 0.28

9 1s3d 3D 5.118073 5.114423 0.07

10 1s3d 1D 5.142082 5.114701 0.54

11 1s3p 1P 5.147587 5.119068 0.56

Table 2. Energy level (Ryd) of target ion Be2+.

No. Configuration AUTOSTRUCTURE NIST40 Difference (%)

1 1s2 1S 0.000000 0.000000 0.00

2 1s2s 3S 8.719189 8.716288 0.03

3 1s2s 1S 8.941147 8.941152 0.00

4 1s2p 3P 8.953138 8.960990 −0.09

5 1s2p 1P 9.089415 9.089470 0.00

6 1s3s 3S 10.278181 10.216980 0.60

7 1s3s 1S 10.307824 10.276404 0.31

8 1s3p 3P 10.308689 10.281826 0.26

9 1s3d 3D 10.318162 10.309920 0.08

10 1s3d 1D 10.367711 10.310640 0.55

11 1s3p 1P 10.381133 10.319097 0.60

where z = Z − N + 1, Z is the nuclear charge and N is the number of target

electrons. L2l+1
n+l represents the Laguerre polynomial and Nnl is a normalization

constant. These Laguerre orbitals were then orthogonalized to each other and to

the spectroscopic orbitals. The scaling parameters λnl can adjust the energy levels

and the radial extent of the pseudo-orbitals.39 For systems Li+, Be2+ and B3+, the

scaling parameter λ4s is changed to optimize 1s2s 1S state, so that its energy level is

close to that presented in NIST.40 We list the first 11 physical target energy levels in

Tables 1–3, and compare with the NIST atomic spectra database,40 we can see the

differences of levels are all less than 1% (the difference is defined as EAUTO−ENIST

ENIST
×

100%). In the subsequent R-matrix calculations, the first 11 spectroscopic states

and additional six pseudo states are retained.

K-shell PI happens once the photon energy is above the K-shell ionization

threshold of the system. The K-shell thresholds for Li, Be+ and B2+ are 50.975 eV,

96.106 eV and 154.812 eV, respectively.41 Figure 1 shows the calculated K-shell PI

cross-sections for Li, Be+ and B2+. As the figure clearly shows, the K-shell PI cross-
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Table 3. Energy level (Ryd) of target ion B3+.

No. Configuration AUTOSTRUCTURE NIST40 Difference (%)

1 1s2 1S 0.000000 0.000000 0.00

2 1s2s 3S 14.598524 14.594234 0.03

3 1s2s 1S 14.905689 14.905689 0.00

4 1s2p 3P 14.908425 14.916617 −0.05

5 1s2p 1P 15.109005 15.108550 0.00

6 1s3s 3S 17.239073 17.156789 0.48

7 1s3s 1S 17.281396 17.239095 0.25

8 1s3p 3P 17.282903 17.243205 0.23

9 1s3d 3D 17.296813 17.283838 0.08

10 1s3d 1D 17.401959 17.285169 0.68

11 1s3p 1P 17.421256 17.297835 0.71
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Fig. 1. (Color online) Calculated K-shell photoionization (PI) cross-sections of (a) Li, (b) Be+

and (c) B2+. The convoluted results are performed with a Gaussian distribution function of

135 meV full width at half maximum of the ALS experimental data.12

sections are dominated by many peaks, and the corresponding first three peaks for

the Li and Li-like systems show similar structures. The shape of the resonance is

determined by the Fano factors.42 Those peaks are contributed by the Auger states

of Li and Li-like systems. At some specific incident energy, the photon can also
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Table 5. Resonant positions (eV) of Auger states 2Po of Be+.

Configuration R-matrix

No. (2Po) Experiment25 (present) B-spline2 Saddle-point5

1 1s(2s2p 3P) 118.74(3) 118.756(0.0135%) 118.761(0.0177%) 118.778(0.0320%)

2 1s(2s2p 1P) 120.95(1) 120.948(−0.0017%) 120.996(0.0380%) 120.998(0.0397%)

3 (1s2s 3S)3p 129.509(7) 129.484(−0.0193%) 129.491(−0.0139%) 129.495(0.0108%)

4 (1s2s 1S)3p 132.00(3) 131.956(−0.0333%) 132.014(0.0106%) 132.050(0.0379%)

5 (1s2p 3P)3s 132.70(1) 132.697(−0.0023%) 132.746(0.0347%) 132.783(0.0625%)

6 (1s2s 3S)4p 133.07(3) 133.106(0.0271%) 133.122(0.0391%) 133.130(0.0451%)

7 (1s2p 1P)3s 133.99(9) 133.910(−0.0597%) 133.916(−0.0552%) 133.930(0.0448%)

Table 6. Resonant positions (eV) of Auger states 2Po of Li.

Configuration R-matrix

No. (2Po) Experiment24 (present) B-spline2 Saddle-point6

1 1s(2s2p 3P) 58.908(3) 58.898(−0.0170%) 58.908(0.0000%) 58.910(0.0034%)

2 1s(2s2p 1P) 60.392(3) 60.357(−0.0580%) 60.407(0.0248%) 60.398(0.0099%)

3 (1s2s 3S)3p 62.417(3) 62.415(−0.0032%) 62.421(0.0064%) 62.417(0.0000%)

4 (1s2s 3S)4p 63.357(3) 63.381(0.0379%) 63.356(−0.0016%) 63.351(−0.0095%)

5 (1s2s 3S)5p 63.755(3) 63.778(0.0361%) 63.753(−0.0031%) 63.750(−0.0078%)

6 (1s2s 3S)6p 63.956(3) 63.963(0.0109%) 63.953(−0.0047%) 63.950(−0.0094%)

7 (1s2s 3S)7p 64.051(3) 64.060(0.0141%) 64.062(0.0172%) 64.050(−0.0016%)

excite the K-shell electron and form a highly excited metastable state or Auger

state, which Auger decays and manifests as a peak in the PI cross-sections. Note

that after doing the convolution with a Gaussian distribution function of 135 meV

full width at half maximum, the calculated cross-sections of B2+ also agree very

well with the latest high resolution experimental data12 (see Fig. 1).

Auger states are very important participants in the K-shell PI process, it is sig-

nificant to study the resonant parameters for those states. Tables 4–6 present the

present calculated resonant energies of B2+, Be+ and Li, respectively, together with

the experimental data12,24,25 and other theoretical calculations.2,4–6,12 As shown in

the tables, the present results agree very well with the experimental data, most

of the resonant positions calculated are within 1% difference from the experimen-

tal data (the difference is defined as
Ecal.−Eexp

Eexp
× 100%). Especially for B2+, the

present R-matrix calculations show best agreements with the latest high resolu-

tion ALS measurements12 than other theoretical results, including the previous

R-matrix calculations.12 B-spline2 and saddle-point6 methods calculate the reso-

nant positions more accurately for Li than the present R-matrix method. It comes

from the fact that for Li, the Auger states are mostly formed by exciting the in-

ner shell electron into the Rydberg orbitals, which cannot be easily optimized in

R-matrix calculations.
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Table 7. Resonant widths (eV) of Auger states 2Po of B2+.

Configuration R-matrix

No. (2Po) Experiment12 (present) R-matrix12 B-spline2 Saddle-point4

1 1s(2s2p 3P) 4.8 ± 0.6 4.8587 4.40 4.29 4.05

2 1s(2s2p 1P) 29.7 ± 2.5 30.8490 30.53 30.52 30.60

3 (1s2s 3S)3p — 0.4510 0.50 0.46 0.381

4 (1s2s 1S)3p — 0.2416 0.28 0.26 0.21

5 (1s2p 3P)3s — 11.8598 11.39 11.39 11.32

6 (1s2p 1P)3s — 0.4178 0.46 0.470 —

7 (1s2p 3P)3d — 0.4119 0.59 0.463 —

8 (1s2p 1P)3d — 0.6831 0.66 — —

9 1s(3s3p 3P) — 0.1576 — — —

10 1s(3s3p 1P) — 0.0601 0.07 — —

Table 8. Resonant widths (eV) of Auger states 2Po of Be+.

Configuration R-matrix

No. (2Po) (present) B-spline2 Saddle-point5

1 1s(2s2p 3P) 4.6438 4.26 4.38

2 1s(2s2p 1P) 21.9104 20.87 20.4

3 (1s2s 3S)3p 0.3187 0.32 0.32

4 (1s2s 1S)3p 0.3849 0.40 0.45

5 (1s2p 3P)3s 6.1357 5.01 5.28

6 (1s2s 3S)4p 1.9838 3.03 3.24

7 (1s2p 1P)3s 0.2434 0.17 0.23

The resonant widths for B2+, Be+ and Li are presented in Tables 7–9, respec-

tively. Only limited experimental data existed for the first two Auger states of B2+,

as shown in Table 7, our calculations agree very well with those experimental data,

and also other theoretical results. Tables 8 and 9 show that all the three theoretical

methods (R-matrix, B-spline and saddle-point) produce the close results. Lots of

efforts are taken during the orbital optimization, and the present R-matrix calcu-

lations are generally better than the previous one. For the resonance 1s2s(3S)4p of

Be+, the width of other calculations could be more reliable, since it is quite diffi-

cult to get balance during the optimization of 4p orbital in R-matrix caculations.

However, more high resolution experiments are required to finally determine those

Auger widths. The first three Auger states of Li, Be+ and B2+ possess the same

type or configuration. Tables 7–9 also show that the resonant widths for the same

type Auger states increase with the increase of the nuclear charge of Li, Be+ and

B2+, which is consistent with the statements in Ref. 43.
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Table 9. Resonant widths (eV) of Auger states 2Po of Li.

Configuration R-matrix

No. (2Po) (present) B-spline2 Saddle-point6

1 1s(2s2p 3P) 3.9916 3.78 3.33

2 1s(2s2p 1P) 10.5197 9.97 9.56

3 (1s2s 3S)3p 0.2143 0.20 0.203

4 (1s2s 3S)4p 0.0374 0.04 0.0445

5 (1s2s 3S)5p 0.0638 0.05 0.0445

6 (1s2s 3S)6p 0.3081 0.15 0.140

7 (1s2s 3S)7p 0.3826 0.50 0.391

4. Conclusions

K-shell photoionization of Li, Be+ and B2+ from ground state 1s22s 2Se have been

studied by using the R-matrix method with pseudostates. K-shell excited Auger

states 2Po dominate the PI cross-sections. Both the PI cross-sections and the reso-

nant parameters (positions and widths) are reported and compared with the avail-

able experimental and theoretical data. Our results show good agreement with the

published works. Especially for B2+, our present calculations show best agreement

than other calculations with the latest high resolution ALS measurements.
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