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Auger branching ratios for berylliumlike 1 s2s2p2 1S,1P,1D resonances and photoionization
of beryllium from 1 s22s2p 1Po
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The photoionization cross section of Be from 1s22s2p 1Po is studied with the saddle-point complex-rotation
method for photon energies from 23 to 117 eV. A full-core plus correlation wave function is used for the initial
states. In the continuum, the energy and width for the singly core-excited Be-like 1s2s2p2 1S, 1P, and 1D
states are calculated to high precision for systems withZ54 –10. The Auger decay branching ratios of these
states are studied to check the spin alignment theory recently proposed by Chung. These results are compared
with the available experimental data in the literature.
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I. INTRODUCTION

In recent years, the advance in synchrotron technol
has stimulated much progress in experimental physics.
availability of high-intensity high-energy photon beams h
made many new experiments possible. This has gener
considerable interest in the study of hollow atoms, especi
the hollow lithium atom@1–7#. Since beryllium is the nex
element in the periodic table after lithium, it is conceivab
that many new synchrotron experiments on beryllium will
carried out in the near future. The available theoretical inf
mation in the literature will certainly help experiment
workers in their future data analysis.

Our interest in this beryllium study is also stimulated
the experimental work of Meyeret al. @8#. In their experi-
ment, the core excited Li 1s2p2 2S, 2P, and 2D states were
obtained by first pumping Li atoms with a dye laser

1s22s 1S1L~1.848 eV!→1s22p 2P.

This is followed by an excitation with synchrotron radiatio

1s22p 2P1hn→1s2p2.

Recently, this technique was again used in the study of ev
parity hollow lithium @9#. A generalization of the above pro
cess to four-electron systems and the study of the dynam
involved would be of significant interests. In particular, f
beryllium we have@10#

1s22s2 1S1hn~;2349 Å!→1s22s2p 1Po.

A subsequent excitation by synchrotron radiation will lead
the even-parity core-excited beryllium resonances. In
study, we will calculate the energies of these core-exc
systems and the corresponding photoionization cross se
for

1s22s2p 1Po1hn→1s2s2p2p~1S, 1P, or 1D !.

A detailed study of the energy, width, and excitation cro
sections allows us to predict whether these resonances ca
observed and the corresponding photon energy required
1050-2947/2001/64~2!/022714~13!/$20.00 64 0227
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To investigate these core-excited resonances, the ‘‘sad
point’’ method is used@11#. In this approach, spurious solu
tions are eliminated by directly building the proper vacan
orbitals into the wave functions. The resonances energies
wave functions are obtained by a mini-maxi procedure. T
advantage of this method is that a set of optimized ba
functions can be found which is relatively compact. Th
gives an approximated energy from the closed-channel
ment. To include the contribution from the open channe
the saddle-point complex-rotation~SPCR! method is em-
ployed @12#. The effect of the open channel and the res
nance width is calculated with square-integrable basis fu
tions. Finally, using these wave functions, th
photoionization cross section can then be obtained@13# fol-
lowing a method suggested by Rescigno and McKoy@14#.

Extensive applications of the saddle-point method w
and without the complex-rotation method to two- and thre
electron systems have been demonstrated@15#. To date, the
application of the saddle-point method for four-electron s
tem has been limited to the calculation of energy@16–20#.
No SPCR calculation has yet been carried out for syste
with more than three electrons. In view of the highly acc
rate results obtained in the past in two- and three-elec
systems, it will be interesting to find out how effective th
method will be for widths and photoionization cross sectio
for four-electron systems.

Recently, a spin-alignment-dependent theory for the A
ger decay branching ratios was proposed by Chung@21#.
This theory is used to explain the relative branching rat
for the decay of triply excited three-electron systems.
would be interesting to check how this theory works f
four-electron systems.

In this work, the following computation procedures a
adopted for the core-excited resonances of Be 1s2s2p2 1S,
1P, and 1D and their isoelectronic ions fromZ54 to 10.

~i! The energy and the wave function for each resona
are first obtained in the closed-channel with the saddle-p
variation method@11# using the nonrelativistic Hamiltonian
This wave function is used to calculate the relativistic c
rections.

~ii ! The restricted variation method@22# is used to saturate
the functional space to further improve the nonrelativis
energy.
©2001 The American Physical Society14-1
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~iii ! The energy shift due to the interaction of close
channel segment with the open channels, the Auger de
width, and the photoionization cross section~PICS! are cal-
culated using the complex-rotation method@12,13#.

In Sec. II, the theories used are briefly reviewed. T
calculated energy and width results are presented in Sec
Comparisons with existing experimental data are also gi
in this section. The results for the photoionization of Be
given in Sec. IV. The last section gives a short conclusio

II. THEORY

The zeroth-order Hamiltonian for a four-electron syste
is ~in a.u.!

H05(
i 51

4 S 2
1

2
¹ i

22
Z

r i
D1(

i , j

4
1

r i j
. ~1!

In this work, theLS coupling scheme will be used. Th
wave function is a linear combination of configuration inte
action ~CI! basis functions which are eigenfunctions ofL2,
S2, Lz , andSz . HereL andS are the total orbital and spin
angular momentum of the atom. They may be written as

Fn( i ),l ( i )~r1 ,r2 ,r3 ,r4!5wn( i )~R!Yl ( i )
LM~R̂!xSSz

, ~2!

whereR represents collectively the radial parts ofr1 , r2 , r3 ,
r4 and R̂ represents their angular part. The radial parts
products of Slater-type orbitals:

wn( i )~R!5)
j 51

4

r j
nj exp~2a j r j !. ~3!

The angular part is given by

Yl ( i )
LM~R̂!5(

mj

^ l 1m1l 2m2u l 12m12&^ l 12m12l 3m3u l 123M123&

3^ l 123m123l 4m4uLM &)
j 51

4

Yl jmj
~V j !. ~4!

Here the subscriptl ( i ) denotes the angular coupling:

l ~ i !5@~ l 1 ,l 2!l 12,l 3# l 123,l 4 . ~5!

Similarly, the spin angular momentum partial wave for
four-electron system with total spinSand itsz componentSz
can be represented by

xSSz
5@~ 1

2 , 1
2 !S12, 1

2 #S123, 1
2 ~6!

where theS123 and the spin of the last electron (1
2 ) couple

into S is implicitly implied. The four-electron spin functionx
could either be a quintet (S52), a triplet (S51), or a singlet
(S50). In the case of a singlet, two spin angular functio
are possible:

x15@~ 1
2 , 1

2 !1,1
2 # 1

2 ,0,

~7!
x25@~ 1

2 , 1
2 !0,1

2 # 1
2 ,0.
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In the saddle-point method@11#, vacancies are built into the
wave function to project out the spurious states. In particu
for the 1s2s2p2 resonances considered here, a 1s vacancy is
built into the total wave function. The wave function is give
by

CLSMSz
5A(

l ( i )
n( i )

Cn( i )
l ( i ) ~12Pj !wn( i )Yl ( i )

LM~R̂!xSSz
, ~8!

where Pj is the projection operator for the 1s vacancy or-
bital:

Pj5uw1s~r j !&^w1s~r j !u. ~9!

In Eq. ~8!, A is the antisymmetrization operator andCn( i )
l ( i ) are

linear coefficients. The vacancy orbital is given by

w1s~r j !52q3/2e2qrY00~u,f!. ~10!

The optimized value of the parameterq can be interpreted a
the effective nuclear charge seen by the vacancy orbital.
linear coefficientsC can be determined by solving the sec
lar equation from

dE05d
^CuH0uC&

^CuC&
50. ~11!

In the saddle-point method, this wave function is obtained
maximizing the nonrelativistic energyE0 with respect to the
parameterq and minimizingE0 with respect to all other non
linear parametersa.

The relativistic and mass polarization corrections are
tained by using the first-order perturbation theory. The p
turbation Hamiltonians considered here are

H85H11H21H31H41H5 , ~12!

with

H152
1

8c2 (
i 51

4

Pi
4 ~correction to kinetic energy!,

H25
Zp

2c2 (
i 51

4

d~r i ! ~Darwin term!,

H352
p

c2 (
i , j 51
i , j

4 F11
8

3
si•sj Gd~r i j !

(electron-electron contact term),

H452
1

M (
i , j 51
i , j

4

“ i•“ j ~mass polarization!,

H552
1

2c2 (
i , j 51
i , j

4
1

r i j
FPi•Pj1

r i j ~r i j •Pi !•Pj

r i j
2 G

(retardation potential),

whereM is the nuclear mass andc5137.036.
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It is well known that the width of a resonance is the res
of coupling between the closed- and open-channel com
nents. For a narrow resonance, this coupling is very we
The resonance wave function can be approximated by
closed-channel component and the resonance energ
largely determined by this component. However, the sad
point method does not yield the width of a resonance w
only the closed-channel segment. On the other hand,
open-channel wave function contains a continuum which
not square integrable in general. In order to handle the op
channel segment with square-integrable basis functions
follow the SPCR method@12#. We write the N-particle
Hamiltonian in the form

H~r1 ,r2 , . . . ,rN!5H~RN ,VN!, ~13!

where RN represents the set of radial coordinat
r 1 ,r 2 , . . . ,r N , andVN represents the corresponding angu
coordinates. Using the saddle-point method, an accurate
resentation of the closed-channel part of the eigenfunc
can be expanded in terms of a rather compact basis
f j (RN ,VN). A complex rotation is now carried out for th
Hamiltonian, that is,

H5H~RNeiu,VN!, ~14!

whereRNeiu means that each radial coordinatesr j takes the
form r je

iu. This new Hamiltonian is very different from Eq
~13!, and the corresponding eigenfunction is also chang
The eigenvalues along the branch cut varies withu but the
resonant eigenvalue is supposed to be stationary. Note
the nonlinear parameters inf j which are most suitable fo
the solution ofH(RN ,VN) may not be suitable for that o
H(RNeiu,VN). However, a corresponding rotation on the b
sis functionsf j ,

f j5f j~RNeiu,VN!, ~15!

recovers the fast convergence for the secular equation. In
case one finds that the eigenvalueE is invariant asH rotates.
If E is real before the rotation, it remains real whenH rotates.
But this complex-rotation method enables us to include
open-channel segment with square-integrable basis f
tions. When we add the open-channel segment to the b
setf j , the total wave function becomes

C~RN!5(
j

Cjf~RN!1A(
i ,k

dikc i~RN21!uk~rN!,

~16!

whereCj and dik are the linear parameters, andc i are the
open-channel target states. The angular coupling in Eq.~16!
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is suppressed. Theuk in Eq. ~16! form a one-dimensiona
complete set. WhenH is complex scaled by an angleu, Eq.
~16! is also complex scaled as follows:

C~RNeiu,VN!5(
j

Cjf j~RNeiu,VN!

1A(
i ,k

dikc i~RN21eiu,VN21!uk~rn!

~17!

If we choose

uk~r !5r ke2ar , ~18!

the open-channel component becomes

Copen5AF(
i

(
k51

Ki

dikc i~RN21!r N
k e2a i r NYl NmN

~rN!G .

~19!

With this C, the width and the shift are calculated from th
secular equation

d
^CuHuC&

^CuC&
50. ~20!

The real part of the eigenvalue gives us the resonance en
and the imaginary part gives the width of the resonance.

To achieve high accuracy, the basis functions should
able to saturate the functional space where the contribu
to energy is significant. For nonorthogonal basis such as
Slater orbital used in this work, a large number of ba
functions may lead to a linear dependence and numer
instability. To avoid this difficulty, we adopt the restricte
variation method@22#. In this approach, the wave function o
an atomic system is first solved with a smaller basis

C1~1,2, . . . ,N!5(
i 51

I

Cif i~1,2, . . . ,N!, ~21!

where I is the number of terms in the basis functions, a
Ci ’s are the expansion coefficients determined by optimi
tion. To improve this wave function with restricted variatio
method, we make a new expansion for the trial wave fu
tion

C~1,2, . . . ,N!5D1C1~1,2, . . . ,N!1(
i 52

I 8

Dic i~1,2, . . . ,N!,

~22!

wherec i is linearly independent to at least one of thef i ’s in
the wave function~21!. The ‘‘basic function’’ (C1) is used as
a single term in the variation calculation. The correspond
secular equation has the form
detUE12l H122lS12 H132lS13 ••• H1I2lS1I

H212lS21 H222lS22 H232lS23 ••• H2I2lS2I

••• ••• ••• ••• •••

U50, ~23!
4-3
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where

H1 j5^C1uH0uc j&, S1 j5^C1uc j&, j 52, . . . ,I , ~24!

Hi j 5^c i uH0uc j&, Si j 5^c i uc j&, i , j 52, . . . ,I , ~25!

and l is the eigenvalue. This secular equation is well b
haved and an improved solution is obtained even ifc j is
identical to part of the wave function inC1. In the restricted
variation method, the entireC1 is reduced to a single term
New terms can be introduced quite liberally. The new secu
equation is small and the computation can be done m
quickly.

In this work, the photoionization cross section is calc
lated similar to Chung@13# based on a method suggested
Rescigno and McKoy@14# in which the PICS is obtained
from the imaginary part of the polarizability. Highly accura
results have been obtained with this method@13#. The PICS
is given by

s~v!5
4p2

3c
v (

Ef5E01v
u^C0uDuC f&u2 ~26!

wherev is the photon energy,D is the dipole operator,C0 is
the initial ground-state wave function, andC f is the final-
state wave function.

The polarizability of an atomic system is given by

a~v!5S (
n

u^c0uDuCn&u2

En2E02v
1E u^c0uDuCE&u2

E2E02v2 i e
dE

1(
n

u^c0uDuCn&u2

En2E01v DY3. ~27!

Here we are interested in the negative-frequency part

a2~v!5S (
n

u^c0uDuCn&u2

En2E02v
1E u^c0uDuCE&u2

E2E02v2 i e
dEDY3,

~28!

and its imaginary component

Im a2~v!5 1
2 pu^C0uDuC f~E5E01v!&u2. ~29!

A comparison with Eq.~26! suggests that

s~v!5
4pv

c
Im a2~v!. ~30!

a2(v) may be obtained by first constructing a function
@23#

F5^CEuH02Ei2vuCE&1^C0uDuCE&1^CEuDuC0&.
~31!

CE is then solved by finding the extremum forF after the
complex scaling is done onCE . And finally, a2(v) is given
by the expression

a2~v!5^CEuDuC0&/3. ~32!
02271
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III. RESULTS

In this study, a saddle-point method is used to calcul
the singlet core-excited Be 1s2s2p2 1S, 1D, and 1P reso-
nances. These calculations have been carried out for the
electronic ions from BeI up to NeVII .

In computing the energy of these four-electron states,
found that the radial and angular correlations are very imp
tant. To reach an accuracy comparable to that of two-
three-electron systems, much larger basis sets are nee
For each angular spin component, four nonlinear parame
are included for the Slater orbitals. They are optimized in
computation. An example of the calculated wave functi
and energy for the Be 1s2s2p2 1S state is given in Table I.
The spin wave functionsx1 andx2 are given in Eq.~7!.

The calculated energies~in a.u.! for the Be 1s2s2p2 1S,
1s2s2p2 1D, and 1s2s2p2 1P together with the relativistic
and mass polarization corrections are tabulated in Table
HereE0 is the energy obtained from the saddle-point meth
for the unperturbed Hamiltonian, Eq.~1!. The perturbation
corrections from each of the terms in Eq.~12! are listed with
their contributions. The total correctionE1 are also given in
this table. Most of the corrections come from the P4 (H1)
~the relativistic correction to the kinetic energy! and the Dar-
win term (H2) @see Eq.~12!#. The expectation values o
mass polarization (H4) and the retardation potential effec
(H5) are opposite in sign. The energy shifts obtained fro
the complex-rotation calculation,DEsh f t , and the correction
from the restricted variation calculation,DErsv , are also
given in this table. For the1S resonance, the energy shift
mainly due to the combination of two major decayin
modes, that is, 1s2s2p2 1S→(1s22s1e) and 1s2s2p2 1S
→(1s22p1e). Their branching ratios are listed in Table V
below. The resonance energy in the complex-rotation ca
lation is very stable over a wide range ofu and the nonlinear
parametersa in Eq. ~19!. Up to 15uk’s are used. The rea
part of the energy is stable to about six or seven digits a
the decimal.DEres is the improvement of energy from th
restricted variation method. In the case of Be 1s2s2p2 1D,
an improvement of about 0.048 eV is obtained. The cal
lated energies for the core-excited BII and CIII resonan
are given in Table III. The energies of the correspond
isoelectronic resonances for NIV, O V, F VI, and NeVII are
listed in Table IV. In this table,Ln is the number of partial
waves andN is number of total basis terms.

Chung has studied the four-electron resonances ofI
and BII with the saddle-point method@16#. A larger basis set
is utilized here which is further improved with the restricte
variation calculation. Furthermore, we have employed
SPCR method to calculate the width, the energy shift, a
the branching ratios for the decay channels. We noted
the energy shift obtained by SPCR is positive for1D and 1S
states, but is negative for1P state. The same pattern hold
for all the iso-electron Be-like ions studied here.

The value forq represents the optimized effective char
seen by the vacancy orbital. The optimized values for1D or
1S states is aroundZ20.5, exhibiting the fact that the
nuclear charge seen by the 1s vacancy is half-screened b
the presence of the 1s electron. However, the shielding fo
4-4
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TABLE I. Energy~in 1026 a.u.) and wave function for BeI 1s2s2p2 1S (q53.42). HereN is the number
of basis functions.as are the nonlinear parameters.

l 1l 2l 3l 4x a l 12l 123 N Energy a1 a2 a3 a4

0011x2 01 30 10 119 923.74 3.7546 1.5717 0.9279 1.7171
0011x1 01 16 7105.39 3.8762 1.4710 1.8104 0.8449
0022x2 02 30 19912.54 3.9551 0.8918 1.5147 1.6690
0000x2 00 12 5404.69 3.9328 1.2966 0.4186 3.7847
0033x2 03 8 1950.15 3.9274 0.7921 2.2305 2.0758
0044x2 04 3 417.89 3.9668 1.0767 2.4731 2.9230
0121x2 11 14 1858.90 4.0149 0.9388 1.6021 1.3359
0022x1 02 8 20.46 3.9459 1.0802 1.8317 1.4135
0121x1 11 14 1185.73 1.2025 1.0215 3.8021 3.2336
0132x2 12 5 2932.58 3.9165 1.2260 1.7703 1.6510
0231x2 21 5 545.23 3.8266 1.5948 2.1128 1.1952
0132x1 12 5 273.98 3.8622 1.2177 2.0175 1.6203
0121x1 11 14 246.83 3.9998 0.9828 1.5540 1.9309
1111x2 01 4 737.27 2.6738 1.5637 0.7650 2.1590
0101x2 11 34 1673.73 3.4951 1.0661 1.2105 1.8082
0112x2 12 23 777.54 1.5941 0.9115 3.8954 3.4309
0202x2 22 12 17.54 4.0140 1.3542 1.3461 1.7698

Total 17 237 10 164 984.21

aThe coupling schemex1 andx2 are given in Eq.~7!.
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the 1P states is more extensive. Theq value of NIV

1s2s2p2 1P is 6.07, indicating that the 2p electrons are
pulled into the core by the strong nuclear charge. In t
respect, it is interesting to notice the following distinction f
the 1s2s2p2 1P resonance: A simple consideration of Pa
li’s exclusive principle implies that the 1s2s2p2p 1L system
may be formed through

~1s2s!3S~2p2p!3P 1P, ~33!

~1s2s!1S~2p2p!1D 1D, ~34!

~1s2s!1S~2p2p!1S1S. ~35!

We list in Table V, Table VI, and Table VII the calculate
02271
s

-

branching ratios for the Auger electrons from 1s2s2p2 1L
for BeI, B II , and CIII . The corresponding branching ratio
for N IV, OV, FVI, and NeVII are tabulated in Table VIII.
Recently, Chung@21# used a spin-alignment depende
theory to explain the relative magnitude of the Auger bran
ing ratios. It would be interesting to check this theory wi
our results. Most of the 1s2s2p2 1L decay through both
1s22s and 1s22p channels. But because of parity violatio
1s2s2p2 1P does not decay via the 1s22s channel in the
nonrelativistic approximation. For ions of low and medianZ,
the symmetry preferred decay may make the correspon
Auger lines particularly prominent in the observed Aug
spectra.

For the 1s2s2p2p 1P resonances, two of the most prob
able decay channels are
TABLE II. Perturbation corrections and the energy shift for BeI 1s2s2p2 1L resonances~in a.u.!.

1s2s2p2 1S 1s2s2p2 1D 1s2s2p2 1P
q 3.42 3.46 3.16

E0 210.164 984 210.238 362 210.172 515
P4 and Darwin (H11H2) 20.001 895 20.001 895 2001 963
e-e contact (H3) 0.000 032 0.000 029 0.000 008
Mass polarization (H4) 20.000 017 20.000 027 2000 029
Retardation potential (H5) 0.000 029 0.000 025 0.000 015
E1 ~total correction! 20.001 851 20.001 868 20.001 969
Subtotal 210.166 835 210.240 230 210.174 484

DEsh f t 0.001 018 0.000 665 20.000 113
DErsv 20.000 677 20.001 751 20.000 718
Etotal 210.166 826 210.241 316 210.175 315
4-5
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TABLE III. Energies for the 1s2s2p2 singlet core-excited resonances of BII and CIII ~in a.u.!.

Resonance E0 q E1 DEsh f t DErsv Etotal

B II 1s2s2p2 1D 216.928 150 4.45 20.004 742 0.001 070 20.000 173 216.931 995
B II 1s2s2p2 1P 216.834 171 4.12 20.004 966 20.000 211 20.000 508 216.839 856
B II 1s2s2p2 1S 216.831 844 4.46 20.004 702 0.001 455 20.000 305 216.835 396
C III 1s2s2p2 1D 225.370 121 5.45 20.010 199 0.001 380 20.000 181 225.379 121
C III 1s2s2p2 1P 225.248 451 5.11 20.010 704 20.000 285 20.000 584 225.260 024
C III 1s2s2p2 1S 225.237 787 5.46 20.010 097 0.002 054 20.000 305 225.246 135
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1s2s2p2p 1P→1s1s2p1ep, ~36!

1s2s2p2p 1P→1s1s3p1ep. ~37!

In the initial states, the 1s electron and 2s electron form a
triplet. The 2s cannot fall directly into the 1s vacancy. In the
case of Eq.~36!, the 1s vacancy is filled via a 2s22p inter-
action either by a spin- or orbital-angular-momentu
exchanged electron. In the channel, Eq.~37!, in addition to
the this exchange, the other 2p electron needs to be furthe
promoted to the 3p orbital. Thus, the probability for Eq.~37!
is extremely small. This conclusion is supported by the c
culated branching ratios.

For the 1s2s2p2p 1D resonances, the two major deca
ing modes are

1s2s2p2p 1D→1s1s2s1ed, ~38!

1s2s2p2p 1D→1s1s2p1ep. ~39!

Equation~38! may be considered as the result of interact
between the two 2p electrons such that one collapses to t
1s vacancy by changing angular momentum and the o
leaves the atom as a freed electron. For Eq.~39!, there are
two possibilities. Both are the result of a 2s electron inter-
acting with the nearest 2p electron. In the first case, the 2p
electron collapses into the 1s vacancy, via the 2s-2p inter-
action and an angular momentum exchange. On the o
hand, the 2s electron may fill the 1s vacancy without violat-
ing the exclusion principle since the 1s and the 2s electrons
02271
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form a singlet in the initial state. The 2p electron will be
kicked out as a freep electron. In this case, there is no ne
for angular momentum exchange. Hence, we expect the
~39! would be the major contributor to the Auger transitio
Our results support this conclusion.

For the 1s2s2p2p 1S resonance there are two major d
cay channels:

1s2s2p2p 1S→1s1s2s1es, ~40!

1s2s2p2p 1S→1s1s2p1ep. ~41!

The situation is very similar to that of 1s2s2p2p 1D reso-
nances and we conclude that the decay prefers the cha
through~41!. Our calculated branching ratios agree with th
conclusion. In summary, our calculation support the sp
alignment-dependent theory proposed by Chung@21#.

In the following subsections we will discuss our resu
for each ion and compare with available experimental a
theoretical data in the literature.

A. Results for beryllium

The energy levels of Be for the states of interest
shown in Fig. 1. The calculated energies and the branch
ratios for the Auger electrons of BeI 1s2s2p2 1L resonances
as well as the experimental results from the Be spectrum
Rødbroet al. @24# are tabulated in Table V. In this work, w
use 214.326 897 a.u. for Be1 1s22s from Ref.
8
017

7
4
263

3
8
012

5
3
434

1

TABLE IV. Energies of 1s2s2p2 states of NIV, OV, FVI, and NeVII ~in a.u.!.

State Ln N q 2E0 2E1 2DEsh f t 2DErsv 2Etotal

N IV 1s2s2p2 1D 31 404 6.445 35.562 946 0.019 48720.001 625 0.002 640 35.583 44
1s2s2p2 1P 32 225 6.070 35.413 917 0.020 451 0.000 346 0.000 303 35.435
1s2s2p2 1S 25 318 6.452 35.397 621 0.019 31920.002 475 0.000 552 35.415 01

O V 1s2s2p2 1D 31 404 7.443 47.506 253 0.034 09220.001 817 0.002 836 47.541 36
1s2s2p2 1P 32 225 7.000 47.329 749 0.035 759 0.000 400 0.000 355 47.366
1s2s2p2 1S 25 318 7.449 47.308 616 0.033 85720.002 803 0.000 593 47.340 26

F VI 1s2s2p2 1D 31 404 8.448 61.201 952 0.055 89120.001 977 0.000 882 61.256 74
1s2s2p2 1P 32 225 7.940 60.995 850 0.058 436 0.000 448 0.000 278 61.055
1s2s2p2 1S 25 318 8.447 60.970 153 0.055 47620.003 064 0.000 630 61.023 19

NeVII 1s2s2p2 1D 31 404 9.442 76.645 840 0.086 83920.002 104 0.000 928 76.731 50
1s2s2p2 1P 32 225 8.841 76.412 118 0.090 520 0.000 487 0.000 309 76.503
1s2s2p2 1S 25 318 9.446 76.382 023 0.086 20720.003 278 0.000 429 76.465 38
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TABLE V. Branching ratios~BR! of BeI 1s2s2p2 system for major decaying channels.

Energy~eV!

Channel Theorya Chungb Expt.c BRa Width ~meV!a

1s2s2p2p 1D→1s1s2s1«d 111.17 34.20% 12.41
1s2s2p2p 1D→1s1s2p1«p 107.21 107.31 107.0260.2 65.80% 23.89
Total width 36.97
1s2s2p2p 1P→1s1s2p1«p 109.01 109.01 108.9660.2 99.96% 4.813
1s2s2p2p 1P→1s1s3p1«p 101.00 101.0260.1 0.04% 0.002
Total width 4.958
1s2s2p2p 1S→1s1s2s1«s 113.20 19.36% 5.940
1s2s2p2p 1S→1s1s2p1«p 109.25 109.44 109.2660.2 80.64% 24.74
Total width 30.48

aThis work.
bChung@16#.
cRødbroet al. @24#.
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@25# 214.181 546 a.u. for Be1 1s22p from Ref. @26#. The
results from Chung@16# are also listed for comparison.

The Be spectrum from Rødbroet al. @24# is shown in Fig.
2. In this spectrum, the lithiumlike 1s2l2l 8 lines are by far
the most prominent. The spectral lines in the range 110–
eV ~lines 16–22! are shown to correspond to 1s2l3l 8 lithi-
umlike lines in Davis and Chung@28#. Lines 4, 5, 8, 9, 10,
11, 13, 14, and 15 which had not been identified in Ref.@28#
were identified later in Ref.@16#. Using the energies in Fig. 1
and in Table V, we can reexamine these identifications.

Line 11 is weak but broad. The reported position
107.0260.2 eV. Our predicted result at 107.21 eV for th
decay 1s2s2p2 1D→(1s22p,e) is within the experimenta
uncertainty. The result in Davis and Chung@28#, 107.32 eV,
lies slightly outside the error bar.

Lines 14 and 15 are the most intense lines in the spec
Line 14 appears as the strongest line at 108.9660.2 eV in
Fig. 2 and line 15 appears as a shoulder at 109.2660.2 eV.
Our calculation shows that they come from the followi
two transitions:
02271
5

a.

1s2s2p2 1P→~1s22p,e! predicted at 109.01 eV,~42!

1s2s2p2 1S→~1s22p,e! predicted at 109.25 eV.~43!

The calculated branching ratios in Table V show that b
transitions~42! and ~43! are the preferred decaying mode
The calculated results by Davis and Chung are 109.01
109.44 eV, respectively.

For the 1s2s2p2 1D→(1s22s1e) channel, our predicted
Auger energy is at 111.17 eV, buried in the lithiumlike line
On the other hand, the spectral line due to the 1s2s2p2 1P
→(1s23p1e) transition is not plotted here for its extreme
small branching ratio. If we use213.887 158 a.u. for 1s23p,
we obtain an Auger energy of 101.00 eV, within the expe
mental error bar of the weak line 4.

The channel 1s2s2p2 1S→(1s22s1e) which was pre-
dicted to be 113.20 eV with relatively small branching ra
is not reported in the experiment.
TABLE VI. Auger energies and branching ratios for BII 1s2s2p2 1D, 1s2s2p2 1P and 1s2s2p2 1S
resonances .

Auger energy~eV!

Channel Width~meV! BR ~%! Theorya Chungb Expt. ~eV!c

1s22s1d 25.47 39.80 176.83 176.86 176.8860.2
1s2s2p2 1D 1s22p1p 38.47 60.20 170.83 170.85 170.5760.2
Total width 64.84

1s22p1d 11.19 99.95 173.34 173.34 173.5860.2
1s2s2p2 1P 1s23p1p 0.006 0.05 155.41
Total width 11.19

1s22s1s 19.60 35.57 179.46
1s2s2p2 1S 1s22p1p 35.51 64.43 173.46 173.41 173.5860.2
Total width 55.10

aThis work. For the 1s22s, 1s22p, and 1s23p energies used, see text.
bChung@16#.
cReference@29#.
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TABLE VII. Auger energies and branching ratios for CIII 1s2s2p2 1D, 1s2s2p2 1P, and 1s2s2p2 1S
resonances.

Auger energy~eV!

Channel Width~meV! BR ~%! Ee ~eV! a Theory Expt.

1s22s1d 36.54 42.78 256.05 257.3b 256.09c

255.3d 256.1d

1s2s2p2 1D 1s22p1p 48.87 57.22 248.05 247.2b 248.04c

248.2d

Total width 86.48
1s22p1d 16.34 99.95 251.29 252.9b 251.4860.2c

252.8d 251.4d

1s2s2p2 1P 1s23p1p 0.008 0.05 219.60
Total width 16.43

1s22s1s 22.10 31.35 259.67 258.9d 258.6d

260.9b 259.99c

1s2s2p2 1S 1s22p1p 48.40 68.65 251.67 252.8b 251.4860.2c

260.9d 251.4d

Total width 70.35

aFor the 1s22s, 1s22p, and 1s23p energies used, see text.
bChen, Ref.@32#.
cExperimental results by Rødbroet al. @24# as recalibrated by Bruchet al. @30#.
dMann @31#.
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B. Results for boron

Our calculated energies, widths, and branching ratios
the BII 1s2s2p2 1D, 1s2s2p2 1P, and 1s2s2p2 1S are
shown in Table VI. For the energy of the Auger electrons,
use 223.430 622 a.u. for the 1s22s @25#, 223.210 334
a.u. for the 1s22p @26#, and222.551 343 a.u. for the 1s23p
@27#. These results were obtained with the CI wave function
including relativistic and mass polarization corrections. T
experimental energy by Rødbroet al. @24# as recalibrated by
Chung and Bruch@29# and the theoretical results by Chun
@16# are also included in this table for comparison.

The Auger spectrum of boron by Rødbroet al. is repro-
duced in Fig. 3. The lithiumlike lines are unambiguous
identified in Chung and Bruch@29#. These lines appear t
have a higher intensity as compared with those of the fo
electron spectral lines. The lines 9, 15, 16, and 18 with a v
significant intensity have also been identified in Ref.@16#.
Using the electron energies tabulated in Table VI, we c
identify the possible lines for the 1s2s2p2 resonances.

Line 12 at 170.5760.2 eV is a weak line. Our calculatio
shows that the observed line is (1s2s2p2 1D→1s22p1e)
predicted at 170.83 eV, in good agreement with the re
170.85 eV by Chung and the experiment.

Line 15 is reported at 173.5860.2 eV with a strong in-
tensity. We predict it to be the overlap of the following tra
sitions:

1s2s2p2 1P→~1s22p,e! predicted at 173.34 eV,~44!

1s2s2p2 1S→~1s22p,e! predicted at 173.46 eV.~45!

These results are in agreement with the calculated result
Chung who obtained 173.34 eV and 173.41 eV, respectiv
02271
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Equation~44! is a symmetry-preferred Auger decay. We n
tice that the other decay channel 1s2s2p2 1S→(1s22s,e)
predicted at 179.46 eV is not reported in the observed sp
trum. This is also true in the reported CIII and BeI Auger
spectra. The calculated branching ratio of 1s2s2p2 1S
→(1s22s,e) is much smaller than 1s2s2p2 1S
→(1s22p,e).

Line 19 is reported at 176.8860.2 eV. Our prediction for
the channel 1s2s2p2 1D→(1s22s,e) is 176.83 eV in good
agreement with the result 176.86 eV in Ref.@16# and with
the experiment. The branching ratios in Table VI show th
the weak 1s2s2p2 1D→(1s22p,e) is a preferred decaying
mode as compared with the 1s2s2p2 1D→(1s22s,e) chan-
nel. Hence, the latter one can not be the major contributo
line 19. Our calculations for boron are in complete agre
ment with Ref.@16#.

C. Results for carbon

The energies, widths, and the branching ratios of CIII

1s2s2p2 1D, 1s2s2p2 1P, and 1s2s2p2 1S are shown In
Table VII. For the energy of the Auger electrons we need
energies of the 1s22s, 1s22p, and 1s23p ions. They are
234.789 074 a.u. for 1s22s @25#, 234.495 071 a.u. for
1s22p @26#, and233.330 578 a.u. for 1s23p @27#.

Our calculated Auger energy for the core-excited sing
resonances of CIII is compared with the experiment of Bruc
et al. @30# which is recalibrated from Rødbroet al. @24#. The
spectrum is reproduced in Fig. 4. In addition, we comp
our results with the Auger spectra of Mann@31#. Note that
the error bars in both experiments are60.2 eV.

Our predicted energy for the transition 1s2s2p2 1D
→(1s22p,e) is at 248.05 eV. This is in good agreeme
4-8
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TABLE VIII. Auger energies and branching ratios of NIV, OV, FVI, and NeVII ~in eV!.

Channel Energy~eV! a BR a Other Theo. Expt.

N IV 1s2s2p2 1D→1s22s1«d 348.84 44.67%
1s2s2p2 1D→1s22s1«p 338.86 55.33%
1s2s2p2 1P→1s22p1«p 342.90 99.95%
1s2s2p2 1P→1s23p1«p 293.63 0.05%
1s2s2p2 1S→1s22s1«s 353.42 30.48%
1s2s2p2 1S→1s22p1«p 343.44 69.52%

O V 1s2s2p2 1D→1s22s1«d 455.35 46.00% 456.74b, 455.4c 45762c

1s2s2p2 1D→1s22p1«p 443.36 54.00% 444.65b, 443.4c 44461c

1s2s2p2 1P→1s22p1«p 448.13 99.96% 449.89b 448.561c

1s2s2p2 1P→1s23p1«p 377.51 0.04%
1s2s2p2 1S→1s22s1«d 460.83 30.28% 462.10b, 461.3c 46062c

1s2s2p2 1S→1s22p1«p 448.83 69.72% 450.01b, 449.3c 44961c

F VI 1s2s2p2 1D→1s22s1«d 575.55 46.93%
1s2s2p2 1D→1s22p1«p 561.55 53.07%
1s2s2p2 1P→1s22p1«p 567.04 99.96%
1s2s2p2 1P→1s23p1«p 471.27 0.04%
1s2s2p2 1S→1s22s1«d 581.91 30.29%
1s2s2p2 1S→1s22p1«p 567.91 69.71%

NeVII 1s2s2p2 1D→1s22s1«d 709.46 47.73% 710.84d, 709.21e 710.060.4f

1s2s2p2 1D→1s22p1«p 693.43 58.27% 694.71d, 693.18e 694.060.4f

1s2s2p2 1P→1s22p1«p 699.64 99.97% 701.42d

1s2s2p2 1P→1s23p1«p 574.91 0.03%
1s2s2p2 1S→1s22s1«d 716.71 30.38% 717.96d, 716.57e

1s2s2p2 1S→1s22p1«p 700.68 69.62% 701.83d, 700.54e

aThis work. For the 1s22s, 1s22p, and 1s23p energies used, see text.
bReference@33#.
cReference@34#.
dMulticonfiguration Dirac-Fock method@35#.
e1/Z method@36#.
fReference@36#.
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with Line 14 in Ref.@30# at 248.04 eV and with line 13 in
Ref. @31# at 248.2 eV. This line overlaps with the thre
electron line 1s2p2 1S→(1s2,e) at 248.0260.2 eV. Note
that line 13 in Ref.@33# is a very strong peak.

The most intense line reported in the spectrum of R
@30# is line 16 at 251.4860.2 eV. It is reported at 251.4
60.2 eV in Mann. Our results show that it could be a ov
lap of

1s2s2p2 1P→1s22p1e predicted at 251.29 eV,~46!

1s2s2p2 1S→1s22p1e predicted at 251.67 eV,~47!

which all agree well with the observed peak. The calcula
branching ratios in Table VII show that both transitions~46!
and ~47! are the favored decay modes. This may help
explain the strong intensity of this observed line.

Line 20 is reported at 256.09 eV in Ref.@30# and 256.1
60.2 eV in Mann@31#. Our predicted energy for the chann
1s2s2p2 1D→(1s22s1e), 256.05 eV, agrees very well with
both experiments.

Our predicted energy at 259.07 eV for 1s2s2p2 1S
→(1s22s1e) deviates from line 19 at 258.6 eV or line 20
02271
f.
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d
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261.6 eV in the experiment of@31#. However, it agrees very
well with line 25 at 259.02 eV in the experiment of Ref.@30#.
The branching ratios between the decay modes of (1s22p,e)
and (1s22s,e) is about 2:1. If the former mode is observe
with significant intensity, the decaying mode 1s2s2p2 1S
→(1s22s1e) should also be observable. This is confirm
by our agreement with the experiment@30#.

D. Results for O and Ne

We list in Table IV the calculated energies for the cor
excited 1s2s2p2 1L resonances and the branching ratios
the isoelectronic NIV, OV, FVI, and NeVII ions.

Our Auger electron energy for OV 1s2s2p2 1D
→(1s22s1e) is 455.35 eV. It is 456.74 eV in Ref.@35# and
455.4 eV in Ref.@34#. These values are in agreement wi
the 45762 eV ~line 7! in the experiment@34#. Our predicted
Auger energy for 1s2s2p2 1D→(1s22p1e) at 443.36 eV is
close to the 444.65 eV in Ref.@33# and 443.4 eV in Ref.@34#.
The experimental line 58 at 44461 eV from Ref.@34# is a
good candidate for this decay.

For the Auger energies of 1s2s2p2 1S→(1s22p1e) and
1s2s2p2 1S→(1s22s1e), we obtained 460.83 and 448.8
4-9
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eV, respectively. They are 462.10 and 450.01 eV in Ref.@33#
and 461.3 and 449.3 eV in Ref.@34#. The experimental val-
ues 46062 eV of line 88 and 44961 eV of line 88 from
Ref. @34# agree well with these predictions.

Our result 448.13 eV for OV 1s2s2p2 1P→(1s22p1e)
is close to the 449.89 eV from Ref.@33#. These values are
very close to the line 448.561 eV in the experiment@34#.
The corresponding channel to (1s23p1e) is weak. It is not
reported. In general, the agreements with the available th
retical and experimental data are good.

Our results for NeVII are compared with the ones ob
tained from the 1/Z method, from Multiconfiguration Dirac-
Fock ~MCDF! method@35#, and with experiment@35#. The
experimental spectrum is reproduced in Fig. 5.

Our calculated energy for the channels 1s2s2p2 1D
→(1s22s1e) and 1s2s2p2 1D→(1s22p1e) are at 693.43
and 709.46 eV, respectively. These results lie slightly low

FIG. 1. Energy levels of Be~in eV!. Numbers inside bracket
denote the experimental data from Rødbroet al. @24#.
02271
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the error bars of line B9a at 694.060.4 eV and line B12 at
710.060.4 eV in Fig. 5. Our energies are slightly high
than the 693.18 and 709.21 eV from the 1/Z method but
lower than the 694.71 and 710.84 eV from the MCD
method. For the decay 1s2s2p2 1S→(1s22s1e), our pre-
dicted energy is 716.71 eV as compared with the 717.96
from the MCDF method and the 716.57 eV from 1Z
method. Our predicted energy for the correspond
(1s22p1e) channel is 700.68 eV. The calculated resu
from the MCDF method and from the 1/Z method are 701.83
eV and 700.54 eV, respectively. Our predicted energy
699.64 eV for 1s2s2p2 1P→(1s22p1e) decay. It is within
the error bars of both lines C10 at 699.360.4 eV and B10 at
699.860.4 eV in Ref.@35#.

IV. RESULTS FOR BERYLLIUM PHOTOIONIZATION
RESONANCES

An energy diagram for Be autoionization and photoio
ization is shown in Fig. 1. The photon energies required
the transitions 1s2s2p 1P1hn→1s2s2p2 1S, 1P, and 1D
are indicated in this figure. The calculated PIC’S f
1s22s2p 1Po near the 1D resonance are shown in Fig. 6
These PICS’s are obtained from Eq.~26!. TheC0 in Eq. ~26!

FIG. 2. Auger spectrum of Be with a singly excited core~500
keV on CH4). Experimental data from Rødbroet al. @24#.
FIG. 3. Singly core-excited B
Auger spectrum from 300 keVB1

on CH4. Experimental data from
Rødbroet al. @24#.
4-10
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is the Be I 1s22s2p 1Po state. We have used full-core plu
correlation~FCPC! method to calculate the energy and wa
function of this state. For the final state, we have

C f5AS (
o

F0~1,2,3!co~4! D 1Cc~1,2,3,4!

whereF0 are the Be1 1s22s and 1s22p wave functions. An
important criterion for the wave functionCc is that it must

FIG. 5. High-resolution zero-degree electron spectrum produ
by 100-MeV Ne511He collisions. The spectrum is displayed aft
background subtraction and transformation to the projectile
frame. The observed Auger lines arise mainly from Be-like co
excited 1s2s22p and 1s2s2p2 initial configurations.~see also Ref.
@36#!.

FIG. 4. High-resolutionKLL Auger spectrum from Ref.@24#.
300 keV C1 on CH4.
02271
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FIG. 6. Beryllium 1s2s2p2 1D resonance from 1s22s2p 1Po.

FIG. 7. Beryllium photoionization from 1s22s2p 1Po, near the
1D nonresonant region.

FIG. 8. Beryllium 1s2s2p2 1P resonance from 1s22s2p 1Po.
4-11
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FIG. 9. Be photoionization from 1s22s2p 1Po, near the1P non-
resonant region.

FIG. 10. Beryllium 1s2s2p2 1S resonance from 1s22s2p 1Po.

FIG. 11. Beryllium photoionization 1s22s2p 1Po, near the1S
nonresonant region.
02271
give the energy of the resonances in this region accura
without spurious singularity. The peak cross section of t
resonance is at around 120 Mb (1.2310216 cm2).

In Fig. 7, the same PICS calculation in the nonreson
region for BeI 1s22s2p 1Po1hn→ 1D is shown. Notice that
the value of the largest cross section is around 0.8 Mb,
times smaller than the peak in the resonant region.

In Fig. 8, we show the calculated cross section in
resonant region for Be 1s22s2p 1Po1hn→1s2s2p2 1P.
The peak cross section in this region is at around 1900 M
We show the same PICS’s in the nonresonant region in
9. Again, the value of the largest cross section is ab
10 000 times smaller than the resonant region.

The cross section in the resonant region for
1s22s2p 1Po1hn→Be1s2s2p2 1S is presented in Fig. 10
The peak cross section is at approximately 30 Mb. The c
responding cross section in the nonresonant region is
sented in Fig. 11. Here, the value of the largest cross sec
is about 100 times smaller than the peak cross section in
resonant region. The total PICS’s predicted for Be fro
1s22s2p 1Po are given in Fig. 12.

V. CONCLUSION

In this work, we have computed the Auger energies fro
Be-like 1s2s2p2 1L systems forZ54 –10. The PICS’s for
BeI 1s22s2p 1Po are calculated for the first time. Most o
the predicted energies lie inside the quoted experimenta
ror bars. For some of the unresolved lines in the experime
we hope our results could be helpful to identify them. Th
should be useful in future experimental analysis as well
ions from BeI to Ne VII .

Although our results agree well with experiments,
should be noted that our relativistic corrections are obtai
with first-order perturbation theory. This theory, while acc
rate for small-Z systems, will become less accurate asZ in-
creases.

FIG. 12. Be photoionization from 1s22s2p 1Po.
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