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Theoretical study of dielectronic recombination between electrons and heliumlike carbon ions
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A revised simplified relativistic configuration-interaction method is used to study the dielectronic recombi-
nation processes of He-like carbon ions. Every resonance of type 1s2Lnl has been determined forn52,3. The
total integrated cross sections of the dielectronic recombination are in agreement with the experimental mea-
surements within 10%. It is found that the strong resonance peak around 283 eV consists of three important
doubly excited resonance states with the dominant contribution due to two (1s2p 1P) 3d 2F5/2,7/2 states, in
contrast to the previous assignment of (1s2p 1P) 3p 2S1/2 as the dominant resonance state.

PACS number~s!: 34.80.Kw, 34.80.Dp
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I. INTRODUCTION

Dielectronic recombination~DR! is a resonant radiative
recombination process. When a free electron collisiona
excites an ion C41, it may lose enough energy to be captur
into an unoccupied orbitalnl, and one of the bound electron
of the ion C41 is excited from the initial 1s orbital into the
2L orbital forming a doubly excited resonance state 1s2Lnl.
Subsequently, the doubly excited resonance state decays
states of C31 through radiative transition processes. DR p
cesses are fundamental recombination processes becau
their importance in influencing the ionic balance in hig
temperature plasmas and for understanding the dynamic
the solar corona@1#. Furthermore, their radiative emission
have significant effects on plasma cooling as well as
plasma diagnostic spectrum in fusion plasmas. There
they attract considerable interest from both experimental
theoretical researchers.

There are many theoretical methods by which to calcu
the DR processes, such as distorted wave methods@2,3#,
close-coupling methods@4,5#, relativistic close coupling us
ing the Breit-PauliR-matrix method@6#, and single- and
multiconfiguration methods@7–14#. In these calculations
@7–10#, it is generally tedious work to obtain all the accura
DR rate coefficients because they involve many doubly
cited resonance states. Most calculations either neglec
high-lying doubly excited states or simply use then23 law to
extrapolate for high-lying doubly excited states based
quantum defect theory~QDT! @8,15–17#. However, in the
framework of QDT, we have developed a simplified relat
istic configuration-interaction~SRCI! method to treat the
high-lying doubly excited states by interpolations instead
extrapolations@11–14#. We have calculated the DR cros
sections of H-like helium ions@12# and argon ions@13# and
obtained good agreement with experimental results. Re
experiments on DR between electrons and He-like car
ions have been performed by Mannerviket al. @18# with an
energy resolution of 0.1 eV, which requires more accur
theoretical calculations. This present paper presents our
oretical study of DR processes between electrons and He
carbon ions. To treat the electron correlations properly, i
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important to include more configuration interactions, such
the orbital angular momentum correlations~i.e., l mixture!.
Thus, in this paper, we have developed a revised SR
method including the orbital angular momentum corre
tions. Comparing the theoretical results calculated by the
vised SRCI method (l mixture! with those calculated by the
SRCI method~without l mixture!, we find the orbital angular
momentum correlations are important for detailed desc
tion of the peak positions and line shapes, even for the in
grated cross sections. Both the integrated cross sections
the detailed line shapes are in good agreement with the
perimental results@18# and also agree with the recent calc
lated results of Pradhan and Zhang@6#. Then we can give
clear assignments of all the resonances for 1s2Lnl with n
52,3. For example, the resonance peak around 283 eV
identified as the only resonance state (1s2p 1P)3p 2S in
other theoretical work@18,19#, while in our calculation we
find this resonance peak consists of the three major st
(1s2p 1P)3d 2F5/2,7/2 and (1s2p 1P)3p 2S1/2, and the inte-
grated cross section of2F (;63) is larger than that of
2S(;7) ~the units of the integrated cross section a
10221 cm2 eV throughout this paper, unless specified oth
wise!. The integrated cross section for these three state
70.5, which is in fair agreement with the experimental res
(;89) @18#. A more detailed analysis will be discussed
Sec. III. Because of its relativistic treatment, our revis
SRCI method is applicable for arbitrary high-Z ions with
much less computational effort and it can meet the need
relevant applications.

II. THEORETICAL METHOD AND RESULTS

The DR process of C41 is expressed as

e21C41~1s2!→C31~1s2Lnl !**

→C31~1sNkLknkl k!* 1hn, ~1!

where theC41 ion in the initial statei, with the major
configuration 1s2, captures a free electron with a specifi
energy e i and forms the C31 ion in the doubly excited
resonance state j with the major configuration
©2000 The American Physical Society15-1
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@(1s2L 2Sc11Lc)nl 2St11Lt# (Lc andSc are the orbital angu-
lar momentum and spin quantum numbers for the C41 ion
and Lt and St are the total orbital angular momentum a
spin quantum numbers for the C31 ion!. Under the isolated
resonance approximation, the DR cross sections for any d
bly excited resonance states can be expressed as

s i j ;k5
p2\3

mee i

gj

2gi

Aji
a Ajk

r

(k8Ajk8
r

1( i 8Aji 8
a d~e2e i !, ~2!

where me is the mass of the electron.gi and gj are the
statistical weights of the statesi andj, respectively.Aji

a is the
Auger decay rate~inverse resonance capture process!, which
can be calculated by the Fermi golden rule.Ajk

r is the radia-
tive rate from the upper statej to the lower statek. The
summationi 8 is over all possible lower states of C41, and
the summationk8 is over all possible lower states of C31.
The atomic wave function for the statej is expressed as

C j5(
d

Cjdf~Gd!. ~3!

Here f(Gd) is the configuration wave function.G denotes
the quantum numbers of the configuration) i(ni ,k i)

v i with a
certain coupling scheme, whereni ,k i ,v i are the principal
quantum number, the combined quantum number of (l , j ),
and the occupation number, respectively. It is constructe
antisymmetrized product-type wave functions from centr
field Dirac orbitals with the appropriate angular momentu
coupling@20#. All relativistic single-electron wave function
~bound and continuum! are calculated based on the atom
self-consistent potential obtained from the ground-state c
figuration (1s22s 2S1/2) for C31 @21,22#. In the SRCI
method, the summation is over all configuration wave fu
tions with the same principal quantum numbern and the
same orbital angular momentum quantum numbers (L,l ).
For example, for the doubly excited sta
(1s2s 3S)3d 2D3/2, in our SRCI calculation, the summatio
in Eq. ~3! includes three configuration wave function
(1s2s 3S0)3d3/2

2D3/2,(1s2s 3S1)3d3/2
2D3/2, and

(1s2s 3S1)3d5/2
2D3/2. In the present revised SRCI metho

the configuration wave functionsf(Gd) with the samen and
different (L,l ) are added into the summation~i.e., l mixture!.
The mixing coefficientsCjd for statej are obtained by diago
nalizing the relevant Hamiltonian matrix@20#.

We neglect the configuration interactions between bo
states with differentn and continuum states. Then we hav

Aji
a 5

2p

\ U(
d

CjdM i jd
a U2

, ~4!

where the Auger decay matrix elementMi jd
a is defined as

Mi jd
a 5K f~Gd!U(

s, f

1

r s, f
UC i e iL . ~5!

HereC i e i
consists of the C41 ion state wave function and

single-electron wave function in the continuum.
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u-

as
l-

n-

-

d

Based on QDT, when (L,l ) are fixed andn varies from
bound to continuum states, all the doubly excited resona
states with the same total angular momentumJ and coupling
scheme will form a channel. In the channel, the ener
normalized matrix element can be defined as

M̄ i jd
a 5Mi jd

a ~nn
3/2/q!; ~6!

here (nn
3/q2) is the density of states,nn5n2mn , andmn is

the corresponding quantum defect. This energy-normali
matrix elementM̄ i jd

a varies smoothly with the electron or

bital energy in the channel@11,12#. When theM̄ i jd
a of a few

states~including one continuum state! in a channel have bee
calculated, the Auger decay matrix elements of infinite
many discrete states of that channel can be obtained by
terpolation. On the other hand, the mixing coefficientsCjd in
Eq. ~4! are almost unchanged for states with largen within a
channel@12#. We can use the mixing coefficients of a sta
with a certain high principal quantum numbern to approxi-
mate those of states with higher principal quantum numb
From Eq.~5!, the Auger rates and capture rates~by detailed
balance! of the infinitely many doubly excited resonanc
states can be conveniently obtained.

The doubly excited resonance state may autoionize wi
rateAji

a by reemitting an Auger electron or decay radiative
into a lower-energy statek with a radiative rateAjk

r , which is
defined as

Ajk
r 5

4e2v

3\c3gj
U(

d,d8
CjdCkd8M jk

r U2

, ~7!

where v is the photon energy and the radiative transiti
matrix element is defined as

M jk
r 5^f~Gd!uT(1)uf8~Gd8!&. ~8!

For a radiative process with a certain final statek, when
(L,l ) are fixed andn varies from bound to continuum state
all the doubly excited resonance states with the sameJ and
coupling scheme will form a channel. In the channel, t
energy-normalized radiative transition matrix element is
fined as

M̄ jk
r 5M jk

r ~nn
3/2/q!. ~9!

This energy-normalized matrix elementM̄ jk
r varies slowly

with the electron orbital energy@12,23,24#. When theM̄ jk
r of

a few states~including one continuum state! in a channel
have been calculated as benchmark points, all the ene
normalized matrix elementsM̄ jk

r of infinitely many discrete
states in that channel can be obtained by interpola
@23,24#. From expression~7!, we can obtain all the radiative
rates in the channel. For a certain initial state, the ener
normalized transition matrix element may have nodes,
which the matrix element is equal to zero@25#. In this case,
5-2
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THEORETICAL STUDY OF DIELECTRONIC . . . PHYSICAL REVIEW A 62 022715
the interpolation should be carried out for the energ
normalized transition matrix elements and not for the rad
tive rates~i.e., it is proportional to the square of the transitio
elements!.

The resonance energye i can be calculated under the fro
zen core approximation@26#. Specifically, we can calculat
the energy differenceDEic between the total energyEi of the
doubly excited state 1s2Lnl of C31 and the total energyEc
of the excited state of C41 ~the corresponding threshold! by
the revised SRCI method. On the other hand, the excita
energyDEc of the excited states of C41 can be obtained
from either an experimental or another independent theo
ical result. Then the resonance energye i can be calculated a
DEc1DEic , with a certain accuracy. The doubly excite
resonance states with different principal quantum numben,
corresponding to the same threshold and coupling sch
form a channel. Based on a finite set of benchmark value
the quantum defectm in the channel, which are calculated b
the revised SRCI method, the quantum defects and the e
gies of the infinitely many doubly excited states in the ch
nel can be obtained by interpolation according to the qu
tum defect theory.

In order to compare with the experimental results,
calculated cross section should be convoluted with a Ga
ian distribution of an energy resolutionG, which is the sum-
mation of the experimental widthGT and the natural width
GN ,

G5AGT
21GN

2 , ~10!

where

GN5\S (
k8

Ajk8
r

1(
i 8

Aji 8
a D . ~11!

The convoluted cross section is

s t
DR~e!5(

j

Si j

A2pG
expS 2

~e2e j !
2

2G2 D , ~12!

where

Si j 5
p2\3

mee i

gj

2gi

Aji
a (kAjk

r

(k8Ajk8
r

1( i 8Aji 8
a . ~13!

We have calculated the DR processes of He-like car
ions and compared the calculated results with the experim
tal results for the doubly excited states 1s2Lnl with n
52,3, as shown in Table I, Fig. 1~a!, and Fig. 2~a!. Both the
integrated cross section and the line shapes are in agree
with the experimental results. Every resonance has also b
identified.

In Table I, we have compared our calculated energy
sitions and integrated cross sections of the major doubly
cited states with other theoretical@18,19# and experimenta
results@18#. They agree with each other in general. For e
ample, for the weak resonance peak around 227 eV assi
as the resonance state 1s2s2 2S1/2, our calculated integrated
02271
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cross section (;0.7) is in good agreement with the exper
mental result (;0.7). In our revised SRCI method, the wav
function in Eq. ~3! of the resonance state with the maj
configuration 1s2s2 2S1/2 consists of two important configu
ration wave functions, 1s2s2 2S1/2 and 1s2p2 2S1/2, so this
resonance state can radiatively decay into 1s22p 2P1/2,3/2,
with a nonzero radiative matrix element. As shown in Tab
II, the radiative transition rate for the resonance st
1s2s2 2S1/2 is 3.031010 ~the units of the transition rate ar
sec21 throughout this paper, unless specified otherwis!.
Furthermore, the configuration interactions influence
only the transition matrix elements~i.e., the cross sections!,
but also the energy positions~i.e., the resonance energies!.
For instance, the resonance state with the major config
tion 1s2p2 2S1/2 can consist of two configurations, namel
1s2p2 2S1/2 and 1s2s2 2S1/2. The configuration interactions
can change the resonance energy position of the reson
state 1s2p2 2S1/2. In addition, in our calculation, we hav
found some doubly excited states, which are very import
in DR processes, that have been overlooked in other theo
ical work @18,19#. For instance, the resonance peak arou
242 eV was identified as 1s2p2 2D in Ref. @18#, but in our
calculation this peak consists of three major doubly exci
states, 1s2p2 2D3/2,5/2 and 1s2p2 2P3/2, because of our fully
relativistic treatment~i.e., configuration interactions throug
the orbital-spin interactions, which can be regarded as
‘‘relativistic effect’’ in Ref. @27#!. The integrated cross sec
tion of these three states is 42.9, in agreement with the w
of Bellantone and Hahn (;42) @19# and the experimenta
result (;37) @18#. The wave function in Eq.~3! of the reso-
nance state with the major configuration 1s2p2 2P3/2 consists
of two important configuration wave functions, namely, 99
of 1s2p2 2P3/2 and 0.36% of 1s2p2 2D3/2. The resonance
state can be formed from the initial state 1s2 by capturing a
free d3/2 electron, with nonzero capture matrix element.
shown in Table II, the Auger width for this resonance state
0.2 ~the units of Auger width are meV throughout this pap
unless specified otherwise!. Similarly, the resonance pea
ranging from 281.0 to 281.6 eV was previously identified
(1s2p 3P)3d 2P and (1s2p 1P)3p 2D @18,19#, but in our
calculation this peak may consist of five main doubly excit
states, (1s2p 3P)3d 2P1/2,3/2,(1s2p 1P)3p 2D3/2,5/2, and
(1s2p 1P)3p 2P3/2. The integrated cross section of the
five states is 72.3, which is in good agreement with the
perimental results (;73). In addition, another strong reso
nance peak around 283 eV was identified as (1s2p 1P)3p 2S
in Refs. @18,19#, but this calculated integrated cross secti
(;4) @19# is obviously much smaller than the experimen
result (;89). In our calculation this resonance peak m
consist of three major doubly excited state
(1s2p 1P)3d 2F5/2,7/2 and (1s2p 1P)3p 2S1/2. The inte-
grated cross section (;63) of 2F is much larger than tha
(;7) of 2S. Our calculated integrated cross section of t
three overlap states is 70.5, which is in fair agreement w
the experimental result (;89) @18#. For more detailed analy
sis, we have found that the resonance sta
(1s2p 1P)3d 2F5/2,7/2 have a strong radiative transition ra
5-3
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TABLE I. Excitation energies relative to the ionization limit (1s2 1S) in eV and integrated cross sections for major doubly excited st
of C31.

Energy~eV! Integrated cross section~10221 cm2 eV!

State Theory Experiment Theory Experiment
Present Ref.@18# Ref. @18# Present Ref.@19# Ref. @18#

1s2s2 2S1/2 226.764 227.13 227.10~9! 0.65 0.7~0.2!
1s(2s2p 3P)2P1/2 235.114

235.495 235.49~1!
10.77

32.25 39 39.3~6!
1s(2s2p 3P)2P3/2 235.13 21.58
1s(2s2p 1P)2P1/2 239.427 238.96 238.99~2! 1.76 5.21 13.2 4.9~3!

1s(2s2p 1P)2P3/2 239.424 3.45
1s2p2 2D3/2 242.043

242.029 242.05~1!
12.79

31.86a 42.2 37.2~6!a

1s2p2 2D5/2 242.032 19.07
1s2p2 2P3/2 242.244 243.269 11a

1s2p2 2S1/2 248.096 248.16 248.18~2! 5.7 8.4 5.9~3!

(1s2s 3S)3s 2S1/2 270.655 0.29
(1s2s 3S)3p 2P1/2 271.705

271.896 271.87~2!
1.97

5.91 7.7 5.7~3!
(1s2s 3S)3p 2P3/2 271.703 3.94
(1s2s 3S)3d 2D3/2 274.309

274.242 274.39~4!
1.18

2.95 2.5~3!
(1s2s 3S)3d 2D5/2 274.309 1.77
(1s2s 1S)3s 2S1/2 274.72 1.37
(1s2s 1S)3p 2P1/2 276.518

276.526 276.57~2!
1.37

4.10 2.5 5.1~3!
(1s2s 1S)3p 2P3/2 276.521 2.73
(1s2p 3P)3s 2P1/2 277.992

277.877 277.81~3!
1.99

5.85 31.3 6.0~3!
(1s2p 3P)3s 2P3/2 278.017 3.86
(1s2s 1S)3d 2D3/2 278.729

278.684 278.60~4!
9.49

23.52b 16.2~6!b

(1s2s 1S)3d 2D5/2 278.748 14.03
1s2p 3P)3p2D3/2 279.235

279.063 279.10~4!
2.81

7.13b 11.3 16.2~7!b

(1s2p 3P)3p2D5/2 279.238 4.32
(1s2p 1P)3s 2P1/2 279.845

279.688 279.68~5!
9.11

27.34 11.2 27.1~7!
(1s2p 1P)3s 2P3/2 279.839 18.23
(1s2p 3P)3d2F5/2 280.065 1.29
(1s2p 3P)3d2F7/2 280.087 1.63
(1s2p 3P)3p 2S1/2 280.353 280.066 280.14~7! 4.41 2.7 9.5~6!

(1s2p 3P)3d2P1/2 281.049
280.958 281.05~4!

0.78
2.34c 7.8 12.8~6!c

(1s2p 3P)3d2P3/2 281.039 1.56
(1s2p 1P)3p2D3/2 281.572

281.563 281.59~1!
20.97

48.61c 21.8 60.0~9!c

(1s2p 1P)3p2D5/2 281.569 27.64
(1s2p 1P)3p2P3/2 281.577 21.37c

(1s2p 1P3d2F5/2 283.348 27.12
63.34d

(1s2p 1P)3d2F7/2 283.337 36.22
(1s2p 1P)3p 2S1/2 283.367 282.614 282.69~1! 7.10d 4.3 89.0~10!d

(1s2p 1P)3d2P1/2

(1s2p 1P)3d2P3/2

284.047
284.052

284.024 284.10~1!
2.40
4.75

7.15 1.3 15.0~4!

aThe sum of the integrated cross sections for the resonance states 1s2p2 2D3/2 and 1s2p2 25/2
D is 31.86; because the experimental resoluti

is limited, the experimental result 37.2~2! should correspond to the total result 42.86 for the three statesD3/2,D5/2, andP3/2.
bThe total integrated cross section for the resonance states (1s2s 1S)3d 2D3/2,5/2 and (1s2p 3P)3p 2D3/2,5/2 is 30.65, which corresponds t
the experimental result 32.4~13!, the sum of 16.2~6! and 16.2~7!.
cThe total integrated cross section for the resonance states (1s2p 3P)3d 2P1/2,3/2,(1s2p 1P)3p 2D3/2,5/2, and (1s2p 1P)3p 2P3/2 is 72.32,
which corresponds to the experimental result 72.8~15!, the sum of 12.8~6! and 60.0~9!.
dThe total integrated cross section for (1s2p 1P)3d 2F5/2,7/2 and (1s2p 1P)3p 2S1/2 is 70.5, which corresponds to the experimental res
89.0~10!.
t
ge

e
(6.031010) and nonzero Auger width~2.6!. This is why
these resonance states have significant contributions to
integrated cross section. In Table II our calculated Au
widths and radiative transition rates for the 1s2L2l and
02271
he
r

1s2L3l states of C41 are, in general, consistent with thos
calculated by the saddle-point technique@18#, except for the
resonance states 1s2p2 2P3/2,(1s2p 3P)3d 2F5/2,7/2, and
(1s2p 1P)3d 2F5/2,7/2, which are discussed above.
5-4
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III. DISCUSSION

In the present work, we have developed a revised SR
method~with l mixture! to calculate the DR cross section fo
C41. Not only the integrated cross sections but also the p
positions as well as the detailed line shapes are in agree
with the experimental measurements, as shown in Tab
Fig. 1~a!, and Fig. 2~a!. In order to elucidate the importanc
of the configuration interactions with the orbital angular m
mentum correlations, we compare the results calculated
the revised SRCI method with the results by the SR
method~without l mixture! as shown in Fig. 1~b! and Fig.
2~b!.

FIG. 1. Comparison of our calculated DR cross sections of
like carbon for the 2L2l resonances~full line! with the experimen-
tal spectrum@18# ~dotted line!. ~a! The theoretical cross sectio
calculated by the revised SRCI method.~b! The theoretical cross
section calculated by the SRCI method.
02271
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In Fig. 1~b!, the results calculated by the SRCI method
not have any resonance peak around 227 eV owing to
resonance state 1s2s2 2S1/2. In addition, there is a significan
difference of the resonance energy for the resonance s
1s2p2 2S1/2, i.e., the calculated energy position is lower th
the experimental result by about 3 eV. In Fig 1~a!, however,
in our revised SRCI method, not only does the resona
peak owing to the resonance state 1s2s2 2S1/2 appear with
the integrated cross section 0.7 in good agreement with
experimental result (;0.7), but also the calculated resonan
energy and the profile of the resonance state 1s2p2 2S1/2 are
in good agreement with the experimental results~for more
detailed explanations, see Sec. II!. In addition, the total inte-
grated cross section forn52 calculated by the revised SRC
method is 83, which is in agreement with the experimen
result (;89) and better than the result of the SRCI meth
(;78).

As shown in Fig 2~b!, the energy positions o
(1s2s 3S)3p 2P,(1s2s 1S)3p 2P,(1s2p 3P)3d 2P, and
(1s2p 1P)3p 2S deviate greatly from the experimental re
sults. For the two resonance profiles (1s2s 3S)3p 2P

-

FIG. 2. Comparison of our calculated DR cross sections of H
like carbon for the 2L3l resonances~full line! with the experimen-
tal spectrum@18# ~dotted line!. ~a! The theoretical cross sectio
calculated by the revised SRCI method.~b! The theoretical cross
section calculated by the SRCI method.
5-5
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TABLE II. Auger width and radiative transition rates for 1s2L2l and 1s2L3l states of C41. G is the Auger width in meV. The radiative
transition ratesW are in sec21. The number in brackets denotes the power of 10 by which the preceding term is to be multiplied.

W(1s22p) W(1s2s2p) W(1s23p) WR G ~meV!
State

Present Ref.@18# Present Present Ref.@18# Present Ref.@18# Present Ref.@18#

1s2s2 2S1/2 2.963~10! 3.678~10! 5.904~8! 2.96~10! 3.73~10! 65.66 68.02
1s2p2 2S1/2 2.941~11! 3.074~11! 1.195~9! 2.95~11! 3.09~11! 6.308 7.857
1s2p2 2P3/2 0.934~12! 1.096~12! 5.234~9! 0.93~12! 1.10~12! 0.231
1s2p2 2D3/2 3.137~11!

3.489~11! 2.791~9!
3.14~11!

3.51~11!
65.08

51.23
1s2p2 2D5/2 3.117~11!
(1s2s 3S)3s 2S1/2 1.080~10! 5.312~9! 7.318~7! 2.399~8! 1.59~10! 5.55~9! 18.48 17.62
(1s2s 3S)3d 2D3/2 7.362~9!

1.507~10!
1.616~10! 1.309~9!

2.678~8!
3.35~10!

1.53~10!
1.01

2.358
(1s2s 3S)3d 2D5/2 6.941~9! 1.945~10! 1.270~9! 3.34~10! 1.01
(1s2s 1S)3s 2S1/2 3.334~9! 1.289~10! 6.320~10! 6.630~10! 7.65~10! 7.92~10! 9.62 9.66
(1s2s 1S)3d 2D3/2 1.122~11!

7.403~10!
1.473~11!

1.171~11!
2.86~11!

1.91~11!
2.73

0.633
(1s2s 1S)3d 2D5/2 1.089~11! 1.464~11! 2.82~11! 2.60
(1s2p 3P)3p 2D3/2 6.345~10!

8.865~10!
4.903~9!

2.292~9!
7.98~10!

9.09~10!
8.31

8.968
(1s2p 3P)3p 2D5/2 6.638~10! 4.422~9! 8.17~10! 8.59
(1s2p 3P)3p 2S1/2 1.776~11! 1.798~11! 1.746~11! 6.098~10! 3.55~11! 2.41~11! 0.55 3.065
(1s2p 1P)3p 2D3/2 4.789~10!

6.995~10!
5.691~11!

6.689~11!
6.25~11!

7.39~11!
8.45

9.562
(1s2p 1P)3p 2D5/2 8.444~9! 5.186~11! 5.36~11! 15.25
(1s2p 1P)3p 2S1/2 2.891~8! 4.098~10! 4.383~11! 6.336~11! 4.49~11! 6.75~11! 2.84 5.515
(1s2p 1P)3p 2P3/2 5.623~10! 5.805~11! 6.45~11! 6.96
1s(2s2p 3P)2P1/2 5.495~11!

6.700~11! 1.813~9! 9.243~7!
5.50~11!

6.72~11!
2.45

3.88
1s(2s2p 3P)2P3/2 5.514~11! 5.51~11! 2.33
1s(2s2p 1P)2P1/2 8.450~10!

7.278~10! 3.865~8! 9.842~8!
8.54~10!

7.41~10!
44.27

39.91
1s(2s2p 1P)2P3/2 8.261~10! 8.35~10! 44.17
(1s2s 3S)3p 2P1/2 1.066~11!

1.244~11!
9.536~9!

5.116~9! 8.853~7!
1.27~11!

1.30~11!
0.47

0.55
(1s2s 3S)3p 2P3/2 1.067~11! 9.735~9! 1.28~11! 0.47
(1s2s 1S)3p 2P1/2 8.118~10!

5.58~10!
2.419~10!

3.985~10!
1.514~10!

2.336~10!
1.24~11!

1.19~11!
0.13

0.095
(1s2s 1S)3p 2P3/2 8.107~10! 2.259~10! 1.150~10! 1.25~11! 0.13
(1s2p 3P)3s 2P1/2 7.094~8!

1.487~9!
1.033~11!

6.193~10!
5.325~8!

1.513~9!
1.12~11!

6.49~10!
14.39

13.89
(1s2p 3P)3s 2P3/2 7.022~8! 1.000~11! 5.682~8! 1.09~11! 14.39
(1s2p 1P)3s 2P1/2 8.390~7!

2.037~10!
5.116~11!

6.526~11!
2.890~10!

3.849~10!
5.53~11!

7.12~11!
4.88

1.46
(1s2p 1P)3s 2P3/2 8.708~7! 5.125~11! 2.919~10! 5.54~11! 4.78
(1s2p 3P)3d 2P1/2 6.494~9!

1.116~8!
1.608~10!

6.586~10! 5.511~9!
6.60~10!

7.15~10!
0.09

0.176
(1s2p 3P)3d 2P3/2 6.562~9! 1.703~10! 2.149~10! 6.74~10! 0.09
(1s2p 1P)3d 2P1/2 1.188~9!

5.790~9!
1.011~10!

1.018~10!
6.193~11!

7.751~11!
6.60~11!

7.91~11!
0.11

0.201
(1s2p 1P)3d 2P3/2 1.174~9! 1.005~10! 6.186~11! 6.60~11! 0.11
(1s2p 3P)3d 2F5/2 1.346~11! 1.52~11! 0.02
(1s2p 3P)3d 2F7/2 1.333~11! 1.50~11! 0.02
(1s2p 1P)3d 2F5/2 5.442~11! 5.95~11! 2.61
(1s2p 1P)3d 2F7/2 5.456~11! 5.96~11! 2.60
h
ig
C
u

ex
th
rp

th
fil

er
eak
t. In
ed
tal
the
eri-

d

jor
~around 272 eV! and (1s2s 1S)3p 2P ~around 277 eV!, the
energy positions calculated by the SRCI method are hig
than the experimental result by about 1 eV, while in F
2~a!, the calculated energy positions by the revised SR
method are in good agreement with the experimental res
For the resonance profile (1s2p 3P)3d 2P around 279 eV,
the SRCI calculated line shapes differ greatly from the
perimental result. In contrast to the experimental result,
red wing of the SRCI calculated resonance profile is sha
than its blue wing. However, in Fig 2~a!, the profile near 279
eV calculated by the revised SRCI method agrees with
experiment result quite well. For the resonance pro
02271
er
.
I
lt.

-
e
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around 281 eV, the SRCI calculated energy position is low
than the experimental result by about 0.5 eV and the p
cross section is also smaller than the experimental resul
Fig. 2~a!, in the contrast, profile calculated by the revis
SRCI method is in good agreement with the experimen
results. For the strong resonance profile around 283 eV,
SRCI calculated resonance energy is higher than the exp
mental result by about 1 eV, while in Fig. 2~a!, the energy
difference (;0.6 eV) is smaller in the revised SRCI metho
~we will disscuss the details later!. This strong peak was
originally assiged as (1s2p 1P)3p 2S in Refs.@18,19#. In our
calculation this resonance profile consists of three ma
5-6
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doubly excited states, (1s2p 1P)3d 2F5/2,7/2 and
(1s2p 1P)3p 2S1/2. The integrated cross section (;63) of
2F is much larger than that (;7) of 2S. Hence, this profile
is dominated by (1s2p 1P)3d 2F. In addition, in the revised
SRCI method, the calculated total integrated cross section
n53 is 236, which agrees with the experimental res
(;260) much better than does the SRCI result (;160). We
have also compared our calculated results with other theo
ical results@6# for n52,3. They agree with each other
general. The calculated energy positions in the work
Pradhan and Zhang@6# are generally redshifted. For th
strong resonance profile around 283 eV, the calculated r
nance energy in@6# is lower than the experimental result@18#
by about 1 eV, while our calculated resonance energy
higher than the experimental result by about 0.6 eV.

Let us return to discuss the energy difference between
calculated resonance energy position~around 283 eV! and
the experimental result. In our revised SRCI calculation,
energy difference changes from 1 eV to 0.6 eV after
consider the orbital angular momentum correlations. This
dicates that the orbital angular momentum correlations
influence the energy positions, but not enough. Thus, if
includes the configuration interactions with different prin
do
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pal quantum numbersn ~i.e., the radial correlations!, the en-
ergy positions are anticipated to be better. Configuration
teractions with radial correlations would also be importa
for the doubly excited resonance states (1s2Lnl) with high
n. In addition, the present energy resolution of 0.1 eV is n
enough to resolve the detailed structures of the resona
states 1s2Lnl with high n. Therefore, further theoretica
studies are required with radial correlations and experime
studies with higher resolution.

In comparison with the work of Mannerviket al. @18#, in
which about 600–1000 terms are included, much less c
putation effort is required in our revised SRCI method.
addition, the revised SRCI method should be applicable
arbitrary high-Z ions because of its relativistic treatment, a
it can also meet the needs of relevant applications.
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