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Hollow states of lithium
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The energies, effective quantum numbers, classifications, and configuration mixings of the triply excited
states of lithium in the energy range of 140–160 eV above the ground state are described in detail based on
calculations using the truncated diagonalization method. A total of 30 Rydberg series with symmetries
2So, 2Se, 2Po, 2Pe, and 2De are investigated. The perturbation of a Rydberg series by an isolated state, or
by another series, is examined and discussed. Differences in the literature on the designation of certain states
are pointed out, and our results are compared with recent theoretical and experimental data. We observe that
the configuration interactions previously described for two-electron systems@i.e., the mixing of the (2s)2 and
(2p)2 1Se states# remain when a third electron is added.

PACS number~s!: 31.15.2p, 31.50.1w, 32.30.2r, 32.80.Dz
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I. INTRODUCTION

The hollow states of lithium have recently been the s
ject of intense experimental and theoretical interest@1–14#.
These are the triply excited states of lithium~or lithiumlike
ions! where both 1s-shell orbitals are vacant. The doub
excited states of helium, where theK shell is empty, are also
examples of hollow atomic states. These were first stud
experimentally more than 30 years ago and first descri
theoretically by Fano@15#. The study of these doubly excite
states of helium and heliumlike ions in the past three deca
has resulted in new classification schemes for such sta
Some of the schemes have been based on group theo
considerations@16# and other more heuristic ones, based
configuration mixings@17# and @22#.

Lithium, with one additional electron outside the (1s)2

core, is the simplist open-shell many-electron system. Sim
taneous excitation of all three electrons can create hol
atoms of the typen1l 1 ,n2l 2 ,n3l 3 with n1 , n2 , and n3 all
greater than or equal to 2. In such situations, with the sim
taneous excitation of the electrons to large distances from
nucleus, correlation effects become important, since
dominant role of the nuclear Coulomb potential is reduc
Electron correlations are described within the independ
particle model by the superposition of configurations of
sameL, S, p symmetry. In this paper, for eachL, S p sym-
metry, we shall consider states where all ofn1 , n2 , or n3
are greater than or equal to 2, and use configuration mix
to classify these states, analogous to the method used
helium and heliumlike ions@17#.

The first reported observations of triply excited 2l 12l 22l 3
states in lithium were in collision experiments@18,19#. The
first photoexcitation experiment on hollow lithium was ca
ried out recently @1# and provided data on the lowe
(2s)22p2Po resonance~at '142 eV above the ground sta
of lithium!. Subsequent experiments involving the use
photoion and photoelectron spectrometries determined
energies and widths of higher-lying resonances. Several
dberg series have been measured and identified. Theore
1050-2947/2000/61~3!/032506~17!/$15.00 61 0325
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calculations using theR-matrix approximation and the
saddle-point technique have been used to identify these r
nances. The truncated diagonalization method~TDM! has
also been used to calculate the energies and wave func
of these triply excited states@20# and also of doubly excited
states where there is just one vacancy in theK shell @21#.
One of the advantages of this method is that it yields co
plete Rydberg series converging on the doubly excited st
of Li1 all at once. The various series and levels are alm
always identifiable by their configuration mixings and qua
tum defects.

In this paper we use the TDM method to calculate t
energies of the triply excited states of lithium for vario
L, S, p symmetries and compare our results with those
other calculations and with experiment where available.
the close-coupling procedure used in the calculations of B
rington and Nagazaki@23# ~hereafter referred to as BN! and
Vo Ky et al., @24# the wave function is expanded in a line
combination of products of target statesf i with some un-
known function for the additional electron,Fm(r ). The un-
known functions Fm(r ) satisfy second-order integro
differential equations obtained from the Kohn variation
principle, which are then solved using theR-matrix method.
The positions and widths of the resonances are obtained
phase-shift analysis in the case of BN, or in the case of
Ky et al., from the Fano profile of the photoionization cro
sections. As has been discussed by BN, the accuracy of t
close-coupling calculations will depend on the selection a
the number of target states included in the expansion
these calculations, the energy shift,Dn , that comes from
interactions of the closed channels with the open channe
automatically accounted for.

The interaction of the closed and open channels is a
accounted for in Chung’s calculations@13,14,27# where the
saddle-point method is combined with the complex rotat
method to yield the energies and widths of the resonance
this method, the wave function is written asC5Cc1Co ,
whereCc andCo are the closed and open channels, resp
tively. Cc contains linear and nonlinear parameters and
©2000 The American Physical Society06-1
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MICHEAL J. CONNEELY AND LESTER LIPSKY PHYSICAL REVIEW A61 032506
determined, first, by the saddle-point method, i.e., by an
ergy optimization process. The open channel componen
written as a linear combination of the target states and
wave function of the outgoing electron. In the calculatio
the nonlinear parameters obtained from the saddle-point
culations forCc are retained, but the linear parameters
recalculated to allow for the full interaction between t
closed channel and open channel wave functions.

In the TDM method, the wave functions are expanded
terms of a given set~albeit finite! of basis functions, and the
expansion coefficients are chosen so that the energies
minimized, which is equivalent to diagonalizing the Ham
tonian matrix. The lowest eigenvalues,En , of this truncated
matrix are the energies quoted here. TheEn’s are not mea-
surable experimentally. What is measured isEn5En1Dn ,
whereDn is the shift in energy due to the interaction with th
open channels. This energy shift has been calculated
Chung and is in general small, of the order of a few meV,
in certain cases can be of the order of 0.1 eV.

In general there is excellent agreement among the dif
ent methods in the classification and identification of
triply excited states of the lithium atom in the energy ran
of 140–160 eV above the ground state. In particular, we fi
a one-to-one correspondence between our results and
of BN, the only exception being the lowest state
(2p)2 1Dens2De series.

In Sec. II we give a brief outline of the TDM metho
@20,21#. In Sec. III we describe our calculations and pres
our results and comparison with others.

II. THE METHOD

The states and energies are obtained by diagonalizing
Hamiltonian

H5H01V, ~1!

where~in atomic units!

H05H11H21H35(
i 51

3 F2
1

2
“ i

21
Z

r i
G

and

V5(
i , j

1

r i j
~2!

using antisymmetric basis functionsC(n1l 1 ,n2l 2 ,n3l 3 ;LS)
constructed from single-particle wave functions. The tota
antisymmetric three-electron wave function is expressed
terms of vector-coupled products of all antisymmmetric tw
electron wave functions,f j (1,2uL jSj ), constructed from two
of the same three orbitals, and multiplied by the wave fu
tion of the third electron. That is,
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C i~1,2,3!5(
j

ai j @f j~1,2uL jSj !w j~3!#LS

5(
j

ai j F j~1,2;3!, ~3!

wherew j (r )5Rnl(r )Yl
m(u,f)x1/2

m . The radial functions sat-
isfy the orthogonality relation

E
0

`

Rnl~r !Rnl8~r !r 2dr5dnn8 , ~4!

but are otherwise unspecified. We could, for example,
the generalized Laguerre functions

Rnl~r !5~2l!3/2A~n2 l 21!!

~n1 l 11!!
e2lr~2lr ! lLn2 l 21

2l 12 ~2lr !,

~5!

which constitute a complete set of normalizable functions
a basis set. However, in this work we use hydrogenic fu
tions as we have found them to yield more accurate res
for the higher levels in a Rydberg series.

The C i ’s are fully antisymmetric, whileF j is antisym-
metric only in variables 1 and 2. Theai j are generalized
fractional-parentage coefficients~CFP!. They make the linear
combination fully antisymmetric in all variables. There ma
be more than oneC i with the same set of orbitals and th
sameL, S, andp. If so, then a seniority index must be a
signed to each of the independent functions. Hence the
script i 51,2, . . . .

The energies are obtained by calculating~in blocks! and
diagonalizing a matrix written symbolically as

H5AHAT, ~6!

whereA is the matrix of theai j , AT is its transpose, andH
is the matrix whose components are given by

~H! i j 5^F i~1,2;3!u3S H31
1

r 12
D uF j~1,2:3!&. ~7!

In this way, the two-electron interactions can be calculated
terms of

^f i~1,2un1l 1 ,n2l 2 :LiSi !u
1

r 12
uf j~1,2un3l 3 ,n4l 4 :L jSj !&,

~8!

i.e., exactly the matrix elements used in the two-elect
problem. ~Of course, these terms are 0 unlessLi5L j and
Si5Sj .)

III. THE CALCULATION

The basis set used in the calculation includes all confi
rations of the formn1l 1 ,n2l 2 ,n3l 3 , where 0< l i< l max55
and ni<nmax520, with the following restrictions. Only if
two of the threeni are less than or equal to 3 can the third
as large asnmax. Otherwise the maximum value is 6. Fu
6-2
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HOLLOW STATES OF LITHIUM PHYSICAL REVIEW A 61 032506
thermore, none of theni can equal 1, i.e., all the singly an
doubly excited configurations are excluded. This latter
striction has been translated into projection-operator ter
nology @21# where the operatorsP,QI ,QII project onto sub-
spaces containing 0, 1, and 2 vacancies and where
eigenvalues of the operatorQII HQII are the energy levels o
the hollow atomic states with double-K-shell vacancies.

This procedure yields different numbers of configuratio
depending on the particularL, S,p under consideration. Fo
example, for the2So symmetry this procedure yields 18
configurations, while for2Po the number is 671. Each con
figuration, in turn, produces anywhere from 0 to 10 antisy
metric basis functions,C i . The computer automatically gen
erates the~orthonormal! basis functions for each give
configuration, and evaluates the Hamiltonian matrix using
the previously mentioned basis functions generated for e
and every configuration. This total number of basis functio
is in general considerably larger than the number of confi
rations included in the calculation for the particularL, S, p
symmetry. For example, for2So symmetry, the number o
states is 260, while for2Po the number is 1666. The Hamil
tonian matrix is then diagonalized, yielding its eigenvalu
(En) and eigenvectors (un). The energy levels so obtaine
are analyzed and fitted to one or more Rydberg series of
form

E@n1l 1n2l 2L12S12nl3#

5E@n1l 1n2l 2L12S12#2
1

2 S Z22

n* D 2

, ~9!

where n* is the effective quantum number an
E@n1l 1n2l 2L12S12# is the energy of a low-lying doubly ex
cited state~in this paper, both electrons are in theni52
state! of the Li1 ion. For full details, see@20# and @21#.

The quantum defect (mn), defined asn2n* , is usually a
slowly varying function ofn whenn is large, particularly in
the case of a single isolated Rydberg series such as
(2p)2 3Penp 2So series converging on the doubly excite
(2p)2 3Pe state of the residual ion. This is demonstrated
Table III below and the attendant discussion. However
Rydberg series of states can be perturbed by an isolated
from another series converging on a higher threshold. T
causes the quantum defect, or equivalently, the effec
quantum number, to deviate from the smooth behavior
expect for an isolated series of resonances. In such ca
more information is needed for identification, including
description of the wave functions. A specific example of t
is presented in Table IV, Figs. 1–3, and associated dis
sion.

If for a particularL, S, p symmetry, such as, for example
2Pe, there are multiple Rydberg series converging on a p
ticular threshold ~see Table I!, the different series may
strongly interact and actually cross. Then identification of
energy levels by their effective quantum number alone m
not be possible, since in this case the levels are seve
perturbed and the configuration mixings characteristic
each series are dramatically altered. A detailed exampl
given in Table IV, Fig. 3, and surrounding discussion.
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The contributions of the various series to the normali
tion of the wave function for a particular energy level a
evaluated by the following sums:

C~n1l 1n2l 2L12S12l 3!ª(
n

uu~n1l 1n2l 2L12S12nl3!u2,

~10!

where theu’s are the elements of the eigenvector of t
Hamiltonian matrix. Using these sets of numbers, the R
berg series to which a particular energy level belongs
almost always be unambiguously determined, since th
sets characterize each series.

In Table I, for theL, S, p symmetries discussed in thi
paper, we list the Rydberg-like series of energy levels c

FIG. 1. Quantum defect vs effective quantum number
^B,np 2Pe& series including comparison with BN. The circles a
from Table IV. State 8 is classified as^C,3s& ~see Fig. 2 and dis-
cussion in text!. Note that the BN values agree very well with our
even as to the rapid drop ofmn , and a ‘‘missing’’ state atn* '9
corresponding to our state 8.

FIG. 2. Fraction of̂ C,ns& configurations in the lowest 24 level
of 2Pe. The 2s(2p)2 configuration is included in state 1. The su
of Cns configurations from state 3 to state 17 is' 0.92. This is a
typical example of an isolated state embedded in a Rydberg se
6-3
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MICHEAL J. CONNEELY AND LESTER LIPSKY PHYSICAL REVIEW A61 032506
verging on the doubly excited states of the residual ion, L1,
as well as the energies~in a.u.! of these states. The thresho
energies presented in the table are as follows.E1(I ): These
have been calculated using the TDM method for tw
electron systems@22#; E2(I ): These have been fitted to th
series so that Eq.~9! yields the most consistent and smooth
varying effective quantum numbern* for all series and all
symmetries. Details for the fitting procedure are given
@21#.

Because we are discussing so many configurations
series, the standard notation is cumbersome. Therefore
will often replace the two-electron target single-particle d
scriptions, 2l 12l 2

1,3Lp, with a capital letter I
5A,B,C,D,E,F, as shown in Table I. The independen
particle notation actually fails for thresholds markedA and
F. It is well known from work done over 20 years ago th
the lowest two doubly excited states of Li1 with 1Se sym-
metry †labeled as (2,2a) and (2,2b) in @22#‡ are best de-
scribed as

~2,2a!5Aa~2s!21A12a~2p!2

FIG. 3. (12mn) versusn* for Cns and Cnd series with 2Pe

symmetry. Dashed lines~squares and circles! and numbers are
from Table IV. Solid lines~diamonds and triangles! are from BN.
Both we and BN show the two series crossing atn* '9. There are
‘‘isolated’’ states between 18 and 21 (^E,3p& at no. 20! and be-
tween 23 and 25 (^D,3d& at no. 24!. We also have two spuriou
states~nos. 19 and 26!.
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~2,2b!5A12a~2s!22Aa~2p!2, ~11!

respectively. Conneely and Lipsky@17# found thata50.65.
This clearly carries over for three-electron systems, as is
cussed in Sec. III B.

Our notation is completed by appending the quant
number and angular momentum of the third electron a
enclosing both in the bracketŝ &. If necessary, the tota
angular momentum and spin are included. Thus, e.g.,

^B,nd2Po&ª~2s2p!3Pond2Po.

When there are two or more series converging to the sa
threshold, a further notational contraction is used in
tables, to describe the configuration mixings of the sta
For instance, the sum in Eq.~10! for n1l 152s, n2l 2
52p, L125P, S1251, andl 35d is shortened to

%BdªC~2s2p 3Pod!31005(
n

uu~^B,nd&!u23100.

In view of the fact that the doubly excited thresholds a
of the utmost importance in calculatingn* ’s and so deter-
mining the Rydberg series to which the levels belong,
tabulate some recent experimental and theoretical values
compare them with the values obtained with the TD
method@22# in Table II. The energies are presented in e
(27.211 396 eV51 a.u.) above the neutral lithium groun
state and in converting our TDM values we have used
experimental value of27.478 060 34 a.u. quoted by McKen
zie and Drake@26#. Figures in brackets are estimated unc
tainties in the final digits of the experimental values.

It is seen from Table II that the lowest two thresholds, i.
the (2s)2 1Se and (2s2p) 3Po thresholds, are in reasonab
agreement with other theoretical calculations and with
periment. There is less experimental data available for
the next threshold, the (2p)2 3Pe doubly excited state of Li1,
as this is a nonautoionizing state. However, the experime
value of21.7908 a.u.~154.758 eV! of Buchetet al. @28# as
quoted by Andersonet al. @29# is in excellent agreement with
the value of21.790 955~154.755 eV! obtained using the
TDM method. Our next two thresholds are about 0.25
above the experimental value and the accurate result
TABLE I. Lowest doubly excited thresholds and series classifications.

Threshold:
I5

(2s)2 1Se

^A&
(2s2p) 3Po

^B&
(2p)2 3Pe

^C&
(2p)2 1De

^D&
(2s2p) 1Po

^E&
(2p)2 1Se

^F&

E1(I ) 21.902344 21.874873 21.790955 21.761243 21.747782 21.614321
E2(I ) 21.89783 21.87028 21.78515 21.75230 21.73925 21.60265
2So np
2Se ns np nd np ns
2Po np ns,nd np np,nf ns,nd np
2Pe np ns,nd nd np
2De nd np,nf nd ns,nd,ng np,nf nd
6-4
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TABLE II. Comparison~in eV! of the six lowest doubly excited Li1 states~figures in parentheses ar
estimated uncertainties in the final digits!.

Config.

Theory Expt.

E1(I ) E2(I ) @23# @24# @27# @9# @19#

(2s)2 1Se A 151.724 151.847 151.526 151.343 151.63 151.66~3! 151.68~10!

(2s2p) 3Po B 152.472 152.579 152.394 152.182 152.38 152.41~2! 152.41~10!

(2p)2 3Pe C 154.755 154.913 154.634 154.441 154.60
(2p)2 1De D 155.563 155.807 155.370 155.215 155.31 155.33~2! 155.35~10!

(2s2p) 1Po E 155.930 156.162 155.732 155.520 155.67 155.71~2! 155.71~10!

(2p)2 1Se F 159.562 159.879 159.291 159.175 159.13 159.16~3! 159.16~10!
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Chung @27#, but the (2p)2 1Se threshold is fully 0.4 eV
above the experimental and theoretical results.

The threshold energy shifts fromE1(I ) andE2(I ), which
are positive in all cases, have been discussed in Ref.@21#,
where it is argued that they are a consequence of the fact
only bound-state hydrogenic functions are used in the ca
lations.

To demonstrate how then* ’s vary smoothy in the ab-
sence of another perturbing series, we present in Table III
single (2p)2 3Penp 2So ~or ^Cp

2So&) series, where we us
the shifted (2p)2 3Pe energy of21.785 15 a.u. to calculate
the effective quantum number. We note that since
(2p)3 2So term does not exist, the first member of the ser
must haven53, and the quantum defect is effectively co
stant for the series. Furthermore, we see that whenn* ex-
ceeds 12, themn’s become erratic and consequently the l
two states in Table III should be rejected. Hereafter, we w
reject all states withn* .12, and most withn* .11. The
wave function for each member of this series consists ma
~'94%! of configurations of the type (2p)2 3Pnp, with very
little contributions from any other configurations. That is
say, for eacĥC,np& the wave-function description is 94%Cp
~or simply 94%C, since there is only one series!.

We have relied heavily onn* ’s for classifying and com-
paring states with other calculations, particularly with BN.
@23# they calculaten* relative to the nearest threshold belo
which each state lies, whereas the truen* should be calcu-

TABLE III. Energy andn* for (2p)2 3Pe np 2So series in Li.

n 2E ~a.u.! n*

3 1.883344 2.25654
4 1.832756 3.24081
5 1.811926 4.32132
6 1.802685 5.33987
7 1.797565 6.34628
8 1.794411 7.34774
9 1.792328 8.34628

10 1.790878 9.34264
11 1.789829 10.33726
12 1.789017 11.37064
13 1.788122 12.97118
14 1.786708 17.91545
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We have used the following formula to convert theirn* ’s.
Let n1* be the effective quantum number as reported by B
Let E2(J) be the energy of the nearest threshold,J, and
E2(I ) be the correct threshold,I. Then

n2* 5
1

A@2D IJ11/~n1* !2#
, ~12!

whereD IJ5E2(I )2E2(J), andn2* is the ‘‘correct’’ n* . In
all cases we have used our values, as given in Table I, for
thresholds. In effect, we have scaled all their calculations
agree with our thresholds,E2(I ). Given that these value
come from the fitting of then* ’s, there is a complete self
consistancy of our calculations. With this scaling understo
overall agreement between their results and ours is very g
indeed. We make a detailed comparison of the two sets
calculations for series with2Pe symmetry in the following
subsection.

A. The series with 2Pe symmetry

Although there is very little experimental data on hollo
states with2Pe symmetry, our analysis shows several inte
esting characteristics which are important for understand
symmetries with multiple series.

From Table I we see there are five series with this sy
metry. Independent-particle nomenclature would describ
typical level as 2s2p3Ponp, which we call^B,np&. We label
the other four series aŝC,ns&, ^C,nd&, ^D,nd&, and ^E,np&.
Whereas thêC,np2So& series described in Table III abov
was a perfect example of a noninteracting series with alm
constant quantum defects, the2Pe symmetry yields good
examples of the following.

~i! A single state that is the first member of three seri
The first state, i.e., the 2s(2p)2 state, is the lowest level o
each of^B,np&, ^C,ns&, and^E,np&, with n52. That is to say,
the state can be described as (2s2p) 3Po2p or (2p)2 3Pe2s
or (2s2p)1Po2p. This is because whether we couple as
electron to an antisymmetric (2p)2 3Pe wave function and
antisymmetrize to give a wave function of2Pe symmetry, or
couple a 2p electron with an antisymmetric (2s2p) 1,3Po

wave function, and then antisymmetrize and normalize,
get the same function.
6-5
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TABLE IV. Energies,n* , and classification of2Pe states of Li.

No. Config. Energy n* Description

1 2s(2p)2 a 2.067462 1.59240 19%E 13%Cs 5%B 54%2s(2p)2

2 ^B,3p& 1.971677 2.22061 85%B 9%Cs

3 ^B,4p& 1.919282 3.19432 92%B
4 ^B,5p& 1.897988 4.24795 93%B 3%Cs

^A& Threshold 1.897830
5 ^B,6p& 1.888525 5.23502 92%B 4%Cs

6 ^B,7p& 1.883328 6.19033 89%B 6%Cs

7 ^B,8p& 1.880226 7.09042 82%B 11%Cs

8 ^C,3s& 1.878293 2.31692 74%B 18%Cs

9 ^B,9p& 1.876908 8.68568 80%B 14%Cs

10 ^B,10p& 1.875754 9.55729 88%B 6%Cs

11 ^B,11p& 1.874819 10.49543 92%B 3%Cs

12 ^B,12p& 1.874048 11.51875 94%B
^B& Threshold 1.870280
18 ^C,3d& 1.849150 2.79508 79%Cd 3%Cs 8%B
20 ^E,3p& 1.841264 2.21389 41%E 30%Cs 14%D 6%Cd

21 ^C,4s& 1.827940 3.41835 64%Cs 13%E 10%B 6%D
22 ^C,4d& 1.819696 3.80438 91%Cd

23 ^C,5s& 1.812375 4.28553 78%Cs 14%B
24 ^D,3d& 1.807407 3.01217 45%Cd 33%D 13%E
25 ^C,5d& 1.806938 4.79042 33%Cd 29%D 20%B 6%Cs

27 ^C,6s& 1.801403 5.54644 57%Cs 17%Cd 14%B 5%E
28 ^C,6d& 1.799700 5.86215 77%Cd 14%Cs 3%B
29 ^C,7s& 1.797314 6.41139 75%Cs 5%E 3%B 9%Cd

30 ^C,7d& 1.795842 6.83840 83%Cd 10%Cs

31 ^C,8s& 1.794524 7.30350 73%Cs 7%E 10%Cd 3%D
32 ^C,8d& 1.793327 7.81977 77%Cd 15%Cs

33 ^C,9s& 1.792674 8.15188 61%Cs 9%E 16%Cd 5%D
34 ^C,9d& 1.791633 8.78225 52%Cd 37%Cs 2%D 3%E
35 ^C,10s& 1.791353 8.97816 41%Cd 40%Cs 7%E 4%D
36 ^C,11s& 1.790458 9.70544 73%Cs 14%Cd 3%D 3%E
37 ^C,10d& 1.790266 9.88551 79%Cd 12%Cs 2%E
38 ^C,12s& 1.798571 10.63469 86%Cs 2%D 3%Cd 3%E
39 ^C,11d& 1.789391 10.85773 90%Cd 3%Cs

^C& Threshold 1.785150
48 ^D,4d& 1.780457 4.21398 59%Cs 27%D 5%E
49 ^E,4p& 1.778772 3.55686 20%E 33%Cs 23%D 14%Cd

52 ^D,5d& 1.771809 5.06256 55%D 29%Cs 4%E 2%Cd

54 ^D,6d& 1.766470 5.94027 56%D 23%E 4%Cs 5%Cd

55 ^E,5p& 1.763686 4.52343 52%D 31%E 5%Cs

56 ^D,7d& 1.761292 7.45678 73%D 14%E
57 ^D,8d& 1.759251 8.48149 76%D 10%E
58 ^D,9d& 1.757837 9.50305 64%D 17%E 7%Cs

59 ^D,10d& 1.756949 10.37115 56%D 15%E 17%Cs

60 ^D,11d& 1.756136 11.41710 75%D 10%Cs 3%E

63 ^E,6p& 1.753941 5.83388 44%E 25%Cs 20%D
^D& Threshold 1.752300
66 ^E,7p& 1.750105 6.78652 52%E 30%D 4%Cs 1%Cd

69 ^E,8p& 1.747032 8.01554 73% 13%D 1%Cs

70 ^E,9p& 1.745295 9.09502 76%E 10%D
71 ^E,10p& 1.744127 10.12562 62%E 24%D 24%Cd

72 ^E,11p& 1.743351 11.04228 61%E 25%D 1%Cd

^E& Threshold 1.739250

aLevel no. 1 is the first member of three series^B,2p&,^C,2s&,^E,2p&.
032506-6
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~ii ! Extensive configuration mixings. It is clear from
Table IV that most of these states cannot be described
single configuration. Indeed it is seen that each state
mixture of configurations, so we present the percentage e
series contributes to the normalization of each state.

~iii ! A single series interacting with an isolated state.~^B,
np& series interacts with thêC,3s& state!.

~iv! Two series converging to the same threshold, cro
ing each other.~^C,ns& and ^C,nd& series cross atn'9.)

The last item also includes interactions with two spurio
states~no. 19, â B,np& state that lies above its threshold, a
another one, no. 26, that defies classification! that are not
true states. There are also two isolated states, the^E,3p&
state at no. 20 and thêD,3d& state at no. 24, that interac
mostly with the^C,ns& series. These are discussed fully, a
compared with BN in Figs. 1–3 and the surrounding ma
rial. Our energy and classification results are tabulated
Table IV.

1. The kBl series—interacting with an isolated (kC,3sl) state

Because different series converge to thresholds with
ferent energies, the lowest members of one series may l
the energy range just below the threshold of another se
Then we have what Fano@15# calls an isolated state interac
ing with a Rydberg series. This is clearly what is occurri
between thêB,np 2Pe& series and thêC,3s& state.~This is
the second lowest member of the^C,ns& series, since state no
1 is the lowest member of three series.! This might best be
understood by first discussing the corresponding, but m
familiar, results for open-channel phase shifts. In the la
theory ~see, e.g.,@15#! one looks for resonances in electro
scattering by looking for rapid changes byp in the phase
shift. The same phenomenon occurs for closed chann
with pmn replacing the phase shift. This is demonstra
quite clearly in Fig. 1, where 12mn is plotted againstn* .
The circles and the numbers are those given in Table IV.
mn’s, rather than being slowly varying, as in Table III, ra
idly change from 1.6 to 0.6, a change of one whole unit. T
change corresponds to having one too many states in
series, indicating that there is a state from another se
mixing in. We have identified state no. 8 as the extra st
But such an identification is somewhat arbitrary, since w
would have been thêC,3s& state interacts strongly with sev
eral members of thêB,np& series.

Before discussing this further, note that we have also p
ted the values taken from BN. The agreement between
two sets of calculations is very good, particularly as to
rapid change ofmn . However, they have classified the
highest member, which agrees closely with our state no.
as the^C,3s& state. It might be informative if they looke
more closely in this region, particularly since their widths a
actually getting broader with increasingn, instead of narrow-
ing according to (1/n* )3. Such broadenings usually indica
interactions with other channels or series.

To show how difficult it is to uniquely identify thêC,3s&
state, we have plotted the percent of (2p)2 3Pens configura-
tions in each of the states numbered 1 through 24 in Fig
Most of these correspond to members of the^B& series, in-
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cluding several spurious ones@15–17,19# that lie above the
^B& threshold. State no. 1 is actually 54% 2s(2p)2, and so
can be identified as thêC,2s& as well as thê B,2p& or
^E,2p& states. At the other end, state no. 23 is clearly
^C,5s&, while either no. 20 or more likely no. 21 is th
^C,4s& state. No state from no. 3 to no. 19 has as much
20%^C,ns& in it. Yet the sum over all those states is.0.92.
Therefore, thêC,3s& state is in there somewhere. For obv
ous reasons, we have identified it with state no. 8.

2. The kC,nsl and kC,ndl series—crossing series

In this subsection we look at the energy region betwe
the ^B& and ^C& thresholds. For completeness, we have a
included states no. 1 and no. 8 in Fig. 3 that also appeare
Fig. 1. Then* ’s used in the two figures for these two leve
are related by Eq.~12!. The quantum defect structure is fa
more complex here than in the preceding section, as there
two series converging to thêC& threshold. In addition, there
are two isolated states from higher series~no. 20,^E,3p& and
no. 24, ^D,3d&) interacting with these series, and unfort
nately for us, two spurious states~nos. 19 and 26!.

The numbers and dashed lines in Fig. 3 correspond to
calculations in Table IV. We have also plotted the cor
sponding results from BN@with the two lowest states trans
formed by Eq.~12!#. As in Fig. 1, agreement is very good
particularly the rapid change inmn(Cs), and the series cross
ing.

It should be understood that if the series are classi
according to their wave functions, they actually do cross
apparent contradiction to phase shift or perturbation the
analysis. To understand this, we again first describe the
responding behavior for two interacting open channels.
that case, it is well known that the phase shifts for the t
channels will first approach and then diverge from each ot
as a function of increasing energy, just as two branches
hyperbola do. What is less well known is that the wav
function characteristics corresponding to the two channels
cross. Suppose, for instance, that^C,ks& and ^C,kd& are
open channels corresponding tos andd electrons scattering
off a ^C& target. Suppose further that the phase shift for ths
channel lies above thed channel when the energy is we
below the noncrossing region. Then as the energy~or wave
numberk! is increased, the wave functions will mix, an
finally, for energy well above the noncrossing region, t
phase shift for thes channel will lie below thed channel. The
same occurs for a closed channel or quantum defect be
ior. The difference is, of course, that we are now deal
with a finite set of points, not a pair of continuous curves
the region of interaction, so the word crossing is not fu
appropriate.

Unlike our discussion of Fig. 1, we cannot give a simp
explanation of the rapid change inmn(Cs), since the two
isolated states~20 and 24! and the two spurious states all li
below n* 55. A more detailed analysis is necessary. Ho
ever, the sum of the contributions of^B&, ^D&, and^E& states
to all the ^C,nl& states between 27 and 39 comes to o
0.80, so there is something there, perhaps an extra sme
out state.
6-7
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At this point it is appropriate to discuss spurious states
more detail. In the TDM method, we include all states o
given configuration up to some maximumnmax ~in this paper,
nmax520). In any diagonalization procedure, the trace~sum
of diagonal elements! stays constant. Each diagonal eleme
of Hii from Eq.~1! can be thought of as a one-state appro
mation of that state’s energy. After diagonalization, many
the elements will be much lower, some corresponding
physical values as quoted here. But since the trace rem
unchanged, some other values will be much higher than
fore, even above threshold. This has been discussed in d
before~see e.g.,@17,21,22#!. But here, those spurious leve
that lie above their appropriate threshold can interfere w
states that appropriately lie in that range, as in this ca
where levels 19 and 26 could actually be pushing up lev
21 and 27. Such effects should not be perceived of as b
physical. That is, the true curve formn(Cs) for n
53,4, . . . ,8 isalmost surely smoother than the upper dot
curve in Fig. 3. Of course, the interference due to states
and 24 is real. However, the effects due to spurious states
not all imaginary. They do indicate to what extent the op
^B,kp& channel couples to thêC,ns& and^C,nd& series. If
the coupling is large enough, then there should be some
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perimental evidence for autoionization through the proce

^C,nl&→^B&1e2~kl8!,

i.e.,

Li @~2p!23Penl#→Li1@2s2p3P0#1e2~kl8!.

As far as we know, no one has looked for such reson
structure in the electron energy range~from Table II! of 0 to
154.9132152.57952.334 eV ~the difference between th
^B& and ^C& thresholds!.

B. The series with 2Po symmetry

It is for the 2P0 triply excited states of the lithium atom
that most experimental and theoretical data exist. This is
cause investigations of hollow lithium states have, in t
main, been restricted to excitation from the grou
(1s)22s2Se state, and the dipole selection rules allow on
the formation of the2Po states. Here, as can be seen fro
Table I, we have nine Rydberg series converging on the d
bly excited states of Li1. We label these series in the follow
ing manner:
^A& ~2s!2 1Senp, ^F& ~2p!2 1Senp, ^Bs& ~2s2p! 3Pons,

^Bd& ~2s2p! 3Pond, ^C& ~2p!2 3Penp, ^Dp& ~2p!2 1Denp,

^D f& ~2p!2 1Den f , ^Es& ~2s2p! 1Pons, ^Ed& ~2s2p! 1Pond.
One
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la-
tio.

the

st
s
e-

ergy
es

in
e

As noted previously in Eq.~11!, and as discussed below, th
^A& and ^F& series are not properly defined by independ
electron notation.

In Table V we present our classification of the triply e
cited states together with the energies~in a.u.! and then* ’s,
with a description of each state. As explained above, then*
for these states is based not on the calculated two-elec
doubly excited thresholds, but on the shifted threshold en
gies computed to give a good fit. It should be emphasi
that the same shifted threshold energy is used for all2S11Lp

configurations@21#.
It is clear from Table V, as was the case with Table I

that most of these states cannot be described by a s
configuration. As is seen from the table, considerable, ap
ently random, mixings occur when states of different ser
are close in energy. However, especially close to thresh
where there is no interference from other series, the mixi
which describe a particular series are very stable and con
tent. For example, thêA,np& series of states converge on th
^A& threshold@see Eq.~11!# and below that threshold th
states are described, with remarkable consistency,
being 73%^A,np& and 23%^F,np& @(2p)2 1Se np#. A very
similar pattern occurs for thêF,np& series where the state
are described as being 21%^A,np& and 61%
^F,np& @(2p)2 1Se np#. Both of these mixings agre
t

on
r-
d

,
le
r-
s
ds
s
is-

as

strongly with the idea that the outer electron sees a (2,2a) or
(2,2b) core as described in Eq.~11!. This mixing also occurs
for the 2De and 2Se symmetries~see below!. This point of
view was first presented in Ahmed and Lipsky@20#, but their
basis set was much too small to demonstrate anything.
interesting thought that may deserve further investigation
the fact that the two-electron calculations of@22# strongly
indicate a mixing ratio of 2:1, but the three-electron calcu
tions presented here indicate a somewhat different, 3:1 ra
This may indicate that the outer electron slightly distorts
core.

Similar to Table IV, we note that the state with the lowe
energy, i.e., En522.242 801, is common to serie
^Ap&, ^Bs&, and ^Es&. That is to say, the state can be d
scribed as (2s)2 1Se 2p or (2s2p)3Po 2s or (2s2p)1Po 2s.
For the same reason, the second state in Table V with en
En522.003 494 is the first member of three seri
^Fs&, ^Cs&, and^Ds&. It may be described as (2p)2 3Pe 2p
or (2p)2 1De 2p or (2p)2 1Se 2p.

In Table VI we compare our results~TDM method! for
the 2Po series with the results of Chung and Gou~saddle-
point method! and theR-matrix calculations of BN and the
results of Vo Kyet al. ~R- matrix! and with experiment. In
order to compare with experiment, we give our energies
eV above the Li (1s)2(2s2Se ground state which we hav
6-8
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TABLE V. Energies,n* , and classification of2Po states of Li.

No. Config. Energy n* Description

1 (2s)22pa 2.242801 1.20391 72%A 11%F 10%Bs

2 (2p)3 b 2.003494 1.11686 40%F 27%Bs 12%A
3 (A,3p) 1.987946 2.35550 60%A 25%F
4 ^B,3s& 1.965687 2.28926 64%Bs 14%A 9%C
5 ^A,4p& 1.942255 3.35484 69%A 22%F
6 ^B,3d& 1.927816 2.94792 85%Bd 7%Bs

7 ^A,5p& 1.924122 4.36091 64%A 27%F 7%Bs

8 ^B,4s& 1.918723 3.21268 66%Bs 18%A 6%F
9 ^A,6p& 1.914475 5.48072 67%A 22%F 8%Bs

10 ^A,7p& 1.909838 6.45291 72%A 22%F
11 ^A,8p& 1.906842 7.44856 72%A 23%F
12 ^A,9p& 1.904835 8.44874 73%A 23%F
13 ^A,10p& 1.903428 9.45064 73%A 23%F
14 ^A,11p& 1.902408 10.45018 72%A 23%F
15 ^B,4d& 1.901792 3.98331 75%Bd 11%A 6%Bs

19 ^B,5s& 1.897926 4.25271 58%Bs 25%A 8%F
^A& Threshold 1.897830
22 ^B,5d& 1.890427 4.98172 90%Bd 5%Bs

23 ^B,6s& 1.888411 5.25136 81%Bs 7%A 6%Bd

25 ^B,6d& 1.884238 5.98520 92%Bd 3%Bs

26 ^B,7s& 1.882848 6.30747 85%Bs 6%A
27 ^B,7d& 1.880536 6.98234 91%Bd 5%Bs

28 ^B,8s& 1.879736 7.27151 89%Bs 5%Bd

29 ^B,8d& 1.878129 7.98160 90%Bd 6%Bs

30 ^B,9s& 1.877618 8.25434 89%Bs 6%Bd

31 ^B,9d& 1.876479 8.98076 89%Bd 7%Bs

32 ^B,10s& 1.876136 9.24026 88%Bs 7%Bd

33 ^B,10d& 1.875300 9.97974 89%Bd 8%Bs

34 ^B,11s& 1.875060 10.22724 88%Bs 8%Bd

35 ^B,11d& 1.874423 10.98585 88%Bd 8%Bs

36 ^B,12s& 1.874239 11.23879 86%Bs 8%Bd

^B& Threshold 1.870280
45 ^E,3s& 1.866322 1.98362 30%Es 23%A 23%Dp 6%C
49 ^C,3p& 1.856718 2.64318 49%Bs 38%C 3%Es

53 ^C,4p& 1.826290 3.48620 36%Bd 32%C 9%Dp 7%Es

55 ^D,3p& 1.820848 2.70077 40%C 28%Dp 10%Es 4%Bs

56 ^C,5p& 1.810050 4.48107 60%C 25%Ed 5%Es

57 ^E,3d& 1.807621 2.70427 44%Ed 24%C 7%D f 5%A
58 ^C,6p& 1.802828 5.31821 45%C 22%Dp 18%Es 4%Bs

59 ^E,4s& 1.802224 2.81777 29%Bs 21%Dp 19%Es 14%C
60 ^C,7p& 1.798985 6.01165 68%C 20%Bs

61 ^C,8p& 1.795876 6.82761 84%C 6%Bs

62 ^C,9p& 1.793475 7.74990 89%C 3%Bs

63 ^C,10p& 1.791753 8.70160 90%C
64 ^C,11p& 1.790508 9.66049 91%C
65 ^C,12p& 1.789583 10.62013 91%C
^C& Threshold 1.785150
70 ^D,4f & 1.784229 3.95722 72%D f 10%C
73 ^D,4p& 1.776487 4.54669 59%Dp 17%C 11%Es

74 ^E,4d& 1.775190 3.72988 65%Ed 10%C 9%D f

75 ^D,5f & 1.771524 5.09993 79%D f 4%C 5%Ed

76 ^D,5p& 1.769780 5.34821 52%Dp 30%C 5%Es

77 ^E,5s& 1.768911 4.10573 41%C 32%Es 12%Dp
032506-9
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TABLE V. ~Continued!.

No. Config. Energy n* Description

78 ^D,6p& 1.765901 6.06321 45%Dp 33%Es 4%Bd

79 ^D,6f & 1.765192 6.22770 86%D f 2%Ed

80 ^D,7p& 1.763212 6.76907 65%Dp 9%Es 8%Bd

81 ^D,7f & 1.761502 7.37131 85%D f 3%Ed

82 ^D,8p& 1.760659 7.73408 60%Dp 14%Ed 12%Bd

83 ^E,5d& 1.760573 4.84245 67%Ed 15%Dp 5%D f

84 ^D,8f & 1.759127 8.55769 66%D f 11%Bd 9%Dp

85 ^D,9p& 1.758856 8.73278 40%Dp 23%Bd 3%Es

86 ^E,6s& 1.758335 5.11841 33%Es 39%Dp 13%Bd

87 ^D,9f & 1.757407 9.89516 87%D f

88 ^D,10p& 1.757223 10.07765 75%Dp 12%Es

89 ^D,10f & 1.756258 11.23997 45%D f 37%Dp

97 ^E,6d& 1.753369 5.95084 61%Ed 25%D f 2%C
^D& Threshold 1.752300
100 ^E,7s& 1.751321 6.43583 50%Es 36%Dp

102 ^E,7d& 1.749282 7.05978 74%Ed 7%Dp

105 ^E,8s& 1.747884 7.60979 45%Es 40%Dp

106 ^E,8d& 1.746517 8.29498 81%Ed 4%Dp

107 ^E,9s& 1.746077 8.55816 68%Es 12%Dp

108 ^E,10s& 1.744863 9.43791 40%Es 30%Ed 15%Dp

109 ^E,9d& 1.744661 9.61266 56%Ed 21%Es 4%D f

110 ^E,11s& 1.743889 10.38184 46%Es 33%D f

112 ^E,10d& 1.743395 10.98270 75%Ed 7%D f 5%Es

^E& Threshold 1.739250
134 ^F,3p& 1.692512 2.35884 25%F 19%C 10%Dp 11%Es

139 ^F,4p& 1.647171 3.35121 41%F 10%Ed 16%A
140 ^F,5p& 1.628527 4.39569 60%F 21%A
141 ^F,6p& 1.619681 5.41840 60%F 21%A
142 ^F,7p& 1.614742 6.43044 61%F 21%A
143 ^F,8p& 1.611683 7.43992 61%F 21%A
144 ^F,9p& 1.609654 8.44940 61%F 21%A
145 ^F,10p& 1.608237 9.45998 61%F 21%A
146 ^F,11p& 1.607209 10.47262 61%F 21%A
^F& Thresheld 1.602605

aLevel no. is the first member of three series:^A,2p&,^B,2s&,^E,2s&.
bLevel no. 2 is the first member of three series:^C,2p&,^D,2p&,^F,2p&.
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taken to be27.470 976 a.u. in order to give us exact agre
ment with the accurate calculation of Chung for the fi
member of the series. This effectively lowers all our energ
by 0.2 eV.

As seen in Table VI, our classification agrees with th
of Chung and Gou@13,14# in general except for the state
^B,3d& and ^A,5p&, where they have them in reverse ord
We note that BN and Vo Kyet al. agree with Chung’s
classification of these energy levels. However, Chung ag
with us with regard to thê B,4s& and the^A,6p& states,
whereas BN and Vo Kyet al. have these states reverse
Our classifications agree with both BN and Vo Kyet al.
in the energy range 151.3 eV to above the^B& threshold.
There are, however, ambiguities in the classification of
first eight states in the energy region between the^B& and the
^C& thresholds. As can be seen from Table V, these st
are severely mixed. We have classified these st
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as ^E,3s&,^C,3p&,^C,4p&,^D,3p&,^C,5p&,^E,3d&,^C,6p&,
^E,4s&, whereas BN has classified them as^E,3s&,
^C,3p&,^D,3p&,^C,4p&,^E,3d&,^C,5p&,^E,4s&,^C,6p&, and
Vo Ky et al. have classified them as ^E,3s&,
^C,3p&,^C,4p&,^E,3d&,^D,3p&,^C,5p&,^E,4s&,^C,6p&.

From our point of view, the only questionable assignme
is that of state number 55 in Table V, which we classify
^D,3p& despite its containing %40C and only %28Dp .
However, the fact that the adjacent states can be unamb
ously classified in terms of their configuration mixings a
quantum defects leaves us with no choice in the matter s
of an analysis which is much more complex than that giv
for Figs. 1–3~five interacting series versus two or three i
teracting series!.

We note that Vo Kyet al. give the same energy for th
^C,4p& and ^E,3d& states~153.35 eV! and also thê E,4s&
and ^C,6p& states~154.05 eV!. We also note that above th
6-10
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TABLE VI. Comparison of energies~in eV! for some triply excited2Po states.

State This work
Chung

and Gou BN
Vo Ky
et al. Expt. @5,12# Expt. @3# Expt. @2#

(2s)22p 142.255 142.255 142.30 142.12 142.28 142.33 142.
(2p)3 148.766 148.729 148.81 148.68 148.77 148.7
^A,3p& 149.189 149.241 149.22 149.07
^B,3s& 149.795 149.846 149.86 149.69 149.95 149.91 149.
^A,4p& 150.432 150.480 150.40 150.24
^B,3d& 150.825 150.947 150.94 150.74
^A,5p& 150.926 150.917 150.84 150.67
^B,4s& 151.073 151.119 151.14 150.95 151.22 151.20 151.
^A,6p& 151.188 151.203 151.06 150.88
^A,7p& 151.315 151.349 151.21 151.03
^A,8p& 151.396 151.28 151.11
^A,9p& 151.451 151.34
^B,4d& 151.533 151.56 151.36
^B,5s& 151.639 151.66 151.45 151.68

^A& Threshold
^B,5d& 151.843 151.86 151.63
^B,6s& 151.898 151.91 151.71 151.92
^B,6d& 152.011 152.02 151.82
^B,7s& 152.049 152.05 151.85 152.06
^B,7d& 152.112 152.12 151.92
^B,8s& 152.134 152.14 151.93 152.15
^B,8d& 152.177 152.18 151.98
^B,9s& 152.191 152.20 151.99
^B,9d& 152.222 152.23 152.02

^B& Threshold
^E,3s& 152.499 152.453 152.45 152.32 152.90 152.75 152.
^C,3p& 152.760 152.742 152.76 152.57 152.51 152.46 152.
^C,4p& 153.588 153.572 153.70 153.35 153.66 153.54 153.
^D,3p& 153.736 153.53 153.52
^C,5p& 154.030 154.05 153.81
^E,3d& 154.096 153.99 153.35
^C,6p& 154.226 154.23 154.05
^E,4s& 154.243 154.15 154.05
^C,7p& 154.331 154.33 154.15

^C& Threshold
^D,4f & 154.732 154.57
^D,4p& 154.943 154.48 153.97
^E,4d& 154.978 154.82 154.34
^D,5f & 155.078 154.85
^D,5p& 155.125 154.74 154.56
^E,5s& 155.149 154.90 154.75
^D,6p& 155.231 154.99 154.76
^D,6f & 155.250 155.50
^D,7p& 155.304 155.07 154.90
^D,7f & 155.351 155.10
^D,8p& 155.374 155.13 154.98
^E,5d& 155.376 155.15 154.83
^D,8f & 155.415 155.16
^D,9p& 155.423 155.18 155.03
^E,6s& 155.437 155.21 155.02
^D,9f & 155.462 155.21

^D,10p& 155.467 155.07
032506-11
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TABLE VI. ~Continued.!

State This work
Chung

and Gou BN
Vo Ky
et al. Expt. @5, 12# Expt. @3# Expt. @2#

^D,10f & 155.493
^E,6d& 155.572 155.34 155.05
^D& Threshold
^E,7s& 155.628 155.37 155.17
^E,7d& 155.683 155.44 155.20
^E,8s& 155.721 155.47 155.26
^E,8d& 155.758 155.51 155.26
^E,9s& 155.770 155.53 155.34
^E,10s& 155.803 155.36
^E,9d& 155.809 155.56 155.32
^E,11s& 155.830
^E,10d& 155.843 155.36
^E& Threshold
^F,3p& 157.228 157.15 156.97 156.97
^F,4p& 158.461 158.19 158.06 158.05
^F,5p& 158.969 158.63 158.51 158.50
^F,6p& 159.209 158.84 158.73 158.71
^F,7p& 159.344 158.97 158.86 158.84
^F,8p& 159.427 159.05 158.94
^F,9p& 159.482 159.10 158.99
^F& Threshold
m
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^C& threshold the energy ordering of our states differ fro
BN in that we have thêD,4f & state below thêD,4p& state,
whereas BN has the order reversed. We also have the^E,4d&
state below thêD,5p& state in agreement with Vo Kyet al.,
whereas BN has the opposite ordering. The energy orde
of the remaining states in Table VI are in complete agr
ment with BN. This ordering differs slightly from that of Vo
Ky et al. in that they have thêE,5d& state below thêD,7p&
state and they have the opposite ordering to ours for
^D,9p& and ^E,6s& states.

In Table VII, we compare our quantum defects for t
^B,ns2Po& and^F,np 2Po& series with those of BN and Vo
Ky et al.and with the experimental results of Diehlet al. @8#.

We see that our quantum defects for the^B,ns2Po& series
are in good agreement with those of BN and with expe
ment. However, our defects for thêF,np 2Po& are not in
agreement with either calculation or with experiment. This
03250
ng
-

e

-

s

due to the fact that our method yields a value for the^F&
threshold that is too high.

C. The 2Se and 2De series

Recently, the first photoexcitation measurements of tri
excited even-parity states of lithium have been reported
Cubayneset al. @6#. The lithium atoms in the ground
(1s)22s 2Se state were first excited to the (1s)22p 2Po state
by means of a cw dye laser. The dipole selection rules
laser excited atoms allow the population of even-parity h
low states that are not accessible from the ground state
which have angular momenta2Se, 2Pe, and 2De. The only
previous experimental value for an even-parity hollow st
was by Mulleret al. @30#, where a resonance in an electro
Li1 collision experiment was attributed to a 2s(2p)2 2De at
145 eV above the ground state.
TABLE VII. Comparison of quantum defects forBs andFp series with2Po symmetry.

(2s2p)3P ns 2Po (2p)2 1Se np 2po

n This work BN Ky et al. Expt. This work BN Ky et al. Expt.

3 0.71 0.68 0.66 0.65~2! 0.61 0.48 0.52 0.51~1!

4 0.79 0.67 0.68 0.62~3! 0.65 0.48 0.51 0.50~2!

5 0.75 0.70 0.69 0.68~3! 0.60 0.48 0.48 0.46~3!

6 0.75 0.71 0.63 0.73~5! 0.58 0.48 0.47 0.49~4!

7 0.69 0.71 0.60 0.77~6! 0.57 0.48 0.43 0.48~6!

8 0.73 0.72 0.65 0.56 0.48 0.39
9 0.75 0.72 0.58 0.55 0.48 0.43
6-12



of

HOLLOW STATES OF LITHIUM PHYSICAL REVIEW A 61 032506
TABLE VIII. Energies, n* , and classification of2De states of Li. Note: See text for descriptions
configurations. State no. 1 is the first level for three series:^B,2p&, ^D,2s&, and^F,2s&.

No. Config. Energy n* Description

1 2s(2p)2 2.148041 1.34168 70%Ep 16%Bp 6%Ds

2 ^A,3d& 1.961412 2.80425 66%A 8%Bp 20%F
3 ^B,3p& 1.952783 2.46179 80%Bp 7%A
4 ^A,4d& 1.931865 3.83283 71%A 22%F
5 ^A,5d& 1.919264 4.82980 72%A 23%Bp

6 ^B,4p& 1.913228 3.41205 58%Bp 27%A 8%F
7 ^A,6d& 1.912031 5.93375 48%A 61%Bp 15%F
8 ^A,7d& 1.908423 6.87031 72%A 23%F
9 ^A,8d& 1.905898 7.87244 72%A 23%F
10 ^A,9d& 1.904171 8.87967 73%A 23%F
11 ^B,4f & 1.903320 3.89016 95%Bf

12 ^A,10d& 1.902942 9.88987 73%A 23%F
13 ^A,11d& 1.902033 10.90653 73%A 23%F

^A& Threshold 1.897830
18 ^B,5p& 1.895225 4.47707 59%Bp 27%A 8%F
19 ^B,5f & 1.890856 4.92955 94%Bf

21 ^B,6p& 1.887078 5.45580 92%Bp

22 ^B,6f & 1.884446 5.94103 95%Bf

23 ^B,7p& 1.882423 6.41685 84%Bp 8%A
25 ^B,7f & 1.880645 6.94546 95%Bf

26 ^B,8p& 1.879299 7.44579 93%Bp

27 ^B,8f & 1.878197 7.94722 96%Bf

28 ^B,9p& 1.877320 8.42738 94* Bp

29 ^B,9f & 1.876525 8.94799 90%Bf

30 ^B,10p& 1.875922 9.41401 95%Bp

31 ^B,10f & 1.875332 9.94822 96%Bf

32 ^B,11p& 1.874900 10.40289 95%Bp

33 ^B,11f & 1.874448 10.95334 95%Bf

^B& Threshold 1.870280
48 ^C,3d& 1.843620 2.92429 65%C 23%Bf 6%Bp

50 ^E,3p& 1.834940 2.28587 36%Ep 16%Bf 17%Dd 8%Dg

52 ^C,4d& 1.816679 3.98227 86%C 4%Bf

53 ^D,3d& 1.812242 2.88816 57%Dd 13%Ep 14%Ds

54 ^D,3s& 1.806939 3.02504 29%Ds 19%C 11%Bp 12%Ep

56 ^C,5d& 1.805107 5.00544 40%C 28* Ds 12%A
57 ^C,6d& 1.799555 5.89163 89%C 3%Bf

58 ^C,7d& 1.795860 6.83282 89%C 3%Bf

59 ^C,8d& 1.793442 7.76539 88%C 4%Bf

60 ^C,9d& 1.791780 8.68423 86%C 3%Bf 3%Bp

61 ^C,10d& 1.790644 9.53992 66%C 6%Dd 6%Ds 7%Bp

62 ^D,4d& 1.790275 3.62857 29%C 26%Dd 24%Ep 5%Ds

63 ^C,11d& 1.789612 10.58526 84%C 3%Dd 2%Ep

^C& Threshold 1.785150
70 ^E,4p& 1.780731 3.47183 36%Ep 29%Dd 12%Bp 7%Bf

71 ^D,4s& 1.778240 4.39032 72%Ds 7%Bp 4%Ep 5%Dd

72 ^E,4f & 1.776587 3.65942 66%Ef 22%Dg

74 ^D,5d& 1.772699 4.95082 79%Dd 8%Ep

75 ^D,5g& 1.770344 5.26400 74%Dg 14%Ef

76 ^D,5s& 1.769384 5.40992 83%Ds 4%Ep

77 ^D,6d& 1.766537 5.92622 70%Dd 17%Ep

79 ^D,6g& 1.764988 6.27745 84%Dg 4%Ef

80 ^D,6s& 1.764470 6.40966 52%Ds 22%Ep 13%Dd

81 ^E,5p& 1.763497 4.54100 38%Ds 24%Dd 28%Ep
032506-13
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In the 2De case we have 10 series converging on the doubly excited states of Li1. They are labeled in the following
manner:

^A& ~2s!2 1Se nd, ^Bp& ~2s2p! 3Po np, ^Bf& ~2s2p! 3Po n f , ^C& ~2p!2 3Pe nd,

^Ds& ~2p!2 1De ns, ^Dd& ~2p!2 1De nd, ^Dg& ~2p!2 1De ng, ^Ep& ~2s2p! 1Po np

^Ef& ~2s2p! 1Po n f , ^F& ~2p!2 1Se nd.

TABLE VIII. ~Continued.!

No. Config. Energy n* Description

82 ^D,7d& 1.761733 7.28060 73%Dd 10%Ep 3%Ds

83 ^D,7g& 1.761630 7.32040 76%Dg 12%Ef

84 ^D,7s& 1.760699 7.71541 82%Ds 3%Ep 3%Dd

85 ^E,5f & 1.760110 4.89582 55%Ef 32%Dg

86 ^D,8d& 1.759388 8.39892 84%Dd 4%Ep

87 ^D,8g& 1.758834 8.74744 75%Dg 13%Ef

88 ^D,8s& 1.758599 8.90961 86%Ds 2%Ep

89 ^D,9d& 1.757711 9.61252 84%Dd 4%Ep

90 ^D,9g& 1.757356 9.95570 85%Dg 3%Ef

91 ^D,9s& 1.757124 10.18028 86%Ds 3%Ep

92 ^D,10d& 1.756520 10.88467 80%Dd 7%Ep

98 ^E,6p& 1.755045 5.62635 40%Ds 33%Dd 15%Ep

104 ^E,6f & 1.752960 6.03907 58%Ef 29%Dg

^D& Threshold 1.752300
109 ^E,7p& 1.750249 6.74216 50%Ep 20%Ds 18%Dd

112 ^E,7f & 1.748690 7.27761 57%Ef 30%Dg

113 ^E,8p& 1.747489 7.79002 53%Ep 32%Ds 3%Dd

115 ^E,8f & 1.746438 8.34035 81%Ef 6%Dg

116 ^E,9p& 1.745363 9.04395 72%Ep 13%Dd

117 ^E,9f & 1.745006 9.31991 41%Ef 47%Dg

120 ^E,10p& 1.743660 10.64818 65%Ep 17%Dd 2%Ds 3%C
121 ^E,10f & 1.743344 11.05144 83%Ef 3%Dg

^E& Threshold 1.739250
150 ^F,3d& 1.656244 3.05440 40%Ef 11%A 31%F
152 ^F,4d& 1.636257 3.85719 50%F 18%A 11%Ef

153 ^F,5d& 1.624604 4.77227 58%F 20%A 3%Ef

154 ^F,6d& 1.617715 5.76102 60%F 21%A
155 ^F,7d& 1.613588 6.76093 60%F 21%A
156 ^F,8d& 1.610943 7.76468 60%F 21%A
157 ^F,9d& 1.609149 8.77109 60%F 21%A
158 ^F,10d& 1.607878 9.77997 61%F 21%A
159 ^F,11d& 1.606942 10.79344 61%F 21%A
^F& Threshold 1.602650 ¯ ¯
E
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We note that the state with the lowest energy, i.e.,En5
22.148 041, is common to series^Bp&, ^Ds&, and ^Ep&.
That is to say, the state can be described as (2s2p)3Po 2p,
or (2p)2 1De 2s, or (2s2p)1Po 2p.

The phenomenon observed in Sec. III B as related to
~11! also occurs for thêA,nd& and ^F,nd& series with 2De

symmetry. As can be seen in Table VIII, the higher memb
of the ^A,nd& series are described with remarkable cons
tency as being 73%A and 23%F, while the higher members
03250
q.
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of the ^F,nd& series are described by 21%A and 61%F. These
are~to less than 0.5%! the same numbers as was seen pre
ously for the 2Po symmetry. What is equally remarkable
that the exact same numbers appear in the equivalent s
for 2Se symmetry. These mixtures are displayed in Table

The 2Se series is included for completeness as there
some theoretical results with which we can compare. Ag
we note that the state with the lowest energy, i.e.,En5
22.082 745, is common to three series, the equivalent
6-14
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TABLE IX. Energies,n* , and classification of2Se states of Li. Note: State no. 1 is the first member
three series:̂B,2p&, ^E,2p&, and^F,2s&.

No. Config. Energy n* Description

1 2s(2p)2 2.082745 1.53406 60%E 21%B 9%F6%A
2 ^A,3s& 2.004837 2.16162 67%A 18%F 6%E 6%B
3 ^A,4s& 1.950938 3.06836 63%A 20%F 13%B
4 ^B,3p& 1.941499 2.64963 73%B 13%A 5%E
5 ^A,5s& 1.926483 4.17736 71%A 22%F
6 ^A,6s& 1.916524 5.17165 71%A 22%F
7 ^A,7s& 1.911052 6.14937 69%A 22%F
8 ^B,4p& 1.908422 3.62063 64%B 23%A 7%F
9 ^A,8s& 1.907219 7.29754 58%A 19%B 18%F
10 ^A,9s& 1.905205 8.23380 71%A 26%F
11 ^A,10s& 1.903699 9.23026 73%A 23%F
12 ^A,11s& 1.902602 10.23651 73%A 23%F
^A& Threshold 1.897830
18 ^B,5p& 1.893236 4.66697 68%B 20%A 6%F
20 ^B,6p& 1.885879 5.66161 90%B 3%A
21 ^B,7p& 1.881593 6.64803 95%B
22 ^B,8p& 1.878837 7.64406 95%B
23 ^B,9p& 1.876978 8.63978 95%B
24 ^B,10p& 1.875668 9.63310 95%B
25 ^B,11p& 1.874714 10.61891 94%B
26 ^B,12p& 1.874007 11.58202 63%B 25%A
^B& Threshold 1.870280
33 ^E,3p& 1.846667 2.15749 30%E 28%A 15%B 11%F
36 ^D,3d& 1.806143 3.04733 69%D 13%E 4%B
37 ^E,4p& 1.792245 3.07163 60%E 17%D 10%B
^C& Threshold 1.785150
38 ^D,4d& 1.781501 4.13793 71%D 11%B 6%E
39 ^D,5d& 1.771887 5.05248 74%D 13%B
40 ^E,5p& 1.770730 3.98535 55%E 24%B 9%D
41 ^D,6d& 1.765940 6.05450 76%D 7%E 4%B
42 ^D,7d& 1.762628 6.95793 55%D 24%E 7%B
43 ^E,6p& 1.760917 4.80382 55%D 28%E 3%B
44 ^D,8d& 1.759141 8.54947 10%E 78%D
45 ^D,9d& 1.757609 9.70417 81%D 6%E
46 ^D,10d& 1.756471 10.94915 80%D 7%E
49 ^E,7p& 1.754309 5.76221 22%E 65%D 1%B
^D& Threshold 1.752300
52 ^E,8p& 1.750266 6.73711 55%E 31%D
54 ^E,9p& 1.747106 7.97769 70%E 17%D
55 ^E,10p& 1.745415 9.00576 74%E 13%D
56 ^E,11p& 1.744219 10.03097 65%E 23%D
57 ^E,12p& 1.743368 11.01911 65%E 23%D
^E& Threshold 1.739250
70 ^F,3s& 1.655855 3.06554 52%F 20%A 10%D
72 ^F,4s& 1.629691 4.30003 55%F 20%A 5%D
73 ^F,5s& 1.620510 5.29106 60%F 21%A
74 ^F,6s& 1.615289 6.28978 60%F 22%A
75 ^F,7s& 1.613055 6.93217 60%F 22%A
76 ^F,8s& 1.612000 7.31280 59%F 22%A
77 ^F,9s& 1.609889 8.31085 61%F 21%A
78 ^F,10s& 1.608409 9.31800 61%F 21%A
79 ^F,11s& 1.607337 10.32833 61%F 21%A
^F& Threshold 1.602650
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TABLE X. Comparison of some even-parity triply excited2Le (L5S,P,D) states for Li.

State This work Chung BN Zhou et al. Experiment

2s(2p)2 2De 144.844 144.762 144.826 144.664 144.77
2s(2p)2 2Se 146.621 146.480 146.612 146.534
2s(2p)2 2Pe 147.037 146.923 147.012 146.910 146.93
^A,3s 2Se& 148.741 148.794 148.822 148.632
^B,3p 2Pe& 149.644 149.713 149.742 149.548
^A,3d 2De& 149.923 149.999 149.982 149.826
^B,3p 2De& 150.158 150.212 150.233 150.045
^A,4s 2Se& 150.208 150.264 150.181 150.064
^B,3p 2Se& 150.465 150.499 150.520 150.337
^A,4d 2De& 150.727 150.651 150.484
^C,3s 2Pe& 152.185 152.129 152.253 152.055
^C,3d 2Pe& 152.978 153.003 153.050 152.860
^C,3d 2De& 153.128 153.174 153.245 153.032
^C,4s 2Pe& 153.555 153.458 153.540 153.365
^D,3d 2Pe& 154.114 154.393 154.093 153.834
^D,3d 2Se& 154.148 154.313 154.093 153.950
^D,3s 2De& 154.126 153.184 152.543 152.364
^D,4d 2Se& 154.819 155.064 154.625 154.483
^F,3s 2Se& 158.238 154.689 156.838 156.675
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scriptions being (2s2p)3Po 2p or (2s2p)1Po 2p or
(2p)2 1Se 2s. The results are presented in Table IX.

In Table X we compare our results for the even-par
states with available experimental@6# and theoretical results
The order in which the levels are given is based on
calculations.

The energies in Table X are given in eV above the grou
state of lithium. In comparing our results with the sadd
point method of Chung and co-workers, where his results
the higher even-parity triply excited states were not quote
eV @25#, we have used his ground-state energy for lithiu
27.478 678 and 1 a.u.527.209 27 eV In the fourth column
we compare with theR-matrix results of Zhouet al. @31#,
who have quoted energies relative to the first exci
(1s)2 2p state of lithium and where we have assumed t
E@(1s)2 2p# –E@(1s)2 2s#51.848 eV. We see that the re
sults agree very well—the exceptions being^D,3s 2De& and
the ^F,3s 2Se& state. Our̂ D,3s 2De& state at 154.126 eV is
the lowest member of this series that we could identify a
should probably be labeled̂D,4s 2De&, which would agree
lo,
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llo
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well with the ^D,4s 2De& at 154.050 of BN. This is the only
mismatch which we have found between their results a
ours. The energy of our̂F,3s 2Se& state at 158.238 eV is too
high in comparison with the other calculations as our tw
electron ^F& threshold obtained by the TDM method to
high. It would appear that the Chung@25# calculation for this
state is too low.

IV. CONCLUSION

The theoretical procedure described in this paper yie
consistent sequences of energy levels and quantum de
for each Rydberg-like series. We see that our energy le
are too high by about 0.2 eV when compared to the m
accurate calculations of Chung. The advantage of the me
is that it provides us with whole series all at once and
ables us to unambiguously classify the levels using both c
figuration mixings and quantum defect. Further experimen
data and calculations are required to resolve conflicts in
present knowledge of triply excited states.
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