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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
230, 258, 2p°  2pe and?D® 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 sydiemsthe mixing of the (8)? and
(2p)? *s? stateg remain when a third electron is added.

PACS numbds): 31.15~p, 31.50+w, 32.30-r, 32.80.Dz

[. INTRODUCTION calculations using theR-matrix approximation and the
saddle-point technique have been used to identify these reso-
The hollow states of lithium have recently been the sub-nances. The truncated diagonalization metfd®M) has
ject of intense experimental and theoretical intefést14]. also been used to calculate the energies and wave functions
These are the triply excited states of lithiir lithiumlike  of these triply excited statd20] and also of doubly excited
ions) where both %-shell orbitals are vacant. The doubly states where there is just one vacancy in ikhehell [21].
excited states of helium, where tkeshell is empty, are also One of the advantages of this method is that it yields com-
examples of hollow atomic states. These were first studieglete Rydberg series converging on the doubly excited states
experimentally more than 30 years ago and first describedf Li* all at once. The various series and levels are almost
theoretically by Fang15]. The study of these doubly excited always identifiable by their configuration mixings and quan-
states of helium and heliumlike ions in the past three decaddgsm defects.
has resulted in new classification schemes for such states. In this paper we use the TDM method to calculate the
Some of the schemes have been based on group theoredoergies of the triply excited states of lithium for various
consideration$16] and other more heuristic ones, based onL, S 7 symmetries and compare our results with those of
configuration mixingg17] and[22]. other calculations and with experiment where available. In
Lithium, with one additional electron outside thesj?  the close-coupling procedure used in the calculations of Ber-
core, is the simplist open-shell many-electron system. Simulrington and NagazaKi23] (hereafter referred to as BNind
taneous excitation of all three electrons can create hollowo Ky et al, [24] the wave function is expanded in a linear
atoms of the typen;l;,n,l,,ngl5 with ny, n,, andng all  combination of products of target statés with some un-
greater than or equal to 2. In such situations, with the simulknown function for the additional electrof,,(r). The un-
taneous excitation of the electrons to large distances from thiknown functions F,(r) satisfy second-order integro-
nucleus, correlation effects become important, since thelifferential equations obtained from the Kohn variational
dominant role of the nuclear Coulomb potential is reducedprinciple, which are then solved using tRematrix method.
Electron correlations are described within the independentfhe positions and widths of the resonances are obtained by
particle model by the superposition of configurations of thephase-shift analysis in the case of BN, or in the case of Vo
samel, S, 7 symmetry. In this paper, for eadh S7sym- Ky et al, from the Fano profile of the photoionization cross
metry, we shall consider states where allmgf, n,, orng  sections. As has been discussed by BN, the accuracy of these
are greater than or equal to 2, and use configuration mixingslose-coupling calculations will depend on the selection and
to classify these states, analogous to the method used ftihe number of target states included in the expansion. In
helium and heliumlike ion§17]. these calculations, the energy shif,, that comes from
The first reported observations of triply excitet 21,21;  interactions of the closed channels with the open channels is
states in lithium were in collision experimer|ts8,19. The  automatically accounted for.
first photoexcitation experiment on hollow lithium was car-  The interaction of the closed and open channels is also
ried out recently[1] and provided data on the lowest accounted for in Chung'’s calculatiof$3,14,27 where the
(2s)22p?P° resonancéat ~142 eV above the ground state saddle-point method is combined with the complex rotation
of lithium). Subsequent experiments involving the use ofmethod to yield the energies and widths of the resonances. In
photoion and photoelectron spectrometries determined thilais method, the wave function is written ds=V¥ +¥,,
energies and widths of higher-lying resonances. Several RywhereW . and¥, are the closed and open channels, respec-
dberg series have been measured and identified. Theoretidately. W, contains linear and nonlinear parameters and is
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determined, first, by the saddle-point method, i.e., by an en-
ergy optimization process. The open channel component is ¥i(1,239 =2 a;[4;(1,2L;S)¢;(3)]S
written as a linear combination of the target states and the :
wave function of the outgoing electron. In the calculations,
the nonlinear parameters obtained from the saddle-point cal- =2 a;;P;(1,2;3), ©)
culations for¥. are retained, but the linear parameters are J
recalculated to allow for the full interaction between thewhere<pj(r)=Rn,(r)Y{“(0,¢)X‘f,2. The radial functions sat-
closed channel and open channel wave functions. isfy the orthogonality relation
In the TDM method, the wave functions are expanded in
terms of a given sefalbeit finite of basis functions, and the o 5
expansion coefficients are chosen so that the energies are fo Rai(NRup(r)redr= (4)
minimized, which is equivalent to diagonalizing the Hamil-

tonian matrix. The lowest eigenvaluds,, of this truncated bt are otherwise unspecified. We could, for example, use

matrix are the energies quoted here. Hgs are not mea- the generalized Laguerre functions
surable experimentally. What is measuredSis=E,+A,,,

whereA , is the shift in energy due to the interaction with the ap [(N=1=1)1 " oleo

open channels. This energy shift has been calculated byRni(r)=(2\) GRS M2an)'LZiZa(2nr),
Chung and is in general small, of the order of a few meV, but ' (5)
in certain cases can be of the order of 0.1 eV.

In general there is excellent agreement among the differwhich constitute a complete set of normalizable functions as
ent methods in the classification and identification of thea basis set. However, in this work we use hydrogenic func-
triply excited states of the lithium atom in the energy rangetions as we have found them to yield more accurate results
of 140-160 eV above the ground state. In particular, we findor the higher levels in a Rydberg series.

a one-to-one correspondence between our results and thoseThe ¥'s are fully antisymmetric, whileb; is antisym-
of BN, the only exception being the lowest state ofmetric only in variables 1 and 2. The; are generalized
(2p)? 'D®ns?De series. fractional-parentage coefficieniSFP. They make the linear

In Sec. Il we give a brief outline of the TDM method combination fully antisymmetric in all variables. There may

[20,21]. In Sec. Il we describe our calculations and presenbe more than on&’; with the same set of orbitals and the

our results and comparison with others. samel, S and . If so, then a seniority index must be as-
signed to each of the independent functions. Hence the sub-
scripti=1,2,... .
Il. THE METHOD The energies are obtained by calculatiiiy blocks and
The states and energies are obtained by diagonalizing tHfiagonalizing a matrix written symbolically as
Hamiltonian H=AHAT, (6)
H=Ho+V (1) where A is the matrix of thea;; , AT is its transpose, an{
’ is the matrix whose components are given by
where(in atomic unit 1
( 3 (H)y=(@(1233( Het —|I@y12:3). (@
3
1 z In this way, the two-electron interactions can be calculated in
_ _ _Tw2y 2 '
HO—H1+H2+H3—iZJ oA terms of
1
and (6i(1,2n111,n,05:L;S)] r—12|¢j(1'3n3|3an4|41|-jsj)>,
8
V=2 i @) i.e., exactly the matrix elements used in the two-electron
=) Tij problem. (Of course, these terms are 0 unldss=L; and
S=§.)
using antisymmetric basis functions(nl,n,l,,n3l3;LS) lIl. THE CALCULATION

constructed from single-particle wave functions. The totally

antisymmetric three-electron wave function is expressed in The basis set used in the calculation includes all configu-
terms of vector-coupled products of all antisymmmetric two-rations of the formnyly,n,l,,nzl3, where GsIli<I =5
electron wave functions;sj(l,ZLij), constructed from two and n;<n,,,=20, with the following restrictions. Only if

of the same three orbitals, and multiplied by the wave functwo of the threen; are less than or equal to 3 can the third be
tion of the third electron. That is, as large as .. Otherwise the maximum value is 6. Fur-
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thermore, none of the; can equal 1, i.e., all the singly and

doubly excited configurations are excluded. This latter re- *®7 (%

striction has been translated into projection-operator termi-

nology[21] where the operatorB,Q, ,Q,, project onto sub- 144

spaces containing 0, 1, and 2 vacancies and where th l ———a
eigenvalues of the operat@;, HQ,, are the energy levels of B 12— 2 'Hg*"’a ;"‘w“\-\
the hollow atomic states with doubleshell vacancies. 5 ™y

This procedure yields different numbers of configurations £ 104 7 \
depending on the particuldr, S under consideration. For 1
example, for the?S® symmetry this procedure yields 183
configurations, while foP° the number is 671. Each con-
figuration, in turn, produces anywhere from 0 to 10 antisym- g \
metric basis functionsV'; . The computer automatically gen- } 0 '\::___.. 12
erates the(orthonormal basis functions for each given 04
configuration, and evaluates the Hamiltonian matrix using all o 3 5 s 0 2
the previously mentioned basis functions generated for eacl Effective Cuantm Number
and every configuration. This total number of basis functions
is in general considerably larger than the number of configu- FIG. 1. Quantum defect vs effective quantum number for
rations included in the calculation for the particularS, =  (B.np?P*) series including comparison with BN. The circles are
symmetry. For example, PSP symmetry, the number of from_TapIe IV. State 8 is classified 4€,3s) (see Fig. 2 ar!d dis-
states is 260, while fofP° the number is 1666. The Hamil- €ussionin text Notg that the BN values a_gre_e very well with ours,
tonian matrix is then diagonalized, yielding its eigenvalueseven as to .the rapid drop gf,, and a “missing” state ah*~9
(E,) and eigenvectorsu). The energy levels so obtained corresponding to our state 8.
are analyzed and fitted to one or more Rydberg series of the
form

Quantum Defe
o

1]

1

[ ]

N4

The contributions of the various series to the normaliza-
tion of the wave function for a particular energy level are

evaluated by the following sums:
E[Nnyl1n,l5L 15Sn15] y g

2
=E[n4l1n,l,L15S5]— %(Zn—f) , 9 C(n1|1n2|2|-12512|3)’=; lu(nql 1n,l L 15S,on15)]2,
(10
where n* is the effective quantum number and )
E[n,l1n,l,L1,S;,] is the energy of a low-lying doubly ex- Wher_e th_eu’s are the _elements of the eigenvector of the
cited state(in this paper, both electrons are in the=2 Hamllton_lan matrix. Using these sets of numbers, the Ryd-
staté of the Li* ion. For full details, se§20] and[21]. berg series to which a pa_rt|cular energy Igvel bellongs can

The quantum defect,), defined as1—n*, is usually a almost always be unamb|_guously determined, since these
slowly varying function ofn whenn is large, particularly in ~ Sets characterize each series. o o
the case of a single isolated Rydberg series such as the IN Table I, for thel, S 7 symmetries discussed in this
(2p)23Penp2S° series converging on the doubly excited Paper, we list the Rydberg-like series of energy levels con-
(2p)? 3P® state of the residual ion. This is demonstrated in
Table Ill below and the attendant discussion. However, a 084 =z &
Rydberg series of states can be perturbed by an isolated sta
from another series converging on a higher threshold. This
causes the quantum defect, or equivalently, the effective s
quantum number, to deviate from the smooth behavior we§
expect for an isolated series of resonances. In such case'ﬁ
more information is needed for identification, including a 5 %%
description of the wave functions. A specific example of this E ]
is presented in Table IV, Figs. 1-3, and associated discusg us =
sion.

If for a particularL, S, = symmetry, such as, for example,
2pe, there are multiple Rydberg series converging on a par-
ticular threshold(see Table ), the different series may 0 & 1 5 2
strongly interact and actually cross. Then identification of the
energy levels by their effective quantum number alone may
not be possible, since in this case the levels are severely FiG. 2. Fraction ofC,ng configurations in the lowest 24 levels
perturbed and the configuration mixings characteristic obf 2Pe. The 25(2p)? configuration is included in state 1. The sum
each series are dramatically altered. A detailed example isf C, configurations from state 3 to state 17~s0.92. This is a
given in Table 1V, Fig. 3, and surrounding discussion. typical example of an isolated state embedded in a Rydberg series.

3P ns 2P® configurations
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1.6 o and

y (2)=V1-a(2s)*~a(2p)?, (11
respectively. Conneely and Lipsk¢7] found thata=0.65.
This clearly carries over for three-electron systems, as is dis-
cussed in Sec. I B.

Our notation is completed by appending the quantum
number and angular momentum of the third electron and
enclosing both in the brackets). If necessary, the total
angular momentum and spin are included. Thus, e.g.,

=
h
1

Cuantum Defect
P
1

0.0+

(B,nd?P°):=(2s2p)3P°nd?P°.

08

When there are two or more series converging to the same
Effedive Quantum Number threshold, a further notational contraction is used in the
tables, to describe the configuration mixings of the states.
FIG. 3. (1-pu,) versusn* for C,s and C,q series with®P®  For instance, the sum in Eq10) for nyl;=2s, n,l,
symmetry. Dashed linegsquares and circlesand numbers are  =2p | ,,=P, S;,=1, andlz=d is shortened to
from Table IV. Solid lines(diamonds and triangle¢sre from BN.
Both we and BN show the two series crossingqnat=9. There are
“isolated” states between 18 and 21H,3p) at no. 20 and be- %Bgy:=C(2s2p 3P°d) X 100= Y, [u({(B,nd))|?x 100.
tween 23 and 25(D,3d) at no. 24. We also have two spurious n
states(nos. 19 and 26
In view of the fact that the doubly excited thresholds are
verging on the doubly excited states of the residual iof, Li Of the utmost importance in calculating'’s and so deter-
as well as the energiém a.u) of these states. The threshold Mining the Rydberg series to which the levels belong, we
energies presented in the table are as follows,(1): These tabulate some recent experimental and theoretical values and
have been calculated using the TDM method for two-compare them with the values obtained with the TDM
electron systemf22]; E,(1): These have been fitted to the Method[22] in Table Il. The energies are presented in eV
series so that Eq9) yields the most consistent and smoothly (27.211396 e¥1 a.u.) above the neutral lithium ground
varying effective quantum number* for all series and all state and in converting our TDM values we have used the
symmetries. Details for the fitting procedure are given in€Xperimental value of-7.478 060 34 a.u. quoted by McKen-
[21]. zie and Drakq26]. Figures in brackets are estimated uncer-
Because we are discussing S0 many Conﬁgurations arfé.inties in the final dlglts of the eXperimental values.
series, the standard notation is cumbersome. Therefore, we Itis seen from Table Il that the lowest two thresholds, i.e.,
will often replace the two-electron target single-particle de-the (25)?'S* and (22p) °P° thresholds, are in reasonable
scriptions,  2;21,%%L.7, with a capital letter | agreement with other theoretical calculations and with ex-
=A,B,C,D,E,F, as shown in Table I. The independent- Periment. There is less experimental data available for the
particle notation actually fails for thresholds markacand  the next threshold, the (97 *P© doubly excited state of L
E. It is well known from work done over 20 years ago that as thisis a nonaUtOioniZing state. However, the eXperimental
the lowest two doubly excited states of‘Livith 1S® sym-  value of —1.7908 a.u(154.758 eV of Buchetet al.[28] as
metry [labeled as (22) and (2,d) in [22]] are best de- dquoted by Andersoat al.[29] is in excellent agreement with

scribed as the value of—1.790955(154.755 eV obtained using the
TDM method. Our next two thresholds are about 0.25 eV
(2,2a)=\a(2s)?+ V1—a(2p)? above the experimental value and the accurate results of

TABLE I. Lowest doubly excited thresholds and series classifications.

Threshold: (2s)%1s? (2s2p) 3pP° (2p)? %P® (2p)?D® (2s2p) 1P° (2p)?ts?
I= (A (B) © (D) (E) (F)
E, (1) —1.902344 —1.874873 —1.790955 —1.761243 —1.747782 —1.614321
E,(1) —1.89783 —1.87028 —1.78515 —1.75230 —1.73925 —1.60265
250 np
2ge ns np nd np ns
2po np nsnd np npnf nsnd np
2pe np nsnd nd np
’pe nd npnf nd nsnd,ng npnf nd
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TABLE Il. Comparison(in eV) of the six lowest doubly excited Listates(figures in parentheses are
estimated uncertainties in the final digits

Theory Expt.
Config. Eq(l) E,(1) [23] [24] [27] [9] [19]

S . . . . . .
25)?1s? A 151.724 151.847 151.526 151.343 151.63 15@p6 151.6810)
s2p . . . . . .

(2s2p)°P° B 152.472 152,579 152.394 152182 152.38 15@¥1 152.4110)
(2p)? 3pe C 154755 154.913 154.634 154.441 154.60

(2p)? 'D® D 155563 155.807 155.370 155215 155.31 15283 155.3510)
(2s2p)*P° E  155.930 156.162 155732 155520 155.67 15871 155.7110)
(2p)?tse F  159.562 159.879 159.291 159.175 159.13 15@®16 159.1610)

Chung [27], but the (2)?*S® threshold is fully 0.4 eV lated relative to the threshold to which that series converges.
above the experimental and theoretical results. We have used the following formula to convert theit’s.

The threshold energy shifts frofy (1) andE,(l), which  Letn} be the effective quantum number as reported by BN.
are positive in all cases, have been discussed in [R&f, Let E,(J) be the energy of the nearest threshald,and
where it is argued that they are a consequence of the fact thgt,(1) be the correct threshold, Then
only bound-state hydrogenic functions are used in the calcu-

lations. 1
To demonstrate how the*’s vary smoothy in the ab- ny = , (12
sence of another perturbing series, we present in Table Il the VI2A,;+1/(n%)?]

single (2)?3Penp?2S° (or (C,?S°)) series, where we use
the shifted ()2 3P® energy of—1.785 15 a.u. to calculate whereA,;=E,(1)—E»(J), andn} is the “correct’” n*. In
the effective quantum number. We note that since all cases we have used our values, as given in Table I, for the
(2p)? 2s° term does not exist, the first member of the serieshresholds. In effect, we have scaled all their calculations to
must haven= 3, and the quantum defect is effectively con- agree with our threshold€,(1). Given that these values
stant for the series. Furthermore, we see that witerex-  come from the fitting of then*’s, there is a complete self-
ceeds 12, thew,'s become erratic and consequently the lastconsistancy of our calculations. With this scaling understood,
two states in Table Il should be rejected. Hereafter, we willoverall agreement between their results and ours is very good
reject all states witm*>12, and most wittn*>11. The indeed. We make a detailed comparison of the two sets of
wave function for each member of this series consists mainlgalculations for series witfP® symmetry in the following
(=94%) of configurations of the type @2 *Pnp, with very  subsection.
little contributions from any other configurations. That is to
say, for eacC,np) the wave-function description is 94&,
(or simply 94%C, since there is only one serjes

We have relied heavily on*’s for classifying and com- Although there is very little experimental data on hollow
paring states with other calculations, particularly with BN. In States with?P® symmetry, our analysis shows several inter-
[23] they calculaten* relative to the nearest threshold below esting characteristics which are important for understanding

which each state lies, whereas the tnfeshould be calcu- Symmetries with multiple series. o
From Table | we see there are five series with this sym-

A. The series with 2P® symmetry

TABLE Ill. Energy andn* for (2p)? 3P® np2S° series in Li. meFry. Independent-particle npmenclature would describe a

typical level as 32pP°np, which we call(B,np). We label

n —E (a.u) n* the other four series a&C,ns), (C,nd), (D,nd), and{E,np).
Whereas théC,np?S°) series described in Table Il above

3 1.883344 2.25654 was a perfect example of a noninteracting series with almost

4 1.832756 3.24081 constant quantum defects, tHé® symmetry yields good

5 1.811926 4.32132 examples of the following.

6 1.802685 5.33987 (i) A single state that is the first member of three series.

7 1.797565 6.34628 The first state, i.e., thes?2p)? state, is the lowest level of

8 1.794411 7.34774 each of(B,np), (C,n9, and(E,np), with n=2. That is to say,

9 1.792328 8.34628 the state can be described as2p) *P°2p or (2p)? 3Pe2s

10 1.790878 9.34264 or (2s2p)'P°2p. This is because whether we couple & 2

11 1.789829 10.33726 electron to an antisymmetric (32 3P® wave function and

12 1.789017 11.37064 antisymmetrize to give a wave function &P®¢ symmetry, or

13 1.788122 12.97118 couple a D electron with an antisymmetric §2p) »3pP°

14 1.786708 17.91545 wave function, and then antisymmetrize and normalize, we

get the same function.
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TABLE IV. Energies,n*, and classification ofP¢ states of Li.

No. Config. Energy n* Description
1 2s(2p)? @ 2.067462 1.59240 19%13%C, 5%B 54%2s(2p)?
2 (B,3p) 1.971677 2.22061 8589 %Cq
3 (B,4p) 1.919282 3.19432 928
4 (B,5p) 1.897988 4.24795 93%3%C4
(A) Threshold 1.897830
5 (B,6p) 1.888525 5.23502 9284 %Cq
6 (B,7p) 1.883328 6.19033 8986 %C4
7 (B,8p) 1.880226 7.09042 82%11%C,
8 (C,3s) 1.878293 2.31692 748B18%C,
9 (B,9p) 1.876908 8.68568 80B014%C,
10 (B,10p) 1.875754 9.55729 88806 %Cq
11 (B,11p) 1.874819 10.49543 92B63%Cy
12 (B,12p) 1.874048 11.51875 9486
(B) Threshold 1.870280
18 (C,3d) 1.849150 2.79508 79%y 3%C 8%B
20 (E,3p) 1.841264 2.21389 41%30%C¢ 14%D 6%C4
21 (C,4s) 1.827940 3.41835 64%, 13%E 10%B 6 %D
22 (C,4d) 1.819696 3.80438 91@y,
23 (C,5s) 1.812375 4.28553 78T 14%B
24 (D,3d) 1.807407 3.01217 45, 33%D 13%E
25 (C,5d) 1.806938 4.79042 33%y 29%D 20%B 6 %C;
27 (C,6s) 1.801403 5.54644 57@, 17%Cy 14%B 5%E
28 (C,6d) 1.799700 5.86215 T7%y 14%C4 3%B
29 (C,7s) 1.797314 6.41139 75% 5%E 3%B 9%Cy
30 (C,7d) 1.795842 6.83840 83%y 10%C
31 (C,8s) 1.794524 7.30350 73 7%E 10%C4 3%D
32 (C,8d) 1.793327 7.81977 77%y 15%Cy
33 (C,9s) 1.792674 8.15188 61% 9%E 16%C4 5%D
34 (C,9d) 1.791633 8.78225 52@y 37%C4 2%D 3%E
35 (C,10s) 1.791353 8.97816 41, 40%C4 7 %E 4%D
36 (C,11s) 1.790458 9.70544 73% 14%C 4 3%D 3%E
37 (C,10d) 1.790266 9.88551 79%y 12%C4 2%E
38 (C,12) 1.798571 10.63469 86@ 2%D 3%C4 3%E
39 (C,11d) 1.789391 10.85773 90@y 3%C4
(C) Threshold 1.785150
48 (D,4d) 1.780457 4.21398 59 27%D 5%E
49 (E,4p) 1.778772 3.55686 20%33%C 23%D 14%C4
52 (D,5d) 1.771809 5.06256 558 29%Cs 4 %E 2%Cy
54 (D,6d) 1.766470 5.94027 562 23%E 4%C¢5%Cqy
55 (E,5p) 1.763686 4.52343 52% 31%E 5%Cg
56 (D,7d) 1.761292 7.45678 730 14%E
57 (D,8d) 1.759251 8.48149 76% 10%E
58 (D,9d) 1.757837 9.50305 64% 17%E 7%C
59 (D,10d) 1.756949 10.37115 56B015%E 17%C;
60 (D,11d) 1.756136 11.41710 75B610%C¢ 3%E
63 (E,6p) 1.753941 5.83388 44%25%C ¢ 20%D
(D) Threshold 1.752300
66 (E,7p) 1.750105 6.78652 52#30%D 4%Cs1%Cqy
69 (E,8p) 1.747032 8.01554 73% 13961 %C
70 (E,9p) 1.745295 9.09502 76%10%D
71 (E,10p) 1.744127 10.12562 62B624%D 24%Cq
72 (E,11p) 1.743351 11.04228 61B625%D 1%C
(E) Threshold 1.739250

4 evel no. 1 is the first member of three ser{@&?2p),(C,2s),(E,2p).
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(i) Extensive configuration mixings. It is clear from cluding several spurious ong$5-17,19 that lie above the
Table IV that most of these states cannot be described by @) threshold. State no. 1 is actually 549%(2p)?, and so
single configuration. Indeed it is seen that each state is ean be identified as théC,2s) as well as the(B,2p) or
mixture of configurations, so we present the percentage eagl,2p) states. At the other end, state no. 23 is clearly the

series contributes to the normalization of each state. (C,5s), while either no. 20 or more likely no. 21 is the
(iii) A single series interacting with an isolated std{@, (C,4s) state. No state from no. 3 to no. 19 has as much as
np) series interacts with th€C,3s) state. 20%{C,ns) in it. Yet the sum over all those states€9.92.
(iv) Two series converging to the same threshold, crossTherefore, thé C,3s) state is in there somewhere. For obvi-
ing each other({C,n9 and(C,nd) series cross at~9.) ous reasons, we have identified it with state no. 8.

The last item also includes interactions with two spurious
stategno. 19, &B,np) state that lies above its threshold, and
another one, no. 26, that defies classificatidmat are not ) . )
true states. There are also two isolated states,(En8p) In this subsection we look at the energy region between
state at no. 20 and th{D,3d) state at no. 24, that interact Fhe(B) and(C) thresholds. For completeness, we have also

: : : included states no. 1 and no. 8 in Fig. 3 that also appeared in
mostly with the(C,ny series. These are discussed fully, anOIFig. 1. Then*’s used in the two figures for these two levels

s oo ol s i, gol 1 Tt by E12. Th cuantu defectsrucure s o
' more complex here than in the preceding section, as there are
Table Iv. two series converging to th€) threshold. In addition, there
are two isolated states from higher sefies. 20,(E,3p) and
no. 24,(D,3d)) interacting with these series, and unfortu-
Because different series converge to thresholds with difnately for us, two spurious statésos. 19 and 26
ferent energies, the lowest members of one series may lie in The numbers and dashed lines in Fig. 3 correspond to our
the energy range just below the threshold of another seriegalculations in Table IV. We have also plotted the corre-
Then we have what Farjd5] calls an isolated state interact- sponding results from BNiwith the two lowest states trans-
ing with a Rydberg series. This is clearly what is occurringformed by Eq.(12)]. As in Fig. 1, agreement is very good,
between théB,np?P*®) series and théC,3s) state.(Thisis  particularly the rapid change ja,(C), and the series cross-
the second lowest member of t{@ns) series, since state no. ing.
1 is the lowest member of three serjeghis might best be It should be understood that if the series are classified
understood by first discussing the corresponding, but moraccording to their wave functions, they actually do cross, in
familiar, results for open-channel phase shifts. In the latteapparent contradiction to phase shift or perturbation theory
theory (see, e.g.[15]) one looks for resonances in electron analysis. To understand this, we again first describe the cor-
scattering by looking for rapid changes byin the phase responding behavior for two interacting open channels. In
shift. The same phenomenon occurs for closed channelshat case, it is well known that the phase shifts for the two
with 7w, replacing the phase shift. This is demonstratedchannels will first approach and then diverge from each other
quite clearly in Fig. 1, where 4 u,, is plotted againsh*. as a function of increasing energy, just as two branches of a
The circles and the numbers are those given in Table IV. Théyperbola do. What is less well known is that the wave-
mn'S, rather than being slowly varying, as in Table Ill, rap- function characteristics corresponding to the two channels do
idly change from 1.6 to 0.6, a change of one whole unit. Thiscross. Suppose, for instance, tH&,ks) and (C,kd) are
change corresponds to having one too many states in thgpen channels correspondings@ndd electrons scattering
series, indicating that there is a state from another seriesff a (C) target. Suppose further that the phase shift forsthe
mixing in. We have identified state no. 8 as the extra statechannel lies above thd channel when the energy is well
But such an identification is somewhat arbitrary, since whabelow the noncrossing region. Then as the endoyywave
would have been th€C,3s) state interacts strongly with sev- numberk) is increased, the wave functions will mix, and
eral members of theB,np) series. finally, for energy well above the noncrossing region, the
Before discussing this further, note that we have also plotphase shift for the channel will lie below thel channel. The
ted the values taken from BN. The agreement between theame occurs for a closed channel or quantum defect behav-
two sets of calculations is very good, particularly as to theior. The difference is, of course, that we are now dealing
rapid change ofu,,. However, they have classified their with a finite set of points, not a pair of continuous curves in
highest member, which agrees closely with our state no. 1Ghe region of interaction, so the word crossing is not fully
as the(C,3s) state. It might be informative if they looked appropriate.
more closely in this region, particularly since their widths are  Unlike our discussion of Fig. 1, we cannot give a simple
actually getting broader with increasinginstead of narrow- explanation of the rapid change ju,(Cs), since the two
ing according to (1*)3. Such broadenings usually indicate isolated state620 and 24 and the two spurious states all lie
interactions with other channels or series. below n* =5. A more detailed analysis is necessary. How-
To show how difficult it is to uniquely identify theC,3s) ever, the sum of the contributions (8), (D), and(E) states
state, we have plotted the percent opj23Pens configura-  to all the (C,nl) states between 27 and 39 comes to over
tions in each of the states numbered 1 through 24 in Fig. 20.80, so there is something there, perhaps an extra smeared
Most of these correspond to members of {Bg series, in- out state.

2. The(C,ns and (C,nd) series—crossing series

1. The(B) series—interacting with an isolated(C,39) state

032506-7



MICHEAL J. CONNEELY AND LESTER LIPSKY PHYSICAL REVIEW A61 032506

At this point it is appropriate to discuss spurious states irperimental evidence for autoionization through the process
more detail. In the TDM method, we include all states of a
given configuration up to some maximumg (in this paper, (C.nly—(B)+e (kl"),
Nmax=20). In any diagonalization procedure, the tréasem
of diagonal elemenjsstays constant. Each diagonal elemen
of H;; from Eq.(1) can be thought of as a one-state approxi- . 2356 - 350 L
mation of that state’s energy. After diagonalization, many of LL(2p)™Pnl]—LiT[2s2p P  + e (kI").
the elements will be much lower, some corresponding tozg far as we know, no one has looked for such resonant
physical values as quoted here. But since the trace remaingy,cture in the electron energy ran@®m Table 1) of 0 to

unchanged, some other values will be much higher than bersy 913- 152 579-2.334 eV (the difference between the
fore, even above threshold. This has been discussed in det@& and(C) thresholds

before(see e.q.[17,21,23). But here, those spurious levels
that lie above their appropriate threshold can interfere with
states that appropriately lie in that range, as in this case,
where levels 19 and 26 could actually be pushing up levels It is for the 2P triply excited states of the lithium atom
21 and 27. Such effects should not be perceived of as beinthat most experimental and theoretical data exist. This is be-
physical. That is, the true curve foju,(Cs) for n cause investigations of hollow lithium states have, in the
=3,4,...,8 isalmost surely smoother than the upper dottedmain, been restricted to excitation from the ground
curve in Fig. 3. Of course, the interference due to states 2(1s)?2s?S® state, and the dipole selection rules allow only
and 24 is real. However, the effects due to spurious states atle formation of the?P° states. Here, as can be seen from
not all imaginary. They do indicate to what extent the openTable |, we have nine Rydberg series converging on the dou-
(B,kp) channel couples to theC,ns) and({C,nd) series. If  bly excited states of L'i. We label these series in the follow-
the coupling is large enough, then there should be some exag manner:

tl.e.,

B. The series with 2P° symmetry

J
(A)  (29)%'snp, (F) (2p)?'Snp, (By) (2s2p)°P°ns,
(Bg) (2s2p)3P°nd, (C) (2p)*3P°np, (D, (2p)*'D°np,
(D) (2p)?'Denf, (E¢) (2s2p)iP°ns, (Ey) (2s2p)lPOnd.

As noted previously in Eq.11), and as discussed below, the strongly with the idea that the outer electron sees aa()2¢2
(A) and (F) series are not properly defined by independen{2,2b) core as described in E¢L1). This mixing also occurs
electron notation. for the 2D® and 2S°® symmetries(see below. This point of

In Table V we present our classification of the triply ex- view was first presented in Ahmed and LipgiRa0], but their
cited states together with the energigsa.u) and then*’s, basis set was much too small to demonstrate anything. One
with a description of each state. As explained aboventhe interesting thought that may deserve further investigation is
for these states is based not on the calculated two-electrahe fact that the two-electron calculations [@2] strongly
doubly excited thresholds, but on the shifted threshold enelindicate a mixing ratio of 2:1, but the three-electron calcula-
gies computed to give a good fit. It should be emphasizedions presented here indicate a somewhat different, 3:1 ratio.
that the same shifted threshold energy is used fofdlfL™  This may indicate that the outer electron slightly distorts the
configurationd 21]. core.

It is clear from Table V, as was the case with Table IV, Similar to Table IV, we note that the state with the lowest
that most of these states cannot be described by a singenergy, i.e., E,=—2.242801, is common to series
configuration. As is seen from the table, considerable, appasA,), (Bs), and(Es). That is to say, the state can be de-
ently random, mixings occur when states of different seriescribed as (8)? 1S°2p or (2s2p)3P° 2s or (2s2p)P° 2s.
are close in energy. However, especially close to thresholdSor the same reason, the second state in Table V with energy
where there is no interference from other series, the mixingg,,= —2.003494 is the first member of three series
which describe a particular series are very stable and consigF), (C,), and(Ds). It may be described as p223P¢2p
tent. For example, théA,np) series of states converge on the or (2p)? 'D¢2p or (2p)? 1S 2p.

(A) threshold[see Eqg.(11)] and below that threshold the In Table VI we compare our resulf§DM method for
states are described, with remarkable consistency, ae 2P° series with the results of Chung and Gaddle-
being 73%(A,np) and 23%(F,np)[(2p)?1S®np]. A very  point method and theR-matrix calculations of BN and the
similar pattern occurs for thé=,np) series where the states results of Vo Kyet al. (R- matrix) and with experiment. In
are described as being 21%Anp) and 61% order to compare with experiment, we give our energies in
(F,np)[(2p)? 'S®np]. Both of these mixings agree eV above the Li (%)?(2s?S® ground state which we have
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TABLE V. Energies,n*, and classification ofP° states of Li.

No. Config. Energy n* Description

1 (2s)22p® 2.242801 1.20391 72%%11%F 10%B

2 (2p)3P 2.003494 1.11686 40%27%Bg 12%A

3 (A,3p) 1.987946 2.35550 60%625%F

4 (B,3s) 1.965687 2.28926 648, 14%A 9%C

5 (A 4p) 1.942255 3.35484 69%622%F

6 (B,3d) 1.927816 2.94792 858, 7%B

7 (A,5p) 1.924122 4.36091 64%027%F 7%Bg

8 (B,4s) 1.918723 3.21268 668y 18%A 6%F

9 (A,6p) 1.914475 5.48072 67%622%F 8%B

10 (A 7p) 1.909838 6.45291 72%622%F

11 (A,8p) 1.906842 7.44856 72%623%F

12 (A,9p) 1.904835 8.44874 73%623%F

13 (A,10p) 1.903428 9.45064 73%623%F

14 (A, 11p) 1.902408 10.45018 728623%F

15 (B,4d) 1.901792 3.98331 75% 11%A 6%B

19 (B,5s) 1.897926 4.25271 588, 25%A 8%F

A Threshold 1.897830

22 (B,5d) 1.890427 4.98172 908y 5%B,

23 (B,6s) 1.888411 5.25136 818y 7 %A 6%By

25 (B,6d) 1.884238 5.98520 928, 3%B;

26 (B,7s) 1.882848 6.30747 858, 6%A

27 (B,7d) 1.880536 6.98234 918, 5%B;

28 (B,8s) 1.879736 7.27151 898, 5%By

29 (B,8d) 1.878129 7.98160 90%, 6%B

30 (B,9s) 1.877618 8.25434 898, 6%B

31 (B,9od) 1.876479 8.98076 898y, 7%B,

32 (B,10s) 1.876136 9.24026 888y 7%By

33 (B,10d) 1.875300 9.97974 898, 8%B,

34 (B,11s) 1.875060 10.22724 88Bq 8%B

35 (B,11d) 1.874423 10.98585 888y 8%B

36 (B,12s) 1.874239 11.23879 8684 8%B

(B) Threshold 1.870280

45 (E,3s) 1.866322 1.98362 308, 23%A 23%D , 6%C
49 (C,3p) 1.856718 2.64318 498, 38%C 3%E

53 (C,4p) 1.826290 3.48620 368y 32%C 9%D , 7 %E;
55 (D,3p) 1.820848 2.70077 40%28%D , 10%E; 4%B;
56 (C,5p) 1.810050 4.48107 60% 25%E 4 5%E

57 (E,3d) 1.807621 2.70427 A4% 24%C 7%D 5%A
58 (C,6p) 1.802828 5.31821 45@%22%D , 18%E 4%B,
59 (E,4s) 1.802224 2.81777 298, 21%D , 19%E 14%C
60 (C,7p) 1.798985 6.01165 68%20%B

61 (C,8p) 1.795876 6.82761 84%6%B,

62 (C,9) 1.793475 7.74990 89%3%B

63 (C,10p) 1.791753 8.70160 90%

64 (C,11p) 1.790508 9.66049 91%

65 (C,12p) 1.789583 10.62013 91

(C) Threshold 1.785150

70 (D,4f) 1.784229 3.95722 72 10%C

73 (D,4p) 1.776487 4.54669 598, 17%C 11%E,

74 (E,4d) 1.775190 3.72988 65%, 10%C 9%D;

75 (D,5f) 1.771524 5.09993 79%; 4%C 5%E4

76 (D,5p) 1.769780 5.34821 528, 30%C 5%E

77 (E,5s) 1.768911 4.10573 41@ 32%E 12%D,,
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TABLE V. (Continued.

No. Config. Energy n* Description

78 (D,6p) 1.765901 6.06321 45%, 33%E, 4%Bgy
79 (D,6f) 1.765192 6.22770 86 2%E4

80 (D,7p) 1.763212 6.76907 65%h, 9%E, 8%By
81 (D,7f) 1.761502 7.37131 85 3%E,

82 (D,8p) 1.760659 7.73408 60%h, 14%E 4 12%B
83 (E,5d) 1.760573 4.84245 678y 15%D , 5%D;
84 (D,8f) 1.759127 8.55769 662 11%B, 9%D ,
85 (D,9p) 1.758856 8.73278 402, 23%By 3%E,
86 (E,6s) 1.758335 5.11841 33k, 39%D, 13%Bg
87 (D,9f) 1.757407 9.89516 87

88 (D,10p) 1.757223 10.07765 7584, 12%E,

89 (D,10f) 1.756258 11.23997 458t 37%D ,

97 (E,6d) 1.753369 5.95084 618y 25%D 2%C
(D) Threshold 1.752300

100 (E,7s) 1.751321 6.43583 508, 36%D,
102 (E,7d) 1.749282 7.05978 748y 7T%D
105 (E,8s) 1.747884 7.60979 458, 40%D
106 (E,8d) 1.746517 8.29498 81t 4%D,,
107 (E,%) 1.746077 8.55816 68t 12%D,,
108 (E,10s) 1.744863 9.43791 40%, 30%E4 15%D ,
109 (E,od) 1.744661 9.61266 568y 21%E ¢ 4%Dj
110 (E,11s) 1.743889 10.38184 46H 33%D
112 (E,10d) 1.743395 10.98270 75y 7%D ¢ 5%E,
(E) Threshold 1.739250

134 (F,3p) 1.692512 2.35884 25%19%C 10%D , 11%E,
139 (F,4p) 1.647171 3.35121 41%10%E 4 16%A
140 (F,5p) 1.628527 4.39569 60%%21%A

141 (F,6p) 1.619681 5.41840 60%%21%A

142 (F,7p) 1.614742 6.43044 61%%21%A

143 (F,8p) 1.611683 7.43992 61%%21%A

144 (F,9%) 1.609654 8.44940 61%%21%A

145 (F,10p) 1.608237 9.45998 61%%21%A

146 (F,11p) 1.607209 10.47262 61P021%A

(F) Thresheld 1.602605

4 evel no. is the first member of three seriéa:;2p),(B,2s),(E,2s).
bl evel no. 2 is the first member of three seriég;2p),(D,2p),(F,2p).

taken to be—7.470976 a.u. in order to give us exact agree-as (E,3s),(C,3p),(C,4p),(D,3p),{C,5p),(E,3d),{C,6p),
ment with the accurate calculation of Chung for the first(E,4s), whereas BN has classified them 4&&,3s),
member of the series. This effectively lowers all our energiegC,3p),(D,3p),(C,4p),(E,3d),(C,5p),(E,4s),(C,6p), and
by 0.2 eV. Vo Ky etal. have classified them as(E,3s),

As seen in Table VI, our classification agrees with that(C,3p),(C,4p),(E,3d),(D,3p),(C,5p),(E,4s),{C,6p).
of Chung and Gol13,14 in general except for the states  From our point of view, the only questionable assignment
(B,3d) and(A,5p), where they have them in reverse order.is that of state number 55 in Table V, which we classify as
We note that BN and Vo Kyet al. agree with Chung’s (D,3p) despite its containing %4C and only %28D,.
classification of these energy levels. However, Chung agregdowever, the fact that the adjacent states can be unambigu-
with us with regard to thgB,4s) and the(A,6p) states, ously classified in terms of their configuration mixings and
whereas BN and Vo Kyet al. have these states reversed. quantum defects leaves us with no choice in the matter short
Our classifications agree with both BN and Vo Kyal. of an analysis which is much more complex than that given
in the energy range 151.3 eV to above i threshold. for Figs. 1-3(five interacting series versus two or three in-
There are, however, ambiguities in the classification of theeracting series
first eight states in the energy region betweerBjeand the We note that Vo Kyet al. give the same energy for the
(C) thresholds. As can be seen from Table V, these state<C,4p) and(E,3d) states(153.35 eV and also thgE,4s)
are severely mixed. We have classified these stateand(C,6p) states(154.05 eV. We also note that above the
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TABLE VI. Comparison of energieén eV) for some triply excited?P° states.

Chung Vo Ky

State This work  and Gou BN et al. Expt. [5,12] Expt. [3] Expt. [2]
(23)22p 142.255 142.255 142.30 142.12 142.28 142.33 142.35
(2p)® 148.766 148.729 148.81  148.68 148.77 148.7
(A,3p) 149.189 149.241 149.22 149.07
(B,3s) 149.795 149.846 149.86 149.69 149.95 149.91 149.79
(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) 151.073 151.119 151.14 150.95 151.22 151.20 151.10
(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,SS) 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) 152.499 152.453 152.45 152.32 152.90 152.75 152.32
(C,3p) 152.760 152.742 152.76 152.57 152.51 152.46 152.72
(C,4p) 153.588 153.572 153.70 153.35 153.66 153.54 153.43
(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,9%p) 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
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TABLE VI. (Continued)

Chung Vo Ky
State This work  and Gou BN 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,9) 155.770 155.53 155.34

(E,10s) 155.803 155.36

(E,od) 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

(C) threshold the energy ordering of our states differ fromdue to the fact that our method yields a value for {fé¢
BN in that we have théD ,4f) state below thé€D,4p) state, threshold that is too high.
whereas BN has the order reversed. We also havégie)
state below th¢D,5p) state in agreement with Vo Ket al, e e
whereas BN has the opposite ordering. The energy ordering C. The °S° and “D* series
of the remaining states in Table VI are in complete agree- Recently, the first photoexcitation measurements of triply
ment with BN. This ordering differs slightly from that of Vo excited even-parity states of lithium have been reported by
Ky et al.in that they have théE,5d) state below théD,7p) Cubayneset al. [6]. The lithium atoms in the ground
state and they have the opposite ordering to ours for th¢ls)?2s?S® state were first excited to the §°2p ?P° state
(D,9p) and(E,6s) states. by means of a cw dye laser. The dipole selection rules for
In Table VII, we compare our quantum defects for thelaser excited atoms allow the population of even-parity hol-
(B,ns?P®) and(F,np?P°) series with those of BN and Vo low states that are not accessible from the ground state and
Ky et al.and with the experimental results of Diedtlal.[8].  which have angular momen&s?, ?P®, and?D®. The only
We see that our quantum defects for {Bens?P°) series  previous experimental value for an even-parity hollow state
are in good agreement with those of BN and with experi-was by Mulleret al.[30], where a resonance in an electron-
ment. However, our defects for th&,np?P°) are not in  Li" collision experiment was attributed to &(2p)?2 ?D® at
agreement with either calculation or with experiment. This is145 eV above the ground state.

TABLE VII. Comparison of quantum defects f@; andF, series with?P° symmetry.

(2s2p)°P ns 2p° (2p)21s® np 2p°
n This work BN Ky et al. Expt. This work BN Ky et al. Expt.
3 0.71 0.68 0.66 0.63) 0.61 0.48 0.52 0.51)
4 0.79 0.67 0.68 0.63) 0.65 0.48 0.51 0.5@)
5 0.75 0.70 0.69 0.68) 0.60 0.48 0.48 0.48)
6 0.75 0.71 0.63 0.18) 0.58 0.48 0.47 0.49)
7 0.69 0.71 0.60 0.19) 0.57 0.48 0.43 0.48)
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
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TABLE VIIl. Energies,n*, and classification ofD® states of Li. Note: See text for descriptions of
configurations. State no. 1 is the first level for three se(iBs2p), (D,2s), and(F,2s).

No. Config. Energy n* Description

1 2s(2p)? 2.148041 1.34168 70%, 16%B, 6%D

2 (A,3d) 1.961412 2.80425 66%08%B, 20%F

3 (B,3p) 1.952783 2.46179 8080, 7%A

4 (A,4d) 1.931865 3.83283 71%022%F

5 (A,5d) 1.919264 4.82980 72%023%B,,

6 (B,4p) 1.913228 3.41205 5884, 27%A 8%F

7 (A,6d) 1.912031 5.93375 48%061%B, 15%F

8 (A, 7d) 1.908423 6.87031 72%623%F

9 (A.8d) 1.905898 7.87244 72%023%F

10 (A,9d) 1.904171 8.87967 73%%23%F

11 (B,4f) 1.903320 3.89016 958

12 (A,10d) 1.902942 9.88987 73%% 23%F

13 (A,11d) 1.902033 10.90653 73% 23%F

(A Threshold 1.897830

18 (B,5p) 1.895225 4.47707 598, 27%A 8%F

19 (B,5f) 1.890856 4.92955 948y

21 (B,6p) 1.887078 5.45580 921,

22 (B,6f) 1.884446 5.94103 958

23 (B,7p) 1.882423 6.41685 848, 8%A

25 (B,7f) 1.880645 6.94546 958

26 (B,8p) 1.879299 7.44579 938,

27 (B,8f) 1.878197 7.94722 968

28 (B,9p) 1.877320 8.42738 98,

29 (B,9f) 1.876525 8.94799 908y

30 (B,10p) 1.875922 9.41401 958,

31 (B,10f) 1.875332 9.94822 968

32 (B,11p) 1.874900 10.40289 9584,

33 (B,11f) 1.874448 10.95334 9584

(B) Threshold 1.870280

48 (C,3d) 1.843620 2.92429 65% 23%B; 6%B,

50 (E,3p) 1.834940 2.28587 36%, 16%B; 17%Dy 8%D,
52 (C,4d) 1.816679 3.98227 86% 4%B;

53 (D,3d) 1.812242 2.88816 57%y 13%E, 14%D,
54 (D,3s) 1.806939 3.02504 29% 19%C 11%B, 12%E,
56 (C,5d) 1.805107 5.00544 40% 28*Dg 12%A

57 (C,6d) 1.799555 5.89163 89% 3%B;

58 (C,7d) 1.795860 6.83282 89% 3%B;

59 (C,8d) 1.793442 7.76539 88% 4%B;

60 (C,od) 1.791780 8.68423 86% 3%B; 3%B,

61 (C,10d) 1.790644 9.53992 66% 6%Dy 6%Ds 7%B,
62 (D,4d) 1.790275 3.62857 29% 26%Dy 24%E, 5%Dg
63 (C,11d) 1.789612 10.58526 84@& 3%Dy 2%E,

(C) Threshold 1.785150

70 (E,4p) 1.780731 3.47183 368, 29%Dy 12%B, 7%B;
71 (D,4s) 1.778240 4.39032 2% T%B, 4%E, 5%Dy
72 (E,4f) 1.776587 3.65942 66% 22%D,

74 (D,5d) 1.772699 4.95082 79%y 8%E,

75 (D,59) 1.770344 5.26400 T4, 14%E;

76 (D,5s) 1.769384 5.40992 83 4%E,

77 (D,6d) 1.766537 5.92622 70%y 17%E,

79 (D,69) 1.764988 6.27745 84, 4%E;

80 (D,6s) 1.764470 6.40966 520 22%E, 13%Dg4

81 (E,5p) 1.763497 4.54100 38 24%Dy 28%E,
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TABLE VIII. (Continued)

No. Config. Energy n* Description

82 (D,7d) 1.761733 7.28060 73%y 10%E, 3%Dg
83 (D,79) 1.761630 7.32040 76%h, 12%E;

84 (D,7s) 1.760699 7.71541 82t 3%E, 3%Dy
85 (E,5f) 1.760110 4.89582 558 32%D

86 (D,8d) 1.759388 8.39892 84y 4%E,

87 (D,89) 1.758834 8.74744 758, 13%E;

88 (D,8s) 1.758599 8.90961 86%; 2%E,

89 (D,9d) 1.757711 9.61252 84y 4%E,

90 (D,99) 1.757356 9.95570 850, 3%E;

91 (D,9s) 1.757124 10.18028 86Bh; 3%E,

92 (D,10d) 1.756520 10.88467 80B%y 7%E,

98 (E.6p) 1.755045 5.62635 40%bs 33%D 4 15%E,
104 (E,6f) 1.752960 6.03907 58t 29%D,
(D) Threshold 1.752300

109 (E,7p) 1.750249 6.74216 508, 20%D ¢ 18%D 4
112 (E,7f) 1.748690 7.27761 578 30%D,
113 (E,8p) 1.747489 7.79002 538, 32%D 3%Dy
115 (E,8f) 1.746438 8.34035 81# 6%D
116 (E,9p) 1.745363 9.04395 72%, 13%Dy
117 (E,9f) 1.745006 9.31991 418 47%D,
120 (E,10p) 1.743660 10.64818 658G, 17%D 4 2%D¢ 3%C
121 (E,10f) 1.743344 11.05144 838y 3%D,

(E) Threshold 1.739250

150 (F,3d) 1.656244 3.05440 408 11%A 31%F
152 (F,4d) 1.636257 3.85719 500 18%A 11%E;
153 (F,5d) 1.624604 4.77227 588 20%A 3%E
154 (F,6d) 1.617715 5.76102 6080 219%A

155 (F,7d) 1.613588 6.76093 608% 219%A

156 (F,8d) 1.610943 7.76468 60%% 21%A

157 (F,od) 1.609149 8.77109 60%% 21%A

158 (F,10d) 1.607878 9.77997 61%% 21%A

159 (F,11d) 1.606942 10.79344 61F021%A

(F) Threshold 1.602650 . e

In the 2D® case we have 10 series converging on the doubly excited states offThey are labeled in the following
manner:

(A) (29)2's°nd,  (Bp) (2s2p)°P°np, (By) (2s2p)°P°nf, (C) (2p)*°P°nd,
(Dy) (2p)*'D°ns, (Dgy) (2p)*'D°nd, (Dg) (2p)*'D®ng, (Ep) (2s2p)'P°np
(Ef) (2s2p)*P°nf, (F) (2p)?'snd.

We note that the state with the lowest energy, i€,= of the(F,nd) series are described by 22and 61%-. These
—2.148041, is common to serig8,), (D), and(E;).  are(to less than 0.5%the same numbers as was seen previ-
That is to say, the state can be described a2p2*P° 2p, ously for the 2P° symmetry. What is equally remarkable is

or (2p)2D®2s, or (2s2p)iP° 2p. that the exact same numbers appear in the equivalent series
The phenomenon observed in Sec. IlI B as related to Eqfor 2S® symmetry. These mixtures are displayed in Table IX.
(11) also occurs for théAnd) and (F,nd) series with?D® The 2S° series is included for completeness as there are

symmetry. As can be seen in Table VI, the higher membersome theoretical results with which we can compare. Again
of the (A,nd) series are described with remarkable consiswe note that the state with the lowest energy, i&,=
tency as being 73% and 23%-, while the higher members —2.082 745, is common to three series, the equivalent de-
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TABLE IX. Energies,n*, and classification ofS? states of Li.
three series(B,2p), (E,2p), and(F,2s).

PHYSICAL REVIEW A 61 032506

Note: State no. 1 is the first member of

No. Config. Energy n* Description
1 2s(2p)? 2.082745 1.53406 608 21%B 9%F6 %A
2 (A,3s) 2.004837 2.16162 67% 18%F 6%E 6%B
3 (A,4s) 1.950938 3.06836 63% 20%F 13%B
4 (B,3p) 1.941499 2.64963 738 13%A 5%E
5 (A,5s) 1.926483 4.17736 71% 22%F

6 (A,6s) 1.916524 517165  71%%622%F

7 (A7s) 1.911052 6.14937 69%0 229%6F

8 (B,4p) 1.908422 3.62063 6418 23%A 7 %F
9 (A,8s) 1.907219 7.29754 58%0 19%B 18%F
10 (A,9s) 1.905205 8.23380 7196 26%F

11 (A,10s) 1.903699 9.23026 73%0 23%F

12 (A11s) 1.902602 10.23651 7300 23%F

(A) Threshold 1.897830

18 (B,5p) 1.893236 4.66697 688 20%A 6%F
20 (B,6p) 1.885879 5.66161 90B 3%A

21 (B,7p) 1.881593 6.64803 958

22 (B,8p) 1.878837 7.64406 958

23 (B,9p) 1.876978 8.63978 958

24 (B,10p) 1.875668 9.63310 958

25 (B,11p) 1.874714 10.61891 9480

26 (B,12p) 1.874007 11.58202 63B025%A

(B) Threshold 1.870280

33 (E,3p) 1.846667 2.15749 30t 28%A 15%B 11%F
36 (D,3d) 1.806143 3.04733 69% 13%E 4%B
37 (E,4p) 1.792245 3.07163 60% 17%D 10%B
(C) Threshold 1.785150

38 (D,4d) 1.781501 4.13793 71% 11%B 6 %E
39 (D,5d) 1.771887 5.05248 74% 13%8B

40 (E,5p) 1.770730 3.98535 558 24%B 9%D
41 (D,6d) 1.765940 6.05450 76% 7%E 4%B
42 (D,7d) 1.762628 6.95793 550 24%E 7%B
43 (E,6p) 1.760917 4.80382 550 28%E 3%B
44 (D,8d) 1.759141 8.54947 10% 78%D

45 (D,9d) 1.757609 9.70417 81% 6 %E

46 (D,10d) 1.756471 10.94915 806 7 %E

49 (E,7p) 1.754309 5.76221 22% 65%D 1%B
(D) Threshold 1.752300

52 (E,8p) 1.750266 6.73711 558 31%D

54 (E,9p) 1.747106 7.97769 70% 17%D

55 (E,10p) 1.745415 9.00576 74% 13%D

56 (E,11p) 1.744219 10.03097 658623%D

57 (E,12p) 1.743368 11.01911 658 23%D

(E) Threshold 1.739250

70 (F,3s) 1.655855 3.06554 528 20%A 10%D
72 (F,4s) 1.629691 4.30003 558 20%A 5%D
73 (F,5s) 1.620510 5.29106 60% 21%A

74 (F,6s) 1.615289 6.28978 608 229%A

75 (F,7s) 1.613055 6.93217 60% 229%A

76 (F,8s) 1.612000 7.31280 59t 229%A

77 (F,9s) 1.609889 8.31085 61% 21%A

78 (F,10s) 1.608409 9.31800 61% 21%A

79 (F,11s) 1.607337 10.32833 61P021%A

(F) Threshold 1.602650
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TABLE X. Comparison of some even-parity triply excitét® (L=S,P,D) states for Li.

State This work Chung BN Zhou et al. Experiment
25(2p)2 ’De 144.844 144.762 144.826 144.664 144.77
2s(2p)? 2s° 146.621 146.480 146.612 146.534
25(2p)2 2pe 147.037 146.923 147.012 146.910 146.93
(A3s 28‘*) 148.741 148.794 148.822 148.632
(B,3p 2P®) 149.644 149.713 149.742 149.548
(A,3d 2D®) 149.923 149.999 149.982 149.826
(B,3p 2D®) 150.158 150.212 150.233 150.045
(A4s 25°) 150.208 150.264 150.181 150.064
(B,3p 25°%) 150.465 150.499 150.520 150.337
(A Ad 2D") 150.727 150.651 150.484
(C,3s 2P‘E) 152.185 152.129 152.253 152.055
(C,d 2Pe) 152.978 153.003 153.050 152.860
(C,d 2DE) 153.128 153.174 153.245 153.032
(C/4s 2Pe) 153.555 153.458 153.540 153.365
(D,3d 2P®) 154.114 154.393 154.093 153.834
(D,3d 2% 154.148 154.313 154.093 153.950
(D,3s 2D®) 154.126 153.184 152.543 152.364
(D,4d 2Se) 154.819 155.064 154.625 154.483
(F,3s 25°%) 158.238 154.689 156.838 156.675

scriptions being (82p)%P°2p or (2s2p)'P°2p or  well with the(D,4s ?D®) at 154.050 of BN. This is the only
(2p)? 1S 2s. The results are presented in Table IX. mismatch which we have found between their results and
In Table X we compare our results for the even-parityours. The energy of oyiF,3s 2S°®) state at 158.238 eV is too
states with available experimen{&l] and theoretical results. high in comparison with the other calculations as our two-
The order in which the levels are given is based on ouelectron(F) threshold obtained by the TDM method too
calculations. high. It would appear that the Chuihg5] calculation for this
The energies in Table X are given in eV above the groundstate is too low.
state of lithium. In comparing our results with the saddle-
point method of Chung and co-workers, where his results for
the higher even-parity triply excited states were not quoted in
eV [25], we have used his ground-state energy for lithium The theoretical procedure described in this paper yields
—7.478678 and 1 a.&.27.20927 eV In the fourth column consistent sequences of energy levels and quantum defects
we compare with th€R-matrix results of Zhowet al. [31],  for each Rydberg-like series. We see that our energy levels
who have quoted energies relative to the first excitedare too high by about 0.2 eV when compared to the more
(1s)?2p state of lithium and where we have assumed thaaccurate calculations of Chung. The advantage of the method
E[(1s)?2p]—E[(1s)?2s]=1.848eV. We see that the re- is that it provides us with whole series all at once and en-
sults agree very well—the exceptions beifi®,3s °D®) and  ables us to unambiguously classify the levels using both con-
the (F,3s 2S°) state. OurD,3s 2D°®) state at 154.126 eV is figuration mixings and quantum defect. Further experimental
the lowest member of this series that we could identify anddata and calculations are required to resolve conflicts in our
should probably be labele@ ,4s 2D®), which would agree  present knowledge of triply excited states.
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