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Photoion and photoelectron data for hollow lithium states were recently reported with increased spectral
resolution. In order to reproduce and identify the important resonances due'tdr?'1” 2P° autoionizing
states new photoionization calculations have been performed usirigriegrix code with a 29-term target
representation for incident photon energies between 140 and 167 eV. Excellent agreement between theoretical
and measured results over partial or total photoionization cross sections confirms the quality of the theoretical
model. A determination of the resonance positions for each series converging 20’ a3 threshold of Li
is proposed[S1050-2947©@8)04411-4

PACS numbsg(s): 32.80.Fb, 32.80.Hd

[. INTRODUCTION in [5—8]. We now wish to describe those calculations in
much greater detail. In a first pagdr], hereafter referred to
The photoexcitation and decay dynamics of hollow Li at-as paper |, the process of inner-shell photoionization of the
oms in which bothK-shell electrons are excited have beenground state of the Li atom was studied in the photon energy
the subject of intense recent experimental and theoretical iffegion below 130 eV includingsnin’l” Rydberg series of
terest. The first observation of a photon-induced triply ex-fésonances. In thiB-matrix calculation, the close coupling
cited state was performed by Kiernanal.[1] using the dual  (CC) expansion of the Li target was represented by 19
laser plasma technique. These authors measured the posititates of the form dnl (n<4) and the configuration inter-
width, and profile index of the £2s 25—2s22p 2P° tran- action(Cl) expansion of those states included up to 103 basic

sition in the photoabsorption spectrum, at a photon energy onfigurations, allowing_for electron correlation effects. In
around 142.3 eV. A much wider energy rangd0—165 eV the presen_t stu_dy, covering the photon energy range 140-167
was studied by the same tedKiernanet al.[2]). A number eV, in which lie _the 221'n"1" resonant states, the target
of higher resonances were found and tentatively classified b?ittagg ﬁf rztseigtsa“?nn g:a %St”bev\,eé(tzgg(e;gbtg an::\::?ﬁeizu?g Z)t(-
means of configuration interaction calculations using theStates were det.ermined' In' Sec. IIl. we detail Renatrix 9
'(‘iowan CtOdlésl]l' Furthelr gxpetnments in this energyr:_arr]]ge bycalculations using those target states. Then in Secs. IV-VII
zumae a.._[ ] reveale yet more respnances, which werg,,q present results of total and partial photoionization cross
again identified by theoretical analysis, in this case using thg. tions branching ratios, asymmetry parametgjs and

muItlconflguratlonaI Dirac-Fock process. . energy positions of the resonances.
The first measurements of partial cross sections were

made by Journett al. [5], and very recently this work was
extended by Diehét al. [6—8] with much greater resolution
and over a wider energy range. These papers also describe The partial and total cross sections, as well as@lasym-
preliminary calculations of these cross sections usingRhe metry parameters, have been calculated usingRineatrix
matrix method. method as described in paper I. The wave function for the

A number of other theoretical methods have been used ttargett+electron system, with total symmet§L is given
study triply excited states of Li. Early calculations include by
determinations of the photoionization width of the
2s%2p 2P° resonance usingZ ! expansion methofd] and
many-body perturbation theo@BPT) [10]. The positions ~ WSS"=AY ¢i#i(SLiiXq,.. X, Xnt 1) F(Kili iTns 1)ty
of a number of resonances in Li and in some Li-like ions =1

Il. TARGET STATE CALCULATIONS

NF

were calculated by Piangos and Nicolaidi&&] by the mul- NB
ticonfigurational Hartree-Fock method. More recently, the +2 d dStm (1)
positions and widths of these resonances were determined =S

using the saddle-point complex-rotation method by Chung

and Goy12,13. Their calculations are the most extensive towhere the different notations are defined in paper I. THe (

date and include a careful analysis of relativistic corrections:+ 1)-electron functionsDjSL” are configuration state func-
However, the only calculations of photoionization crosstions built entirely from the bound orbitals. The functiofs

sections that have been published to date are those describae built by coupling the angular and spin functions of the
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additional electron with the wave functiods;(S;L;) of the TABLE I. Method of optimization.
target terms that are included in the close-coupli@g§) ex- _ _ —
pansion. In this section we discuss the calculation of thes@rbital Energy functional optimized

target state function®,(SL;). They are represented by CI

s 5 5p 2s® 1S, with all configurationsmsns m,n<5 and 2?2,
expansions of the form 5s,5p _config $ >

2p3p, 2p4p, 2p5p.
M 5d 2p? 'D, with all configurationsnsnd
i(SL) =2, aj¥i(SLy), 2 m,n<5 and 27, 2p3p, 2p4p, 2p5p, 3p>
=1 6s,6p 1s? 'S with configurations %, 1s2s, 1s5s, 1s6s, 2s?,
2s3s, 2s4s, 2s5s,
2s6s, 3s?, 3sds, 3sbs, 4s5s, 6s%, 2p?, 2p3p, 2p4p,
3p4p, 2p5p, 2p6p
6d 1s? S with configurations $%; mdnd m,n<6

where the configuration state functiofS8SFs ¢; are con-
structed from one-electron orbitals of the form

1
= Pa(N)Y(8,8) xm (o) ®

In paper |, we optimized the functions ofst-4f to give
with the angular momenta coupled to form a tddl; . The  “spectroscopic” orbitals describing the target states of the
coefficients {a;} are the eigenvector components of theform 1snl(n<4), with three further correlation orbitals op-
Hamiltonian matrix whose typical element {8;|H\|¢%)  timized on the 2 1S ground-state energy. In this paper, we
whereHy is the N-electron Hamiltonian. The corresponding retain these & --4f orbitals, but we have extended the cor-
eigenvaluest, of any SiLj7 symmetry are the calculated g|ation orbital set: §, 5p, 5d are optimized on the doubly
target state energies, and satisfy the inequalities excited Li* states, while_ﬁ, gp 6d are optimized on the

1s? 1S ground-state energy. Specific details of the optimiza-
tion process are presented in Table | while the radial function
parameterdof Eq. (5)] of these correlation functions are
given in Table I.(The parameters forst--4f were given in
paper )

The 19 target states used in paper I—those of the form

/ lsnl—are here augmented by 10 doubly excited target
They apply equally to the ground and excited bound Stategtates: 6 states fron?s% 252p %’pz and 4 fr)(/)m 235 and 9

[15] as to doubly excited states of two-electron id]. "0 oo 1po, 3p° combinations of 83p and 2p3s
Specifically, each radial function may be optimized by mini- (sometimes written as 2p because of the strong CI mixing

mizing one(or a linear combinationof the{E,}, potentially between thein The CI expansion&) include a total of 151

a different eigenvalue for each radial function. RO . i - . .
The target states in these calculations have been deterl?"JISIC configurations, giving a total of 369 configuration

. . ; : : ~~Couplings for the 29 target states.
r_nmed using the code CIV.BN]' n V\.'h'Ch the radial func The calculated target state energies are shown in Table
tions P, (r) are expressed in analytic form:

lll, where we compare our values with experiment and the
K previous calculations of paper |. The difference between the
P ()= corlinl exgl = Ziir). 5 calculated and experimental separations is almost constant—
ni(r) 12'1 Int =il ® approximately 1500 cAt or 0.2 eV, indicating that it is the

Ex=ER®, (4)

where we assume the eigenvalues are orddfgetE,<E,
The inequalitieg4) constitute variational principles from
which to optimize the radial function®,(r) in Eq. (3).

TABLE II. Radial function parameters for correlation orbitals of thé target.

Orbital (nl) Cini Lini Lini Orbital (nl) Cini Lini Linl
5s 5.31168 1 0.73299 6p 2.65518 2 2.31445
—4.68498 2 1.63529 -3.17379 3 2.22769
—0.48025 3 1.72505 1.25699 4 1.43230
—2.19063 4 0.67873 -1.27705 5 0.66613
1.18295 5 0.57645 1.00689 6 0.62751
6s 5.74190 1 1.04567 5d 1.36803 3 1.35375
—15.77683 2 1.27744 -1.11928 4 0.90556
—1.41093 3 0.44009 0.42336 5 0.49091
6.79730 4 1.81189 6d 1.02379 3 6.14002
4.30001 5 3.19898 -0.21190 4 0.90556
1.70750 6 0.88228 0.15327 5 0.74705
5p 1.22290 2 1.75061 —0.12398 6 0.63131
—1.99255 3 0.96964
2.89668 4 0.63272
—1.87869 5 0.58887
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TABLE lIl. Target state energies relative to the?1'S ground state of Li (E=—7.27264 a.u.).

Energies

This work Experimentdl Paper |
State (a.u) (cm™! or eV)? (cm™! or eV)? (em™b
1s? 's 0 0 0 0
1s2s 3S 2.16229 474567 476046 474965
1s2s s 2.23316 490122 491361 489942
1s2p 3P° 2.24544 492818 494273 493046
1s2p P 2.28053 500520 501816 500645
1s3s 3S 2.52080 553251 554761 553113
1s3s s 2.53932 557316 558779 557223
1s3p 3P° 2.54217 559862 559501 557882
1s3d °D 2.55022 559708 561245 559464
1s3d D 2.55036 559740 561276 559486
1s3p P 2.55287 560290 561749 560188
1s4s 3S 2.63587 578507 579982 578329
1s4s 'S 2.64309 580092 581590 579932
1s4p 3P° 2.64436 580369 581897 580194
1s4d °D 2.64754 581069 582612 580821
1s4d D 2.64763 581087 582631 580839
1s4f 3F° 2.64764 581089.7 582644 580839
1s4f 1F° 2.64764 581089.8 582645 580839
1s4p P 2.64871 581325 582832 581139
28?2 1s 5.36391 146.0 1462
2s2p 3pP° 5.39476 146.8 1470
2p? 3p 5.47781 149.1
2p? D 5.50623 149.8 149%
2s2p p° 5.51730 150.1 150%3
2p? s 5.65176 153.8
2s3s %S 5.83412 158.7
2p3s/2s3p 1P° 5.84384 159.0
2s3s 1S 5.85657 159.4
2s3p/2p3s 3P° 5.86729 159.6

%m™* for singly excited states; eV for doubly excited states.
bSingly excited states.

“Wuillemier [18].

dcandl and Kennedj19].

ground-state energy that is too high by this amount. We notevhere the final Li states are either singly excitedql) or
that, with the exception of @ 'D, this constant difference doubly excited (2nl’). The initial bound states and final
also occurs for those doubly excited states where comparisatontinuum states of theN(+ 1)-electron system are calcu-
can be made. We have also checked the values of the oscjhted with the same parameters as were used in pager I:
lator Strengths of transitions between the target states. Thﬂatrix radiusa= 3023_0, there ard\lcont: 38 continuum ba-

results are too extensive to present here, but we notedhat ;s functions for each orbital angular momentum in the range
there is good agreement between length and velocity formg<|<4. |n Table IV we give, for each of the two Ststates

(better even than in papey, I(b) there is good agreement (¢ ho (\-+1)-electron system, the numbeP of bound con-

with the highly accurate calculation of Schét al. [20]. We fiigurations built from the orbitals involved in the target

ther_efore conclude tha_lt the target state wave functlons_ are Q- tes, together with the numbiF" of channels in Eq(1)
sufficiently good quality for use in the present collisional whereNF = NChyCont

calculations.

[ll. PHOTOIONIZATION CROSS SECTIONS
TABLE IV. Li "+e™: Number of channelsl®" and correspond-

Partial photoionization cross sections were calculated folng bound terms\® for eachSLw state.
the following process:

o o ) ) State NCh NB
1s°2s “S+hv—2Inl'n"l” “P°—[1snl+e(kl’)] “P°

2ge 28 486

—[2Inl"+e(kl")] 2P°, 2po 44 921

(6)
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TABLE V. Energies(in eV) of the 221’ ionization thresholds above the atomic lithium ground state.

Threshold 2215 2s52p %P 2p?°%P 2p® D 2s2p P 2p? 'S 2s3s3S 2s3s 'S

Energy(eV) 151.343 152.182 154.441 155.215 155.520 159.175 164.137 164.748

A first critical test of this mathematical model is provided two series $°ns 2S and 1s?np 2P° are slightly improved
by a comparison of the calculated energies and oscillatosver the values obtained in paper I. The length and velocity
strengths of the combined Li-e~ system with the values forms of the oscillator strengths 85-2P° transitions agree
obtained in other work. A particular difficulty in the present to within a few percent of each other and with established
calculation, compared with the calculations of paper |, octabulated datfi22].
curs because of the gap in energy between the target statesFor photon incident energies in the 140-167-eV range,
1s4p 'P° and X% 'S, In this energy gag~74 e\) there  the photoionization process gives rise to different Rydberg
are embedded target states associated with correlation-tygeries of resonant states|22’nl” ?P% (2s? 'S)np,
configurations 5. These are not real spectroscopic stateg2s2p *P)ns,nd, (2p? °P)np, (2p? D)np,
and must be excluded from the first summation in Bg.  (2s2p 'P)ns,nd and (22 'S)np for photon energies
The exclusion procedure had to be taken into account cardewer than 160 eV and somd3'nl” 2P° for photon ener-
fully in the R-matrix code for the present study. In addition, gies between 160 and 167 eV. With our calculated energy for
a consistent Cl selection, as defined in Vo Kyal. [21], the ground state £2s 2S, the corresponding theoretical

retains only thoseN+ 1)-electron correlation function®; ionization threshold energies are given in Table V.
[second summation in Eq1)], which have corresponding Partial photoionization cross sections were calculated
“parent” terms in theN-electron system. from the ground state of Li, leaving the Lion in any one of

The present calculated effective quantum numbers for théhe 29 states listed in Table Ill. We considered the energy
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FIG. 1. Theoretical partial cross sectiin megabarnsfor photoionization of $22s 2S lithium ground state leaving the Liion in
different final ionic state 4nl 'L at incident photon energies between 140 and 167 (@V1s? 'S; (b) 1s2s S; (c) 1s2p P°; (d)
1s3s 1S; (e) 1s3p P°; (f) 1s3d D. Full line, length form; dotted line, velocity form.
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range of 140-167 eV, and used an energy mesh of 5 05 ¢ S ' ' 7
X 10 * Ry (0.0068 eV. Typical results are shown in Figs. P (a) 1 1s2s 7S oa [ ' 7
1(a)—1(f) in which the Li" ion is left in the Inl 'L states 0.45 oal E
for n=1,2,3. (A qualitatively similar set of results is ob- 0.4 E oe [“Hmlmmm g
tained for final Li" states of the form 4nl 3L; the results . ' ]
are larger by about a factor 3, because of the multiplicity. 0.35 [ : ]
Except for the % 'S final state, there is better than 2% : P ]
agreement between length and velocity forms, thus providing 03 F 3
further confirmation of the adequacy of the present math- . % H HHHH }H ]
ematical model. From these calculations, we have estimated 0.25 1 HH HHH H { { E

the positions of the different ionization thresholds, whose g . .
values are presented in Table ¥ther partial cross-section F )t tses s T T T T T
data are available on request 0%

IV. COMPARISON WITH EXPERIMENTAL
MEASUREMENTS

0.15 |

In recent years, attention has been focused on photon-Li
atom impact experiments resulting in the population of
highly correlated hollow Li atomic states where all three ex-
cited electrons reside outside tKeshell. Different experi-
mental techniques were used in order to obtain either photo-
absorption spectra[l], photoion spectra[2,4], or
photoelectron spectrgb—8|. In the two first cases, experi-
mental measurements give the total photoionization cross
section. In photoelectron spectroscopy, partial photoioniza-
tion cross sections can also be measured. This permits a
more detailed comparison between experimental data and
theoretical results.

e
-

0.05 |

©
o

e
(N

Partial cross—section to 1s21 >1L (Mb)

e
=

A. Results in the vicinity of the lowest Li hollow state

The lowest triply excited resonance— I F
2s?2p 2P°—around 142.2 eV has been extensively studied L (d) : 1s2p
in the last few years. Computed and measured Fano param- 0.08
eters for this resonance profile have already been published
[1,4,6]. In particular, the parameter values obtained in the
presentR-matrix calculations and published by Dieéd al.

[6] were in good agreement with data obtained from high-
resolution experiments.

Partial photoionization cross sections were measured us-
ing photoelectron spectroscopy by Joureelal. [5]. Their 0.02
results concern the Liion being left in any of the 42|
states, and some comparisons were made Rathatrix cal- 0 ———— L L L
culations, convoluted with the instrumental resolution. More 140 141 142 143 144
extensive results are given in the present paper. In Figs. Photon energy (eV)
2(a)—2(d) we compare the calculated partial photoionization
cross_sections leaving the ion respectively in the states FIG. 2. Photoionization partial cross section megabarnsof
1s2s 35, 1s2s 1S, 182p 3Po’ 1s2p 1po with the corre- lithium atoms to the dlfferent_ final |qn|c states2l 1L over the
sponding experimental cross sections obtained b)photon energy region of the first excited resonance at 142._23&V.
Wui _ . , 1s2s 3S; (b) 1s2s 'S; (c) 1s2p 3P (d) 1s2p *P°. Full line,

uilleumier’s group[5,23] and we add, in the insets, some | : . , .
unpublished comparisons wifR-matrix calculations convo- ength form; dotted “n.e',veloc'ty form®) Experimental measure-
luted with the instrumental resolution. We note that thements _from Wu'”.eum'ers groups, 21 n the nsets, thab initio
agreement between length and velocity results is excellen -matrix calculations are convoluted with the instrumental resolu-
For absolute cross sections such as these, the main limitation
is the uncertain accuracy of the experimental cross sectiongood, since there is no normalization of the experimental
they are measured only to about 25% accurg@4]. This  results to any theoretical parameter.
uncertainty must be added to the error bars inherent to the
measurement process. In Figga)22(d), we show this ad- B. Total photoionization cross sections
ditional uncertainty only for the lowest-energy experimental Photoion yield spectra giving total photoionization cross
point. Agreement between theory and experiment is quitesections of hollow Li were measured with good resolution

0.06

0.04
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FIG. 3. Total photoionization cross section of lithium atoms in the 140-165-eV incident photon energy(earRj@toion measure-
ments[4]; (b) photoion measuremenfg]; (c) present theoretical results: full line, length form; dotted line, velocity form.

(0.03 eV for Azumeet al.[4], 0.02 eV for Kiernaret al.[2]) ergy range. Because of cancellation effects, particular reso-
and for photon energies up to 165 eV. In this photon energyances may sometimes be very weak in such experiments but
range, resonances for energies lower than 160 eV are due & |arge if observed using photoelectron spectroscopy in a
2121"nl" ?P° autoionizing states whereas for energiesspecific decay channel. Using this technique, Wuilleumier's

higher than 160 eV, resonances are due I8I0l” “P° o0 \n measured photoionization cross sections at the Ad-

autoionizing states. Figure 3 compares the preabnhitio : : : -
: : . . _ vanced Light Source in Berkelg$—8|. Their experimental
calculationg Fig. 3(C)] with these two experimental results: measurements were concerned with partial photoionization

Fig. 3(a) (Azumaet al.[4]) and Fig. 3b) (Kiernanet al.[2]). ) ) . . 1
Agreement is quite good throughout this energy range if we0SS sections leaving the 'Liion not only in a Snl A

shift the present results by about 0.2 eV. This shift is needeén=2,3,4) state but also in somel2’ *% states. Our
because, as we noted earlier, thé Iground-state energy is Mathematical model includes the calculation of the partial
too high by approximately this amount relative to all the photoionization cross sections leaving the" Llibn in any
other target states. The very narrow but intense theoreticall2I’ L state. Figure 4 shows the theoretical variation of
resonancegfor example, around 151 g\have a measured these partial photoionization cross sections for incident pho-
profile considerably enlarged by the instrumental resolutionon energies from each corresponding threshold energy of
and this explains the relative importance of some experimen:j*  as defined in Table V, up to 167 eV. All the already
ta}l line intensities compared with the_theore_tical ones. As'published detailed comparisons between experimental mea-
signments of the observed features will be discussed in Segyrements and calculated partial cross sections for photoion-
VL. ization of 1s?2s 2S Li atoms either into a ¢nl Y3 final
ionic state[5—7] or to a 421" Y3 final ionic state[7,8]
show a good agreement demonstrating the quality of the

The earlier photoion experiments demonstrated a rictpresent mathematical model for incident photon energies up
spectrum of multiply excited states in the 140-165-eV ento 167 eV.

C. Partial photoionization cross sections
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FIG. 4. Theoretical partial cross sectiéin megabarnsfor photoionization of $22s 2S lithium ground state leaving the Liion in
different final ionic state 21’ 3 at incident photon energies from each corresponding threshold up to 16@)&¢? 'S; (b) 2s2p °P;
(©) 2p? °P; (d) 2p? 'D; (e) 2s2p P; (f) 2p2 !S. Full line, length form; dotted line, velocity form.

V. PARTIAL PHOTOIONIZATION CROSS-SECTION nance zone around 142.2 eV is identical to the theoretical

BRANCHING RATIOS one and the error bar of 25% does not exist for these relative

. . N intensities. For each branching ratio, the experimental mea-
While experimental determination of the absolute values,rementg23] are compared with the results obtained from
of partial photoionization cross sections may be a difficulting ap initio Rmatrix calculations in the main figures and, in

procedure, it is nonetheless possible to measure accuratelye insets, withR-matrix calculations after convolution with

relative intensities of different photoionization processes.the instrumental resolution. In comparison with Fig&)2
From the present calculations, it is simple to determinex(d), which give absolute cross sections, agreement between
branching ratios of theoretical partial photoionization crossheoretical and measured branching ratios is much improved.
sections or indeed the sum of any number of them. Thisvoreover, the theoretical results obtained with the length
provides a useful further test of our model. For hollow Li, and velocity formulations are essentially identical, confirm-
branching ratios have been measured at the LSAI in Orsaing further the high quality of the calculations.

for photon energies in the energy range 140-144 eV, though As an example of the branching ratio obtained in the
only between partial cross sections in which thé ion is  whole energy range between 140 and 167 eV, Fig. 6 com-
left in a 1s2| state. Figures @)-5(c) compare pares the sum of partial cross sections leavingibia 1s3l
respectively the theoretical branching ratie(1s?2s 2S  final ionic state to the similar sum for &2l final ionic state:
—182s 19)/0(1s%2s 2S—1s2s 3S), o(1s?2s ?S  3,0(15?2s 2S—1s3l 23)/3,0(1s°2s 2S—1s2] Y3).
—1s2p 3P%)/o(1s?2s ?S—1s2s 3S), and o(1s’2s 2S  Comparative experimental measurements do not exist. From
—1s2p P%)/a(1s?2s 2S—1s2s 3S) with the experimen-  this figure we also notice the rate to a final ionic stas8llis

tal ratios. The average of the measured ratio outside the resabout 25% of the rate tosPl away from resonances.
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—1s3l %3)/3,0(15%2s 2S—1s2| %) in the 140—167-€V inci-

Partial cross—section branching ratios

dent photon energy range.

VIl. ASSIGNMENT OF THE RESONANCE ENERGY
POSITIONS

Tentative assignments of the most prominent features in
the 140-167-eV photon energy range were previously pro-
posed by Azumat al. [4], Kiernanet al.[2], Journelet al.

[5] and Diehlet al.[6]. These assignments are based on the-
oretical calculations taking account of configuration interac-
tion: multiconfiguration Dirac-FockMCDF) [4], configura-

tion interaction Hartree-FockCIHF) [2], R-matrix [5,6].
However, the calculated energies were found to have a sys-
tematic shift to lower energies compared to experimental re-

sults. Thus, in Kiernaet al.[2], all computed energies have
a 0.45-eV correction added to bring the compu(&d1.87

0_—....|. - -
140 141 143 144 L

Photon energy (eV) 2

142

FIG. 5. Partial cross-section branching ratios over the photon
energy region of the £2p 2P° hollow Li state.(a) o(1s?2s 2S
—182s 18)/0(1s%2s 2S—1s2s 3S); (b) o(1s?2s 2S
—1s2p °P%)/0(1s%2s °S—1s2s °S); (¢ o(1s%2s %S
—1s2p P%/0(1s%2s 2S—1s2s 3S). Present theoretical results:
Full line where length form and velocity form are superimposed.
(@) Experimental measurements from Wauilleumier’'s gré2g). In
the insets, theab initio R-matrix calculations are convoluted with
the instrumental resolution.

VI. ASYMMETRY PARAMETER

The expression for the asymmetry parame@erwhich

relates the differential cross sectidir(L;S,—L:S;)/dk; to

the integrated cross sectionis given in paper I. Any asym-
metry parameter can be obtained from our theoretical results,
for any transition leaving the ion in any state given in Table 0
[Il and these are available from authors. As no experimental L (b) : 1s2p 'P
measurement has been done for fhasymmetry parameter

in this photon energy range, Figgay and 1b) show, as an
example, the theoretical values obtained from the present
calculations in the 140—-154-eV photon energy range for the
two conjugate shakeup satellites2p *P° and 1s2p 'P°. FIG. 7. Theoretical asymmetry paramefefor photoionization
Results are quite similar for the two transitions. We note thabf 1s22s 2S lithium ground state leaving the Liion in the excited
for the two main lines 2s 3S and 1s2s 'S, B=2 as pre- states: $2p 3P° (a) and 1s2p P° (b) in the 140—155-eV incident
dicted by theony25]. photon energy range.

Asymmetry parameter £

' ' s ' 1 1 L L ' | ( L )

140 145 150
Photon energy (eV)
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TABLE VI. Assignment for 221'n"l” 2P° resonances given for each series converging to tB&' 22S*1L jonization thresholds of Li.

252(*S)np 2s2p(®P)ns 2s2p(®P)nd 2p%(*P)np

n Label E (eV) n* Label E (eV) n* Label E (eV) n* Label E (eV) n*

2 P, 142.12 1.22 P} 148.68 1.59
3 P3 149.07 2.45 Sa 149.69 2.34 ds; 150.74 3.07 s} 152.57 2.70
4 Pa 150.24 3.51 Sa 150.95 3.32 d, 151.36 4.07 P4 153.35 3.53
5 Ps 150.67 4.50 Sg 151.45 4.31 ds 151.63 4.96 Ps 153.81 4.64
6 Ps 150.88 5.42 Sg 151.71 5.37 ds 151.82 6.13 Ps 154.05 5.90
7 p7 151.03 6.59 S7 151.85 6.40 d; 151.92 7.20 p; 154.15 6.84
8 Ps 151.11 7.64 Sg 151.93 7.35 dg 151.98 8.20 Ps 154.22 7.85
9 Py 151.16 8.62 So 151.99 8.42 dg 152.02 9.16 Pg 154.27 8.92
10 P1o 151.20 9.65 s 152.03 9.46  dy 152.05 10.15  pj, 154.30 9.82
0 151.343 152.182 152.182 154.441

2p%(*D)np 2s2p(*P)ns 2s2p(*P)nd 2p%(*S)np

n Label E (eV) n* Label E (eV) n* Label E (eV) n* Label E (eV) n*

3 p3 153.52 2.83 S5 152.32 2.06 dj 153.35 2.50 p3 156.97 2.48
4 (A 153.97 3.30 A 154.05 3.04 d, 154.34 3.40 py 158.06 3.49
5 ps 154.56 4.56 St 154.72 4.12 di 154.83 4.44 pe 158.51 452
6 Pg 154.76 5.47 Sg 155.02 5.22 dg 155.05 5.38 pg 158.73 5.53
7 py 154.90 6.57 S5 155.17 6.23 d; 155.20 6.52 py 158.86 6.57
8 Ps 154.98 7.61 Sg 155.26 7.23 dg 155.26 7.23 Ps 158.94 7.61
9 Py 155.03 8.57 Sg 155.32 8.25 dg 155.32 8.25 [s74 158.99 8.57
10 PTo 155.07 9.69 S1o 155.36 9.22 dig 155.36 9.22 P10 159.03 9.69
0 155.215 155.520 155.520 159.175

eV) and measured(142.32 eV energy of the lowest the other hand, the calculated positions ofettial. [26] are
2s%2p(?P°) resonance into coincidence whereas in Bdar  given relative to 221’ ionization threshold values of Li,
matrix calculations the computed ener¢f[2s?2p(?P°)]  which are not very accurately estimated.
=142.12 eV is 0.20 eV lower than experiment. The corre- A new determination of the resonance positions for each
sponding energy value from MCDF result is 141.657 eV  series converging to al2l’ threshold of Li is proposed in
whereas the best calculated value compared with the expetthis paper. We use the quantum defect approximdtiaj
mental one is obtained from the saddle-point techniqi22  which, in the present case, can be written as
(E=142.255 eV). -2 _ ;251 ) 25+1 » 250
Eleven new lithium 221'nl” 2P° resonances were calcu- (%)"=Einred 2121 L)-Ef(212l Lni™ “P71,
lated by Chung and Go{l3], between 149 and 154 eV, (7)
using the saddle-point technique and their calculated posiwhere energies are given in Rydberg unit$=n— u, and
tions agree quite well with the experiments but the suggested,, is the quantum defect. The energy values
identifications are not always the same. E[(212]" 25"1L)nl” 2P°] are determined by considering
A unified theory mixingR-matrix with MQDT (multi-  the detailed symmetric or Fano profile and the numerical
channel quantum defect thegryas recently proposed by Li calculations of partial photoionization cross sections, which
et al. [26,27] allowing a much clearer assignment for reso-allow us to specify unambiguously the position of the reso-
nances to be made. Such a method which calculates the wawances. For example, from the partial cross sections leaving
functions of the total (Li+e) system outside th®-matrix  the Li" ion into the 3% S or 1s2s 3S states, the resonance
box gives, from phase shifts and mixing coefficients, theposition calculated at 148.68 eV can be attributed to
energy states of the bound (L+e) system. This method 2p® 2P° without ambiguity. Such a detailed method was not
had already been applied in paper I. It shows that the obapplied for the previously suggested assignments from the
served position of the different resonances is sometimeR-matrix calculationg5,6]. Table VI gives for each series
shifted when comparing with these theoretical ones whemhe position of the resonances determined from this method.
resonances are overlapping. Assignments for some of thieigure 8 displays the total photoionization cross section and
present 2n’I'n"l” 2P° resonances were given by kit al.  locates the position of most of the resonances determined in
[26] in the 140154 eV photon energy range. In these prethe 142—-154 eV photon energy range. Ti3p 2P° reso-
vious results, the @ resonance is obtained at 150.98 eV nance(quotedps) is not noticeable in the total cross section
whereas this same resonance is calculated at 148.729 end it can be only weakly observed on partial cross sections.
from the saddle-point techniqyé&?2]. This assignment of Li Table VII compares in this same energy range the different
et al.[26] is probably due to strong channel interactions. Ontheoretical or experimental assignments quoted in the litera-
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FIG. 8. Present assignment, labeled in Table VI, of the theoretical Rydberg series running up 88 fi%tBreshold(151.343 eV,
2s2p 3P threshold(151.182 eV, 2p? 3P threshold(155.441 eV and 2p? 3P threshold(155.215 eV, in the 148—154 eV photon energy
range, from preserdb initio calculations.

ture. If we shift the energy values obtained bydtial. [26] modify the attributed assignments. The present determination
from the difference between the different threshold energiesf the resonance positions is with one exception in the same
used, the two classes of results are quite similar except fasrder as the energy calculations obtained from the saddle-
four resonance®,, ps, d3, andpg. As already mentioned, point techniqug12,13. We note only an inversion between
this can be due to important channel interactions which mayhe two resonances labellgg ands,.

TABLE VII. Resonance energy position$Z'n”l” 2P° listed in sequential form over the region of the fir$2P thresholds. Energies
quoted from the literature have been positioned according to their spectral assignment. All mentioned theoretical calculabidngiare
without any shift.

Calc.[24] Calc.[12,13 Calc.[5,6] Calc.[4] Calc.[2,3]

Label State This workR-matrix+MQDT Saddle-point R-matrix ~ CIHF MCDF  Expt.[6] Expt.[4] Expt.[2]
p,  25%(*S)2p 142.12 142.12 142.255 14212  141.87 141.657 14228 14233 14235
p, 2p° 148.68 150.98 148.729 149.01  148.48  148.439 148.77  148.7
p;s  25%('S)3p 149.07 148.68 149.241 148.88
s;  2s2p(®P)3s 149.69 149.61 149.846 149.70  149.38 150.008 149.98 149.91  149.79
ps  2s%(*S)4p 150.24 150.19 150.480
ps  2s*('S)5p 150.67 150.59 150.917
d;  2s2p(®P)3d 150.74 150.88 150.947
P 2s5%(*S)6p 150.88 150.82 151.203
s,  2s2p(P)4s 150.95 151.03 151.119 150.97  150.88 150.665 151.25 151.20 151.10
p;  2s%(*S)7p 151.03 150.97 151.349
ps  2s%(*S)8p 151.11 151.08

2s%(1S) thres. 151.343 151.29 151.29
d, 2s2p(®P)4d 151.36 151.30 151.14
ss  2s2p(®P)5s 151.45 151.33
ds  2s2p(®P)5d 151.63 151.58
ss  2s2p(P)6s 151.71 151.63
ds  2s2p(®P)6d 151.82 151.74
s, 2s2p(®P)7s 151.85 151.78
d, 2s2p(®P)7d 151.92 151.85

2s2p(3P) thres. 152.182 152.13 152.13
sy 2s2p(*P)3s 152.32 152.453 152.48  152.37 151.955 15290 152.75 152.32
ps  2p%(P)3p 152.57 152.51 152.742 152.41  152.15 152.470 15251 152.46 152.72
p,  2p%(P)4p 153.35 153.29 153.572 153.48  153.13 153.042 153.66 153.54 153.43
pz  2p*(*D)3p 153.52 153.46
p.  2p*(®P)5p 153.81 153.75
p,  2p*(‘D)4p 153.92 153.97
ps  2p*(°P)6p 154.05 153.98

2p%(®P) thres.  154.441 154.39 154.39




3698 L. VO KY et al. PRA 58

VIIl. CONCLUSION most recent experimental ones observed by Wuilleumier’s

y . . ... group[6-8].

fro;hfhgrefggr? dms?;?;(églscuzlgtgfnrlgﬁltt:gleﬁtﬁiﬁ?;o;gp'if]iti'_on Some branching ratios between partial cross sections and
9 asymmetry parameters are also given and compared when

dent photon energies between 140 and 167 eV. This energyssible with experimental ones. Other theoretical results for
range allows us to account for resonances due to excite

. . ) nsitions to any state given in Table Il are available on
states corresponding tdr2'l’'n"l” configurations fom’=2 ansiions 1o any state give ble il are available o

> . t . request.
and 3'. In theR-matrix code, the CC expansion of the .L' . Finally, an assignment is given for all the important reso-
target is represented by 29 states and the Cl expansion iMances calculated in the 140—160-eV photon energy range
cludes up to 369 basic configurations. In order to overcomg, '

the major difficulty due to the gap in energy between the hich converge to thel2!’ ?S*1L ionization thresholds of
atomic lithium. These assignments allow us to confirm some
target states$4p 'P° and &? 'S, we had to exclude some 9

X ; . identifications already proposed from other theoretical or ex-
nonphysical target pseudostates embedded in this ener y brop

gap. The high quality of the target wave functions as well a rimental results in the 140-154-eV photon energy range.
bound and continuum ones for the'l4 e system is demon-
strated by comparing calculated energies with experimental
ones, and oscillator strengths with other sophisticated theo- The calculations were carried out partly on the CRAY
retical calculations. This quality in the results implies an ex-YMP/2E computefat the IMT Marseille(France supported
tensive and correctly balanced configuration expansion foby the Conseil Rgional Provence-Alpes-Ge d’Azur] and
the target and for theN+ 1)-electron states. partly on the CRAY C98(IDRIS-France, Project No.

Partial photoionization cross sections are shown in som840053. We thank F. J. Wuilleumier's group for communi-
detail. They are the first theoretical results obtained in thicating unpublished experimental results. One of(AH.)
energy range and they reproduce in the whole energy rangecknowledges partial funding from the EC HCM Network,
between 140 and 165 eV, with a very good agreement, th€ontract No. CHRX-CT93-0361
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