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Calculations of & electron inner-shell photoionization from thes?®s 2S® Li ground state have been
performed using recent developments of Rwenatrix code with a 19-term target representation for incident
photon energies up to 130 eV. This photon energy range allows important resonances in the partial cross
sections due to dnin’l’ autoionizing states to be obtained. Theoretical resonant results are compared with
recent experimental measurements of Kieragal.[J. Phys. B29, L181(1996)] in the 1s2I threshold region.

Partial cross sections, branching ratios, and asymmetry parameters are also compared outside the resonant
energy range with previous theoretical results of Lisini, Burke, and HijeRhys. B23, 3767(1990], who

used theR-matrix code with an 11-term target representation, as well as the corresponding experimental results
of Ferretet al. [Phys. Rev. A36, 3172(1987)], Langeret al. [Phys. Rev. A43, 1652(1991)], and Cubaynes

et al. (private communication [S1050-294{©8)05702-3

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

I. INTRODUCTION eV photon energy range in order to reproduce the' 2 n"l"
Rydberg resonance series correspondingand|’=s or p.

The process of inner-shell photoionization of the Li atom
in its ground state has been the subject of many experimental Il. THEORY
rebstu!ts[é—él]._ H|gh-reﬁoILt|t|on pr(;(_)ti)_electror_l stpectra:rt(; NOW™ The partial and total cross sections as well asgtesym-
obtained using synchrotron radiation excitation an e ex'metry parameters have been calculated usingR¥reatrix
perimental spectra have shown intense lines corresponding

; , Fﬂethod[14]. An extensive description of thR-matrix pro-
satellite process¢$]. More recently, photoion spectra Were gam and its optimization for large-scale calculation of accu-

measured at HASYLAB by Kiernast al. [6], with & high- 346 radiative atomic data has been published by Berrington

energy resolution£/AE==10 000), facilitating the identifi- ot g1 [11,12 and Seatofi15,16. The wave function for the
cation of a number of resonances, by using a dilute atomifarget plus electron is given by

beam of lithium crossed with monochromatized vacuum-
ultraviolet synchrotron radiation. On the other hand, the im- NF

portant contribution of the shake-up and conjugate shake—ugl,sm:A cid(SL: X Yo X E(kl 1 pol
on the Is photoionization of ground-state Li atom has stimu- ;1 PSLEX e X PO ) ey
lated theoretical investigation¥—10]. Although Li is the

. 2 . NB
simplest open-shell system, the photoionization process is Sl

st : + 2 djofT, &)
already complex and needs sophisticated calculations. =

The purpose of the present paper is to calculate with a
very-high-energy resolution the different atomic parameter

that characterizg the process of photoionizaﬂpartial and are included in the close-coupling€C) expansion and are
total cross sections, branching ratio, afdasymmetry pa- o nled to the angular and spin functions of the additional
rametey from the 1s°2s ground-state Li atom, in order 10 gjaciron andF(kil; ;ry.4) is the radial function of the addi-
reproduce the excellent experimental spectrg obtained by Kkional electron. Thed; in the second sum representl (
eranet al. at HASYLAB [6]. The calculations are per- . 1).glectron states made up entirely of target orbitals. The
formed using theR-matrix method as described by Ber- first term runs over all free channai obtained by adding
rington etal. [11,12 and applied to inner-shell a collision-type electron with appropriate quantum numbers
photoionization using the practical implementation given into the(frozen target states, whereas the second sum includes
Vo Ky et al.[13]. The present paper is restricted to the pho-all (N+ 1)-electron bound channel (the “bound states)

ton energy range under 130 eV because in this domain that can be made up from the target configurations plus an-
19-term target representation is sufficient to reproduce witlother target orbital; this sum includes at least those configu-
good quality the different experimental measurements. In aations that have to compensate for orthogonality constraints
planned paper to follow, results will be extended to the holimposed on the radial solutidh and allows for the addition
low lithium atom with extensive calculations in the 140—1650of correlation functions. The valuds™ and N® are depen-

Where theg, are the wave functions of the target terms that
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dent on the mathematical model discussed belaws the
antisymmetrization operator and the coefficienfsand d;
are determined by diagonalizing the { 1)-electron Hamil-
tonian. figurations are used to build the 19 target states.

The R-matrix method has been mainly applied to electron  The target orbitals were evaluated using the code of
and photon excitation of outer atomic electrons. Lisini,Hibbert[17]. The corresponding work may be considered as
Burke, and Hibberf7] used this method to analyze the vari- an extension of the previous calculations of Lisini, Burke,
ous shake-up processes due to inner-steibfiization of Li.  and Hibbert[7] in order to include then=4 orbitals as
More recently, it was extended by Vo Kt al.[13]toinner-  “spectroscopic” ones and by usings55p, and &, and 5
shell photoionization of Be. In this last case, although beryl-as correlation orbitals optimized on the ground state. In fact,
lium has just one more electron than lithium, a major com-y|| the radial functions are reoptimized. The differences be-
plication in the theoretical investigation is due to the fact thatyyeen ourn=2 and 3 orbital functions and those of Lisini,
the B€" target is a two-shell system in its lowest stategyrke, and Hibber{7] are due to our choice of a 50-50
(1s%2s), whereas Li is a one-shell system. The inherent weighting of the singlet-triplet energies in the optimizations.
problems are discussed and solved in their paper. The differences between our functions and theirs are in fact

Photoionization calculations using tfematrix code re-  small. The orbital functions are expressed in Slater-type ana-
quire the use of the same target orbitals in dealing with initialytic form

and final (N+1)-electron states. The choice of a good
target-statéCC) expansion in the first sum of E(l) as well

as a good configuration-interactig@l) expansion for each
target state is very crucial. For the “Litarget, it is only
necessary to include in the CC expansion all the target states
that partake in the physical processes under consideratiaghere in the Clementi-Roetti form
(shake-up and conjugate shake-up first test of the ad-
equacy of the Cl expansions of the target states is obtained
when comparing the calculated energies with experimental
values. However, the most important problem to solve for
the Li case concerns the selection of thé+1)-electron _ ) ) _
bound states of the second sum in Efj. As mentioned by a_n_d the radial target functions satisfy the orthonormality con-
Vo Ky etal. [13], a consistent Cl selection in the ditions
(N+1)-electron system should retain only those
(N+1)-electron correlation wave function®; that have
corresponding parent terms in theelectron system. A se-

vere but good test for this crucial choice is provided by the
calculation of bound states of the combinédH( 1)-electron
system. For this, a comparison of the calculated effective
guantum numbers1* with experimental values is under- Orpital
taken. This test is crucial before proceeding further. In fact;
the effective quantum numbers are related to bound energies1S
of the compound system that are very close toRaematrix 2s
poles and are very sensitive to the structure in the correlation 3s
terms describing theN+ 1)-electron system. Any “unbal-
anced” correlation between thé- and (N + 1)-electron sys- 2p
tems leads, without doubt, to poor bound-state energies, i.e., 3P
bad theoretical thresholds, even starting with very reliable
target states. Furthermore, this last test shows the degree of3d

spectroscopic orbitalss]...,4f and the 49 other configura-

tions contain at least one nonspectroscopic orbital I5
=s,p,d,f. With this choice of orbitals, 223 coupling con-

k
Pm<r>=j§1 CinXjni(1), )

1/2

32+l
M rlint exp(— Zjnl) €

(21!

Xjnl(r):{

f:PnI(r)Pn’l(r)drzann’- 4

TABLE |. Method of optimization.

Energy functional optimized

hydrogenic & function of Li#"

1s2s 1S using configurations £,1s2s

average of $3s 1S with configurations
1s?,1s2s,1s3s

average of $2p 13p°

average of $3p 1°P° with configurations
1s2p,1s3p

average of $3d 1D

confidence in the calculation of the continuum final states of 4s
the same symmetry since the formal difference between

bound- and free-state calculations depends only on their 4p
asymptotic behaviofwith respect to the same target states

and CI expansion included in both casesnother good test 4d
of the CI expansion is provided by the agreement of results

in the length and velocity formulations. af

5s

Ill. TARGET CALCULATIONS 5_p

In the present work, the CC expansion of thé karget is o

represented by 19 states obtained from the first ten configu- 54

rations 1, 1snl, n=2,3,4 and =s,p,d,f. The CI expan-
sion includes up to 103 “basic” configurations: 54 configu- &5f

average of $4s 1S with all configurations
msns m,n<4

average of $4p 13P° with all configurations
msnp m,n<4

average of $4d 1°D with configurations
1s3d,1s4d,2p?(*D),2p3p(*°D)

average of $4f 13°

1s? 1S using all possible configuratiomasns
m,n<5

1s? 1S using configurations £+ mpnp
m,n<5

1s? S using configurations £+ mdnd
m,n<5

1s? 1S using configurations &,4f2 4f 5f , 52

rations fIn’l’) are exclusively constituted with
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TABLE llI. Target state energies relative to the?1'S ground
state of Li" (E=—7.272 64 a.u.). Experimental values are those

TABLE II. Radial function parameters for Litarget.

Orbital (nl) Cini Lini Lini given by Moore[18].
1s 1.000 00 1 3.000 00 Target state energies
2s 0.706 89 1 0.980 29
— This work
W omEz o — e e
: : State (a.u) (cm™} (cm™} (cm™})
—1.586 25 2 0.803 99
1.906 56 3 067972 1s?!s 0 0 0 0
4s 0.196 93 1 1.399 52 1s2s 3s 2.16410 474965 476046 475 209
—2.694 05 2 0.554 54 1s2s 'S 2.23234 489942 491 361 490 021
4.687 40 3 0.586 17 1s2p 3po 2.246 48 493 046 494 273 493 087
—2.70512 4 0.498 81 1s2p 1P° 2.28111 500 645 501 816 500 692
5s 2.823 68 1 1.672 40 1s3s 3S 252017 553113 554 761 553 460
—5.93006 2 181696  1s3s1sS 253890 557223 558779 557 382
3.31524 3 1.77377 1s3p 3po 254190 557882 559 501 557 966
—0.596 36 4 0.653 19 1s3d 3D 254911 559464 561 245 559513
0.398 20 5 0.534 56 1s3d D 254925 559496 561 276 559 544
2p 1.000 00 2 1.019 78 1s3p 1P° 2.55240 560188 561 749 560 233
3p 0.983 62 2 0.830 79 1s4s 3S 263506 578329 579 982
—1.535 04 3 0.647 73 1s4s 1S 2.64237 579932 581 590
4p 1.016 07 2 0.694 32 1s4p °P°  2.64356 580 194 581 897
—~3.160 52 3 053897 1s4d°D 264642 580821 582612
2.842 05 4 048858 1s4d'D 264650 580839 582631
5p 1.067 81 2 420953  1s4fSF° 264650 580839 582644
0410 20 3 177415  1s4f 'F° 264650 580839 582645
0.400 50 4 052819 1s4p'P° 264786 581139 582832
—0.35351 5 0.520 77
3d 1.00000 3 0.666 91 comparison of oscillator strengths, as presented in Table IV.
4d 2.984 65 3 0.452 21 . . . . .
_ 356887 4 0.492 45 Considering that our radial functions were optimized on an
— average of energies rather than separately on the energy of
=d 1.00000 3 6.171 02 each state in the calculation, there is generally good agree-
—0.03298 4 111484 ment between our oscillator strengths and those of much
0.01217 S 0.42235  more extensive calculatiorirom Weiss, quoted ifi19,20).
Af 1.000 00 4 0.50000 e note that fom—n transitions, our length values are in
5f 1.000 00 4 8.12235  pest agreement with the accurate results, whereas-fon’
—0.001 07 5 0.613 51 (#n) transitions, it is the velocity value that is in better

agreement, a feature noted by Crosd2¢]. We therefore
conclude that the target-state wave functions are of suffi-

In building up the set of radial functions, we have ensurectiently good quality for use in the present collisional calcu-

that Eq.(4) is satisfied for anyP,,; with n’<n by choosing lations.
k=n—1in Eq. (2). In this way, the coefficientE;, in Eq.
(2) are uniguely determined by the orthonormality conditions
(4), so that(since we fix the integerk;,) only the {j, are
treated as variational parameters. Initial bound states and final continuum states of thie (

The optimization process for each radial function is+1)-electron system are calculated on the same footing us-
shown in Table | and the optimized parameters are shown iing the R-matrix method with following parameters: an
Table Il. We included all possible angular-momentum cou-R-matrix radiusa=30.2a,, continuum basis functions for
plings of our orbitals in the generation of the target-stateeach orbital angular momentuhi®"=38, and a range of
functions. orbital angular momenta of scattered electier4. The

The calculated target-state energies are shown in Tableave function for the K+ 1)-electron system of total sym-
Ill, where we compare our results with experimgb8] and  metry LS is given in Eq.(1). As discussed above, the sum
the earlier calculations of Lisini, Burke, and Hibbgri. The  over @ must include all N+ 1)-electron states that have
main difference between theory and experiment is that th@arent terms included in the first summation, not more, not
1s? 1S state is relatively too high in energy, i.e., not all of its less, and this point is crucial to obtain good energies for the
correlation energy has been accounted for. However, théN+ 1)-electron system. Automatic procedures using Racah
relative positions of the dnl (n=2) states are given quite algebra and fractional parentage were introduced into the
well by the present calculations. Further evidence of theR-matrix code by Berringtoet al.[12] in order to carry out
quality of the target-state wave functions is provided by athe cumbersome selection process. The corresponding piece

IV. TOTAL SYSTEM (Li*+e) CALCULATIONS
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TABLE IV. Oscillator strengths of Li. An asterisk denotes Cl calculations of Weiss; otherwise the NBS
values are obtained from the Coulomb approximation.

This work
Transition fq f, NBS[19] Schiff et al. [20]
1s? 1s-1s2p P° 0.478 0.477 0.457 0.457
1s? 1S-1s3p P° 0.129 0.126 0.171 0.110
1s? 1S—1s4p 1pP° 0.060 0.054 0.044
1s2s 1S—-1s2p 1P° 0.212 0.158 0.213 0.213
1s2s 1s—1s3p 1P° 0.265 0.285 0.256 0.257
1s2s 'S—1s4p 1P° 0.077 0.088 0.071 0.073
1s2p P°-1s3s 1S 0.037 0.029 0.031 0.031
1s3s 's-1s3p 1P° 0.356 0.302 0.362 0.362
1s3s 'S—1s4p P° 0.319 0.281 0.267 0.265
1s2p 1P°—1s4s 'S 0.011 0.006 0.006 0.006
1s3p P°-1s4s 'S 0.082 0.065 0.069 0.068
1s4s 1S—1s4p 1P° 0.479 0.464 0.500
1s2p P°-2s% 1S 0.017 0.018
1s2p *P°-2p? 1S 0.047 0.048
1s3p P°-2s3s 1S 0.012 0.014
1s2s 3S—1s2p 3P° 0.326 0.357 0.308 0.308
1s2s 3S-1s3p 3P° 0.150 0.174 0.186 0.187
1s2s 3S—1s4p 3p° 0.017 0.051 0.056 0.058
1s2p 3P°-1s3s 3S 0.034 0.042 0.039 0.039
1s3s 35-1s3p 3pP° 0.534 0.561 0.509 0.513
1s3s 3S—1s4p 3P° 0.134 0.170 0.189 0.189
1s2p 3P°-1s4s 3S 0.003 0.007 0.007 0.007
1s3p 3P°-1s4s 3S 0.072 0.081 0.085 0.085
1s4s 3S—1s4p 3P° 0.778 0.639
1s2p P°-1s3d D 0.733 0.707 0.714
1s2p P°—1s4d D 0.128 0.115 0.119
1s3d 'D-1s3p *P° 0.014 0.019 0.01%6
1s3p P°—1s4d D 0.689 0.642 0.654
1s3d 'D-1s4p P° 0.009 0.009 0.009
1s4d 'D-1s4p 1P° 0.026 0.021
1s2p ®P°—1s3d 3D 0.631 0.628 0.625
1s2p 3P°—1s4d 3D 0.115 0.123 0.122
1s3p 3P°-1s3d °D 0.092 0.067 0.090
1s3p 3P°-1s4d D 0.503 0.516 0.508
1s3d 3D —1s4p 3P° 0.017 0.017 0.020
1s4p 3P°—1s4d 3D 0.162 0.090
1s3d 'D—1s4f 1F° 1.018 1.016 1.02
1s3d 3D—1s4f 3F° 1.016 1.014 1.010
of coding has not yet been published. A. Bound states and oscillator strengths of the LT+ e~ system

Table V gives for the twolSw states of the Calculated properties of the combined*tie™ system

(N+1)-electron system the number of bound temisbuilt ot the mathematical model. The quality of the present work
from the 223 coupling configurations retained in the CC &X'depends upon both a good bound ground state and con-

pansion as well as the number of chanriefs thﬁ‘t gV TIS€ tinuum wave functions that are good in the whole energy
to these bound terms. Note that we have=NN"™ range considered. An essential accuracy criterion is therefore
not merely good agreement for the eigenenergy of the terms
1s22s and 1s?2p but similar good agreement for all the
higher members of the series for both the initial symmetry
25+1 7=2g® and final symmetry?S*1L7™=2pP°, Table VI

TABLE V. Li "+e™: Number of channel8i®" and correspond-
ing bound terms$\® for eachL St state.

State Neh NE . :

compares experimental and calculated effective quantum
2ge 19 253 numbers for the two seriessins 2S° and 1s?np 2P°. It is
2po 29 477 seen that our results are very close to experimental ones for

each series.
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TABLE VI. Li*+e™: Effective quantum numbersi* of
lithium and comparison with experimental values of Mopt8].

4
1s°ns 2s° 1s’np 2pP°
n Calc. Expt. Calc. Expt. 3
2 1.588 54 1.588 53 1.959 88 1.959 38 5
3 2.591 86 2.596 17 2.95073 2.955 63
4 3.597 29 3.598 35 3.956 27 3.954 40
5 4.598 40 4.599 28 4.955 78 4.953 86 1
6 5.599 16 5.599 77 5.955 53 5.953 21
7 6.599 60 6.599 90 6.955 39 6.953 11 0
8 7.599 86 7.599 58 7.955 30 7.951 64 1
9 8.600 03 8.599 55 8.955 24 8.953 39
10 9.600 15 9.608 18 0.75
Another good test is also given by calculating the oscilla- 0.5
tor strengths for the combined L+ e~ system. Our results
in the length and velocity formulations as given in Table VI 0.25
are in very good agreement. They are compared, for somi

transitions, with Hartree-Fock calculations of Wei?2].
Our length values agree with those of Weiss. Our velocity
values differ somewhat from those of Weiss, but are in very
good agreement with our length values. Our results are there
fore to be preferred. The reason for the improvement ovel
Weiss is because our procedures implicitly take core corre:
lation more fully into account.

B. Photoionization cross sections

Partial photoionization cross sections were calculated fot
the process

1s°2s 2S*+hv—[1snl+e(kl’)] ?P°, (5)

where the &nl configurations §=2) are those defined in
Table Ill. As a typical result Fig. (&) shows the partial cross
section for photoionization of thes#2s 2S lithium ground
state leaving the Li ion in the excited statesPs 3S at pho-

ton energies between 60 and 130 eV. In the low-energy
range, the partial cross section is perturbed by three impor
tant series of resonances due to autoionizing states corre
sponding to(i) 1s2Inl’ between 60 and 67.46 eVthe
1s2p P threshold, (ii) 1s3Inl’ between 70 and 74.83 eV
(the 1s3p P threshold, and (iii) 1s4Inl’ below 77.46 eV
(the 1s4p P threshold. These resonances will be analyzed
in Sec. IV D.

TABLE VII. Li*+e™: gf values for transitions between
1s°ns 2S° and 1s?np 2P° of lithium. Comparison between length
and velocity formulations. Some values calculated by WE2R
are also given.

Length Velocity
Transition This work Weiss This work Weiss
1s%2s 25—-1s?2p 2P° 1.503 15062 1.500  1.5450
1s23s 25-1s?3p 2P° 2.443 24518 2431 25122
1s%4s 2S-1s%4p 2P° 3.299 3.274
1s?5s 2S-1s?5p 2P° 4.123 4.142

Partial cross—section to 1s21 5L (Mb)

0.2

0.15

0.1

0.05

(d) : ts2p P

80 100 120

Photon energy (eV)

1049

FIG. 1. Partial cross sectiain megabarnsfor photoionization
of the 1s?2s 2S lithium ground state leaving the Liion in (a) the
excited state 42s 3S, (b) the excited states2p 3P, (c) the excited
state 52p 3P, and(d) the excited state<p P, at incident pho-
ton energies up to 130 eV. Full line, length form; dotted line, ve-
locity form; *, theoretical calculations from Lisini, Burke, and Hib-
bert[7]; @, experimental measurements from Fergdtal. [1]; O,
experimental results by Cubaynesal. [23].

Extensive theoretical calculations, limited to the 72—-100
eV photon energy range, have been done by Lisini, Burke,
and Hibbert[7] using also theR-matrix method. In their
study, the Li target was represented by only 11 states built
from the six first configurationss?,1snl with n<3 in their
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0 4 | (a) : T (1s21)
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“a o | ] AR
g 0 L [ 5 0 | U ' n |
&) —_
70.4 70.8 71.2 71.6 72 3 o8 | (b) : T (1s31)
Photon energy (eV) e ]
g 0.6
FIG. 2. Partial cross sectigin megabarnsfor photoionization -
of the 1s?2s 2S lithium ground state leaving the Ltiion in the g
excited state 42s 3S around the $3s3p ®P° resonance at about a 04T
71 eV. Full line, length form; dotted line, velocity form; dashed
line, theoretical calculations from Lisini, Burke, and Hibbjgt};, @, 0.2 I
experimental measurements from Fermtal. [1] shifted by AE ‘ | '
=-0.20eV. 0
80 100 120
) ) — Photon energy (eV)
CC expansion and adding the three pseudo orbitslsig,
and 4 in their Cl expansion. Figuredd)—1(d) compare the FIG. 3. Sum of the partial cross sectiofia megabarnsfor
two classes of resultél1 stateq7] and 19 states from the photoionization of the 422s 2S lithium ground state leaving the
present resuljsvith some experimental ones by Ferretttal.  ion in (&) any one state of the configuratiors2l and (b) any one

[1] and Cubaynest al. [23] for photoionization leaving the state of the configurationsBI, at incident photon energies up to
Li* ion in a 1s2l state. As it can be seen, agreement is quitel30 eV. Present resultd9 states full line, length form; dotted
good throughout the energy range. A more severe test can w@e, VeIOCity form;*, theoretical resultSll State}sof LiSini, Burke,
made by comparing the partial photoionization cross sectiondd Hibber{7]; @, experimental results by Ferreit al. [1].

leaving the Li" target in the %2s°3S state around the

1s3s3p 2P° resonance at about 71 eV. Figure 2 shows verywith the more recent experimental ones measured by Cu-
good agreement between theory and experiment around thigyneset al.[23]. In this last case the closer agreement with
resonance if a small shift<{0.20 eV) is imposed on the our theoretical values at high energies is due to a better pre-
experimental energies. These first results show that an 1Tision in the measured values. Figure 5 compares the present
state basis for the target is for the production of correctheoretical branching ratio 3[o(1s°2s ?S—1s3l)]/
photoionization results leaving the ion in a2l state and the S[o(1s°2s 2S—1s2l)] to the experimental one obtained by
agreement is yet quite good when comparing the sum oFerrettet al. [1]. The comparison limited to the 80—100 eV
photoionization cross sections leaving the ion in any ongphoton energy range is also in good agreement.

state of the configurationsPI [Fig. 3a)].

Agreement is not so good when comparing photoioniza-
tion cross sections leaving the'Lion in a 1s3| state. As the
experimental results that are given by Feretal. [1] are The asymmetry parametg relates the differential cross
restricted to the sum of the partial photoionization cross secsectiondo(L;S— L;S;)/dk; to the integrated cross section
tions leaving the ion in a 43| state, comparison will be o
limited to this sum and the different results are given in Fig.

3(b). At small energies the present theoretical results com- do(LiS—LS)

pare better, but are always higher than the experimental ones. de - ZT [1+BPy(cos)], ©®)

The difference between the two classes of theoretical results

(20% at thresholdis probably due to a better representation

of the target in the present calculations. whered is the angle of the emitted electron measured against

Experimental values of the branching ratios for thethe polarization axis of the incident linearly polarized light.
shake-up and conjugate shake-up correlation satellites foP2 is the Legendre polynomial. To calculate the parameter,
lowing 1s photoionization were reported previously by Fer- 0ne has to add products of transition amplitudes multiplied
rett et al. [1] and Langeret al. [2] in this Li 1s threshold by algebraic coefficients. Using the transfer angular momen-
region. Figures &)—4(c) compare in the 72—130 eV photon tum
energy range the present results with some of the corre-
sponding experimental ond4d]. The comparison is quite P C=1—] @

; H : H t— f i~ f
good in the entire energy range except at higher energies for
the ratio o(1s?2s 2S—1s2p °P)/o(1s°2s °S—1s2s 3S).
For this last ratio, another comparison is possjiflig. 4@]  we obtain

C. The asymmetry parameter 8



Partial cross section branching ratio

1 L 1 . ' L 1 s s L 1 )
120

80 100
Photon energy (eV)
FIG. 4. Partial cross-section branching ratio(a)

(15?25 25— 152p 3P)/o(15°2s 2S—1s2s 39), (b) o(1s%2s ?S
—152p 'P)/o (15?25 2°S—1s2s1S), and (c) o(1s?2s?S
—152s 39)/ (15?25 2S—1s2s 1S) at incident photon energies
up to 130 eV. Full line, length form; dotted line, velocity fort@,
experimental results by Ferredt al.[1]; O, experimental results by
Cubaynest al.[23].
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FIG. 5. Partial cross-section branching ratio

3,0(1s%2s 2S—1s31)/=,0(15°2s 2S—1s2l) at incident photon
energies up to 110 eV. Full line, length form; dotted line, velocity
form; @, experimental results by Ferredt al. [1].
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FIG. 6. Asymmetry parameter3 for photoionization of
1s2s 2S lithium ground state leaving the Liion in (a) the excited
state 52p 3P and(b) the excited states2p P, at incident photon
energies up to 130 eV. Full line, length form; dotted line, velocity
form; @, experimental results by Langet al. [2].
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with the notation[|]=(2l+1). The usual notation for the
Clebsch-Gordan coefficients and jésymbols applies and
the o, in the exponential are the Coulomb phases.
Individual partial cross sections have been distinguished
experimentally by Langeretal. [2] and the angular-
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FIG. 7. Partial cross sectigin megabarnsfor photoionization
of the 1s?2s 2S lithium ground state leaving the Liion in (a) its
ground state 4% S in the photon energy region below theZs 3S
threshold,(b) its excited state 42s 3S in the photon energy region
between the 42s 3S and the 52p 3P thresholds,(c) its excited
state B2s 1S in the photon energy region between the2p 3P
and the 52p P thresholds, andd) its excited state 42p P in
the photon energy region between ths2p 3P and the k2p P
thresholds.

distribution paramete3 measured for the two conjugate
shake-up satellitessPp P and 1s2p P (for the two main
lines 1s2s 3S and 1s2s 'S, B=2 as predicted by theory and
confirmed by experimental resultsFigures §a) and &b)
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FIG. 8. Total cross sectiofin megabarnsfor photoionization
of the 1s?2s 2S lithium ground state in the resonance region below
the first threshold(a) Assignment of the observed Rydberg series
running to their respective limit§Ref. [6], Fig. 2a)], and (b)
presentR-matrix calculations.

in any state given in Table Il and these are available on
request from the authors.

D. Resonance analysis below first
and second inner-shell thresholds

Photoion spectra were recently measured with a very high
spectral resolution B/AE=10 000) at HASYLAB (Ham-
burg) by Kiernanet al. [6] in the 60—75 eV photon energy
range. As already mentioned in Sec. IV B, this range can be
divided in two important regions where we observe various
Rydberg series that correspond terln’l’ 2P with n=2
between 62 and 68 eV and=3 between 70 and 75 eV,
converging to first ($21) and second (43I) thresholds. Al-
though measured partial cross sections do not exist, Figs.
7(a)—7(d) show the theoretical partial cross sections leaving
the Li" ion respectively in the 4 ground state and in the
1s2s 3S, 1s2s 1S, and 1s2p 3P excited states for the pho-
ton energy range of thes2In’l’ 2P° Rydberg series, as
well as the position of the ionization thresholds.

The photoion technique cannot discriminate between the
different partial cross sections as does in the photoelectron
technique used at LSA(Orsay, Franceand described by
Bizau et al. [24]. Comparisons between the measured Li

compare their experimental results with the present theoretphotoion yield and th&-matrix calculated total cross section
cal ones in the 70-130 eV incident photon energy rangevere given by Kiernaret al. [6]. In the 63—68 eV photon
where experimental measurements were done. Agreementéergy range, theoretical Rydberg series converging to the
quite good. It is possible to obtain any asymmetry parametets2| thresholds were previously compared with the experi-
from our theoretical results for any transition leaving the ionmental values measured by Kiernanal. (see Fig. 2 i 6]).
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Photon energy (eV) FIG. 10. Theoretical total cross sectidin megabarns for

photoionization of the 422s 2S lithium ground state at incident
photon energiega) below the ¥2s 3S threshold,(b) below the
of the 1s”2s S lithium ground state leaving the Liion in () the 1525 S threshold,(c) below the E2p 3P threshold, andd) below
state 52s %S, (b) the states 42s 'S and 1s2p °P, and (c) the  the 1s2p P threshold. Assignment is fromb initio calculations
state 52p P, over the E3Inl’ ?P° resonances. Full line, length using theR-matrix method plus MQDT28].

form; dotted line, velocity form;®, experimental measurements
from Ferrett et al. [1]. Theoretical results are shifted b¥E
=0.20 eV.

FIG. 9. Partial cross sectigin megabarnsfor photoionization

mesh of 5<10™* Ry (0.0068 eV. Our present calculations
were performed in the energy range 63.5-67.5 eV with an
energy mesh of 0.001 eV, the corresponding theoretical re-
sults for the total photoionization cross sections are com-
pared with the measured ones in Fig. 8. These calculations
reproduce well the narrow resonances of the
$1s2s) 3S]np 2P series.

In the photon energy region of tle= 3 thresholds, agree-
ment is quite good between the total photoionization mea-
sured by Kiernaret al. (Fig. 3 in[6]) and theR-matrix cal-
culations. On the other hand, the strongest resonance at

As mentioned i 6], a lack of adequate intensity in the cal-
culated spectrum for the higher members of the
[(1s2s) 3S]np 2P series is due to the density of the energy
mesh used. These results were calculated with an ener

TABLE VIII. Binding energies(in eV) of the first ionization
thresholds in atomic lithium¢a) R-matrix calculations andb) ex-
perimental values of Moorgl8].

Li* state 0 (b) AE approximately 71.15 eV and corresponding to the
1s3s3p ?P conjugate shake-up satellite line has also been
1s°'s 5.391 5.391 0 measured by Ferrett al. [1] using photoelectron spectros-
1s2s°S 64.276 64.410 0.134 copy; thus comparisons between measured and calculated
1s2s 's 66.133 66.310 0.177 partial cross sections for resonant decay torthe? states of
1s2p °P 66.518 66.670 0.152 the residual Li ion are shown in Figs. (@—-9(c). In these
1s2p P 67.460 67.605 0.145 figures the theoretical results that are represented for all the
1s3s 3S 73.965 74.169 0.204 Rydberg series converging t®3! thresholds are shifted by
1s3s s 74.474 74.667 0.193 0.20 eV, taking account of the difference between theoretical
1s3p 3P 74.556 74.757 0.201 and observed binding energies as given in Table VIII. Again,
1s3p 1P 74.842 75.035 0.193 the agreement is quite good. It is worthwhile to note that the

ab initio theoretical calculations should represent better the
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TABLE IX. Resonance energy positionssiln’l’ 2P° listed in sequential form over the region of the first inner-shell thresholds.
Energies quoted from the literature have been positioned according to their spectral assignment. Théstvaokimn representab initio
calculations from thdR matrix method plus MQDT28] shifted by + AE, whereAE is given in Table VliI(see the tejt

Expt. [6]

Label State (+0.010eV) Expt[29] Expt.[30] Calc.[26] Calc.[25] Calc.[31] Calc.[27] This work

(1s2s) 3S threshold
P3 [(1s2s) 3S]3p 62.422 62.41®8) 62.41713) 62.424 62.436 62.280 62.418 62.386
Pa [(1s2s) 3S]4p 63.353 63.35@) 63.3583) 63.758 63.366 63.250 63.352 63.329
Ps [(1s2s) 3S]5p 63.752 63.75@) 63.75%3) 63.765 63.670 63.745
Pe [(1s2s) 3S]6p 63.951 63.95B) 63.9563) 63.960 63.918
[ [(1s2s) 1S]3p 64.050 64.04@) 64.0523) 64.060 64.140 64.029
p7 [(1s2s) 3S]7p 64.121 64.12B) 64.1183) 64.128 64.075
Ps [(1s2s) 3S]8p 64.183 64.18@) 64.1813) 64.192 64.165
Py [(1s2s) 3S]19p 64.231 64.236B) 64.2283) 64.241 64.221
P1o [(1s2s) 3S]10p 64.266 64.26() 64.2583) 64.274 64.260
P11 [(1s2s) 3S]11p 64.292 64.288
P12 [(1s2s) 3S]12p 64.311 64.308
P13 [(1s2s) 3S]13p 64.326 64.324
P14 [(1s2s) 3S]14p 64.339 64.336
P15 [(1s2s) 3S]15p 64.346

(1s2s) s threshold
ds [(1s2p) ®P]3d 64.536
S3 [(1s2p) °P]3s 64.569 64.982 64.806
d, [(1s2p) 3P]4d 65.227
P, [(1s2s) 'S]4p 65.244 65.290 65.145 65.100 65.240 s
s [(1s2p) 'P]3s 65.289 65.250 65.238 65.254 65.282
S4 [(1s2p) °P]4s 65.535 65.259 65.962 65.625
ps [(1s2s) 'S]5p 65.664 65.653 65.662 65.510 65.805
ds [(1s2p) ®P]5d 65.878
Ps [(1s2s) 'S]6p 65.874 65.908 65.941
d; [(1s2p) 'P]3d 66.379 65.907 66.005
Sg [(1s2p) 3P]5s 66.035
[ [(1s2s) 'S]7p 65.994 66.074
Ps [(1s2s) 'S]8p 66.122
dg [(1s2p) ®Pl6d 66.155
[ [(1s2s) 'S]9p 66.183
Pio [(1s2s) S]10p 66.196
P11 [(1s2s) !s]11p 66.211
[ [(1s2s) 'S]12p 66.225
Pis [(1s2s) 1S]13p 66.236
Se [(1s2p) 3P]6s 66.250
P;4 [(1s2s) S]14p 66.255

(1s2p) 3P threshold
d; [(1s2p) P]7d 66.302
s, [(1s2p) 3P]7s 66.354
dg [(1s2p) ®P]8d 66.398
Sg [(1s2p) 3P]8s 66.429
s, [(1s2p) 'Pl4s 66.430 66.438 66.430 66.458
dg [(1s2p) ®P]od 66.462
Sq [(1s2p)3P]19s 66.482
dig [(1s2p) *P]10d 66.505
S10 [(1s2p) 3P]10s 66.520
dqg [(1s2p) 3P]11d 66.536
S11 [(1s2p) 3P]11s 66.545
d;, [(1s2p) 3P]12d 66.559

S12 [(1s2p) *P]12s 66.566
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TABLE IX. (Continued
Expt. [6]
Label State (=0.010eV) Expt[29] Expt.[30] Calc.[26] Calc.[25] Calc.[31] Calc.[27] This work
dis [(1s2p) 3P]13d 66.576
S13 [(1s2p) ®P]13s 66.584
dig [(1s2p) 3P]14d 66.590
Si4 [(1s2p) 3P]14s 66.594
dis [(1s2p) 3P]15d 66.601
s;s  [(1s2p) *P]15s 66.605
(1s2p) *P threshold
dj [(1s2p) *P]4d 66.804 66.781
st [(1s2p) P]5s 66.907 66.909 66.907 66.907
dg [(1s2p) *P]5d 67.094 67.076
sS4 [(1s2p) P]6s 67.141 67.147 67.153 67.145
dg [(1s2p) P]6d 67.246 67.238
sy [(1s2p) P]7s 67.275 67.276 67.281 67.279
d4 [(1s2p) *P]7d 67.336
Sg [(1s2p) P]8s 67.358 67.361 67.362
dg [(1s2p) P]8d 67.399
sS4 [(1s2p) P]9s 67.413 67.418 67.418
dg [(1s2p) P]od 67.444
Sio [(1s2p) *P]10s 67.453 67.459 67.457
dio [(1s2p) P]10d 67.476
si, [(1s2p) 'P]11s 67.477 67.482 67.485
diy [(1s2p) 'P]11d 67.500
1, [(1s2p) *P]12s 67.502 67.506
di, [(1s2p) P]12d 67.516
Si3 [(1s2p) P]13s 67.516 67.521
dis [(1s2p) P]13d 67.530
Si4 [(1s2p) P]14s 67.534
dis [(1s2p) 'P]14d 67.541
Sis [(1s2p) P]15s 67.544

experimental ones around the observed resonance if theybserved measurements, but the assignments from the quasi-
were convoluted with an instrumental resolution. projection-operator techniqu&6] are less precise.

Recently, Liet al.[28] proposed a way to perform photo-
ionization R-matrix calculations. The wave functions in the
o o i o outer region defined in thR-matrix method are calculated

As seen in Figs. @)-7(d), it is sometimes difficult to gjrectly from the logarithmic derivative of the solution at the
assign an energy position in this complicated resonant strugsoundaryR matrix and from the physical eigenchannel pa-
ture. The Rydberg series associated with therametergquantum defects, and orthogonal transformation
[(1s2s) S]np ?P configurations are observable unti  matrix U, ) in multichannel quantum defect theaiMQDT).

E. Assignment of the resonance energy positions

=14 with a perturbefthe[(1s2s) 1S]3p 2P statg already
detected by Chung25] using the saddle-point technique.
Likewise, the higher members of tfié1s2p) *P]ns ?P se-
ries are also easily identified running up to the2p ‘P
threshold at 67.61 eV as well as thgls2p) *P]nd P se-

Such unified theory between thR-matrix method and

MQDT allows us to obtain clear assignments for overlapped
resonances. This method is applied to identify the
1s2In’l’ 2P Rydberg series in the photon energy range be-
tween 62 and 67.5 eV. The present calculated results

ries that appears as a weak shoulder to the low-energy side (R-matrix method plus MQDYare given in the last column
the [(1s2p) P](n+1)s ?P resonances. Energy positions of Table IX, where all the other columns are those given in
are more difficult to determine in the photon energy rangelable 3 of Kiernanet al. [6]. In the present calculations,
between 64 and 66.7 eV. energy positions were shifted by the differentE as given
Due to very high resolution in their observed spectra, Ki-in Table VIII for each series. For example, a shift &E
ernanet al. [6] have been able to assign a lot of observed=0.134 eV was applied to eacb initio energy calculation
resonance energy positions, which various theoretical agfor the [(1s2s) S|np 2P Rydberg series Hy+AE

proaches had attempted to identi§;25—27. Identifications
of the [(1s2s) 3S]np 2P Rydberg resonances, obtained
from the saddle-point techniqlig5,27, are very close to the

=Eobg-
Assignments that are given in Table IX are obtained di-
rectly from eigenphase shifts of the wave function deter-
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mined outside th&-matrix box and corresponding to a chan- states and the Cl expansion includes up to 103 basic configu-
nel 1s2In’l’ 2P°. These assignments do not take account ofations. The quality of the target wave functions as well as
interferences between all the states, whereas in the photoioheund and continuum ones for the'l e system is proved
ization cross-section calculation the resonances are ovewhen comparing calculated energies with experimental ones
lapped. These interferences can modify crucially the effecand oscillator strengths with other sophisticated theoretical
tive position of these resonances. This is illustrated in Figscalculations. This quality in the results implies an extensive
10(a)—-10(d), where the total photoionization cross section isand correctly balanced configuration expansion for the target
respectively given below eachs2l threshold. In these fig- and for the N+ 1)-electron states.

ures that giveab initio results(without any shift in energy Partial and total photoionization cross sections are shown
arrows represent assignments obtained from the last colunin some detail. In particular, resonances due to te2iidl’

in Table IX. In the different zones where there is ho mixing Rydberg series and most recently observed by Kiegtaal.
between resonances, arrows give clear assignment ratifyiri@] are well reproduced. New assignments of these reso-
results given in Table IX. On the other hand, when thesenances are possible using the theory recently developed by
interferences are important, we note a significant shift beti et al. [28]. Partial cross sections, branching ratios, and
tween calculated assignment and effective resonance posisymmetry parameters extend the previous theoretical results
tion. Thus, in Fig. 108), the [(1s2s) 1S]3p 2P state per- of Lisini, Burke, and Hibberf7] and compare well with the
turbs highly the pattern of th¢(1s2s) 3S]np 2P states experimental ones of Ferredt al.[1], Langeret al.[2], and
aroundn=7. The interferences are more complex in the twoCubaynest al. [23].

zones below the €£2s 1S and 1s2p 3P thresholds[Figs. Theoretical results are only given for transitions where, in
10(b) and 1@c)]. As it can be seen in Table IX, only some general, a comparison was possible with experiment. Any
assignments were given by Kiernanal.[6] in these energy other theoretical result for any transition towards any state
ranges. In spite of strong interferences between the two sgjiven in Table Il is also available upon request.

ries (1s2s 'P)np and (1s2p 2P)ns as shown in these fig-

ures, additional assignments can be proposed from present
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