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Photodetachment of Li~ from the Li 3 s threshold to the Li 6s threshold
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EigenchanneR-matrix calculationgincluding effects of long-range multipole interactions beyond the reac-
tion volume for Li ~ photodetachment partial cross sections from the vicinity of thesLil8eshold to the
Li6s threshold(3.8 eV <fiw< 5.65 e\) are presented. Excellent agreement with the relative total cross
section measurements of U. Berzirethal. [Phys. Rev. Lett74, 4795(1995] in the vicinity of the Li 3s and
Li 3 p thresholds is found. The calculated resonance structures are analyzed in detail. In particular, the energy
region between the Ligtand Li 5p thresholds(for which there are as yet no experimental measureménts
shown to have types of doubly excited resonances which are prominent only because of the nonhydrogenic
Li * core; such types are weak or absent in higher-energy regions as well as phd¢iodetachment spectra.

PACS numbe(s): 32.80.Gc, 32.80.Fb, 31.15.Ar, 31.25.Jf

I. INTRODUCTION surements and a theoretical calculatj@h We find that the
key features in this region have an intimate connection with
Recent experimental measurements of doubly excitedthe 3s3p doubly excited state. Below the LisSand Li 6s
state spectra of H [1] and He[2] in the vicinity of high-  thresholds we have already shown that comparison with
energy detachment or ionization thresholde., near the H~ photodetachment spectra is useful for elucidating the
H(n) and He"(n) thresholds, where>2] have provided underlying physic§6]. We present other such comparisons
theorists with a fertile set of data for elucidating propensityhere (including, e.g., density plots for key doubly excited-
rules for populating particular channel8,4]. Theory has state wave functions in various alternative coordinate repre-
even been able to interpret some rather weak feafleds  sentations
we have showri6], the experimental and theoretical work
carried out for these fundamental two-electron systems
serves as a useful guide for interpreting doubly excited-state
spectra of the Li four-electron system. However, the Li We focus attention in this section on those aspects of our
spectra exhibit qualitatively new features not present in H theoretical approach that either go beyond previous work or
[6]. that are specific to our calculation for Li(and H™ [6])
We report here a detailed theoretical study of highlyphotodetachment partial cross sections. Thus we give only a
excited-state spectra for photodetachment of the hega- very brief overview of the eigenchannBFmatrix method,
tive ion. In this paper we examine the energy range from jusand we present only those equations needed to define our
below the Li 3 threshold to just below the Li$threshold. basis states and to calculate specific partial cross sections.
We find that the nonhydrogenic core leads to increasedlVe explain also the model potential used to calculate our
prominence of doubly excited states that are only venbasis states inside thR-matrix box, and develop in more
weakly populated in detachment of H Also, the nondegen- detail the close-coupling approach used to treat the important
eracy of the Linl excited-state thresholds for different orbital long-range interactions outside tfkematrix box. In addi-
angular momenthchanges the nature of the resonance spection, the key numerical aspects of our calculations are sum-
trum. It also permits a much more detailed experimentamarized.
comparison with theoretical partial cross section results than
do the corresponding degeneratenHhresholds, for which
an experimental energy analysis can typically only measure
the sum of all partial cross sections contributing to a particu- The eigenchanneR-matrix method[7,8] aims to deter-
lar H(n) threshold. mine variationally a set of normal logarithmic derivatives of
Section Il describes our theoretical approach, the eigena system’s wave function that are constant across a reaction
channelR-matrix method[7,8]. Emphasis is placed on the surfaceS enclosing a reaction volum¥. For treatments of
extensions we have made to the method in order to tredtvo-electron excitations, the reaction voluivaes that part of
highly excited Li~ photodetachment spectfauch as, e.g., Six-dimensional configuration space for which both electrons
our treatment of long-range multipole interactions outsiddie within a sphere of radius,. The reaction surfac8 is the
the R-matrix box. Section Il presents our calculated partial set of points for which max(,r,)=rq, wherer, andr, are
and total Li~ photodetachment cross sections over an energthe electron distances from the nucleus. In practice, for each
region from just below the Li 8 threshold up to the Li§  range of excitation energy,, is chosen to be sufficiently
threshold. For energies in the region of theghd Jp thresh-  large that the probability of both electrons being outsigles
olds, we compare our results with recent experimental meanegligible. The complicated many-electron interactions

Il. THEORY

A. Overview
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within V are treated by bound-state, configuration interactiorthe LS coupling scheme used in this work. For the bound
techniques using independent electron functionsle®dou- initial stateW,, L=M =0, and the wave function is zero for
pling. In most previous eigenchannel calculationg,has r;=rqorr,=rg. For the final statd, = 1, and the expansion
also been chosen large enough so that long-range interacti@ontains terms having nonzenq2|2(r0) for all the N chan-
effects are negligible. For H, the degeneracy of final-state nels assumed to have nonzero wave functions outside the
H atom levels does not permit this. In the work of Sadeghreaction volume. These includé, channels which are open
pouret al.[4(c)] and Sadeghpour and Cavagnpt@)], such ¢ 4 given total energi for the system. These channels can
effects were treated analytically within the dipole represenye specified by the quantum numbérs ,|,,1,}, wheren;

tation[10,11. In this paper, all long-range multipole interac- ang |, specify the inner electron arig specifies the outer
tions were treated numerically by close-coupling proceduresajectron.

This permitted much smaller values of to be used than  The eigenchanneR-matrix method gives a set of solu-
would otherwise be the case: 80 a.u. for spectra below thggng W, (B=1,...N). If we denote{n,,l;,I,} byi, de-
n=5 threshold and 100 a.u. for spectra below five 6 noter =ty . Y by ¢, and sum Eq(2) overn,, these
threshold[These box sizes are large enough, nevertheless, to- 1 "' lilotM y @i q 2
ensure that the H(=5) and Hh=6) energy manifolds in Solutions can be written as

our H™ photodetachment calculatiofi§] are degenerate to N

within a fraction of 1 me\ \If,,;:,,%ﬁrz_lE bi(11,F2)Fip(r2), &)
=1

B. Treatment of interactions inside theR-matrix sphere
wherer,=r,, and whereF;; is defined by comparison of

Our treatment of the region inside tRematrix sphere has Egs.(2) and(3), using the definitions just given.

been described in detail elsewhggg and hence will only be
sketched briefly. The Li valence electrons are assumed to ) ) ) )
move in the following potential describing the Licore[12]: C. Treatment of interactions outside theR-matrix sphere
Outside the reaction volume, a base set of multichannel

-1 . .
V(r)= T[ZC+(Z_Zc)efalr_i_azrefay] wave functions denoted by index can be expressed as

N

v =7t (r1,F2)Gi,(ra), r=rp. 4
—%(1—8_(”%)3)2. (1) M 2 izl $i(ry,ra) m( 2) 2= 1o (4)

) ] For eachu, the radial functionss; ,(r) satisfy the coupled
For our Li~ calculation, the nuclear charge4s=3, and the  gquations

charge of the Li core isZ,=1. The polarizability of the
Li * ion is taken to bex.=0.1894 a.u13]. The empirical 1.d?2 Iy(ly+1)
parameters &, ,a,,a3,r.) are fited using a least-squares “ogrzt T oz TV(IN—(E-ew) |Giur)
method to reproduce the experimentally measured energy
levels of the Li aton]14]. A set of one-electron radial wave N d}
functionsup,(r) are generated in thR-matrix spherer<r +2 D 531Gj,(r)=0, )
as eigenfunctions of a radial Hamiltonian including this core =t
potential. For each value, a number of functions which are
nonzero ar =r, are also calculated.

The wave function of the system inside the reaction vol-
ume can be expanded in the form

wheree,; is the energy of the inner electron in thié& chan-
nel. In Eq.(5) di”j denotes the multipole moment,

dfi =(i(r1,F)[riP\[ cosfy-T2)1lbi(re,F2)), (6
V=)™t D Caing, _ _
R PRPY whereP, is the\th Legendre polynomial. These long-range
multipole terms stem from the direct part of the Coulomb

XU, (F)Un1,(F2)Yiy,em(TaaT2), 2 interaction between the detached electron and the atomic
N _ o _ electrons.
where. 7 is the antisymmetrization operator axg; v is a The index u is defined by specifying the asymptotic

coupled spherical harmonic function. Note that the spin parboundary conditions satisfied by the radial functi@)g . A
of the wave function is not given explicitly in Eq2) be-  set of linearly independent wave functiods, can be ob-
cause calculations involving spin can be done separately itained, for example, by requiring.5]

= —i(27k ) Vel —lymi2) 5
G]M(r) E— |( m™ ]) e j(u=Ng) » NO+1SIU,S2N0 (7)

e " Su-n,) 2N+ 1<pu<N,+N
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where kj=[2(E—e€3;)]"? (j<N,) and «;=[—2(E the length form of the dipole operator is defined as
—€1))1%2(j>N,). The first two lines in Eq(7) correspond, D, =2z;+2,, and the velocity form is defined as
respectively, to outgoing and incoming waves in kygopen  Dy=—i(d/dz+d/dz)/w.

channels; the third line corresponds to decaying exponentials

in the closed channels. These asymptotic boundary condi-
tions assume implicitly that the long-range multipole terms  We present here a few of the numerical details of our

E. Numerical aspects of the calculation

in Eq. (5) may be ignored for —«, calculations in order that the reader may better judge the
reliability of our results. Inside théR-matrix sphere, 38
D. Boundary conditions and partial cross section formulas closed-typeli.e., zero ar =r) and two open-typé.e., non-

zero atr =rg) one-electron radial wave functions are evalu-

Having defined in the previous two subsections the basgted for each of the orbital angular moment&IG<6. We

functions both inside _and out5|d_e thfematrlx sphere, we include 794 closed-type, two-electron configuraticfoke-
must now form those linear combinations of these base func-

tions which describe asymptotically the experimentally ob_noted bynals,nal,) in the R-matrix calculation. These are

servable channels Outside the reaction volume, the wave ~- o outside th&-matrix sphere. For each channel in which
) . S 0 . an electron can escape from the reaction volume, we include
function for each open channelsatisfying the incoming-

bound dition is a i binati 1 two open-type orbitals for the outer electron in addition to
wave boundary condition Is a linear combination of tg the closed-type basis set. For a given photon energ, if

1=u=<Ny,+N), .
M® o d
enotes the highest; value among all the open channels at
No N this energy, then all the{(n+2),l,,I,} channels with
\piH: E W, 8, 2 YN+ uui - (8) n+2<8 andl,l,<7 are treated as having nonzero wave
w=1 uw=1 ° functions outside th&-matrix sphere and are included in the

- . . calculation. That is to say, for the highest photon energy
!n Eq.(8), .thoseam coefficients fpr wave functions contaln- considered, all of the 47 channels described byr2<7
ing incoming-wave component§.e., for Isu<N,) give ;4 0<l,,l,<6 are included.
the elements of the scattering mat8k The asymptotic boundary conditions given in Eg). are,
of course, not exactly satisfied at any finite distance from the
nucleus. For this reason, in practice we use WKB represen-
tations for the wave functions instead of the expressions in
Eq. (7). More specifically, for one-electron continuum wave
functions outside th&-matrix box, values calculated using a

Sh=aj, i.j=1....N,. )

Inside the reaction volumey{~) can be obtained as a
linear combination of the eigenchannel wave functions,

N WKB method[17,18 at a suitably large distance are used as
q;iH: E Wby (10) boundary conditions to replace the first two expressions in
B=1 Eqg. (7). When needed, they are numerically integrated in-

ward to the point at which we start to integrate Es). For
weakly closed channel wave functions outside Renatrix
box, WKB boundary conditiongl9] are used in place of the

Matching of Egs(8) and(10) atr,=rg leads to the follow-
ing simultaneous system of equations:

N N last expression in Eq7)
F.o(ro)b g+ G. ro)a.:=G:(r Equation(5) is solved using Numerov’s meth¢@0]. For
ﬁzl ielro)0g u2=1 i+ 0/, =Gii(o) a given photon energy, it is solved up to a distance at which

_ the smallest kinetic energy among those of the continuum
(1sj=N), (11)  electrons in all open channels can be considered large as
compared to the largest long-range term in &}. However,

N , N , , for all the photon energies considered in this calculation, a
Z Fig(ro)bgit Z Gj(Ng+w)(T0)@,i =Gji(ro) cutoff for the distance is chosen to be 1000 a.u. Finally,
B=1 =1 . .
multipole moments up ta =3 (octal momentsare included
(1=j<N). (12 NEA.O.
Each open channél has a different set of inhomogeneous ll. RESULTS
terms on the right hand sides of Eq%1) and(12). Thus for
eachi the 2N equations with &I unknown coefficients ; This section groups our total and partial cross section re-
anda,; have a unique solution. sults according to the photon energy, as this is generally most

Once the coefficients defining the staﬁe&‘) correspond-  useful for experimentalists. We defer to another presentation
ing to the experimentally observable channelare deter- our consideration of the region between the lowest detach-
mined, the partial cross sections may be calculated accordinmgent thresholdLi 2s) and the Li ¥ threshold, since com-

to the standard formulgl6]: parisons with the numerous experimental and theoretical
studies in this region would greatly enlarge the present paper.

_477260 (-) 2 By contrast, the energy region above the kithireshold is
giTT¢ K¥i 7 ID[wo)l, (13 almost unexplored. Aside from our theoretical results, ex-

periments between thes3and 3 thresholds have only re-
wherec is the speed of lighte is the photon energy, arid cently been carried olif]. Also, we have recently learned of
is the dipole operator. For light linearly polarized along a theoretical calculatiofusing a discrete basis set, complex
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FIG. 1. Calculated total photodetachment cross section for
Li ~ for photon energies from 3.8 eV to 5.65 eV. Futlotted

curves give dipole velocitylength results. The Li(l) thresholds

in this energy region are indicated. 4.10 425 440

photon energy ( eV )

3.95

rota_tion methobijr the total photodetachment cross section FIG. 3. Comparison of our calculated total photodetachment
of Li ~ up to the L{4d) threshold 21]. The spectra above the (455 sections in dipole velocitisolid curvé and dipole length
Li nsthresholds fon=3 show many common features; they (gotted curvi approximation with results of Ref9]. Relative ex-
also display revealing similarities to and differences from theperimental result§9] are normalized to our theoretical velocity
corresponding spectra for H curve athw=4.45 eV.(a) Comparison with experimental results
An overview of our results is shown in Fig. 1. This figure (+) of Ref.[9] over the energy range 4l w<4.55 eV.(b) Com-
presents the total photodetachment cross section for Li parison with experimental results-) of Ref.[9] in the vicinity of
over the photon energy range 3.8 evaw=< 5.65 eV, which  the Li(3p) threshold. (c) Comparison with theoretical results
encompasses the energy region from just below thesLi 3 (dashed curveof Lindroth [9,21].
threshold to just below the Li$threshold. The loweshs
and np thresholds forn=3—-5 are marked. We examine

each of thens andnp threshold regions in turn. A prelimi- In Figs. 2 and 3 we present our results for the partial

nakl]ry “Epcirt of some of this work has been presented elSgsnqtodetachment cross sectianénl) for the processes
where[22].

A. Li ~ photodetachment near the Li 35 and 3p thresholds

Li"+y— Li(nh)+e™, (14
3.0
total as well as for the total detachment cross section,
207 i or=2,0(nl), in the vicinity of the Li 3 and 3 thresh-
1.0 w olds. Figure 2 presents; and the partial cross sections for
0.0 (=) 2s nl = 2s, 2p, 3s, 3p, and 3.
—~ ' ' Since the ground-state term level of Lis S°, electric
= 1.53'8 49 42 b 48 49 dipole selection rules in.S coupling imply that only'P°
=~ final-states can be reached. This in turn implies that for
§ 197 <p nl=ns, the partial cross sectiom(ns) corresponds to the
g 0.5 single final-state channel lisep P°. However, in general
2 00 (b) [kai’/—\/\ o(nl) for 1>0 is a sum of the partial cross sections for at
g 58 w0 no " w6 8 least two final-state channels, hie(l+1) 'P°, and possi-
© i : : : : bly others. Thus, e.gg(2p) in Fig. 2(b) is the sum of the
0.2 partial cross sections for thep2s *P° and 2ped 'P° chan-
nels.
0.17 ad There appears at first glance to be little resemblance be-
0.0 (e) tween the Li" photodetachment cross section in the vicinity
a8 10 4o 4d 16 .8 of the 3s and 3 thresholds and the corresponding Hbho-

photon energy ( eV)

todetachment cross section near the3 threshold. As was
found both experimentally23] and theoreticallyj4(c)], the
H ™~ photodetachment cross section belownhe3 threshold

FIG. 2. Calculated totald;) and partial o(nl)] photodetach-
ment cross sections for Lifor photon energies 3.8 e w=< 4.8
eV. Full (dotted curves give dipole velocitflength results.(a)
o7 and o (2s). (b) o(2p) anda(3s). (c) o(3p) and (3d).

is marked by a broad window resonance of the type
3{0}5 . [We employ here the notatiog{v}5 introduced in
Ref.[4]. Herev is the vibrational quantum number, indicat-
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TABLE I. 'P° autoionizing levels of Li below the Li 3 threshold.

Resonance Li (*S) ground- Photon
Authors Ref. Method energga.u)? state energya.u)? energy(eV)®
Fung and Matese [28] projection —0.0575 -0.218 85 4.39
Stewartet al. [29] projection —0.0594 —0.21998 4.37
stabilization —0.0587 —0.219 98 4.39
Lin [30] diabatic —0.0671 —0.220 87 4.18
hyperspherical
Lindroth [9,21] discrete basis/ —0.0620 —0.220 87 4.32
complex rotation
Present work projection —0.059 61 —0.220 85 4.39
(excluding 33p)
projection —-0.06571 —0.220 85 4.22
(including 3s3p) —0.057 86 —0.220 85 4.44

aBelow the Li* ground-state threshold.
®Above the Li~ (*S) ground state using the conversion 1 a&su27.2114 eV.
“This is a secondP° autoionizing resonance.

ing the number of nodes if;, (in the hyperspherical repre- Feshbach projection operator technique to loct®® au-
sentation or in \ (in the prolate spheroidal coordinate rep- toionizing resonances for Li below the Li 3 threshold.
resentatiofy A indicates the possible symmetry of the wave According to this technique, all one-electron orbitals with
function with respect ta;=r,, with A=+ indicating an energies below the8level were excluded in the configura-
antinode atr;=r, and A= — indicating a node at,;=r; tion interaction calculation since such orbitals serve to rep-
finally N(n) is the principal quantum number of the lower- resent continuum channels that are open below tpe 3
(higher) energy member of the doubly excited electron pair. threshold. Hence all bound orbitals,12s, 2p, and 3 were
Theory [4(c),24-27 predicts also a very narrow Feshbach excluded from the multiconfiguration calculation. Both
resonance of the typg{0}, , which has not been observed works[28,29 predict a single'P° autoionizing level located
[23]. Just below the =3 threshold, higher members of these at —0.058 or—0.059 a.u. relative to the ['i threshold(See

+ and — channels are predictel®4—27,4c)]; the {0}, Table | for the corresponding photon energiekindroth
resonance has been obsery2d]. Despite the lack of simi- [9,21] has performed a discrete basis set, complex rotation
larity between the H and Li~ photodetachment spectra in calculation that finds a resonance-a0.062 a.u., somewhat
this energy region, due most likely to the lack of degeneracyelow the energies predicted by Rdf28,29. Lin [30] car-

of the Li 3s and Li 3p thresholds, the search for resonancesried out a diabatic hyperspherical calculation for the®

of the + and — type will prove useful for interpreting our potential converging to the Li3 threshold. He found that
Li ~ detachment results, as we discuss below. this potential supports a bound stdtehich he labeled “3

Our total cross section results for Liare in excellent 3p”) at an energy of—0.0671 a.u., which is quite a bit
agreement with recent relative measurements near the Li 3below the resonance energy for this state predicted by Refs.
threshold[9], as shown in Fig. 3. Both on the broad energy[28,29. (In contrast, for other symmetries Lin's predicted
scale shown in Fig. (@) and on the fine energy scale shown resonance energies are in quite good agreement with those of
in Fig. 3(b) (near the ® threshold, our calculated total de- Refs.[28,29.)
tachment cross section, which predated the measurements Table | also presents our projection operator results for
(cf. Ref.[22]), shows a very accurate prediction of experi- doubly excited-state energies obtained by two different meth-
mentally observed features. Furthermore, Fig) 8ompares ods. The first method excluded all one-electron orbitals be-
our total cross section results with those of Lindr#i]; low 3p. The result was a single resonance below tlpe 3
there is excellent qualitative agreement, although our resulthreshold located at 0.059 61, which is in excellent agree-
lie ~5-10 % higher in this energy region. Hence the lack ofment with the similar result of Stewaet al. [29]. We then
an obvious similarity between the Hand Li~ photodetach- carried out a nonstandard projection operator calculation in
ment cross sections near the 3 thresholds does not imply which all configurations having orbitals lower in energy than
any inaccuracy in the present calculations, but rather high3p are excludeaxceptfor the configuration 83p, which is
lights features in the Li photodetachment cross section included. The result is that we obtained two resonances be-
(such as the broad minimum and subsequent maximum neow the 3p threshold, at-0.065 71 a.u. and-0.057 86 a.u.

4.2 eV and 4.35 eV, respectively, as well as the sharper mini¥We note that the lowest of these is very close in energy to the
mum and subsequent maximum just below tipetBreshold  diabatic hyperspherical “83p” resonance predicted by Lin
that require interpretation. at —0.0671 a.u.

Prior theoretical studies of Li doubly excited-state reso- Figure 4 shows density plots of the three resonance states
nances below the (8 threshold predict only a singléP°  we calculated as just described. The resonancetad59 61
resonance[28—3(0. These predictions are summarized ina.u., obtained by excludings3p from the calculation, is not
Table I. Fung and Mated@8] and Stewaret al.[29] used a a so-called ridge-riding statén which both electrons are
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(d)
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80 FIG. 5. Effects of resonances on the calculated total photode-

tachment cross section for Liin the vicinity of the L(3s) and
Li(3p) thresholds plotted vs enerdjin a.u) below the Li* thresh-

old. Background cross sections corresponding to each of the three
resonances described in the téiaving energies listed in Table |

are obtained using the isolated resonance theory of [B&f. Di-

- pole velocity(length results are given by the solidiotted curves.

(@) or. (b) Background cross section for the0.059 61 a.u. reso-
nance atZiw=4.39 eV. (c) Background cross section for the

- —0.6571 a.u. resonancefab = 4.22 eV.(d) Background cross sec-

I tion for the —0.057 86 a.u. resonancefab=4.44 eV.

r.{ a u.)

L to have little overlap with continuum channels, the second
resonance state we obtain does appear to have significant
overlap(since its probability amplitude is primarily located
at large distances along the axes in Fig.This second reso-
nance does not have any obviotisor — character.

In order to determine the effect of the three resonances
whose densities are shown in Fig. 4 on thé lphotodetach-

FIG. 4. Probability density plots for th&P° two-electron dis- ment cross sections, we have used the isolated resonance
crete states between the(8$) and Li(3p) thresholds, whose ener- theory[31] to remove the effect of each of these resonances
gies are given in Table I. These states are calculated as describeddm the cross section. The results are shown in Fig. 5. Figure
the text. Probability densities are integrated over angular variableS(a) shows the total cross section and Fig&)55(c), and
(f1,f,), and plotted vs(;,r,). (2) Resonance at-0.059 61 a.u.  5(d) show the “background” cross sections that result from
(b) Resonance at 0.065 71 a.u(c) Resonance at0.057 86 a.u.  removing the resonances at0.059 61 a.u..-0.065 71 a.u.,

and —0.057 86 a.u., respectively, that we have calculated as

predominantly at equal distances from the nucle@n the described above. Figure(lj shows that the resonance we
other hand, the lowest resonance obtained by including thealculate at-0.059 61 a.u. using the standard projection op-
3s3p configurationis such a ridge-riding state with a strong erator methodi.e., excluding the 83p configuration is re-
+ character. Thet character of this resonance is the majorsponsible for the broad maximum in the cross section located
point of similarity to the H photodetachment spectrum in in the vicinity of —0.060 a.u. The results of our nonstandard
the vicinity of then= 3 threshold. Whereas this lowest reso- projection operator calculatiafie., including the 33p con-
nance obtained by including thes3p configuration appears figuration are more interesting. As shown in Fig(ch the

0 20 40 60 80
r, (a u.)
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lowest resonance appears to be responsible for nearly all of

the structure in the photodetachment cross section from the 120
3s threshold to just below the B threshold. The second 0.80 M
resonance we calculate by our nonstandard method appears 0.40 | i
to be responsible for the sharp maximum observed just be- M
low the 3p threshold, as shown in Fig(d. .. 000 - - -
With regard to the resonance results of Lindrggh21], 2, 154~8 49 59 51 52
she find49] the resonance “dominated by the configurations — """ { (b)
3p3d and 43p, and there appears to be no significant con- § 0.10 3s
tributions to the localized part of the wave function from ‘§ 0.05 ]
configurations with one electron in thes ®rbital, which is e
also in contrast to the case of H’ Lindroth finds the width g 0.00 ,
of the lowest resonance to be so broad that it overlaps thes = 48 49 50 51 52
Li 3p threshold(making description of this resonance by a '
Fano isolated resonance profile not posgib&he also finds 4s
[9] “a narrower resonance structure lies just below the 3 0.051
threshold.” Our results using the standard projection proce- ()
dure (i.e., excluding the 83p configuration agree qualita- 0.00
tively with the results of Lindroth, giving a not very well- 4.8 4.9 5.0 5.1 52

. . hoton ener (ev)
localized resonancgcf. Fig. 4(a)]. Also, when we remove P &

the effect of this resonance on the cross section by use of the FIG. 6. Total d partial hotodetachment
Fano resonance formula, the result is not satisfactory since - & Total (rr) and partiall o(ns)] photodetachment cross
the cross section still has much structid. Fig. 5b)] sections for Li~ for photon energies 4.8 e w=< 5.2 eV. Dipole
However, when we include thes3p Configu.ratiorll in Ol.JI‘ velocity (length results are indicated by the solidotted lines. (a)

| . . . do(2s). (b) o(3s). 4s).
nonstandard calculation, we do get a localized dtefteFig. or ando(2s). (b) o(3s). (©) o(4s)

4(b)1' as is found in Refl9] for H -, and the use of the Fano nels[31(b)], the depth of a window resonance in a particular

?)artial cross section is a measure of the strength of interac-
tion of that resonance with the channels belonging to that
artial cross section. In the limit that there is only a single
L ; ) continuum channel interacting with the resonance, the cross
standard projection operator calculation as suggestive but NQL tion goes through zero at the minimum of the window

definjtive. In contrast to t.he agreement found for o_ther .Sym'resonanc@l(a)]. The presence of more than a single open
metries, t_he significant _dlscrepancy Pegween the diabatic hyc'hannel leading to a particular partial cross section generally
perspherical result of Lif30] for the “P° resonance below

results in a finite total cross section at the minimum of the
t_he 3p.thrgshold "fmd the results of the more stgnQard COMNGjindow resonancg3l]. However, the partial cross sections
figuration interaction approaches of Ref&8,29 indicate might individually go through zer§31(b)].

that electron correlation effects below the Lp 3hreshold

appear to be very sensitive to the theoretical approach em-
ployed. Nevertheless, the excellent agreement that our eigen- . | ' ' |
channelR-matrix calculations have with the recent experi-

mental measurementsf. Fig. 3), in spite of this sensitivity, 0.20 ‘M‘
gives us confidence in our predictions at higher energies, o0.10 L
where no experimental measurements are available. 0.00 1 &

4.8 4.9 5.0 5.1 5.2

B. Li = photodetachment near the Li 4 and 4p thresholds 0.20 77 r
Our results in Figs. 6 and 7 show the total and partial:5 _W_
- . . 0.10
Li = photodetachment cross sections in the photon energy: (\,/—
region 4.8 eV=fw=<5.2 eV. This energy region covers the = 0.00 (b) , . . 4
4s, 4p, 4d, and 4f thresholds of excited Licf. Table l)). In .
Fig. 6 we present our total and ) partial cross sections 0.12
(2=<n=4). In Fig. 7 we present our Li(p) (2<n=<4) and 0.08 1 (e)
Li(3d) partial cross sections as well as the sum of thdd)i
and Li(4f) partial cross sections. 0.04 1
Some observations can be made regarding these partial o4 4dt
cross sections. First, significant resonance structure is appar-  , 4 49 50 51 5.2
ent in all partial cross sections for channels that are open photon energy ( eV )
below the Li{4p) threshold. Second, for fixed the partial
cross sections Li{l) exhibit deeper resonance windows be-  FIG. 7. Same as in Fig. 6 far(nl) partial cross sections with
low the Li(4p) threshold the largen is. Third, according to  1>0. (a) o(2p). (b) o(3p) ando(4p). (c) o(3d) and the sum of
the theory for a resonance interacting with many open chans(4d) ando(4f) (indicated by “4df”).

that nearly all structure is removed from the cross sedtifin
Fig. 5¢)].

We hasten to state that we regard the results of our no

on ( Mb)

Cross

3d
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TABLE Il. Calculated Li(nl) thresholds.

1.00 ————————/\/\,//\,/\WN——W—
Photon total
Threshold Energya.u)? energy(eV)® 0.50 1
3s —0.074 20 3.991 0.001 @ g
3p —0.057 23 4.452 2 52 5.3 5.4 55
3d —0.055 62 4.496 f 0.12 (®) '
4s —0.038 62 4.959 & 0.081 3s o on A\ S e
4p —0.03197 5.140 =
4d —-0.03128 5.158 § 0041 4s 1
4f —0.03125 5.159 2 0.00 MW\P
5s —0.023 64 5.366 5 52 53 5.4 55
5p —0.020 37 5.455 003 s
5d ~0.02001 5.465 0.02 i
5f —0.020 00 5.465 0.01 1
59 —0.020 00 5.465 (@
6s —0.015 84 5.579 0.00 - P
5.2 5.3 5.4 5.5

dRelative to the Li" ground-state threshold. Finite nuclear mass photon energy ( eV)
corrections are not included. )
bRelative to the Li (1S°) ground state at 0.220 85 a.u. FIG. 8. Total (1) and partiall o(ns)] photodetachment cross

sections for Li” for photon energies 5.2 e¥Aw<5.5 eV. Dipole

. . . . velocity (length results are indicated by the solidotted lines. (a)
Applying these observations to the particular partial Cross,_ando(2s). (b) o(3s) and (4s). (¢) o(5s).

sections in Figs. 6 and 7, we note the following. Thé2k)

and Li2p) partial cross sections give the largest contribu-5p, 5d, 5f, and 5y thresholds of excited Licf. Table Ii). In
tions to the total detachment cross sections. However, only:ig_ 8 we present our total and ki§) partial cross sections
relatively small percentages of these partial cross sectiorrszgngg))_ In Fig. 9 we present the Li(p) partial cross
interact with the doubly excited states below the thresh-  ¢octions (2=n<5). Finally, in Fig. 10 we present the
old (cf. Ref.[31(b)]). In contrast, the UBS) and Li(4s) par- | j(3q), Li(4d), and Li4f) partial cross sections as well as
tial cross sections are completely dominated by interactiong,e sum of the L5d), Li(5f), and Li5g) partial cross sec-
with these doubly excited states; they exhibit very deep winjgng.

dow resonances that in many instances plunge the partial 1ot of our general observations on the partial cross sec-

cross sections by nearly 100%, to values close to zero. Notg,ns near the Li4 and 4 thresholds, presented in Sec.
that only a single channel converges on these thresholdg; g apply here as well. Namely fom='2 and 3 the partial

viz,, Li(ns)ep(*P°). If there were noointeractions between ¢ross sections all have large “background” cross sections
these channels and the other opt° channels, then the \yhich do not interact significantly with the doubly excited

partial cross sections at the minima of the window resosgates pelow the 5 threshold. Of these, thes3partial cross
nances would be zero. That the cross section minima are

indeed nearly zero within the window resonances implies

that interchannel interactions are weak. Note further that the =~ %-3°
minima in the L{3s) and Li(4s) partial cross sections occur 0.20 1
at different energies within the resonance. Indeed, comparing
Figs. &b) and Gc), one sees that these partial cross sections
are nearly mirror images of one another. This kind of behav-  0.00

0.10

ior has been predicted in Fig. 3 of R¢81(b)]. We observe = 5.
also that the L@8p) and Li(3d) partial cross sections exhibit = ©-02
striking effects of resonances, but these are more subdued; 0.06 {
than for the L{3s) and Li(4s) partial cross sections, i.e., the =
window resonances never drop the cross sections by mores 993
than about 50%. a 0.00 , .
Lindroth has calculated the total photodetachment crossg 5.2 5.3 5.4 5.5
section for Li~ in the vicinity of the Li4s) and Li4p) 0.09

threshold[21]. Our results are in excellent qualitative agree-  0.06
ment with hers. However, our results are about 15-20 %

. . i 5p |
larger in magnitude. 0.03

? ? 0.001 [M\\

C. Li ~ photodetachment near the Li 5 and 5p thresholds 5.2 5.3 5.4 55

photon energy ( eV )
Our results in Figs. 8—10 show the total and partial Li
photodetachment cross sections in the photon energy region FIG. 9. Same as in Fig. 8 far(np) partial cross sectionga)
5.2 eV=shw=< 5.5 eV. This energy region covers tha,5 o(2p) ando(3p). (b) a(4p). (c) o(5p).
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0.09 ' ' 6.00
(a) 3d
0.06 ____—__/—-/\\_/\I\/\,/L\/\‘.-————' 4.001 3s é g SP
0.03 1 r 2.00 1
e Ay (a) n-2
0.00 - . 0.00 , ,
2 5.2 5.3 5.4 5.5 o 3.4 3.8 4.2 4.6
= 0.03 ‘ ‘ = 0.40 : :
c 0021 L 0.30] g
o =}
= £ 0.201 3
g 0.011 2 0104 i
. -
2 0.00 , 2 0.00] (P =3 e b
(o]
& 5.2 5.3 5.4 5.5 by 4.7 4.8 4.9 5.0 5.1 5.2
0.03 ‘ ' 0.15 : .
0.02 A 5dfg | 0.10 1 ’ i
0.01 1 vl 0.05 1 r
0.0019 , , 000l (& n=t , > £ op
5.2 5.3 5.4 5.5 5.2 5.3 5.4 5.5
photon energy ( eV ) 0.06 ’ '
FIG. 10. Same as in Fig. 8 far(nl) partial cross sections with 0-041.
I>1. (8 o(3d) and o(4d). (b) o(4f). (c) Sum of o(5d), 0.02 1
o(5f), ando(59) partial cross section§ndicated by “dfg”). 0.00 (d) n=5 6s g ¢ 6p
section shows the most prominent resonance structures, but 550 555 5.60 5.65

. . hoton ener eV
these structures reduce the partial cross sections by less than P gy (V)

50%. In contras_t, theglan_d > pa_rtlal crpss sections a_re FIG. 11. Partial cross sectiofis(n)] for Li ~ photodetachment
completely dommated by_ interactions with doubly eXC|tedbeIOW the Li( + 1)p threshold for 2<n<5. () o(n=2) for 3.4
states, als_o with deep window resonances that plunge thg, 4 <46 ev (b) o(n=3) for 4.7 e\V=hw=5.2 eV. (0)
cross sections by nearly 100%. Furthermore, theadd S ;(,=4) for 5.2 eVefiw=5.5 eV. (d) o(n=5) for 5.5 eV
partial cross sections appear to be mirror images of one anz , <565 ev. The Lifis) and Li(np) thresholds in these energy
other, with one having a maximum when the other has gegions are indicated.

minimum, just as we have noted for thes 8nd 4s partial

cross sections in Fig. 6. Only slightly less dominated by . ,

resonance structures are the,44d, and 4 partial cross Li 3s threshold. Fom=_3 the corresponding+ resonance
sections, due most likely to a greater weightingrofanddf ~ @Ppears close to the LsAhreshold. Fon=4 andn=5, the
configurations(relative tosp configurations in the doubly —lowest member of the- series lies well below the Lisand
excited states below thepSthreshold than is the case below Li 6s thresholds near 5.32 eV and 5.52 eV, respectiyély

the 4p threshold. Another factor may be that while the The + type resonances appear to increase in prominence as
Li(4d) and Li(4f) partial cross sections each have contribu-n increases. This is not surprising, since the effect of the
tions from two continuum final-statéP° channels, in prac- Li* core becomes more hydrogenic for highreras more
tice there may be only one important final-state channell values are nearly degenerate.

namely, the one having the lowest allowable orbital angular Whereas ther type resonance increases in prominence as
momentum for the continuum electron. Hence the deep winn increases, the- type resonances decrease in prominence.
dow resonances in these two partial cross sections may stegection |1l A above pointed out that it is difficult to charac-
from the fact that they have contributions from effectively terize the cross section features in thgn=2) partial cross

only a single channel. section near the Li threshold. Referencfs] discusses,
however, then=4 andn=5 partial cross sections, which
D. Comparisons of the Li(n—l) partial cross sections show — type resonances between the deEptype reso-
below the Li(np) thresholds nances, e.g., near5.35 eV,~5.425 eV, and~5.448 eV in

In Fig. 11 we plot the partial cross sections the case ofr(n=4) and near~ 5.54 eV,~ 5.59 eV, and
o(n=2),0(n=3),0(n=4), ando(n=5) below the corre- =~ 5.612 eV in the case af(n=5). The dip near 5.12 eV
sponding Li 1+ 1)p thresholds. These partial cross sectionsin the o(n=23) partial cross section appears by analogy to be
are the ones with the most direct similarity to the photode-also a— type feature. Remarkably, these type features
tachment partial cross sections of 'Has discussed else- that are so prominent fos-(n=3) and o(n=4) are only
where[6]. We have plotted the partial cross sections in Fig.very weak features of the(n=>5) partial cross section. We
11 in such a way that the Lin(+ 1)p thresholds are roughly interpret this behavior on the basis of propensity rules for
coincident(cf. Table II). H~ photodetachmen(3,4] that “forbid” population of —

A key feature of theo(n) partial cross sections is the type reasonances, and the fact that thé ldore appears
increasing prominence of the type resonance that lies near more and more like the H core to excited electrons in high
4.22 eV in theo(n=2) partial cross section, well above the n levels with|>0.
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FIG. 12. Doubly excited-state{0}s wave function density FIG. 13. Doubly excited-state{0}, wave function density

plotted at its maximum value iR [i.e., R =(rf+r3)¥?=60 a.u].  plotted at its maximum value iR [i.e., R=(r?+r2)2=80 a.u].
(a) Plotted in ¢,r,) coordinates(b) Plotted in prolate spheroidal (a) Plotted in ¢,,r,) coordinates(b) Plotted in prolate spheroidal
coordinates &,\). Located neafiw = 5.32 eV in Fig. 1{c). coodinates f,\). Located neafiw=5.35 eV in Fig. 11{c).

E. Resonance density plots (K,T,)*=(3,1)" and the molecular-orbital notatidi34,35

Our comments in the preceding section on the charactgn, ,n,,m)=(0,6,1). Figure 1€3) shows a density plot for
of the resonance features in tb€n) partial cross sections this state in (;,r,) coordinates while Fig. 1B) plots the
are based on probability density plots. These are extractesame density in spheroidal coordinaggesand . This state
from discrete resonance states derived from a separate calappears at a photon energy f5.32 eV in thea(n=4)
lation as follows: All basis functions were set to zero on thepartial cross sectiofcf. Fig. 11(c)] and is the first member of
boundary of the interaction volumé& Thus only the discrete a series of deep window resonances in that partial cross sec-
levels were calculated, in order to identify features at enertion which “converge” to then=4 thresholds fot=1. One
gies corresponding to structures in the cross sections. In Resees clearly the- character of this resonance from the large
[6] we presented hyperspherical coordinate density plots odintinode ar,=r, in Fig. 12a) and =0 in Fig. 12b).
three of these discrete resonances. Here we present similar In Fig. 13, we present density plots for th¢0}, reso-
density plots for the same three resonances, both fr £) nance feature, plotted fdR= 80 a.u. Alternative notations
coordinates and in prolate spheroidal coordinatesnd\ . for this resonance are K(T)"=(4,0)" and

These density plots were made as in R@f. Briefly,  (n,,n,,m)=(0,9,0). The ¢;,r,) plot in Fig. 13a) shows
special R-matrix calculations were carried out with a box that this resonance does not quite have a zero node on the
sizer,=120 a.u. All basis functions were set to zero at ther,=r, diagonal line. This may explain why this resonance
boundary. Thus only discrete structures were calculated, ifas such a broad width in the(n=4) partial cross section
order to see which ones appeared at energies correspondifif. Fig. 11(c) nearw=5.35 eVl. Using a different set of
to the features in the photodetachment cross sections. Eagllues for the contours, we see what appears to be a node for
plot is made at the peak of each resonance’s probability ams =0 in the prolate spheroidal coordinate density plot in Fig.
plitude in the hyperspherical radi®= (r{+r3)*2 For the  13(b). This confirms the- designation.
(ri,rp) plots we have integrated the probability densities In Fig. 14 we present density plots for the very weak
over all anglesi(y,r»). resonance featurg{1} , plotted forR= 90 a.u. This reso-

Figure 12 shows density plots for thg0}: resonance nance is located atw~5.575 eV in Fig. 11d), just below
feature(using theN{v}ﬁ notation of Refs[4(b),4(c)]), plot- the & threshold. Alternative notations for this resonance are
ted for R=60 a.u. Alternative notations for this resonance(K,T)*=(2,1)" and (, ,n,,m)=(1,6,1). The main char-
include the group theoretical notation[32,33  acteristic of this resonance is its node in égs which was
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FIG. 15. Partial cross sectiormgns) in dipole velocity(length
approximatior{indicated by the soliddotted curveg as functions
of photoelectron energf over the first fraction of 1 meV above
) ‘ — NN threshold. The dashed curves are proportional to the Wigner thresh-
10 05 0.0 05 10 old law (i.e., xE®?). (@) o(3s). (b) o(4s). (c) o (5s).
# o= (rr)/re

FIG. 14. Doubly excited-statg{1}s wave function density o )
plotted at its maximum value iR [i.e., R=(r2+r2)¥2=90 a.u].  Small range of validity of the Wigner law stems from the

(a) Plotted in ¢,,r,) coordinates(b) Plotted in prolate spheroidal huge dipole polarizabilitye.g., @ (Cs 6p) ~ 1000 a.u} of
coordinates f,\). Located neafw=5.575 eV in Fig. 11d). the excited atomic statefOne typically expects the Wigner
o ) ) ) ) law to hold over an energy rang£E<r52 a.u., where is
clearly visible in our hyperspherical coordinate density plotihe range of the electron-atom interaction in the relevant
[6]. The (r,,r,) density plot in Fig. 14a) does not show channel)
features inf,,=cos (f,-f,). What we observe from this In Li ~ photodetachment, the Li{) dipole polarizabil-
plot is the + character of this resonance, exhibited by thejsies for the lower statesn< 3) are comparable to those of
large antinode for, =r, in Fig. 14@). This is also a main - cs, while for the higher thresholds=>3 the polarizabilities
feature of the prolate spheroidal density plot in Figtd4or  are muych larger in Li than for CspBbecause they increase

u=0. We see in the latter, ho.wever, the vibratiqnal node inroughly as VL as the effective quantum number of the
the u coordinate, corresponding to 3, node in hyper-  5iqmic staten! increases(This scaling can be understood

spherical coordinatef]. from the second order perturbation theory expression for the
polarizability, and the fact that dipole moments scalenas
F. Behavior near detachment thresholds while the energy denominators scaleras’.) On the energy
Figure 15 displays the Lis partial cross sections, for scales depicted in Figs. 2, 6, and 8, we do not expect the
n=3-5, on fine energy scales very close to their respectivéVigner law to be very useful for understanding the threshold
thresholds. Each of these processes involves a single esca0ss section behavior. The greatly expanded energy scale of
ing p-wave electron near threshold, which implies a Wigner-Fig. 15, however, shows that the photodetachment cross sec-
type threshold behaviar(ns) o (E— Eth)|+% with 1 =1 [36]. tions right at thens thresholds appear to be consistent with

T . . . the Wigner law.
Similarly, in the absence of long-range interactions, th g

tial ; ted 1 € Thens levels of Li, with guantum defects neat;=0.4,
o(np) partial cross sections are expected to vary sas are well separated in energy from the energies of hydrogen.

oc(EzEm)'min*% with 1,,,=0 sinces-wave ejection domi- However, the Lifl) quantum defects fok=1 are so small
nates near thresholfB6]. The Wigner threshold law was (|u;|<0.04) that it is reasonable to regard them as hydro-
tested by Slateet al. [37] in the similar context of CS  genic to a first approximation. Their degeneracy allows them
photodetachment near the Cp@6p3) thresholds. In that to mix under the influence of any small interaction. Conse-
study, the Wigner law was shown to apply, but only to aquently any Li hydrogenic manifold with principal quantum
remarkably small energy range AE=1 meV above thresh- numbern=3 forms a quasipermanent dipole moment under
old. Calculations for K photodetachmerit38—4Q and for  the influence of the outermost Lielectron. The threshold
Cs™ photodetachmenf41] determined that the unusually behavior associated with an electron detached interma-
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nent dipole potentialV— —a/2r? differs profoundly from  mental measurements. Throughout this paper we have dis-
that of an electron detached into any shorter-ranged potentigussed the role of highly excited two-electron resonances on
such as ainduceddipole potential- «/2r*. For instance, a the predicted photodetachment partial cross sections. We
shorter-ranged potential must havéirite number of reso-  have shown also how the partial cross sections for pho-
nancegor nong in any channel just below its threshold. An todetachment plus excitation, i.e., Lir y— Li nl+e~, be-
attractive dipole potential is guaranteed to haveirfinite  come increasingly similar to those for Has the level of
number of such resonancgkl]. Also, the partial cross sec- excitationn of the residual atom increases. Indeed, we have
tion _for productlon_ of a nondegenerate h§) state rises gnown that there is only a limited range of values fioffor
contlnuous.ly from its zero'value at threshold,; the. analogous -, primarily between the @ threshold and the 5 thresh-
cross section fo_r prod_uctlon of a deg_eneratenl.)(state, Id) in which the nonhydrogenic nature of the'Ltore leads
however, rises d|scont|nuou§Iy toa f|n|te_ value_ at thrleshol o prominence of doubly excited resonances which are essen-
in any channel of the attractive dipole tyfiee., witha> 7). tially absent in higher-energy regions as well as in fho-
The 4p, 4d, and & partial cross sections in Fig. 7 display todetach i : to ohotodetach ¢ i
abrupt rises at their thresh@gl that look on this energy odetachment spectrdue 1o photodetachmen propensity
scale like true discontinuities. ru]es for three-body Cou_lomb sy§te)nWe emphaS|ze.that
this most interesting region for Li photodetachment is as
IV. SUMMARY AND CONCLUSIONS yet experimentally unexplored.

We have presented detailed theoretical results for the par- We thank D. Hanstorp, E. Lindroth, and D. J. Pegg for
tial cross sections resulting from Liphotodetachment over Providing us with their results prior to publication. This work
the energy region from the vicinity of the LisXhreshold to  Was supported in part by the U.S. Department of Energy,
the Li 6s threshold(i.e., for 3.8 eV=Aw=<5.65 e\}. In the  Division of Chemical Sciences, Office of Basic Energy Sci-
vicinity of the Li3s and 3 thresholds our results are in ences under Grant No. DE-FG02-88ER13955 at the Univer-
excellent agreement with recent experimental measuremensity of Nebraska and Grant No. DE-FG02-90ER14145 at the
[9]. Above the Li P threshold, there are as yet no experi- University of Colorado.
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