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Negative-ion resonances in cross sections for slow-electrelneavy-alkali-metal-atom scattering
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We analyze negative-ion resonances in elastic and inelastic total scattering cross sections for slow electron
collisions with the heavy-alkali-metal atoms Rb, Cs, and Fr. Our calculations are based on thR-Diediix
method[ Thumm and Norcross, Phys. Rev.4&, 6349(1992]. For incident electrons of up to 2.8 eV kinetic
energy, we compare 3P° shaperesonance andP®, PJ, and'D$ Feshbachresonances, located below the
first excitation threshold of the atomic target in the low-lying spectra of the, Rls , and Fr negative ions,
with available experimental data and other calculations. We provide the resonance parameters, partial and
converged total elastic and inelastic scattering cross sections, and discuss the relative importance of relativistic
effects for the three heavy-alkali-metal targets.

DOI: 10.1103/PhysRevA.63.042710 PACS nuntber34.80.Bm, 34.80.Dp, 32.16f

[. INTRODUCTION difficult, and up to now only a limited set of measured data
for Rb [6-8] and Cs[7-11] targets is available. Close-
Much experimental and theoretical work has been deeoupling calculations[19,200 and electron-transmission
voted to the study of the low-lying spectra of atomic andspectroscopy measuremgfi of total cross sections for Rb
molecular negative ions, and various reviews on this topidargets have suggested the existence P4 shape reso-
are availablg1-4]. Negativealkali-metal ions are of par- nance below 50 meV. This result was recently confirmed by
ticular interest because of their simple structure, consistingur relativisticR-matrix calculationg21]. The first evidence
of two electrons outside a fairly rigid, but polarizable, in favor of the Cs(3P°) resonance was presented in semi-
noble—gas-like core. empirical calculation$22], and confirmed in an analysis of
In contrast to the long-range Coulomb potential, whichthe proadening of Rydberg states by ground-state Cs atoms
can support an infinite number of states in atoms and positivF23]_ Very recently, a single-photon detachment experiment
ions, in the short-range potentiaj of negative ion; N0 MOr&, cs [16] has clearly shown that the CEP?) resonance
excited states ha,s been reported. In this paper, we analyze t reement with deFaned DwapR-matnx calculations
: X 1,24,25. Our scattering calculations are based on the same

spectrum of the negative alkali-metal ions RbCs™, and . : o
Fr~ by studying the collisions between a projectile electronDIraC R-matrix method and suggest that tAe° state of the

and a neutral alkali-atom target. The temporary capture of " 10N is also unbound21]. The °P3 fine-structure com-

the incident electron in the short-range potential of the targePOnent was identified in experiments en +Cs[10], con-

induces a characteristic variation in either elastic or inelastiéirming the theoreticaR-matrix predictiong24,26].

scattering cross sections, which indicates the presence of a Additional information about the low-lying photoabsorp-

resonance state of the projectile electron-neutral atom sy$ion spectra of Rb and Cs ions was obtained in other

tem. This phenomenon occurs for particular collision enersingle and multiphoton detachment experiments. The single-

giesE, . Resonances are commonly classified as eghape  photon detachment technique in a weak laser field was ap-

or Feshbaclresonancef3]. A shaperesonance occurs when plied for the first time to heavy alkalis in the early 1970’s by

the projectile electron is temporarily trapped in the potentialPattersoret al.[12] and was improved latgd3—16. Multi-

well resulting from the overlap of the attractive short rangephoton detachment experiments were first realized in the

potential of the polarized atom and the repulsive centrifugakarly 1990’s. Accurate excess-photon detachment experi-

potential. AFeshbactresonance may derive from the poten- ments also revealed th&P$ Feshbachresonances in the

tial well associated with an excited state of the taresh-  negative ions of C§17] and Rb[18] just below the firshp;

bachresonances often appear when the kinetic energy of thatomic excitation threshold. Calculations of the low-energy

projectile electron is very close to and below an excited statphotoabsorption spectra of Rtand CS below the lowest

of the atomic target. np; threshold have confirmed these experiments and have
For Rb™ and Cs, reliable experimental results are avail- predicted similar Feshbach states in the spectrum of Fr

able for electron affinitie$EA’s) [5] and some autoionizing [27].

states[3,6—18. At impact energies below the lowest four  The negative ion of Fr is less well studied, and we are

atomic excitation thresholdsp; and (—1)d;, (with n=5 aware of only the calculations by Gredr#¥] for the EA and

for Rb, 6 for Cs, and 7 for Frj=1/2 and 3/2, and’=3/2 the photodetachment spectrum below thes§ excitation

and 5/2, accurate electron-atom scattering experiments aréhreshold. For neutral Fr, recently published energy levels
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and radiative transition probabiliti¢&8], as well as theoret- Rb [31], for Cs [31], for Fr [32]), rather than theoretical
ical atomic and core polarizabiliti¢29,30, provide some of values as irj24].

the necessary input for olR-matrix calculations. Based on Our calculation includes the first five bound states of the
these data, we have proposed a new value of the EA for Rarget:ns;;,, NPy, NPsp, (N—1)dsp, (N—1)ds, (with n
[21]. =5 for Rb,n=6 for Cs, anch=7 for Fr) and 28 continuum

The available data provided by both theory and experi-orbitals (CO9 in each scattering channel. The lack of com-
ment suggest that the low-lying spectra of different negativepleteness in the COs basis set is connected by the inclusion
alkali-metal ions are similar. This aspect was previously dis-of the Buttle correctioh24,33. The two-electron wave func-
cussed by Johnson and Burr¢W] and by Green¢27]. Ina  tions are expanded ifj-coupled antisymmetrized products
recent papef21], we investigate@™ +Rb, Cs, and Fr colli-  of bound and continuum orbitals for 2IF scattering sym-
sions at energies below 120 meV. Together with the abovemetries and up to 18 channels per scattering symmetry where
mentioned*P° shape resonance, we have identifiedS¥  J and 7 are the total angular momentum and the parity for
virtual state for all three systems. e +target. A scattering channel is defined as a target state

In the present paper, we will extend the analysis of thecoupled with the spin-orbit angular momentum of the scat-
low-lying spectra of Rb, Cs™, and Fr, for an energy range tered electron to a gived™ symmetry.
up to 2.8 eV above the detachment lirithich will serve as A study of the convergence with respect to the inclusion
the energy referengewith the goal to show that similar of bound atomic valence states for the low-lying resonances
resonances compose the low-lying spectrum of all threef Cs~ was done by Bartschd®6]. His calculations with
heavy-alkali negative ions. Th&P®, P¢, and 'DJ Fesh- five and eight atomic states have shown that no significant
bachresonances below the fingp; atomic excitation thresh- contribution to the resonances below the @xcitation
olds will be identified in both partial and total electron scat-threshold results from the addition of higher bound orbitals.
tering cross sections, and their characteristipssition, In analogy, we expect the inclusion of the five lowest atomic
shape, and widthwill be given and discussed, e.g., with valence orbitals to yield converged results for the low-lying
respect to relativistic effects. This paper is structured as folresonances of Rband Fr .
lows: in Sec. Il, we briefly review the DiraR-matrix theory The eigenvalue&, and eigenvectors of the total Hamil-
and describe our methods for finding and characterizingonian inside theR-matrix sphere yield information on pos-
negative-ion resonances in electron scattering cross sectiorsble negative ion state®.g., the negative ion ground state
In Sec. lll, we discuss our results fer + Fr collisions in  should be associated with an eigenvector dominated by the
comparison with our calculations for Rb and Cs targets, anahs? configuration, withn=5 for Rb, 6 for Cs, and 7 for Fr
compare the results for Rb and Cs targets with availabl®©ur calculations are done within anR‘matrix sphere” of
experimental and theoretical data from the literature. Theadius R=40 for all three systems. This value is carefully
conclusions follow in Sec. IV. Throughout this paper we will chosen so that the exchange between the projectile and target
use atomic units, unless stated otherwise. electrons is negligible outside the sphere. The negative ion
states are found by solving the matching equations on the
R-matrix sphere. The analysis of partial cross sections and
eigenphase sumglefined asA'™(E)=3;_,tan *(K;(E)),

Our present calculations are based on the suite of the relavhereK;; is the diagonalized open-channel block of te
tivistic Dirac R-matrix programs[24], which provides matrix] in eachJ™ symmetry on a very fine mesh of scatter-
electron-impact scattering data within a two-electron modeling energies allows us to identify resonances. For an iso-
The method was extensively discussed by Thumm and Norated resonance the phase shift increases by approximately
cross[24] for e +Cs collisions, and recently applied by radians near the resonance positiin andA’™(E) is given
Bahrim and Thumm[21] for e +Rb and Fr collisions. as the sum of a slowly varying background phase shijt
Therefore, in the following we shall only give a brief sum- and a strongly energy-dependent resonance term
mary of the DiracR-matrix method and refer t¢24] for
details. In this model, the two active electratise scattered
and alkali valence electrgninteract with the noble gas-like
core through the semiempirical Thomas-Fermi-Dirac-Amaldi
potential and a parametric potential which describes the inwherel is the resonance width. However, in practice, reso-
duced polarization of the noble-gas-like core in response t®\ances may overlap or can be strongly influenced by thresh-
the interaction with an outer electron. We describe the corold singularities. In such cases E@.1) does not provide
relation between the two active electrons as the sum of thenough accuracy in finding. In order to find reliable esti-
usual Coulomb interaction and a dielectronic polarization pomates forl" at all energies, we examined bati™ and the
tential V4. Which depends on an effective atomic radRis  partial cross sections in the relevalit symmetries. We de-
adjusted such that the experimental EA is reproduced. Thduced the positiof, of a resonance from the maximum of
parameters used in our potentials are given in Sec. Il of Rethe derivative ofA’™ as a function of.

[21]. In order to provide most accurate values for the posi- We label resonances in th¢-coupling scheme with the
tion of resonances located very close to the atomic excitatioset of quantum numbers(n’l’;J), where fIn’l") de-
thresholds, our present scattering calculations emgiperi-  notes dominant configurations. For practical purposes, it is
mentalexcitation thresholds of the neutral atomic tarfet  convenient to also distinguish resonances inlLtBecoupling

Il. THEORY

(2.1

AI(E)=Aq(E)+tan?! L)
2(E,—E))’
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FIG. 1. Total elastidthick solid line and in-
elastic cross sectionsis,;,—npy, (dotted ling,
npg, (short dashed line (n—1)ds, (long
dashed ling and (h—1)ds, (thin solid ling vs
collision energyE for e” +Rb, Cs, and Fr scat-
tering (=5 for Rb, 6 for Cs, and 7 for FrWe
compare our results with two-state close-coupling
calculations[19] (stars and measured data for
e  +Rb [8] (circles and Cs[9] (squares For
both experiments, the size of the symbols indi-
cates the total error in the cross sections. The
arrows point to the position of théF° reso-
nance. The insets give the elastic cross section for
energies below 0.5 eV and show the profile of the
3P° shape resonances.
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schemegwhereL andS are the total angular momentum and and in particular for triplets$=1) with L=S
spin quantum numbers of the projectile electron-atom sys-

tem), especially for excited states optically connected to the AE; (Imax:Imin) =A(2L +1), 2.9
1S ground state of the negative igie., the !P{ Feshbach , _ _ _
resonances below the firsp excitation threshold where the LandeconstantA characterizes a given triplet.

In order to decide if features observed in the energy dedmax=L+SandJms=|L—§ are the extremal allowed values
pendence of the cross sections are indeed resonances, itfg J. In atoms with a single open shell, which is less than
necessary to find some reliable criteria for their identificationnalf g‘”ed' only normally ordered multiplets exige.g., for
and correct labeling. Our identification of a particufir™ ~ @ny L7 term we haveE, (J—1)<E,(J)<E,(J+1)] [34].
resonance triplet is primarily based on the analysis of théUr calculations verify this rule for affL™ multiplets ana-
contribution of configurations to the eigenvectors of the totalyZed in this work. In consequenca,is positive.

Hamiltonian inside theR-matrix sphere. For triplet reso-
nances, we search in three subsequesymmetries of the

same parityrr for fine-structure components that are domi- [ll. RESULTS AND DISCUSSION
nated by the samaln’l’ configurations. For example, the . . .
3po resonance has to belong to a mixingrfn' p configu- Figure 1 shows the converged total elastic cross section

rations[21]. Next, we solve the matching equations in eachand the total converged inelastic cross sections for the tran-
relevant)™ symmetry, using a very narrow mesh in collision 5|t_|ons];c n31/2b—> nflfz 4 NPs3y2, (n; l_)d3’]§’ (n—fl)d5,2 ”(.W.'th
energy around the eigenvalues associated with the eigenve'&-_5 for It:\: I, n—268 orVC_sr, at?' n_Z] or Flr) or coflision
tors chosen previously. Because the energy splitting betweef'€r9/es below 2.8 eV. To bring the total cross sections to
the fine-structure components of the same” term is no ~ convergence for such collision energies, we need to include
larger than a few meV, eachcomponent is shifted by about 20 symmetries {<9 and77= +1) for any of the threg tar-
the same amount relative to the correspondig after gets. For glectrc_)n scattering by Rb targets at energies below
matching the inner space solutions to the outer space sold:=# eV, Fig. 1 mcludeg the nonrelgﬂwstlc two-state close—'
tions. This is confirmed by our numerical results for all the cOUPling datg for eIgsUc cross sections computed by Fabri-
resonances we analyze in this paper. Finally, we determin ant_[1_9]., which are n excel_lent agreement with the present
whether the splitting between the fine-structure component'é,e'at'v'suc R-matrix calcglatlons. Absolute total cross sec-
of the 3L™ term approximately follows the Landeterval tions for electron scattering by Rb and Cs targets were mea-
rules[34] sured by Visconti, Slevin, and Rubj8] and, more recently,
for Cs targets, by Jaduszliwer and CH&h The experimen-
AE,(J,J-1)=E,(J)—E,(J-1)=AJ (2.2 tal error of the absolute cross sections is estimated as 15% in
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TABLE I. The 3P resonances in Fr, labeled injj- and L S-coupling schemes. Resonance positiéns
and widthsI", the correspondindgr-matrix polesg,, and the dominant configurations of the associated
eigenvector are shown.J*av.” stands for ourJ-averaged energy and width of each resonance. The Lande
constantA [defined in Eq(2.3)] is given in meV.

SL:;T
ji J7 Configurations (% probabiliyy Ey (meV) E, (meV) T (meV) (A)
0~ 7S7pA37.4); 7s8py(37.8); 11.15 13.21 940  3pY
7s9p4(20.6)
7snp 1- 757p12(20.3); 758py(27.4); 21.55 24.02 2571 39
759p12(19.8); 7s8p3(11.9)
2” 7S7P3(18.4); 7s8p4(41.3); 34.88 40.84 68.13 3P
759p3(37.2)
J-av. 7pn's(n’=7) 32.16 47.46 Spe
(9.2
0" 7py,7p3(47.5); T018p1(28.4);  1395.22 1396.42 036 %%
7P3127P3(10.5)
7pnp 1* 7P1/27P3A44.9); T01,8p3(18.1) 1440.67 1436.48 1.50 3¢
7p328pP1/A7.5)
2+ 702A31.7); T1/7Pa(17.3); 1499.19 1497.81 16.84 3PS
7P128P32(18.1); 701/29P3A5.4);
7P328P32(9.8); 7P3/28P1/(3.4)
J-av. 7pn’p(n'=7) 1466.10 9.89 3pe
(33.8

Ref. [8] and about 10% in Ref9] and corresponds to the squared amplitudéonly squared amplitudes larger than 3%
size of the symbols. For collision energies below 1.5 eV, oumare includedl
calculations overestimate the experimental data of Visconti, With respect to theR-matrix poles, the matching condi-
Slevin, and Rubir{8] by 20%, for both Rb and Cs targets, tions imposed on the two-electron wave function at the
but reproduce the energy dependence of the experiment&®-matrix sphere shift the position of all three fine-structure
electron scattering cross section. This suggests that the steemponents of a giverfL™ multiplet upward by approxi-
tistical error in Ref.[8], estimated att6%, is in reality —mately the same amoufg.g., for Rb: 2-3 meV for théP®,
twice as large. For collision energies above 1.5 eV, theand 1 meV for the’P® resonance None of the resonances is
agreement between our calculations and the two scatterir@tirely characterized by just one configuration. Instead, we
experimentg8,9] is very good. observe a distribution over the lowest configurations of a
The structures in our scattering cross sections in Fig. Particularnin’l” series defined by particular values mfl,
can be related either to the presence of resonances or 8'd!’ quantum numbers. The fine-structure components of
threshold effects. The peak close to zero collision energy &Y particular®L™ resonance can be easily identified since
due to the3P° shape resonance. At zero energy we find ghe components _of eactL™ multiplet are domlnatgd by the
large elastic cross section which is due to the large polarizZS@Me configurations. The fact that we can define a Lande
ability of the heavy-alkali atomf29] (inset in Fig. 3. The constantA (see Tables I-I)Ifor each resonance supports our

arrow in Fig. 1 indicates the position of ¥ ° resonance we correct identification of the resonances.

found for each system. This resonance will be discussed else- In this section we focus on resonanceseint Fr scatter-
where y ' ing. Even though Fr was discovered 60 years Fgfs] de-

. . tailed information about its atomic spectrum has become
Our DiracR-matrix results for all three targets are shown

) ) i available only very recentlf28,32. Its atomic and core po-
in Tables |-V. Resonances are labeled in #je and |rzapilities were published two years af9]. The spec-
LS-coupling schemes. The tables include the resonance pgym of Fr is very poorly known up to date, with no experi-

sitionsE, and widthsI'. In the low-lying spectrum of each mental data and only one previous calculafigd]. Based on
negative ion, below the firstp atomic threshold, we have the |atest available spectroscopic dg28] and core polariz-
identified the *P° shaperesonance and théP® Feshbach abilities for Fr[29,30, we have performed recently relativ-
resonancefTables I(Fr), Il (Rb), and Il (C9)], and two'P{ istic R-matrix calculations for electron scattering by Fr tar-
autoionizing stategTable IV). A D9 Feshbachresonance gets at energies below 120 m¢®1], and provided a new
was identified below the secontps, threshold for Csif  value for the EA(492.46 meV. We have also analyzed the
=6) and Fr o=7) targets, only. Tables |-V list the domi- lowest *P° resonanc¢21]. In the present electron scattering
nant configurations in the eigenvectors in terms of theircalculations, we focus on th&P® and *D$ Feshbach reso-

042710-4
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TABLE Il. As in Table I, but for electron scattering on Rb targets. We compare our calculations with
electron-transmission spectroscopy ddthand other calculations38—44.

3L37
ji J7 Configurations (% probability Ex (meV) E, (meV) I' (meV) (A)
0~ 5s5p1/2(31.9); 566p,(37.8); 17.17 19.21 14.84 3PS
5s7p15(25.7)
5snp 1- 555p1,)(20.5); 566py(25.4); 18.43 20.42 18.24  3p¢
587p45(17.9); 5656p35(13.5)
2 585p35(29.1); 556p4;(38.1); 20.89 23.22 20.89 °P3
557p35(28.2)
J-av. 5pn’s(n’=5) 21.84 19.33  3p°
<50[6] 1.3
13.6[39]
39.0[40]
o* 5p%,(40.5); 5p1,6p1(24.0); 1427.88 1428.99 0.002 3P§
5p3(18.3); 503,6P3A9.4)
5pnp 1" 5pyBpyA58.9); 1bps(17.7);  1432.49 1433.45 0.026 %P
5p36P1/2(15.6)
2% 5p3,(40.2); 503,6P3/(21.6); 1441.47 1442.37 0.34  °p¢
5p1/55P3/2(19.0); 5p1/6pP32(6.2);
5p36p1(5.3)
J-av. 5pn’p(n’'=5) 1437.91 0.20 spe
1435.2[38] (4.5
1458.5[39]

TABLE lll. As Table I, but for electron scattering by Cs targets, including the experimental data for
photodetachmenjil6], and data for electron-transmission spectrosddj®§, and other quantum calculations

[38-40.
3|_3T
ii Jm Configurations (% probability Ey (meV) E, (meV) I' (meV) (A)
0 656p1/2(43.2); 657p4/5(36.6); -1.37 1.69 0.36 %P3
6s8p15(14.9)
6snp 1- 656p1(27.4); 657p1(25.5); 3.09 5.53 2.67 3p9
65s8p1/5(11.5); E56p3(13.2) 8.0[16] 5.0[16]
6S7p35(12.0)
2 656p35(35.5); 657p3(39.1); 11.05 12.74 8.73 3PS
658p3»(20.8)
J-av. 6pn’s(n’=6) 9.11 5.78 3pe
—12.2[39] 3.7
—1.0[40]
ot 6p3,,(43.3); 601/7P1/(23.2); 1244.02 1244.66 0.03  °P§
6p3(16.8)
6pnp 1" 6pP1/26P3/2(60.3); 60157 P3o(17.1); 1255.41 1256.31 0.16 3pg
6P3s27P1(12.3)
2" 6p3,(45.5); 601,,6P3(13.5); 1278.97 1278.05 1.9 3pg
6P1/27P31(6.2); 6p3/27P3(18.8); 1280[10]
6pP3;27P1A(5.3)
J-av. 6pn’p(n’=6) 1267.50 1.10 Spe
1265.7[38] (11.1)
1069.4[39]
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TABLE IV. EnergiesE,, widthsT", and associated eigenvectdisdicated by the dominant configura-
tions) of the * P§ Feshbach resonances just below tig (j=1/2 and 3/2 excitation thresholds in the 1
symmetry for electron scattering by Rin€5), Cs (=6), and Fr a=7), including experimental data
[12,13,15,17,1Band other theoretical resulf&7].

Dominant configurations E, (meV) I' (meV)
Target (% probability Our work Others Our work Others
5p465(18.3); 501/275(55.7); 1559.60 1559.1012] 0.14 0.15[12]
5p4,8s(14.3) 1559.4413] ~0.2[13]
Rb 1559.4718] 0.31[18]
1559.60[27] ~0.1[27]
5p3065(20.3); 53/275(51.5); 1589.06 — 0.50 1.m2]
5p38s(12.3) 1589.0627] ~0.9[27]
6p1/27s(17.0); 6p1/,8s(61.1); 1385.93 1383.3R12] 0.40 1.0[12]
6p19s(12.4) 1383.5415] ~0.3[15]
1383.71[17] ~1.8[17]
1385.69[27] ~3[27]
Cs 6p3/27S(17.6); 603,,8s(52.9); 1454.61 1454.012] 2.0 3.0[12]
6p3,9s(1.0) 1442.8915] ~9[15]
1452.76[17] —
1452.11[27] ~6 [27]
7p128s(19.5); 7p1,,95(60.6); 1517.26 1517.2R7] 0.07 <1 [27]
7p1210s(12.3)
Fr 7p1,8s(19.9); 7p1,,10s(26.0); 1726.02 1726.0R27] 7.99 ~6 [27]

7p3295(25.4); Tp3,10s(4.0)

nances of Fr and confirm the presence of tH®$ excited A. *P° and *P° resonances of FT

states below the ¥y, and 73, atomic thresholds predicted The R-matrix eigenvectors associated with tAE® and

by Greeng27]. The characteristics of the resonances identi->P® resonances are mostly linear combinations sifi"p and

fied in the present relativistie-matrix calculations are given 7pn’p configurations, respectivel§ffable ). The total con-

in Tables | and IV. In order to demonstrate the level oftribution of these configurations is larger than 70% for all

accuracy of our calculations, we also present our similar calfine-structure components of both resonances such that both

culations fore™+Rb (Tables Il and If and Cs(Tables Ill  resonances are clearly dominatedibyave scattering chan-

and IV) collisions and compare them with other theoreticalNels. The widths of the fine-structure components of #

and experimental results. and *P° resonances¢Table |) increase with the total angular
momentum] as for the case of the corresponding resonances

TABLE V. Energiesk, , widthsT', and the associated eigenvect@rglicated by the dominant configu-
rationg of the 1D$ Feshbach resonances below thp,, excitation thresholds in the 2 symmetry for
electron scattering on Ca1€6) and Fr o=7) targets.

Dominant configurations

Target (% probability Ey (meV) E, (meV) I' (meV)
6sn’ f5(91.7) ("' =4,5,6,7); 1170.31
6pyn'dyy(5.1) (n'=5,6,7)
Cs 6p3on’'s(87.6) (n'=7,8,9); 1449.64 1453.61 1.08
6p12n'ds(4.6) (n'=6,7)
6p1on'dsn(87.9) (n'=5,6,7,8); 1475.71
5d3n'pa(5.6) (N'=7,8)
7p1n'ds5(94.7) (n'=6,7,8,9) 1626.30
Fr 7p3pn’s(85.7) (n'=7,8,9) 1706.56 1720.60 0.44
6ds/,8p;(6.6) (j=1/2,3/2)
7pypn'ds(72.5) (n'=6,7,8,9) 1712.60
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FIG. 2. The®P® resonance in
highly resolved partial elastic
cross sections for electron scatter-
ing by Rb (top row), Cs (middle
row), and Fr(bottom row targets.
The fine-structure components in
theJ™=0%, 1%, and 2" symme-
tries are shown. Also presented is
a very narrow!S® resonance of
Fr~ (dotted curvg The arrow in-
dicates the B, atomic threshold
of Fr.

of Rb™ (Table 1) and CS (Table Ill). We note that the 1. Comparison with®P° and *P® resonances of Rb and Cs’

width of neighboring®P§ terms of Fr increases by approxi-

The 3P$ term of the FF (°*P®) resonance produces a mini-

matelyian order of magnitude with increasifigas for Rb mum in the cross section at 19.45 meV below the,7
and Cs. ~atomic threshold. This resonance has a large widt84
We computed thd-averaged values for energy and width meV), such that its right wing extends beyond the,

of triplet resonances according to

threshold(Fig. 2). The correspondingP$ terms in Rb and

Cs™ ions are located further below the lowesp,,, thresh-

2 (Q+DE) old, more than 100 meV in both cas¢s1l8 meV for
E= (3.)  Cs (°P$) and 108 meV for Cs(®P$)] and have a smaller
> (23+1) width than in Fr . Therefore, the shape of the RFP$) and

Cs (3P$) terms is not affected by the opening of néin-
elastig scattering channels, in contrast to the EP5) term.
and The 3P® excited state of Fr is a Feshbach resonance due to
its dominant pn’p configuration and its position below the
7p1s, threshold. Based on similar arguments, R#P€) and
> (23+1)I(J) Cs (®P®) are Feshbach resonances too.

r=—m——. (3.2

Dirac R-matrix [24,25,36,37 and Breit-Pauli26] calcu-

> (23+1) lations for electron-Cs scattering at energies be_low_qh926
threshold were performed previously. The main difference
with respect to these previous calculations is a larger number
) 5 ) of continuum orbitals(28 per scattering channel instead of
The J-a_lver:_;lged width of theéP resonanc_:e{47.46 meV is 24) in the present application and the use of the experimental
about five times larger than for th#®® multiplet (9.89 meV. (instead of calculatedatomic threshold energies.

Figures 2 and 3 show the profiles of the fine-structure

Bartschaf 26] has demonstrated the very high sensitivity

components of the’P® Feshbach resonance in highly re- of the Cs (3P®) width to the details of the model. Our re-
solved partial and total converged elastic cross section. Thgiis for the Rb(3P®) (Table 1) and the Cs(3P®) (Table

large difference(by a factor of 50 between the resonance

IIl') resonances show that the dominaptn’ p configurations

widths for the lowest {Pg) and the highest’P3) compo-  paye a larger contribution for Riof 92%,n=>5) than for Cs
nent(Table ) did not allow us to fully resolve théP§ term (of 83%, n=6). This supports the hypothesis that the inter-
in Fig. 3. Very close to théP{§ term, our calculation shows action between théP® autoionizing state and the ionization
the presence of a very narro¥s® resonance, which we did continuum is more significant for Cs which is confirmed
not observe in the vicinity of théP§ resonance of Csand by the smaller widths of all Rb(3P€) terms. With respect to
Rb™. the previous results of Thumm and Norcr¢&4], we con-
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firm the position of the®P° and ° P® resonances, but find a In Tables Il and lll, we compare ouw-averaged calcula-
significant correction for the widths of th&P§ term (we tions for the energy of P° and 3P® resonances of Rband
obtainI’=0.03 meV compared to 0.009 mg¥Z4]). Cs, respectively, with the available experimental results
Apart from R-matrix calculations[21,24—21, various and other calculations. For Rand CS ions, our computed
other theoretical model$20,22,23,38—-4]L were used to 3P° resonance energies are in agreement with the scattering
evaluate thel-averaged energy of the lowe3P° and °P®  experiment of Johnson and Burrd] (Table 1)), and the
excited states of Rband Cs. All models predict that the  single-photon detachment experiment of Scheeal. [16]
even parity 3P° excited states of Rb and CS are reso- (Table I1I).

nances embedded in the Rk~ and Cs-e~ continuum lo- Froese-Fischer and Ch¢A0] have performed multicon-
calized below theéP atomic statésee Tables Il and |]|3The figuration Hartree-Fock calculations for th&P° excited

1 (— e
energy of the highestJ=2) component of the CS°P")  giate. A large number of configurations was included in their
identified in our relativisticR-matrix calculations(1278  .ompytations, and the energy of the resonance was corrected
meV) is in excellent agreement with electron scattering ex-,y 4 few meV for relativistic effects. Because of computa-
periments[10] which found this component at about 1280 tional limitations, a limited number of configurations were

meV. This gives us confidence in our calculations. As far a8 cluded in Ref [40]. However, a larger number seemed to
we know, there is no clear experimental evidence foriRg be necessary s.ince.their con\;ergence test for(RB°) had
resonances in the Rbspectrum. The present experimental . . : )

P P P shown that increasing the number of configurations from 734

energy resolution in electron scattering of a few mieh2] .
seems to be insufficient for a definite identification of thet0 ?50 sh|f3:[s the r?sonance energy from 52 to 39 meV. For
s, their °P° excited state was found at 1 mé&dé¢lowthe

3pe resonance. In single-photon detachment experimentg ¢ ! .
from the Rb (1S°) ground state, théP® excited state cannot _grOL_md state of the_z Cs atom, i.e., to be_ bound. This result is
be reached because the transition is forbidden by both spiff disagreement with very recent experimental dag and
and parity selection rules. The detection of thie® reso- ~ Previous semiempirical calculations by Fabrikg2®].
nance may be difficult, because it can decay only due to Krause and Berry39] have analyzed the distribution of
relativistic effects and thus has an extremely narrow widthProbability of the two active electrons in the field of the’Rb
(Table 1)) and Cs cores. For the Rb case, their computation shows that
The odd-parity®P° excited state of Rbwas predicted by both. the 3P° and 3P® excited states are resonances in the
earlier calculations as an unbound state above the detacfontinuum of Rb{S)+e, and are localized at 13.6 and
ment threshold20,39,4Q. The bound or unbound character 1458.5 meV, respectively, above the detachment limit. Our
of the lowest3P° excited state of Cs was debated for a J-averaged energies for the *P° and 3P® resonances differ
long time. Some theoretical computations indicated that thérom the results of Ref.39] (Table Il). Previously, Norcross
3p° resonance is a bound state with respect to the detaclid38] has performed nonrelativistic calculations using an ef-
ment limit [20,27,39,40, while other works suggested a fective model potential which included the samg,, that we
resonance staf1-26,41. use in our calculations. He predicted tAB® resonance of
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50

detachment limit of Cs (Table Ill). They have predicted the
3pe excited states at about 1069.4 méRable Ill) above the
detachment limit. Their result differs by 15.6% from our
J-averaged value of 1267.5 meV for tR®®¢ resonance. As
for the Rb (3P®) resonance, the difference between the cal-
culations in Ref[39] and the present calculations could be
attributed to the lack of the dielectronic polarization correc-
tion in the electrostatic potential used in RES9]. The ear-
lier nonrelativistic calculations of Norcro488] predicted
the 3P® resonance at 1265.7 meV, which is almost identical
with our result(1267.5 meV.

The LandeconstantA is a measure of the strength of
spin-orbit interactionTables I-II). We find thatA is more
than three times larger fotP¢ than for 3P° resonances, in
10 15 20 all cases. Also, our calculations reveal that for both reso-
2/’ (10° a.n) nancesA is proportional toz*/n® from Rb~ to Fr~ (Fig. 4.

Z is the nuclear charge amdis the principal quantum that

FIG. 4. The fine-structure splitting E,(1,0) between thd=0 characterizes the dominantn’l’ configurations (=5 for
andJ=1 terms for the’P° and ®P® resonances v&*/n®. Zisthe  Rb, 6 for Cs, and 7 for Br As expected, the spin-orbit in-
nuclear chargen is the principal quantum number of the dominant teraction(which approximately varies &%/n?) is more sig-

40

w
S

AE(1,0) (meV)
8

10 ¢

nl n’l” configurations (=5 for Rb, 6 for Cs, and 7 for Fr nificant for Ff than for Cs and Rb .

Rb~ at about 144 meV below thepbsatomic excitation

threshold(of 1579.24 meYV. This result is in excellent agree- B. P¢ resonance of Fi~

ment with our present relativistic calculations. The differ- heJ™—1- below th itation thresh
ence between the position of th#° and 3P® resonances IntheJ”=1" symmetry, below the @ excitation thresh-

predicted by Krause and Berf9] and the present results olds, we find two'P{ Feshbach resonances, which are char-
could be attributed to the lack of théye term in Ref.[39].  acterized by the samep7n’s configurations in theswave
Krause and Berry have used the pseudopotentials proposé&§attering channlTable V). In Fig. 5, we show the shape
by Bachelet, Hamann, and Scteu[43] even though Nor- of 1P{ resonances in the converged total elastic cross section
cross[38] had already pointed to the importance of #g,  In @ small energy range around the,/, and g, thresh-
term in shifting upward the positions of thtP® resonance olds. The P} resonance located below theps, atomic
for alkali-negative ions. threshold is narrower than the corresponding resonance for
For Cs, the calculations of Krause and BefB@] have Rb~ and Cs (Table IV), while the *P{ resonance located
predicted the3P° state as bound at 12.2 meV, below the below the second atomic excitation threshold is broader by a

270

250 T
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o 260 240 | 1
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=} =
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© 250 | 230 . FIG. 5. Highly resolved total
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380 : : \ : 360 : : : : tic electron scattering by Rb, Cs,
e:e and Fr targets, near the first
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S 360 340 (wherej=1/2, 3/2, andn=5 for
] RDb, 6 for Cs, and 7 for Brindi-
% cated by a thick solid arrow. The
340 : 320 'P? and 'D$ Feshbach states of
1.384 1.386 1388 144 . Cs and Fr near the npgp,
325 : threshold are indicated by a thin
e-’;c [71’1/2 260 d@shed and solid arrow, respec-
B tively.
o
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factor of 4 (16) than the corresponding resonance in"Cs tures in the elastic scattering channel just below tipg 5
(Rb™). thresholds which can be labeled in th&-coupling scheme
The calculation of Greenf27] for the photoabsorption as 'P$ states, due to the large contribution to the associated
spectrum of Fr indicated the presence of twtP states eigenvector of the p; n’s configurations(Table ). We
with minima at the Py, threshold(at 1517.26 meYand at ~ agree with Greene’s result in the sense that the minima of the
0.35 meVbelowthe 7ps, threshold, in excellent agreement two Feshbach states are located exactly at fhetliresholds
with our calculation(Table 1V). and therefore, the calculations indicate the] features as
Due to the strong variation of the background phase Shifyirtugl states, rather than Fe;hbach resonances. The strong
A, for collision energies in the neighborhood of the excita-dominance of the f; n’s configurations suggests that the
tion threshold, accurate resonance widthsannot be com- P31 state is produced in srwave scattering channel.
puted from the eigenphase sums E2)1). Therefore we es- Our scattering calculat|_on in the;lsymmetry fails to
timate the widths of thé P? states from the full width half feproduce thewindow profile of the *P? resonances ob-
maximum (FWHM) of the partial elastic cross section. For served experimentallf13], in contrast to the calc'ulatlon of
the 'P{ resonances of Rband Cs, such an estimation df Greene[27]. The result of Greengsee Fig. &) in [27])

) shows a significant contribution of inelastic cross sections to
gives smaller values than the measured dsée Table V. the total cross section in the”lsymmetry, while in our

calculation the inelastic cross section has a weak contribu-
tion.

The P{ resonances located just below the,3°P,/, and We note that Stapelfeldit al.[18] label the autoionizing
5p42P3j, excitation thresholds of Rb are well known from state located below thepg,, threshold by a single dominant
various independent measurements using single- or multeonfiguration, P,,6s. Our calculation indicates that the
photon detachment techniqués2—14,18. The first mea- 5p27S configuration largely dominatewith 55.7% the ei-
surement of single-photon detachment from Rbas per- genvector associated with this state, and the labgl,/5's”
formed by Patterson and co-workdrs2] by using a hot- seems to be more appropriate thanpip6s.” Nevertheless,
cathode discharge source to produce alkali-metal negativwe prefer to use a general labepHn’s, to indicate the
ions. Afterwards, more sophisticated crossed ion-laser beasstrong admixture of several configurations. We found no
experimentd 13—15 were realized and have confirmed the other resonance between thg,» and 55/, thresholds in the
previous measurements of Pattersiral. The high energy 1~ symmetry.
resolution in the detachment experimeri®012 meV of ) 1o
Frey, Beyer, and Hotofi3] allowed to discriminate between 2. Comparison with"P; resonances of Cs
the cusp at the 3y, threshold and théP$ Feshbach reso- Single- and multiphoton detachment experiments
nance. Very recently a new multiphoton detachment experif12,15,17 similar to those done on Rbwere performed on
ment in a strong laser field was done in Aartji8] which  Cs™ and have indicated the presence of th®$ Feshbach
demonstrated that photoabsorption in"Ris strongly en-  resonances just below thep§,°Py,, and 6s,°P3, excita-
hanced when the first photon reaches an energy that coifion thresholds. Figure 5 shows the convergethl elastic
cides with the'P{ excited state. In these experiments, verycross section in a small range of energies around g, 6
narrow *P$ resonances witvindowlike shapes were iden- and 6o, thresholds. The twdP$ autoionizing states have a
tified just below the first ; (j=1/2 and 3/2) atomic exci- similar shape in the elastic scattering channel, but a larger
tation thresholds of Rb. The ener@y and widthI" of these  width than those observed in RbCompared with Rb, the
two P resonances measured in both single and excessetal cross section in the 1symmetry for CS obtains a
photon detachment experiments are given in Table IV inmore significant contribution from the inelastic channels
comparison with our relativistidR-matrix calculations for above each threshold. Table IV shows our results for the
electron scattering. Pattersehal.[12] have identified a nar- energies and widths of th&P$ resonances, together with the
row resonance with the minimum at @&:3 meV below the  available experimental data. We locate dif® resonance at
5py, threshold. In later experiments, Frey, Beyer, and Hoto.01 meV below the p,,, threshold and the second one at
[13] and Stapelfeldet al. [18] found the minimum of the 0.02 meV below the B, threshold. Pattersoet al. [12]
1p¢ state at about 0.13 meV below thep, threshold  have found two resonances at 2.6 and 0.6 melth an error
(Table IV). The absolute error in energy ifil13] is of +3 meV) below the §,, and 6o, thresholds, respec-
+0.012 meV. We have estimated a width of 0.2 meV fromtively. Their widths are larger than ourtdable V). The
the photodetachment cross section given in Fig. 2 of Refpresence of théP$ resonance below thepg,, threshold was
[13] (Table IV). confirmed later experimentally, by Slatet al. [15] and by

To date, the only calculations for the$B resonances of ~ Stapelfeldt and Haugeli17], but different values of were
Rb™ were performed by Greerj@7], who found evidence in  found (Table 1V). The position of the'P{ Feshbach reso-
the photoabsorption spectrum for very narrow states just benance below the 185/, threshold was found at different ener-
low the two 5p; atomic thresholds of Rb. However, com- gies in Refs[12,15,17: in Ref. [15] the minimum of the
pared with the experimental sigrdi3], Greene’s'P{ states  resonance is located at 11.8 meV below tipg,6threshold,
are narrower and their minima coincide with the position ofwhile in Ref.[17] a very broad structure was identified at 1.9
the 5p; thresholdg(Fig. 5 in[27]). We find two narrow fea- meV below this thresholdTable IV). From the experimental

1. Comparison with'P{ resonance of Rb
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data in Ref[15], we estimated widths of the twbP{ reso-  total orbital momenta. This ambiguity in finding the label in
nances of 0.3 and 9 meV, while in R¢L7] the width of the  the LS-coupling scheme favors thgj-coupling scheme.
1P resonance below thepg,, threshold is given as 1.8 Nevertheless, in the following we prefer to use the latia}
meV. For both resonances, our values Foare smaller than for convenience. The dominanp, n's configuration and

the experimental data. We cannot confirm the labels used fdfs position below the @, threshold indicates that thtD3

the P9 resonances in thi -coupling scheme by Stapelfeldt State is a Feshbach resonance. -

and Hauger{17]: 6p,;, 7s and @, 7s. Our calculations The Buttle (l;orgectlor[33] strongly mpd_nﬁes the.charac-
indicate a strong admixture ofo6 n’s configurations, domi- teristics of the*D5 resonance. The omission of _thls correc-
nated by the B; 8s configuration. Both the dominance of 1N shifts the resonance energy by 3.3 meV. This reveals the
the 6p; n's configurations and the location below the;6 strong influence of high-lying configurations. Therefore, the

oo Y contribution of the particular configurations listed in Table V
tpggssr][gig éustlfy the label Feshbackresonance” for the two should be regarded with some precautions.
1 .

. . . The structure in the convergedtal elastic cross section
Previous theoretical studies of the low-energy photoab(Fig_ 5 just below the P, threshold is due solely to the

sorption spectrumoof Cs(Fig. 4 in Ref.[27]) indicate the 1p% resonance in the 1 symmetry. Just below thepg,,
presence of twd P resonances at 0.25 and 2.5 meV belowihreshold, the structure in the convergedal elastic cross

the 6p,/, and 3, atomic thresholds, respectivelirable  section results from the overlap between e and 'D$
IV). Their widths are larger than our results. As for theresonances.

Rb (*P9) resonances discussed in the previous section, a
possible reason for this discrepancy is the different number 1. Comparison with'D$ resonances of Cs

of scattering channels included in the two different calcula- oy rejativistic calculation indicates a new resonance in

tions. the 2~ symmetry at about 1 meV below the§, threshold
of Cs(Table V). The eigenvector associated with this reso-
nance is largely dominated by the sane® s configuration
(about 87.6%, see Table)Vas for the twolP‘j resonances

In the J7=2" symmetry, at about 5.8 meYelowthe (Table Ill). In Table V, we give the poles and eigenvectors
7p3;» excitation threshold, we find a resonance which is(indicated by the configurations with a contribution larger
easily identified as a jump of approximatetyin the eigen- than 3% located near and below thep§, threshold
phase sum. Its eigenvector is largely dominated by the sam@454.63 meV. A similar study to the Fr(*D$) resonance
7p n’s configurations(about 85.7% as the two'P§ reso-  discussed in the previous section was done for'thé reso-
nances. A weak contributionfof 6.6% is due to the nance of CS. We performed calculations without the domi-
6ds, 8p; configurations(Table V). In order to find the ap- nant configurations that belong Eg=1170.31 and 1475.71
propriate label in th¢j - andL S-coupling schemes, we have meV poles(Table V). Similar arguments to those provided
analyzed the contribution of dominant configurations for thefor the Fr (*D$) resonance suggest that the feature below
threeR-matrix poles in Table V. These are the closest poleshe 6ps, threshold in the 2 symmetry is a'D$ resonance
to the 7, threshold. Our calculations without thepy,  but, again, a generdiX$ label might be more appropriate.
n’ds;, and 7y, n'ds, configurations, which dominate the ~ With respect to the Fr(*D$) resonance, for the
eigenvector&, = 1626.30 meV and 1712.60 mgVable V), Cs (!D9) resonance thenp; n'd;, configurations give a
respectively, do not modify the characteristigsition and  smaller contribution. The width of the C§'D9) resonance
shape of the resonance belowpg,, threshold and change is twice as large as that for F('D3) (Table \). The reso-
only the background. When each of the dominapt,Zn’s  nance feature, which we have observed at the same energy
and &z, 8p; configurations of the eigenvector associated tobut in the 66— 6p4,, inelastic channel, is supported by con-
the poleE,=1706.56 meV is left out, the resonance featuretributions from the §,,, n’'ds, configurations. As far as we
below the s, threshold in 2 symmetry disappears. When know, this resonance was never observed in experiments.
the 7ps» n’s configuration is left out, both the threshold Using the single-photon detachment technique, tBg ex-
effect at and the resonance feature below thg,threshold ~ cited state cannot be reached by photoabsorption from the
dissapear. Ifjj coupling, the Ps, n’s andnp; n'd;, (with ~ ground state of the negative ion. _
n=7 and 8 configurations may contribute to this resonance. As for Fr, the 'P$ and 'D resonances overlap in the

The relevance of the %, n’s configurations may sug- total converged cross sectidfrig. 5, but for Cs’, the two
gest that the feature below thep, threshold in the 2 states are much closer, and in consequence harder to distin-
symmetry is a>P resonance, while theds), 8p; configura- guish.
tions might support either a tripl€t, D, or F resonance, or a
singletD resonance. However, we did not find a triplet reso-
nance inthe 0, 17, 37, and 4 symmetries near thepg, At a first glance, the spectrum of Ftooks very similar to
threshold. Therefore, in theS-coupling scheme, the reso- that of Rb and Cs. The resonances in Frare in general
nance symmetry appears to bB3J, which is somewhat sur- much broader than the corresponding resonances inaRd
prising in view of the weak(6.6%) contribution of the Cs~, except for the’PJ resonance which is broader in Rb
6ds,, 8p; configurations. A general label j‘XS” might be  The contribution of the dominant configurations to the eigen-
more appropriate and allows for the admixturePoBndD  vectors associated with the low-lying resonances of B&r

C. D3 resonance of Fi-

D. Discussion and summary
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similar for Rb™ and Cs ions. The spin-orbit interaction is have carefully analyzed the influence of long-range poten-

stronger in Fr than in Rb and Cs, leading to larger val- tials gnd have shown that the inclusion ¢ shifts the

ues for the Landeonstant, i.e., larger splitting between the Cs (*P°) bound excited state by about 25 meV into the

fine-structure components. continuum [24]. Their predictions for the low-lying®P°
Except for the!DS Feshbach resonance found in scatter-States were confirmed by recent experimgas.

ing calculations for Cs and Fr targets, all other resonances tolul-: tes_ltts with andf.wnr;gut thegie ttgrm t'r?cth:ged n thet .
simultaneously occur in the low-lying spectra of the threes0 :tialavr\?;vzn:‘ﬁgci%nnlrcr)? a Ziﬁsf:tmrre)slgganie ise stirgge ;'f
heavy-alkali negative ions investigated here. Our calculas? 9 y

tions also show that the fine-structure components of a giveF\eCted by the long-range potentide. In order to accu-

H (o]
3P7 term on different negative ions have very similar pro- ][atelythdestcrlbe ttrk:elPﬁ Irgsor?ar;ces Iocalltectj be;low 1 lmtgv
files and almost the same Fano-asymmetry paranggter a[?emim eo?tgrr:lgndreriocr’e ,sf:a?tre;irr? ngcehgr?:erlgnrllceggrtri able? rllr?
For hydrogenic ions, the fine-structure splittindg, (J,J P 9

~ 1) between adjacent levels increases vifin®, wheren cluded than for 0trlplet states_. The experimental evidence
is the principal quantum numb@B4]. This also applies to shows that the'P$ resonance is located much closer to the

the low-lying resonances of the heavy-alkali negative iondirSt NP2 threshold for Rb (a few hundredueV below the

located below the first atomic thresholchpy,. Figure 4 5hp1/2 hthlresh_old tkk)lanh for CSI (Ia few mzv below @,
shows the linear dependence of the energy splitting"eshold. Since both our calculations and experiments sug-

AE,(1,0) between thé=0 andJ=1 terms and for théP° gest the RB(!PY) resonance to be very close to or on the
and 3P® resonance as a function @/n3, wheren is the 9Pz threshold, we expect our results for the C5PY) reso-

principal quantum number which defines the dominant’@nce to be more reliable. In future calculations, more bound
nl n’l’ configurationgTables I-I1)). states(i.e., more closed scattering channetged to be in-

Our relativistic calculations for théP° and 3P¢ reso-  cluded in order to characterize with higher accuracy&

nances identified in the low-lying spectra of Rland Cs  Feshbach resonances reported here.
are in excellent agreement with the experimental results,

whereas for the'P{ autoionizing states located just below IV. CONCLUSION
the first atomic threshold, neither our computations, nor pre-
vious photodetachment calculatiof7] find the same reso-
nance position as the photodetachment measurements
Rb™ [12-14,18 and CS [12,15,17 (Table IV). In particu-
lar, both calculations find the minimum of the RGP?)
excited state on theq,, atomic threshold, while very pre-
cise experiment$13] found it at 0.13-0.012 meV below
this tPr%shoIqTable V). Therefore', in our calculations these presence of a nevi‘/Dg resonance at a few meV below the
two “P7 excited states appear aBtual states rather than

Feshbach resonances. In order to reproduce resonances lowestnps, atomic excitation threshold. Our electron scat-
) P : tgﬂng calculations agree well with available experimental

"Yata for Rb and Cs and with other calculations. As far as we
; : know, this is the first electron-scattering calculation for Fr
k_now, nobody ha§ re_ached such high accuracy in ComPUt%rgets. We hope that the present results will stimulate fur-
tions of the negative ion Spec.tfa up to now. Our CaICUI""t'onst!her experimental studiggither multiphoton detachment or
reproduce the measured positions of the fine-structure terMSactron scatteringon heavy-alkali negative ions. By using
of triplet resonances within the experimental error in the . 0\ trons emitted by synchrotron radiatiéa], an en-
resonance energy of 1 meV. This precision was obtained i rgy resolution below 3.5 meYFWHM) for electréns with

accurate electron scattering experiments for the (€gj) kinetic energies between 0.01 and 10 eV has recently been
resonanc¢10] and is exceeded in photodetachment experiychieved in electron-transmission experiments. Very re-
ments for the*P{ autoionizing state of Cs[16] (Table IlI). cently, Cavalieri and Eramp#4] have proposed an alterna-
The difference in accuracy between our calculations of tripletiye method which is currently being used for single-photon
resonances and the°? autoionizing states can be explained spectroscopy of high-lying autoionizing states. This new
in terms of the spatial symmetry of singlet and triplet statesime-delay spectroscopy approach could be a useful tool for

as follows. the study of autoionizing states with short laser pulses.
The Pauli exclusion principle requires the spatial wave

function of the singlet state to be symmetric, while a triplet
state has an antisymmetric spatial wave function. An anti-
symmetric spatial wave function tends to keep the two active This work is supported by the Science Division, Office of
electrons away from each other. Therefore, for singlet resoFusion Energy Sciences, Office of Energy Research, U.S.
nances the short-range electronic correlations are more inBepartment of Energy. One of y8.T.) acknowledges the
portant than for triplet resonances. For the same reasomospitality of the Institute for Theoretical Atomic and Mo-
long-range interelectronic couplings, such\ag,, are more lecular Physics at Harvard University and the Smithsonian
influential in triplet resonances. Thumm and Norcrf34]  Astrophysical Observatory, while this work was in progress.

We have calculated the low-lying spectra of RbCs™,

and Fr ions by analyzing electron-atom scattering cross
ctions at collision energies below 2.8 eV. Our calculations
are based on the relativistR-matrix code of Thumm and
Norcross[24]. A number of autoionizing stateSR°, 3P¢,

and 'P9) were identified in the spectra of all three negative
ions. For Cs and Fr targets, our calculation indicates the

should be done with an accuracy of u@V. As far as we
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