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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 the Dirac R-matrix
method @Thumm and Norcross, Phys. Rev. A 45, 6349 ~1992!#. For incident electrons of up to 2.8 eV kinetic
energy, we compare a 3Po shape resonance and 3Pe, 1P1

o , and 1D2
o Feshbach resonances, located below the

first excitation threshold of the atomic target in the low-lying spectra of the Rb2, Cs2, and Fr2 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.
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I. INTRODUCTION

Much experimental and theoretical work has been de-
voted to the study of the low-lying spectra of atomic and
molecular negative ions, and various reviews on this topic
are available @1–4#. Negative alkali-metal ions are of par-
ticular interest because of their simple structure, consisting
of two electrons outside a fairly rigid, but polarizable,
noble–gas–like core.

In contrast to the long-range Coulomb potential, which
can support an infinite number of states in atoms and positive
ions, in the short-range potential of negative ions no more
than a few bound states can exist. For the negative ions of
the alkali-metals, no clear evidence of the presence of bound
excited states has been reported. In this paper, we analyze the
spectrum of the negative alkali-metal ions Rb2, Cs2, and
Fr2 by studying the collisions between a projectile electron
and a neutral alkali-atom target. The temporary capture of
the incident electron in the short-range potential of the target
induces a characteristic variation in either elastic or inelastic
scattering cross sections, which indicates the presence of a
resonance state of the projectile electron-neutral atom sys-
tem. This phenomenon occurs for particular collision ener-
gies Er . Resonances are commonly classified as either shape
or Feshbach resonances @3#. A shape resonance occurs when
the projectile electron is temporarily trapped in the potential
well resulting from the overlap of the attractive short range
potential of the polarized atom and the repulsive centrifugal
potential. A Feshbach resonance may derive from the poten-
tial well associated with an excited state of the target. Fesh-
bach resonances often appear when the kinetic energy of the
projectile electron is very close to and below an excited state
of the atomic target.

For Rb2 and Cs2, reliable experimental results are avail-
able for electron affinities ~EA’s! @5# and some autoionizing
states @3,6–18#. At impact energies below the lowest four
atomic excitation thresholds np j and (n21)d j8 ~with n55
for Rb, 6 for Cs, and 7 for Fr, j51/2 and 3/2, and j853/2
and 5/2!, accurate electron-atom scattering experiments are

difficult, and up to now only a limited set of measured data
for Rb @6–8# and Cs @7–11# targets is available. Close-
coupling calculations @19,20# and electron-transmission
spectroscopy measurement @6# of total cross sections for Rb
targets have suggested the existence of a 3Po shape reso-
nance below 50 meV. This result was recently confirmed by
our relativistic R-matrix calculations @21#. The first evidence
in favor of the Cs2( 3Po) resonance was presented in semi-
empirical calculations @22#, and confirmed in an analysis of
the broadening of Rydberg states by ground-state Cs atoms
@23#. Very recently, a single-photon detachment experiment
on Cs2 @16# has clearly shown that the Cs2(3P1

o) resonance
exists at 8 meV above the detachment threshold, in excellent
agreement with detailed Dirac R-matrix calculations
@21,24,25#. Our scattering calculations are based on the same
Dirac R-matrix method and suggest that the 3Po state of the
Fr2 ion is also unbound @21#. The 3P2

e fine-structure com-
ponent was identified in experiments on e2

1Cs @10#, con-
firming the theoretical R-matrix predictions @24,26#.

Additional information about the low-lying photoabsorp-
tion spectra of Rb2 and Cs2 ions was obtained in other
single and multiphoton detachment experiments. The single-
photon detachment technique in a weak laser field was ap-
plied for the first time to heavy alkalis in the early 1970’s by
Patterson et al. @12# and was improved later @13–16#. Multi-
photon detachment experiments were first realized in the
early 1990’s. Accurate excess-photon detachment experi-
ments also revealed the 1P1

o Feshbach resonances in the
negative ions of Cs @17# and Rb @18# just below the first np j
atomic excitation threshold. Calculations of the low-energy
photoabsorption spectra of Rb2 and Cs2 below the lowest
np j threshold have confirmed these experiments and have
predicted similar Feshbach states in the spectrum of Fr2

@27#.
The negative ion of Fr is less well studied, and we are

aware of only the calculations by Greene @27# for the EA and
the photodetachment spectrum below the 6d3/2 excitation
threshold. For neutral Fr, recently published energy levels
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and radiative transition probabilities @28#, as well as theoret-
ical atomic and core polarizabilities @29,30#, provide some of
the necessary input for our R-matrix calculations. Based on
these data, we have proposed a new value of the EA for Fr
@21#.

The available data provided by both theory and experi-
ment suggest that the low-lying spectra of different negative
alkali-metal ions are similar. This aspect was previously dis-
cussed by Johnson and Burrow @7# and by Greene @27#. In a
recent paper @21#, we investigated e2

1Rb, Cs, and Fr colli-
sions at energies below 120 meV. Together with the above-
mentioned 3Po shape resonance, we have identified a 3Se

virtual state for all three systems.
In the present paper, we will extend the analysis of the

low-lying spectra of Rb2, Cs2, and Fr2, for an energy range
up to 2.8 eV above the detachment limit ~which will serve as
the energy reference!, with the goal to show that similar
resonances compose the low-lying spectrum of all three
heavy-alkali negative ions. The 3P e, 1P 1

o, and 1D 2
o Fesh-

bach resonances below the first np j atomic excitation thresh-
olds will be identified in both partial and total electron scat-
tering cross sections, and their characteristics ~position,
shape, and width! will be given and discussed, e.g., with
respect to relativistic effects. This paper is structured as fol-
lows: in Sec. II, we briefly review the Dirac R-matrix theory
and describe our methods for finding and characterizing
negative-ion resonances in electron scattering cross sections.
In Sec. III, we discuss our results for e2

1Fr collisions in
comparison with our calculations for Rb and Cs targets, and
compare the results for Rb and Cs targets with available
experimental and theoretical data from the literature. The
conclusions follow in Sec. IV. Throughout this paper we will
use atomic units, unless stated otherwise.

II. THEORY

Our present calculations are based on the suite of the rela-
tivistic Dirac R-matrix programs @24#, which provides
electron-impact scattering data within a two-electron model.
The method was extensively discussed by Thumm and Nor-
cross @24# for e2

1Cs collisions, and recently applied by
Bahrim and Thumm @21# for e2

1Rb and Fr collisions.
Therefore, in the following we shall only give a brief sum-
mary of the Dirac R-matrix method and refer to @24# for
details. In this model, the two active electrons ~the scattered
and alkali valence electron! interact with the noble gas-like
core through the semiempirical Thomas-Fermi-Dirac-Amaldi
potential and a parametric potential which describes the in-
duced polarization of the noble-gas-like core in response to
the interaction with an outer electron. We describe the cor-
relation between the two active electrons as the sum of the
usual Coulomb interaction and a dielectronic polarization po-
tential Vdiel which depends on an effective atomic radius Rc
adjusted such that the experimental EA is reproduced. The
parameters used in our potentials are given in Sec. II of Ref.
@21#. In order to provide most accurate values for the posi-
tion of resonances located very close to the atomic excitation
thresholds, our present scattering calculations employ experi-
mental excitation thresholds of the neutral atomic target ~for

Rb @31#, for Cs @31#, for Fr @32#!, rather than theoretical
values as in @24#.

Our calculation includes the first five bound states of the
target: ns1/2 , np1/2 , np3/2 , (n21)d3/2 , (n21)d5/2 ~with n
55 for Rb, n56 for Cs, and n57 for Fr! and 28 continuum
orbitals ~COs! in each scattering channel. The lack of com-
pleteness in the COs basis set is connected by the inclusion
of the Buttle correction @24,33#. The two-electron wave func-
tions are expanded in j j-coupled antisymmetrized products
of bound and continuum orbitals for 20 Jp scattering sym-
metries and up to 18 channels per scattering symmetry where
J and p are the total angular momentum and the parity for
e2

1target. A scattering channel is defined as a target state
coupled with the spin-orbit angular momentum of the scat-
tered electron to a given Jp symmetry.

A study of the convergence with respect to the inclusion
of bound atomic valence states for the low-lying resonances
of Cs2 was done by Bartschat @26#. His calculations with
five and eight atomic states have shown that no significant
contribution to the resonances below the 6p excitation
threshold results from the addition of higher bound orbitals.
In analogy, we expect the inclusion of the five lowest atomic
valence orbitals to yield converged results for the low-lying
resonances of Rb2 and Fr2.

The eigenvalues Ek and eigenvectors of the total Hamil-
tonian inside the R-matrix sphere yield information on pos-
sible negative ion states ~e.g., the negative ion ground state
should be associated with an eigenvector dominated by the
ns2 configuration, with n55 for Rb, 6 for Cs, and 7 for Fr!.
Our calculations are done within an ‘‘R-matrix sphere’’ of
radius R540 for all three systems. This value is carefully
chosen so that the exchange between the projectile and target
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 sums @defined as DJp(E)5( i51tan21„K ii(E)…,
where K ii is the diagonalized open-channel block of the K
matrix# in each Jp symmetry on a very fine mesh of scatter-
ing energies E allows us to identify resonances. For an iso-
lated resonance the phase shift increases by approximately p
radians near the resonance position Er , and DJp(E) is given
as the sum of a slowly varying background phase shift D0
and a strongly energy-dependent resonance term

DJp~E !5D0~E !1tan21S G

2~Er2E !
D , ~2.1!

where G is the resonance width. However, in practice, reso-
nances may overlap or can be strongly influenced by thresh-
old singularities. In such cases Eq. ~2.1! does not provide
enough accuracy in finding G . In order to find reliable esti-
mates for G at all energies, we examined both DJp and the
partial cross sections in the relevant Jp symmetries. We de-
duced the position Er of a resonance from the maximum of
the derivative of DJp as a function of E.

We label resonances in the j j-coupling scheme with the
set of quantum numbers (nln8l8;Jp), where (nln8l8) de-
notes dominant configurations. For practical purposes, it is
convenient to also distinguish resonances in the LS-coupling
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scheme ~where L and S are the total angular momentum and
spin quantum numbers of the projectile electron-atom sys-
tem!, especially for excited states optically connected to the
1S0

e ground state of the negative ion ~i.e., the 1P1
o Feshbach

resonances below the first np excitation threshold!.
In order to decide if features observed in the energy de-

pendence of the cross sections are indeed resonances, it is
necessary to find some reliable criteria for their identification
and correct labeling. Our identification of a particular 3Lp

resonance triplet is primarily based on the analysis of the
contribution of configurations to the eigenvectors of the total
Hamiltonian inside the R-matrix sphere. For triplet reso-
nances, we search in three subsequent J symmetries of the
same parity p for fine-structure components that are domi-
nated by the same nln8l8 configurations. For example, the
3Po resonance has to belong to a mixing of nsn8p configu-
rations @21#. Next, we solve the matching equations in each
relevant Jp symmetry, using a very narrow mesh in collision
energy around the eigenvalues associated with the eigenvec-
tors chosen previously. Because the energy splitting between
the fine-structure components of the same 3Lp term is no
larger than a few meV, each J component is shifted by about
the same amount relative to the corresponding Ek after
matching the inner space solutions to the outer space solu-
tions. This is confirmed by our numerical results for all the
resonances we analyze in this paper. Finally, we determine
whether the splitting between the fine-structure components
of the 3Lp term approximately follows the Landé interval
rules @34#

DEr~J ,J21 !5Er~J !2Er~J21 !5AJ ~2.2!

and in particular for triplets (S51) with L>S

DEr~Jmax ,Jmin!5A~2L11 !, ~2.3!

where the Landé constant A characterizes a given triplet.
Jmax5L1S and Jmin5uL2Su are the extremal allowed values
for J. In atoms with a single open shell, which is less than
half filled, only normally ordered multiplets exist @e.g., for
any 3Lp term we have Er(J21),Er(J),Er(J11)# @34#.
Our calculations verify this rule for all 3Lp multiplets ana-
lyzed in this work. In consequence, A is positive.

III. RESULTS AND DISCUSSION

Figure 1 shows the converged total elastic cross section
and the total converged inelastic cross sections for the tran-
sitions ns1/2→np1/2 , np3/2 , (n21)d3/2 , (n21)d5/2 ~with
n55 for Rb, n56 for Cs, and n57 for Fr! for collision
energies below 2.8 eV. To bring the total cross sections to
convergence for such collision energies, we need to include
20 symmetries (J<9 and p561) for any of the three tar-
gets. For electron scattering by Rb targets at energies below
1.4 eV, Fig. 1 includes the nonrelativistic two-state close-
coupling data for elastic cross sections computed by Fabri-
kant @19#, which are in excellent agreement with the present
relativistic R-matrix calculations. Absolute total cross sec-
tions for electron scattering by Rb and Cs targets were mea-
sured by Visconti, Slevin, and Rubin @8# and, more recently,
for Cs targets, by Jaduszliwer and Chan @9#. The experimen-
tal error of the absolute cross sections is estimated as 15% in

FIG. 1. Total elastic ~thick solid line! and in-
elastic cross sections: ns1/2→np1/2 ~dotted line!,
np3/2 ~short dashed line!, (n21)d3/2 ~long
dashed line!, and (n21)d5/2 ~thin solid line! vs
collision energy E for e2

1Rb, Cs, and Fr scat-
tering (n55 for Rb, 6 for Cs, and 7 for Fr!. We
compare our results with two-state close-coupling
calculations @19# ~stars! and measured data for
e2

1Rb @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 the 3 Fo reso-
nance. The insets give the elastic cross section for
energies below 0.5 eV and show the profile of the
3 Po shape resonances.
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Ref. @8# and about 10% in Ref. @9# and corresponds to the
size of the symbols. For collision energies below 1.5 eV, our
calculations overestimate the experimental data of Visconti,
Slevin, and Rubin @8# by 20%, for both Rb and Cs targets,
but reproduce the energy dependence of the experimental
electron scattering cross section. This suggests that the sta-
tistical error in Ref. @8#, estimated at 66%, is in reality
twice as large. For collision energies above 1.5 eV, the
agreement between our calculations and the two scattering
experiments @8,9# is very good.

The structures in our scattering cross sections in Fig. 1
can be related either to the presence of resonances or to
threshold effects. The peak close to zero collision energy is
due to the 3Po shape resonance. At zero energy we find a
large elastic cross section which is due to the large polariz-
ability of the heavy-alkali atoms @29# ~inset in Fig. 1!. The
arrow in Fig. 1 indicates the position of a 3Fo resonance we
found for each system. This resonance will be discussed else-
where.

Our Dirac R-matrix results for all three targets are shown
in Tables I–V. Resonances are labeled in the j j- and
LS-coupling schemes. The tables include the resonance po-
sitions Er and widths G . In the low-lying spectrum of each
negative ion, below the first np atomic threshold, we have
identified the 3Po shape resonance and the 3Pe Feshbach
resonances @Tables I ~Fr!, II ~Rb!, and III ~Cs!#, and two 1P1

o

autoionizing states ~Table IV!. A 1D2
o Feshbach resonance

was identified below the second np3/2 threshold for Cs (n
56) and Fr (n57) targets, only. Tables I–V list the domi-
nant configurations in the eigenvectors in terms of their

squared amplitude ~only squared amplitudes larger than 3%
are included!.

With respect to the R-matrix poles, the matching condi-
tions imposed on the two-electron wave function at the
R-matrix sphere shift the position of all three fine-structure
components of a given 3Lp multiplet upward by approxi-
mately the same amount ~e.g., for Rb: 2–3 meV for the 3Po,
and 1 meV for the 3Pe resonance!. None of the resonances is
entirely characterized by just one configuration. Instead, we
observe a distribution over the lowest configurations of a
particular nln8l8 series defined by particular values of n, l,
and l8 quantum numbers. The fine-structure components of
any particular 3Lp resonance can be easily identified since
the components of each 3Lp multiplet are dominated by the
same configurations. The fact that we can define a Landé
constant A ~see Tables I–III! for each resonance supports our
correct identification of the resonances.

In this section we focus on resonances in e2
1Fr scatter-

ing. Even though Fr was discovered 60 years ago @35# de-
tailed information about its atomic spectrum has become
available only very recently @28,32#. Its atomic and core po-
larizabilities were published two years ago @29#. The spec-
trum of Fr2 is very poorly known up to date, with no experi-
mental data and only one previous calculation @27#. Based on
the latest available spectroscopic data @28# and core polariz-
abilities for Fr @29,30#, we have performed recently relativ-
istic R-matrix calculations for electron scattering by Fr tar-
gets at energies below 120 meV @21#, and provided a new
value for the EA ~492.46 meV!. We have also analyzed the
lowest 3Po resonance @21#. In the present electron scattering
calculations, we focus on the 3Pe and 1D2

o Feshbach reso-

TABLE I. The 3P resonances in Fr2, labeled in j j- and LS-coupling schemes. Resonance positions Er

and widths G , the corresponding R-matrix poles Ek , and the dominant configurations of the associated
eigenvector are shown. ‘‘J-av.’’ stands for our J-averaged energy and width of each resonance. The Landé
constant A @defined in Eq. ~2.3!# is given in meV.

3LJ
p

j j Jp Configurations (% probability! Ek ~meV! Er ~meV! G ~meV! ~A!

02 7s7p1/2(37.4); 7s8p1/2(37.8); 11.15 13.21 9.40 3P0
o

7s9p1/2(20.6)
7snp 12 7s7p1/2(20.3); 7s8p1/2(27.4); 21.55 24.02 25.71 3P1

o

7s9p1/2(19.8); 7s8p3/2(11.9)
22 7s7p3/2(18.4); 7s8p3/2(41.3); 34.88 40.84 68.13 3P2

o

7s9p3/2(37.2)
J-av. 7pn8s(n8>7) 32.16 47.46 3Po

~9.2!

01 7p1/27p1/2
2 (47.5); 7p1/28p1/2(28.4); 1395.22 1396.42 0.36 3P0

e

7p3/27p3/2(10.5)
7pnp 11 7p1/27p3/2(44.9); 7p1/28p3/2(18.1) 1440.67 1436.48 1.50 3P1

e

7p3/28p1/2(7.5)
21 7p3/2

2 (31.7); 7p1/27p3/2(17.3); 1499.19 1497.81 16.84 3P2
e

7p1/28p3/2(18.1); 7p1/29p3/2(5.4);
7p3/28p3/2(9.8); 7p3/28p1/2(3.4)

J-av. 7pn8p(n8>7) 1466.10 9.89 3Pe

~33.8!
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TABLE II. As in Table I, but for electron scattering on Rb targets. We compare our calculations with
electron-transmission spectroscopy data @6# and other calculations @38–40#.

3LJ
p

j j Jp Configurations (% probability! Ek ~meV! Er ~meV! G ~meV! ~A!

02 5s5p1/2(31.9); 5s6p1/2(37.8); 17.17 19.21 14.84 3P0
o

5s7p1/2(25.7)
5snp 12 5s5p1/2)(20.5); 5s6p1/2(25.4); 18.43 20.42 18.24 3P1

o

5s7p1/2(17.9); 5s6p3/2(13.5)
22 5s5p3/2(29.1); 5s6p3/2(38.1); 20.89 23.22 20.89 3P2

o

5s7p3/2(28.2)
J-av. 5pn8s(n8>5) 21.84 19.33 3Po

,50 @6# ~1.3!

13.6 @39#

39.0 @40#

01 5p1/2
2 (40.5); 5p1/26p1/2(24.0); 1427.88 1428.99 0.002 3P0

e

5p3/2
2 (18.3); 5p3/26p3/2(9.4)

5pnp 11 5p1/25p3/2(58.9); 5p1/26p3/2(17.7); 1432.49 1433.45 0.026 3P1
e

5p3/26p1/2(15.6)
21 5p3/2

2 (40.2); 5p3/26p3/2(21.6); 1441.47 1442.37 0.34 3P2
e

5p1/25p3/2(19.0); 5p1/26p3/2(6.2);
5p3/26p1/2(5.3)

J-av. 5pn8p(n8>5) 1437.91 0.20 3Pe

1435.2 @38# ~4.5!

1458.5 @39#

TABLE III. As Table I, but for electron scattering by Cs targets, including the experimental data for
photodetachment @16#, and data for electron-transmission spectroscopy @10#, and other quantum calculations
@38–40#.

3 LJ
p

j j Jp Configurations (% probability! Ek ~meV! Er ~meV! G ~meV! ~A!

02 6s6p1/2(43.2); 6s7p1/2(36.6); 21.37 1.69 0.36 3P0
o

6s8p1/2(14.9)
6snp 12 6s6p1/2(27.4); 6s7p1/2(25.5); 3.09 5.53 2.67 3P1

o

6s8p1/2(11.5); 6s6p3/2(13.2) 8.0 @16# 5.0 @16#

6s7p3/2(12.0)
22 6s6p3/2(35.5); 6s7p3/2(39.1); 11.05 12.74 8.73 3P2

o

6s8p3/2(20.8)
J-av. 6pn8s(n8>6) 9.11 5.78 3Po

212.2 @39# ~3.7!

21.0 @40#

01 6p1/2
2 (43.3); 6p1/27p1/2(23.2); 1244.02 1244.66 0.03 3P0

e

6p3/2
2 (16.8)

6pnp 11 6p1/26p3/2(60.3); 6p1/27p3/2(17.1); 1255.41 1256.31 0.16 3P1
e

6p3/27p1/2(12.3)
21 6p3/2

2 (45.5); 6p1/26p3/2(13.5); 1278.97 1278.05 1.9 3P2
e

6p1/27p3/2(6.2); 6p3/27p3/2(18.8); 1280 @10#

6p3/27p1/2(5.3)
J-av. 6pn8p(n8>6) 1267.50 1.10 3Pe

1265.7 @38# ~11.1!

1069.4 @39#
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nances of Fr2 and confirm the presence of the 1P1
o excited

states below the 7p1/2 and 7p3/2 atomic thresholds predicted
by Greene @27#. The characteristics of the resonances identi-
fied in the present relativistic R-matrix calculations are given
in Tables I and IV. In order to demonstrate the level of
accuracy of our calculations, we also present our similar cal-
culations for e2

1Rb ~Tables II and IV! and Cs ~Tables III
and IV! collisions and compare them with other theoretical
and experimental results.

A. 3Po and 3Pe resonances of FrÀ

The R-matrix eigenvectors associated with the 3P0 and
3Pe resonances are mostly linear combinations of 7sn8p and
7pn8p configurations, respectively ~Table I!. The total con-
tribution of these configurations is larger than 70% for all
fine-structure components of both resonances such that both
resonances are clearly dominated by p-wave scattering chan-
nels. The widths of the fine-structure components of the 3Po

and 3Pe resonances ~Table I! increase with the total angular
momentum J as for the case of the corresponding resonances

TABLE IV. Energies Er , widths G , and associated eigenvectors ~indicated by the dominant configura-
tions! of the 1 P1

o Feshbach resonances just below the np j ( j51/2 and 3/2! excitation thresholds in the 12

symmetry for electron scattering by Rb (n55), Cs (n56), and Fr (n57), including experimental data
@12,13,15,17,18# and other theoretical results @27#.

Dominant configurations Er ~meV! G ~meV!

Target (% probability! Our work Others Our work Others

5p1/26s(18.3); 5p1/27s(55.7); 1559.60 1559.10 @12# 0.14 0.15 @12#

5p1/28s(14.3) 1559.48 @13# ;0.2 @13#

Rb 1559.47 @18# 0.31 @18#

1559.60 @27# ;0.1 @27#

5p3/26s(20.3); 5p3/27s(51.5); 1589.06 — 0.50 1.0 @12#

5p3/28s(12.3) 1589.06 @27# ;0.9 @27#

6p1/27s(17.0); 6p1/28s(61.1); 1385.93 1383.33 @12# 0.40 1.0 @12#

6p1/29s(12.4) 1383.58 @15# ;0.3 @15#

1383.71 @17# ;1.8 @17#

1385.69 @27# ;3 @27#

Cs 6p3/27s(17.6); 6p3/28s(52.9); 1454.61 1454.01 @12# 2.0 3.0 @12#

6p3/29s(1.0) 1442.85 @15# ;9 @15#

1452.76 @17# —
1452.11 @27# ;6 @27#

7p1/28s(19.5); 7p1/29s(60.6); 1517.26 1517.26 @27# 0.07 !1 @27#

7p1/210s(12.3)
Fr 7p1/28s(19.9); 7p1/210s(26.0); 1726.02 1726.02 @27# 7.99 ;6 @27#

7p3/29s(25.4); 7p3/210s(4.0)

TABLE V. Energies Er , widths G , and the associated eigenvectors ~indicated by the dominant configu-
rations! of the 1 D2

o Feshbach resonances below the np3/2 excitation thresholds in the 22 symmetry for
electron scattering on Cs (n56) and Fr (n57) targets.

Dominant configurations
Target (% probability! Ek ~meV! Er ~meV! G ~meV!

6sn8 f 5/2(91.7) (n854,5,6,7); 1170.31
6p1/2n8d3/2(5.1) (n855,6,7)

Cs 6p3/2n8s(87.6) (n857,8,9); 1449.64 1453.61 1.08
6p1/2n8d5/2(4.6) (n856,7)

6p1/2n8d3/2(87.9) (n855,6,7,8); 1475.71
5d3/2n8p1/2(5.6) (n857,8)

7p1/2n8d5/2(94.7) (n856,7,8,9) 1626.30
Fr 7p3/2n8s(85.7) (n857,8,9) 1706.56 1720.60 0.44

6d5/28p j(6.6) ( j51/2,3/2)
7p1/2n8d3/2(72.5) (n856,7,8,9) 1712.60
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of Rb2 ~Table II! and Cs2 ~Table III!. We note that the
width of neighboring 3PJ

e terms of Fr2 increases by approxi-
mately an order of magnitude with increasing J, as for Rb2

and Cs2.
We computed the J-averaged values for energy and width

of triplet resonances according to

Ē5

( ~2J11 !Er~J !

( ~2J11 !

~3.1!

and

Ḡ5

( ~2J11 !G~J !

( ~2J11 !

. ~3.2!

The J-averaged width of the 3Po resonance ~47.46 meV! is
about five times larger than for the 3Pe multiplet ~9.89 meV!.

Figures 2 and 3 show the profiles of the fine-structure
components of the 3Pe Feshbach resonance in highly re-
solved partial and total converged elastic cross section. The
large difference ~by a factor of 50! between the resonance
widths for the lowest (3P 0

e) and the highest (3P 2
e) compo-

nent ~Table I! did not allow us to fully resolve the 3P 0
e term

in Fig. 3. Very close to the 3P 0
e term, our calculation shows

the presence of a very narrow 1Se resonance, which we did
not observe in the vicinity of the 3P0

e resonance of Cs2 and
Rb2.

1. Comparison with 3Po and 3Pe resonances of RbÀ and CsÀ

The 3P 2
e term of the Fr2(3P e) resonance produces a mini-

mum in the cross section at 19.45 meV below the 7p1/2
atomic threshold. This resonance has a large width ~16.84
meV!, such that its right wing extends beyond the 7p1/2

threshold ~Fig. 2!. The corresponding 3P 2
e terms in Rb2 and

Cs2 ions are located further below the lowest np1/2 thresh-
old, more than 100 meV in both cases @118 meV for
Cs2(3P 2

e) and 108 meV for Cs2(3P 2
e)# and have a smaller

width than in Fr2. Therefore, the shape of the Rb2(3P 2
e) and

Cs2(3P 2
e) terms is not affected by the opening of new ~in-

elastic! scattering channels, in contrast to the Fr2(3P2
e) term.

The 3Pe excited state of Fr2 is a Feshbach resonance due to
its dominant 7pn8p configuration and its position below the
7p1/2 threshold. Based on similar arguments, Rb2(3P e) and
Cs2(3P e) are Feshbach resonances too.

Dirac R-matrix @24,25,36,37# and Breit-Pauli @26# calcu-
lations for electron-Cs scattering at energies below the 6p1/2
threshold were performed previously. The main difference
with respect to these previous calculations is a larger number
of continuum orbitals ~28 per scattering channel instead of
24! in the present application and the use of the experimental
~instead of calculated! atomic threshold energies.

Bartschat @26# has demonstrated the very high sensitivity
of the Cs2(3P e) width to the details of the model. Our re-
sults for the Rb2(3P e) ~Table II! and the Cs2(3P e) ~Table
III! resonances show that the dominant npn8p configurations
have a larger contribution for Rb ~of 92%, n55) than for Cs
~of 83%, n56). This supports the hypothesis that the inter-
action between the 3Pe autoionizing state and the ionization
continuum is more significant for Cs2, which is confirmed
by the smaller widths of all Rb2(3P e) terms. With respect to
the previous results of Thumm and Norcross @24#, we con-

FIG. 2. The 3 Pe 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
the Jp

501, 11, and 21 symme-
tries are shown. Also presented is
a very narrow 1 Se resonance of
Fr2 ~dotted curve!. The arrow in-
dicates the 7p1/2 atomic threshold
of Fr.
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firm the position of the 3P o and 3 Pe resonances, but find a
significant correction for the widths of the 3P 0

e term ~we
obtain G50.03 meV compared to 0.009 meV @24#!.

Apart from R-matrix calculations @21,24–27#, various
other theoretical models @20,22,23,38–41# were used to
evaluate the J-averaged energy of the lowest 3P o and 3Pe

excited states of Rb2 and Cs2. All models predict that the
even parity 3Pe excited states of Rb2 and Cs2 are reso-
nances embedded in the Rb1e2 and Cs1e2 continuum lo-
calized below the 2P atomic state ~see Tables II and III!. The
energy of the highest (J52) component of the Cs2(3P e)
identified in our relativistic R-matrix calculations ~1278
meV! is in excellent agreement with electron scattering ex-
periments @10# which found this component at about 1280
meV. This gives us confidence in our calculations. As far as
we know, there is no clear experimental evidence for the 3Pe

resonances in the Rb2 spectrum. The present experimental
energy resolution in electron scattering of a few meV @42#
seems to be insufficient for a definite identification of the
3Pe resonance. In single-photon detachment experiments
from the Rb2(1Se) ground state, the 3Pe excited state cannot
be reached because the transition is forbidden by both spin
and parity selection rules. The detection of the 3Pe reso-
nance may be difficult, because it can decay only due to
relativistic effects and thus has an extremely narrow width
~Table II!.

The odd-parity 3Po excited state of Rb2 was predicted by
earlier calculations as an unbound state above the detach-
ment threshold @20,39,40#. The bound or unbound character
of the lowest 3Po excited state of Cs2 was debated for a
long time. Some theoretical computations indicated that the
3Po resonance is a bound state with respect to the detach-
ment limit @20,27,39,40#, while other works suggested a
resonance state @21–26,41#.

In Tables II and III, we compare our J-averaged calcula-
tions for the energy of 3Po and 3Pe resonances of Rb2 and
Cs2, respectively, with the available experimental results
and other calculations. For Rb2 and Cs2 ions, our computed
3Po resonance energies are in agreement with the scattering
experiment of Johnson and Burrow @6# ~Table II!, and the
single-photon detachment experiment of Scheer et al. @16#
~Table III!.

Froese-Fischer and Chen @40# have performed multicon-
figuration Hartree-Fock calculations for the 3Po excited
state. A large number of configurations was included in their
computations, and the energy of the resonance was corrected
~by a few meV! for relativistic effects. Because of computa-
tional limitations, a limited number of configurations were
included in Ref. @40#. However, a larger number seemed to
be necessary since their convergence test for Rb2(3Po) had
shown that increasing the number of configurations from 734
to 850 shifts the resonance energy from 52 to 39 meV. For
Cs2, their 3Po excited state was found at 1 meV below the
ground state of the Cs atom, i.e., to be bound. This result is
in disagreement with very recent experimental data @16# and
previous semiempirical calculations by Fabrikant @22#.

Krause and Berry @39# have analyzed the distribution of
probability of the two active electrons in the field of the Rb1

and Cs1 cores. For the Rb case, their computation shows that
both the 3Po and 3Pe excited states are resonances in the
continuum of Rb(1S)1e , and are localized at 13.6 and
1458.5 meV, respectively, above the detachment limit. Our
J-averaged energies Ē for the 3Po and 3Pe resonances differ
from the results of Ref. @39# ~Table II!. Previously, Norcross
@38# has performed nonrelativistic calculations using an ef-
fective model potential which included the same Vdiel that we
use in our calculations. He predicted the 3Pe resonance of

FIG. 3. The Jp
501, 11, and

21 fine-structure components of
the 3Pe resonance in converged
total elastic cross sections for
electron scattering by Rb, Cs, and
Fr targets. A very narrow 1Se

resonance in Fr2 occurs near the
3P0

e component.
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Rb2 at about 144 meV below the 5p atomic excitation
threshold ~of 1579.24 meV!. This result is in excellent agree-
ment with our present relativistic calculations. The differ-
ence between the position of the 3Po and 3Pe resonances
predicted by Krause and Berry @39# and the present results
could be attributed to the lack of the Vdiel term in Ref. @39#.
Krause and Berry have used the pseudopotentials proposed
by Bachelet, Hamann, and Schlüter @43# even though Nor-
cross @38# had already pointed to the importance of the Vdiel
term in shifting upward the positions of the 3Pe resonance
for alkali-negative ions.

For Cs, the calculations of Krause and Berry @39# have
predicted the 3Po state as bound at 12.2 meV, below the

detachment limit of Cs2 ~Table III!. They have predicted the
3Pe excited states at about 1069.4 meV ~Table III! above the
detachment limit. Their result differs by 15.6% from our
J-averaged value of 1267.5 meV for the 3Pe resonance. As
for the Rb2(3Pe) 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 Ref. @39#. The ear-
lier nonrelativistic calculations of Norcross @38# predicted
the 3Pe resonance at 1265.7 meV, which is almost identical
with our result ~1267.5 meV!.

The Landé constant A is a measure of the strength of
spin-orbit interaction ~Tables I–III!. We find that A is more
than three times larger for 3Pe than for 3Po resonances, in
all cases. Also, our calculations reveal that for both reso-
nances A is proportional to Z4/n3 from Rb2 to Fr2 ~Fig. 4!.
Z is the nuclear charge and n is the principal quantum that
characterizes the dominant nln8l8 configurations (n55 for
Rb, 6 for Cs, and 7 for Fr!. As expected, the spin-orbit in-
teraction ~which approximately varies as Z4/n3) is more sig-
nificant for Fr2 than for Cs2 and Rb2.

B. 1P1
o resonance of FrÀ

In the Jp
512 symmetry, below the 7p j excitation thresh-

olds, we find two 1P1
o Feshbach resonances, which are char-

acterized by the same 7p n8s configurations in the s-wave
scattering channel ~Table IV!. In Fig. 5, we show the shape
of 1P1

o resonances in the converged total elastic cross section
in a small energy range around the 7p1/2 and 7p3/2 thresh-
olds. The 1P1

o resonance located below the 7p1/2 atomic
threshold is narrower than the corresponding resonance for
Rb2 and Cs2 ~Table IV!, while the 1P1

o resonance located
below the second atomic excitation threshold is broader by a

FIG. 4. The fine-structure splitting DEr(1,0) between the J50
and J51 terms for the 3Po and 3Pe resonances vs Z4/n3. Z is the
nuclear charge; n is the principal quantum number of the dominant
nl n8l8 configurations (n55 for Rb, 6 for Cs, and 7 for Fr!.

FIG. 5. Highly resolved total
converged cross sections for elas-
tic electron scattering by Rb, Cs,
and Fr targets, near the first
atomic excitation thresholds np j

~where j51/2, 3/2, and n55 for
Rb, 6 for Cs, and 7 for Fr! indi-
cated by a thick solid arrow. The
1P1

o and 1D2
o Feshbach states of

Cs2 and Fr2 near the np3/2

threshold are indicated by a thin
dashed and solid arrow, respec-
tively.

NEGATIVE-ION RESONANCES IN CROSS SECTIONS . . . PHYSICAL REVIEW A 63 042710

042710-9



factor of 4 ~16! than the corresponding resonance in Cs2

(Rb2).
The calculation of Greene @27# for the photoabsorption

spectrum of Fr2 indicated the presence of two 1P1
o states

with minima at the 7p1/2 threshold ~at 1517.26 meV! and at
0.35 meV below the 7p3/2 threshold, in excellent agreement
with our calculation ~Table IV!.

Due to the strong variation of the background phase shift
D0 for collision energies in the neighborhood of the excita-
tion threshold, accurate resonance widths G cannot be com-
puted from the eigenphase sums Eq. ~2.1!. Therefore we es-
timate the widths of the 1P1

o states from the full width half
maximum ~FWHM! of the partial elastic cross section. For
the 1P1

o resonances of Rb2 and Cs2, such an estimation of G

gives smaller values than the measured data ~see Table IV!.

1. Comparison with 1P1
o resonance of RbÀ

The 1P1
o resonances located just below the 5p1/2

2P1/2 and
5p3/2

2P3/2 excitation thresholds of Rb are well known from
various independent measurements using single- or multi-
photon detachment techniques @12–14,18#. The first mea-
surement of single-photon detachment from Rb2 was per-
formed by Patterson and co-workers @12# by using a hot-
cathode discharge source to produce alkali-metal negative
ions. Afterwards, more sophisticated crossed ion-laser beam
experiments @13–15# were realized and have confirmed the
previous measurements of Patterson et al. The high energy
resolution in the detachment experiments ~0.012 meV! of
Frey, Beyer, and Hotop @13# allowed to discriminate between
the cusp at the 5p1/2 threshold and the 1P1

o Feshbach reso-
nance. Very recently a new multiphoton detachment experi-
ment in a strong laser field was done in Aarhus @18# which
demonstrated that photoabsorption in Rb2 is strongly en-
hanced when the first photon reaches an energy that coin-
cides with the 1P1

o excited state. In these experiments, very
narrow 1P1

o resonances with window-like shapes were iden-
tified just below the first 5p j ( j51/2 and 3/2) atomic exci-
tation thresholds of Rb. The energy Er and width G of these
two 1P1

o resonances measured in both single and excess-
photon detachment experiments are given in Table IV in
comparison with our relativistic R-matrix calculations for
electron scattering. Patterson et al. @12# have identified a nar-
row resonance with the minimum at 0.563 meV below the
5p1/2 threshold. In later experiments, Frey, Beyer, and Hotop
@13# and Stapelfeldt et al. @18# found the minimum of the
1P1

o state at about 0.13 meV below the 5p1/2 threshold
~Table IV!. The absolute error in energy in @13# is
60.012 meV. We have estimated a width of 0.2 meV from
the photodetachment cross section given in Fig. 2 of Ref.
@13# ~Table IV!.

To date, the only calculations for these 1P1
o resonances of

Rb2 were performed by Greene @27#, who found evidence in
the photoabsorption spectrum for very narrow states just be-
low the two 5p j atomic thresholds of Rb. However, com-
pared with the experimental signal @13#, Greene’s 1P1

o states
are narrower and their minima coincide with the position of
the 5p j thresholds ~Fig. 5 in @27#!. We find two narrow fea-

tures in the elastic scattering channel just below the 5p j
thresholds which can be labeled in the LS-coupling scheme
as 1P1

o states, due to the large contribution to the associated
eigenvector of the 5p j n8s configurations ~Table III!. We
agree with Greene’s result in the sense that the minima of the
two Feshbach states are located exactly at the 5p j thresholds
and therefore, the calculations indicate the 1P1

o features as
virtual states, rather than Feshbach resonances. The strong
dominance of the 5p j n8s configurations suggests that the
1P1

o state is produced in a s-wave scattering channel.
Our scattering calculation in the 12 symmetry fails to

reproduce the window profile of the 1P1
o resonances ob-

served experimentally @13#, in contrast to the calculation of
Greene @27#. The result of Greene ~see Fig. 5~b! in @27#!
shows a significant contribution of inelastic cross sections to
the total cross section in the 12 symmetry, while in our
calculation the inelastic cross section has a weak contribu-
tion.

We note that Stapelfeldt et al. @18# label the autoionizing
state located below the 5p1/2 threshold by a single dominant
configuration, 5p1/26s . Our calculation indicates that the
5p1/27s configuration largely dominates ~with 55.7%! the ei-
genvector associated with this state, and the label ‘‘5p1/27s’’
seems to be more appropriate than ‘‘5p1/26s .’’ Nevertheless,
we prefer to use a general label 5p1/2n8s , to indicate the
strong admixture of several configurations. We found no
other resonance between the 5p1/2 and 5p3/2 thresholds in the
12 symmetry.

2. Comparison with 1P1
o resonances of CsÀ

Single- and multiphoton detachment experiments
@12,15,17# similar to those done on Rb2 were performed on
Cs2 and have indicated the presence of two 1P1

o Feshbach
resonances just below the 6p1/2

2P1/2 and 6p3/2
2P3/2 excita-

tion thresholds. Figure 5 shows the converged total elastic
cross section in a small range of energies around the 6p1/2

and 6p3/2 thresholds. The two 1P1
o autoionizing states have a

similar shape in the elastic scattering channel, but a larger
width than those observed in Rb2. Compared with Rb2, the
total cross section in the 12 symmetry for Cs2 obtains a
more significant contribution from the inelastic channels
above each threshold. Table IV shows our results for the
energies and widths of the 1P1

o resonances, together with the
available experimental data. We locate one 1P1

o resonance at
0.01 meV below the 6p1/2 threshold and the second one at
0.02 meV below the 6p3/2 threshold. Patterson et al. @12#
have found two resonances at 2.6 and 0.6 meV ~with an error
of 63 meV) below the 6p1/2 and 6p3/2 thresholds, respec-
tively. Their widths are larger than ours ~Table IV!. The
presence of the 1P1

o resonance below the 6p1/2 threshold was
confirmed later experimentally, by Slater et al. @15# and by
Stapelfeldt and Haugen @17#, but different values of G were
found ~Table IV!. The position of the 1P1

o Feshbach reso-
nance below the 6p3/2 threshold was found at different ener-
gies in Refs. @12,15,17#: in Ref. @15# the minimum of the
resonance is located at 11.8 meV below the 6p3/2 threshold,
while in Ref. @17# a very broad structure was identified at 1.9
meV below this threshold ~Table IV!. From the experimental
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data in Ref. @15#, we estimated widths of the two 1P1
o reso-

nances of 0.3 and 9 meV, while in Ref. @17# the width of the
1P1

o resonance below the 6p1/2 threshold is given as 1.8
meV. For both resonances, our values for G are smaller than
the experimental data. We cannot confirm the labels used for
the 1P1

o resonances in the j j-coupling scheme by Stapelfeldt
and Haugen @17#: 6p1/2 7s and 6p3/2 7s . Our calculations
indicate a strong admixture of 6p j n8s configurations, domi-
nated by the 6p j 8s configuration. Both the dominance of
the 6p j n8s configurations and the location below the 6p j
threshold justify the label ‘‘Feshbach resonance’’ for the two
1P1

o states.
Previous theoretical studies of the low-energy photoab-

sorption spectrum of Cs2 ~Fig. 4 in Ref. @27#! indicate the
presence of two 1P1

o resonances at 0.25 and 2.5 meV below
the 6p1/2 and 6p3/2 atomic thresholds, respectively ~Table
IV!. Their widths are larger than our results. As for the
Rb2(1P1

o) resonances discussed in the previous section, a
possible reason for this discrepancy is the different number
of scattering channels included in the two different calcula-
tions.

C. 1D2
o resonance of FrÀ

In the Jp
522 symmetry, at about 5.8 meV below the

7p3/2 excitation threshold, we find a resonance which is
easily identified as a jump of approximately p in the eigen-
phase sum. Its eigenvector is largely dominated by the same
7p n8s configurations ~about 85.7%!, as the two 1P1

o reso-
nances. A weak contribution ~of 6.6%! is due to the
6d5/2 8p j configurations ~Table V!. In order to find the ap-
propriate label in the j j- and LS-coupling schemes, we have
analyzed the contribution of dominant configurations for the
three R-matrix poles in Table V. These are the closest poles
to the 7p3/2 threshold. Our calculations without the 7p1/2
n8d5/2 and 7p1/2 n8d3/2 configurations, which dominate the
eigenvectors Ek51626.30 meV and 1712.60 meV ~Table V!,
respectively, do not modify the characteristics ~position and
shape! of the resonance below 7p3/2 threshold and change
only the background. When each of the dominant 7p3/2 n8s
and 6d5/2 8p j configurations of the eigenvector associated to
the pole Ek51706.56 meV is left out, the resonance feature
below the 7p3/2 threshold in 22 symmetry disappears. When
the 7p3/2 n8s configuration is left out, both the threshold
effect at and the resonance feature below the 7p3/2 threshold
dissapear. In j j coupling, the 7p3/2 n8s and np j n8d j8 ~with
n57 and 8! configurations may contribute to this resonance.

The relevance of the 7p3/2 n8s configurations may sug-
gest that the feature below the 7p3/2 threshold in the 22

symmetry is a 3P resonance, while the 6d5/2 8p j configura-
tions might support either a triplet P, D, or F resonance, or a
singlet D resonance. However, we did not find a triplet reso-
nance in the 02, 12, 32, and 42 symmetries near the 7p3/2
threshold. Therefore, in the LS-coupling scheme, the reso-
nance symmetry appears to be 1D2

o, which is somewhat sur-
prising in view of the weak ~6.6%! contribution of the
6d5/2 8p j configurations. A general label ‘‘ 1X2

o’’ might be
more appropriate and allows for the admixture of P and D

total orbital momenta. This ambiguity in finding the label in
the LS-coupling scheme favors the j j-coupling scheme.
Nevertheless, in the following we prefer to use the label 1D2

o

for convenience. The dominant 7p3/2 n8s configuration and
its position below the 7p3/2 threshold indicates that the 1D2

o

state is a Feshbach resonance.
The Buttle correction @33# strongly modifies the charac-

teristics of the 1D2
o resonance. The omission of this correc-

tion shifts the resonance energy by 3.3 meV. This reveals the
strong influence of high-lying configurations. Therefore, the
contribution of the particular configurations listed in Table V
should be regarded with some precautions.

The structure in the converged total elastic cross section
~Fig. 5! just below the 7p1/2 threshold is due solely to the
1P1

o resonance in the 12 symmetry. Just below the 7p3/2
threshold, the structure in the converged total elastic cross
section results from the overlap between the 1P1

o and 1D2
o

resonances.

1. Comparison with 1D2
o resonances of CsÀ

Our relativistic calculation indicates a new resonance in
the 22 symmetry at about 1 meV below the 6p3/2 threshold
of Cs ~Table V!. The eigenvector associated with this reso-
nance is largely dominated by the same 6p n8s configuration
~about 87.6%, see Table V!, as for the two 1P1

o resonances
~Table III!. In Table V, we give the poles and eigenvectors
~indicated by the configurations with a contribution larger
than 3%! located near and below the 6p3/2 threshold
~1454.63 meV!. A similar study to the Fr2(1D2

o) resonance
discussed in the previous section was done for the 1D2

o reso-
nance of Cs2. We performed calculations without the domi-
nant configurations that belong to Ek51170.31 and 1475.71
meV poles ~Table V!. Similar arguments to those provided
for the Fr2(1D2

o) resonance suggest that the feature below
the 6p3/2 threshold in the 22 symmetry is a 1D2

o resonance
but, again, a general 1X2

o label might be more appropriate.
With respect to the Fr2(1D2

o) resonance, for the
Cs2(1D2

o) resonance the np j n8d j8 configurations give a
smaller contribution. The width of the Cs2(1D2

o) resonance
is twice as large as that for Fr2(1D2

o) ~Table V!. The reso-
nance feature, which we have observed at the same energy
but in the 6s→6p1/2 inelastic channel, is supported by con-
tributions from the 6p1/2 n8d5/2 configurations. As far as we
know, this resonance was never observed in experiments.
Using the single-photon detachment technique, the 1D2

o ex-
cited state cannot be reached by photoabsorption from the
ground state of the negative ion.

As for Fr2, the 1P1
o and 1D2

o resonances overlap in the
total converged cross section ~Fig. 5!, but for Cs2, the two
states are much closer, and in consequence harder to distin-
guish.

D. Discussion and summary

At a first glance, the spectrum of Fr2 looks very similar to
that of Rb2 and Cs2. The resonances in Fr2 are in general
much broader than the corresponding resonances in Rb2 and
Cs2, except for the 3P0

o resonance which is broader in Rb2.
The contribution of the dominant configurations to the eigen-
vectors associated with the low-lying resonances of Fr2 is
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similar for Rb2 and Cs2 ions. The spin-orbit interaction is
stronger in Fr2 than in Rb2 and Cs2, leading to larger val-
ues for the Landé constant A, i.e., larger splitting between the
fine-structure components.

Except for the 1D2
o Feshbach resonance found in scatter-

ing calculations for Cs and Fr targets, all other resonances
simultaneously occur in the low-lying spectra of the three
heavy-alkali negative ions investigated here. Our calcula-
tions also show that the fine-structure components of a given
3Pp term on different negative ions have very similar pro-
files and almost the same Fano-asymmetry parameter q.

For hydrogenic ions, the fine-structure splitting DEr(J ,J
21) between adjacent levels increases with Z4/n3, where n
is the principal quantum number @34#. This also applies to
the low-lying resonances of the heavy-alkali negative ions
located below the first atomic threshold np1/2 . Figure 4
shows the linear dependence of the energy splitting
DEr(1,0) between the J50 and J51 terms and for the 3Po

and 3Pe resonance as a function of Z4/n3, where n is the
principal quantum number which defines the dominant
nl n8l8 configurations ~Tables I–III!.

Our relativistic calculations for the 3Po and 3Pe reso-
nances identified in the low-lying spectra of Rb2 and Cs2

are in excellent agreement with the experimental results,
whereas for the 1P1

o autoionizing states located just below
the first atomic threshold, neither our computations, nor pre-
vious photodetachment calculations @27# find the same reso-
nance position as the photodetachment measurements on
Rb2 @12–14,18# and Cs2 @12,15,17# ~Table IV!. In particu-
lar, both calculations find the minimum of the Rb2(1P1

o)
excited state on the 5p1/2 atomic threshold, while very pre-
cise experiments @13# found it at 0.1360.012 meV below
this threshold ~Table IV!. Therefore, in our calculations these
two 1P1

o excited states appear as virtual states, rather than
Feshbach resonances. In order to reproduce resonances so
close to the atomic thresholds, the theoretical calculation
should be done with an accuracy of 10 meV. As far as we
know, nobody has reached such high accuracy in computa-
tions of the negative ion spectra up to now. Our calculations
reproduce the measured positions of the fine-structure terms
of triplet resonances within the experimental error in the
resonance energy of 1 meV. This precision was obtained in
accurate electron scattering experiments for the Cs2(3P2

e)
resonance @10# and is exceeded in photodetachment experi-
ments for the 3P1

o autoionizing state of Cs2 @16# ~Table III!.
The difference in accuracy between our calculations of triplet
resonances and the 1P1

o autoionizing states can be explained
in terms of the spatial symmetry of singlet and triplet states
as follows.

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
electrons away from each other. Therefore, for singlet reso-
nances the short-range electronic correlations are more im-
portant than for triplet resonances. For the same reason,
long-range interelectronic couplings, such as Vdiel , are more
influential in triplet resonances. Thumm and Norcross @24#

have carefully analyzed the influence of long-range poten-
tials and have shown that the inclusion of Vdiel shifts the
Cs2(3Po) bound excited state by about 25 meV into the
continuum @24#. Their predictions for the low-lying 3Po

states were confirmed by recent experiments @16#.
Our tests with and without the Vdiel term included in the

total Hamiltonian confirm the assumption that the symmetric
spatial wave function of a singlet resonance is weakly af-
fected by the long-range potential Vdiel . In order to accu-
rately describe the 1P1

o resonances located below 1 meV
from the atomic threshold, short-range electronic correlations
are important and more scattering channels need to be in-
cluded than for triplet states. The experimental evidence
shows that the 1P1

o resonance is located much closer to the
first np1/2 threshold for Rb2 ~a few hundred meV below the
5p1/2 threshold! than for Cs2 ~a few meV below 6p1/2
threshold!. Since both our calculations and experiments sug-
gest the Rb2(1P1

o) resonance to be very close to or on the
5p1/2 threshold, we expect our results for the Cs2(1P1

o) reso-
nance to be more reliable. In future calculations, more bound
states ~i.e., more closed scattering channels! need to be in-
cluded in order to characterize with higher accuracy all 1Po

Feshbach resonances reported here.

IV. CONCLUSION

We have calculated the low-lying spectra of Rb2, Cs2,
and Fr2 ions by analyzing electron-atom scattering cross
sections at collision energies below 2.8 eV. Our calculations
are based on the relativistic R-matrix code of Thumm and
Norcross @24#. A number of autoionizing states (3Po, 3Pe,
and 1P1

o) were identified in the spectra of all three negative
ions. For Cs and Fr targets, our calculation indicates the
presence of a new 1D2

o resonance at a few meV below the
lowest np3/2 atomic excitation threshold. Our electron scat-
tering calculations agree well with available experimental
data for Rb and Cs and with other calculations. As far as we
know, this is the first electron-scattering calculation for Fr
targets. We hope that the present results will stimulate fur-
ther experimental studies ~either multiphoton detachment or
electron scattering! on heavy-alkali negative ions. By using
photoelectrons emitted by synchrotron radiation @42#, an en-
ergy resolution below 3.5 meV ~FWHM! for electrons with
kinetic energies between 0.01 and 10 eV has recently been
achieved in electron-transmission experiments. Very re-
cently, Cavalieri and Eramo @44# have proposed an alterna-
tive method which is currently being used for single-photon
spectroscopy of high-lying autoionizing states. This new
time-delay spectroscopy approach could be a useful tool for
the study of autoionizing states with short laser pulses.
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