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Energies of metastable4So states in the alkaline-earth sequence
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JILA and Department of Physics, Campus Box 440, University of Colorado, Boulder, Colorado 80309-0440

~Received 4 September 1998!

Theoretical binding energies have been obtained for the metastablenp3 4So states in the alkaline-earth
sequence using aB-spline configuration-interaction approach. The results agree with available experimental
and theoretical data within 5 meV for Be2 and within 10 meV for Mg2. The binding energies of thep3 4So

state in Mg2, Ca2, and Sr2 are larger than the one in Be2 by roughly 250 meV due to the stronger interactions
with the d2p configurations. For Ca2, the 4So binding energy is determined to be 555.5 meV, including a
contribution of270 meV due to dielectronic core polarization. For Sr2 the 4So binding energy is 557.9 meV,
including a decrease of only 6 meV due to dielectronic core polarization. This behavior for the4So states in
Ca2 and Sr2 is ascribed to the different neutral-atom states to which the4So states are bound.
@S1050-2947~99!02402-6#

PACS number~s!: 32.10.Hq, 31.25.2v, 31.50.1w
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I. INTRODUCTION

Negative ions have been of special interest to theoret
and experimental physicists, since for many negative ions
ground state cannot be approximated adequately by a s
configuration. The strength of the dielectronic repulsi
compared to the nuclear attraction dramatically changes
electronic orbitals upon the binding of an additional electr
to the neutral atom. Additionally, since the binding energy
the outer electron can be quite small, relativistic, core-co
and core-valence interactions have relatively large con
quences. Accurate measurements and theoretical calcula
are therefore important to indicate the strength of these
important interactions. For an overview of experimental a
theoretical investigations on negative ions, the reader is
ferred to the review by Blondel@1#.

For a long time, it was believed that no stable negative
existed within the alkaline-earth sequence. The discover
the existence of a stable bound Ca2 state, both theoretically
@2# and experimentally@3#, was therefore very surprising
Since then many studies have been devoted to examine
properties of the negative-ion ground states within
alkaline-earth sequence~for a review of these studies se
@4#!, revealing that after the initial investigations our unde
standing was still rather limited. For example, subsequ
experiments demonstrated that the binding energy of
outer electron in Ca2 was substantially smaller than es
mated earlier@5,6#. The continued development of spectr
scopic techniques has allowed the determination of the b
ing energies for Ca2 @7#, Sr2 @8,9#, and Ba2 @10# to within a
fraction of a meV. Theoretical calculations only produ
binding energies in agreement with experiment when the
fluence of core-valence interactions or core polarization
included in the calculations@11,12#. In addition, also core-
core and relativistic interactions have a distinct influence
the binding energies@11,13–15#.

Despite significant recent efforts to obtain highly accur
binding energies for the ground states of these ions, con
erably less attention has been devoted to the metas
states. The predictions for the 4s4p2 4Pe state in Ca2
PRA 591050-2947/99/59~2!/1125~6!/$15.00
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@16–18# have recently been found to agree very well w
experiment@19#, although only when the effects from dielec
tronic core polarization are included. The binding energ
for the sublevels of the 5s5p2 4Pe state in Sr2 were deter-
mined as well in this experimental study@19#. A subsequent
theoretical study obtained good agreement for its center
gravity binding energy@20#.

The metastable4Pe states have also been investigated
the lighter ions in the sequence. Kristensenet al. @21# re-
ported a binding energy for 2s2p2 4Pe in Be2 of 290.99
60.10 meV, while theory has determined a binding ene
of 289.161.0 meV using large-scale configuration intera
tion ~CI! calculations including core excitations@22#. Also
the theoretical and experimental fine-structure splittin
agree to within 6%. For the 3s3p2 4Pe state in Mg2, theory
has predicted a binding energy of 367.1 meV@23#, using the
CI with core excitations and relativistic corrections, a
379.8 meV@24#, employing the multiconfiguration Hartree
Fock ~MCHF! approach.

Apart from 4Pe states, metastable4Fo and 4So states
have also been identified for negative ions in the alkali
earth sequence. A 6s6p5d 4Fo state has been observed e
perimentally in Ba2 @25#, while in Sr2 the 5s5p4d 4Fo state
is found theoretically to lie very close to the first excite
state of Sr@20#. Thenp3 4So state has been observed expe
mentally in Be2 @21,25#. Recent theoretical investigation
@22,24# have resulted in binding energies within 1 meV
experiment. For Mg2, theoretical binding energies hav
been provided for the4So state@23,24#, whereas experimen
has not been fruitful yet@26,27#.

Despite the increased interest in the negative ions of
heavier alkaline-earth atoms, the theoretical study of the4So

state has not received the same amount of attention. T
study is nevertheless of interest for the fine tuning of
theoretical calculations. Furthermore, such a study provi
information about the strength of core polarization and re
tivistic interactions in these heavier systems. For hig
accuracy experiments, a good knowledge of the position
the 4So states is beneficial since a smaller part of the sp
trum may need to be investigated for a particular transiti
1125 ©1999 The American Physical Society
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In this paper, binding energies for the4So states in the
alkaline-earth sequence will be presented and compared
the available data. The availability of high-quality resu
allows the testing of the numerical convergence of
present computations before attempting the heavier ions.
ter giving a brief description of the theoretical approach,
will also discuss the influence of core polarization on t
calculated binding energies and illustrate some experime
consequences.

II. THEORETICAL APPROACH

The general difficulty in the theoretical description of
negative ion is that the orbitals in the neutral atom and
negative ion are quite different. In order to obtain a relia
estimate of the binding energy of the outermost electr
both the neutral atom and the negative ion must be descr
accurately using a similar basis set. This basis set must th
fore be flexible enough to describe both tightly bound el
trons and loosely bound electrons simultaneously.

The B-spline basis set is an example of a basis set tha
well suited for the description of~quasi!bound states in nega
tive ions as demonstrated by previous calculations for C2

and Sr2 @12,18,20#. In the application ofB splines, the free
negative ion is approximated by confining it within a bo
This approximation is valid if the box is large enough
contain the entire wave function. For low-lying states
negative ions, this box must contain the loosely bound o
ermost electron. In the present studies, a box size of 80
has been chosen. This box is then subdivided into interv
which are chosen according to the problem. In the pres
study of binding energies for metastable bound states,
intervals increase exponentially in length since bound-s
wave functions oscillate more rapidly close to the nucle
Twenty-five intervals have been chosen, which, after app
ing the boundary conditions that the wave functions vanis
the boundaries of the box, gives a total of 28 basis functi
for each angular momentum.

The 4So state is now approximated as a nonrelativis
three-electron state outside a closed-shell core. The pote
arising from the nucleus and the closed-shell core is t
approximated by a model potential for a single electron o
side a closed-shell core. The Be1 potential has been de
scribed by Bachauet al. @28#, while the Mg1 potential has
been developed by Aymaret al. @29#. The Ca1 potential for
Ca1 has been reported by Laughlin@30#, while the Sr1 po-
tential has been given in@20#. The latter two potentials in-
clude a semiempirical term arising from the polarization
the closed-shell core, while no such term is included for
Be1 and Mg1 potentials. The increased influence of co
polarization in Ca and Sr is mainly due to the smaller ene
difference between the fillednp6 shell and the emptynd
shell for alkaline-earth atoms beyond Ca. When core po
ization for a valence electron is included in the Hamiltonia
for consistency also the interaction between two vale
electrons has to be modified. A semiempirical dielectro
core polarization term has to be added to the dielectro
repulsion 1/r 12 ~see, e.g.,@31#!.

The two- and three-electron problems are now solved
cluding all allowed couplings involving partial waves up
l 54. For the three-electron problem, these couplings
ith
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given in Table I. Including all allowed configurations resu
in an expansion length on the order of 105, which is too large
to be treated in a single diagonalization. Therefore, the b
set is truncated using the criteria indicated in Table I, wh
results in an expansion length suitable for diagonalizati
After obtaining the eigenenergies and eigenfunctions in
reduced expansion, the effects of the excluded configurat
are added using second-order perturbation theory. The m
nitude of the second-order energy shift is checked after
calculations to examine whether important configuratio
have been inadvertently left out of the calculations. Ty
cally, the total second-order shift is less than 10 meV a
individual contributions do not exceed 0.15 meV.

III. RESULTS AND DISCUSSION

A. Neutral-atom states

The first question to be addressed when a model pote
for a single-electron system is employed for multielectr
calculations is the quality of the energies for the two-elect
system. This is a far more stringent test of the overlap of
different wave functions than the energies of the sing
electron system since the dielectronic repulsion is quite s
sitive to small deviations in the wave functions. For ea
alkaline-earth atom studied here, we have chosen to exam
the accuracy of the energies for two states, the ground s
and the lowest state for which an additional electron c
create a4So state. A comparison between the theoretical
sults and the experimental values is given in Table II. T
experimental data are obtained from@32# for Be, from @33#
for Mg, from @34# for Ca, and from@35# for Sr.

The largest difference is observed for Sr, where
ground-state energy differs from the experimental bind
energies by 29.6 meV, while the energy of the3Pe state
differs from experiment by 53.3 meV. Also for the groun
state of Be and the3Do state of Ca, the present calculation
and experiment differ by roughly 30 meV. All other differ
ences are smaller than 20 meV. Although these discrepan
are not negligible, they are still sufficiently small to permit
reliable estimate of the4So binding energies. The larges
errors are observed for Sr since for this atom a sing
electron model potential equal for all angular momenta
employed. For heavier atoms, this description becom
poorer and use ofl -dependent potentials may improve o
the present accuracy@29,30#. Also, the use ofLS coupling

TABLE I. Angular momentum expansionsl 1l 2l 3 used for the
three-electron systems. Then1l 1n2l 2n3l 3 configurations are
sorted onn, with nlow<nmid<nup . The configuration is included in
the diagonalization if all threen values are at most the value ind
cated in the table. Where two values are given, the first value is
s andp electrons and the second is ford, f , andg electrons.

Atom Maximumnlow Maximum nmid Maximum nup

Be 5 19 191 l

Mg 5 19 191 l

Ca 7,6 8,7 221 l

Sr 7,6 8,7 221 l

Symmetries ppp, ddp, f f p, ggp, dd f, f f f , gg f
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becomes a poorer approximation due to the increa
strength of relativistic interactions, which have been n
glected in the present calculations.

B. Binding energies for the 4So states

The energies of thenp3 states ofX2(X5Be, Mg, Ca,
and Sr! with respect to theX21 ground state are given in
Table III. Also the energies with respect to the lowest state
X, for which an additional electron may lead to a4So state,
are given in Table III. For Ca2 and Sr2, binding energies are
given when the contribution from dielectronic core polariz
tion is both excluded and included. The preferred energ
are those with dielectronic core polarization included.

As mentioned above, for all energies presented here, r
tivistic interactions have been neglected. For the~meta!stable
states of Ca2, the binding energy was found to decrease b
meV (Ca2) when relativistic interactions were include
@36,18#. For Sr2, the decrease was approximately a facto
larger@36#. Similar influences may exist for the4So states. It
should be mentioned, however, that the semiempirical mo
potentials have been fitted to reproduce the energies of
Ca1 and Sr1 states. Single-electron relativistic interactio
have thus been included implicitly for the effect on the ce
ter of gravity. Since there is only one level in the4So states,
the change in binding energy due to relativistic interactio
is expected to be smaller than the 6 meV and 18 meV
Ca2 and Sr2, respectively, estimated from previous calcu
tions.

TABLE II. Binding energies of neutral-atom states in th
alkaline-earth sequence to which the4So states are bound. Energie
are given in eV with respect to the ground-state of the dou
charged species and compared to the experimental values from
data tables@31–34#.

Atom State Present theory Experiment

Be 2s2 1So 227.5621 227.5339
Be 2p2 3Po 220.1492 220.1325
Mg 3s2 1So 222.6762 222.6691
Mg 3p2 3Po 215.4922 215.5086
Ca 4s2 1So 217.9856 217.9849
Ca 4p3d 3Do 213.2148 213.2439
Sr 5s2 1So 216.7546 216.7250
Sr 5p2 3Pe 212.3732 212.3199
d
-

n
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la-
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el
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Table III shows a systematic trend in the behavior of t
4So binding energies in the alkaline-earth sequence. T
smallest value is found for Be2, with a large increase in the
binding energy of Mg2. For the heavier systems in the s
quence, smaller increases are observed for Ca2 and Sr2.
This trend may be somewhat coincidental since for Ca2 the
4So state is bound with respect to the3Do state instead of the
3Pe state. The difference between the4So binding energy for
Be2 and the other negative ions is ascribed to the clo
proximity of the d shell in Mg, Ca, and Sr. The increase
flexibility to bind an additional electron due to the stron
interaction betweennp2 with nd2 causes an increase in th
4So binding energy of approximately 250 meV.

The contribution from dielectronic core polarization di
fers quantitatively for the binding energies of the4So states
in Ca2 and Sr2. In Ca2, the binding energy is reduced b
68.7 meV, while for Sr2 the binding energy decreases b
only 5.7 meV. The effect on the total binding energy of t
4p3 4So state in Ca2 and the 5p3 4So state in Sr2 is never-
theless very similar, a decrease of 77.5 meV and 106 m
respectively. However, the shift of the respective thresh
binding energies are very different, a decrease of 8.9 m
for the 4p3d 3Do state in Ca compared to a decrease of 1
meV for the 5p2 3Pe state in Sr. The main differences caus
by dielectronic core polarization are therefore found in t
neutral atom.

In order to explain the different behavior of the4So bind-
ing energies, we must examine the influence of dielectro
core polarization on the neutral-atom states. For the 5p2 state
in Sr, the main effect of dielectronic core polarization is
decrease the interaction strength between the 5p2 and the
4d2 configurations. The same 5p2↔4d2 interaction is also
important for the4So state through the interaction betwee
the 5p3 and 4d2(3P)5p configurations. Similar interaction
are thus important for both the neutral atom and the nega
ion, which may cause a large cancellation of the effects fr
dielectronic core polarization in the neutral atom and
negative ion.

For the 4p3d 3Do state in Ca, almost no change due
dielectronic core polarization is observed. The reason for
is the same as has been discussed by Norcross and S
@38# for the small effect of dielectronic core polarization o
the binding of the 2s2p 1Po state in Be. Generally, dielec
tronic core polarization reduces the binding energy by
creasing the interaction strength between configurations

y
the
ith
TABLE III. Binding energies in meV of the quasiboundnp3 4So states in the alkaline-earth sequence w
respect to thenp2 3Pe state for Sr2, Mg2, and Be2 and thenp(n21)d 3Do state for Ca2. DCP stands for
dielectronic core polarization.

Binding
Neutral- E Negative- E energy

Atom DCP atom state ~eV! ion state ~eV! ~meV!

Be no 2p2 3Pe 220.1492 2p3 4So 220.4406 291.4
Mg no 3p2 3Pe 215.4922 3p3 4So 216.0336 541.4
Ca yes 4p3d 3Do 213.2148 4p3 4So 213.7703 555.5
Ca no 4p3d 3Do 213.2236 4p3 4So 213.8478 624.2
Sr yes 5p2 3Pe 212.3732 5p3 4So 212.9310 557.8
Sr no 5p2 3Pe 212.4729 5p3 4So 213.0366 563.7
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1128 PRA 59HUGO W. van der HART
the 3Do case, however, there is an additional term allow
within a single configuration, arising from the exchange
the two electrons. Since exchange core polarization wo
opposite to the exchange Coulomb repulsion, exchange
polarization decreases the strength of the Coulomb excha
interaction. For the 4p3d 3Do state, the Coulomb exchang
term decreases the binding and the addition of the~counter-
acting! exchange core polarization term therefore increa
the binding. The effects of the off-diagonal and diagon
terms in the dielectronic core polarization are therefore
posite and for the 4p3d 3Do state these two contribution
approximately cancel each other.

No core polarization has been included in the potent
for Be1 and Mg1 and the importance of dielectronic co
polarization can therefore only be estimated. The sing
electron core polarization effects are taken into account
rectly, through the model potential, since it has been fitted
reproduce the experimental spectrum. The dielectronic c
polarization has not been accounted for. On the other h
the calculations for Or2 show that for ap3 4So state bound
with respect to ap2 3Pe state, dielectronic core polarizatio
effects are minor. This is therefore also expected to be
case for the binding energies of the 2p3 4So state in Be2 and
the 3p3 state in Mg2 and a reduction in the binding energy
not expected to exceed 3 meV.

Similar estimates for the influence of dielectronic co
polarization can be obtained from other calculations. Ol
et al. @37# estimated that the effect of core-valence inter
tions for the4So state in Be2 is to reduce the binding energ
by 7 meV. Core-core interactions, which are neglected in
present approach, were estimated to reduce the binding
ergy by an additional 7 meV. These calculations were p
formed by including single excitations from the 1s2 core and
included both monoelectronic and dielectronic core polari
tion terms. In addition, Olsonet al. estimated the effect o
core valence interactions through a model potential. Only
monoelectronic term was included and this term reduces
binding energy by 6 meV. Comparing this model potent
result with the results obtained using core excitations, we
make a very rough estimate of the influence of dielectro
core polarization. Dielectronic core polarization appro
mately reduces the binding energy of the 2p3 4So state in
Be2 by 1 meV.

A comparison of the present data with other theoreti
and experimental binding energies is given in Table
Most available results have been obtained for Be2. The most
sophisticated calculations have given binding energies wi
0.7 meV of the experimental results, using an extensive
calculation including core excitations@22#. The present bind-
ing energies differ from these results by 4 meV. Bearing
mind the simplicity of the Be1 potential employed and th
present neglect of core excitations, this is quite good ag
ment. Since the approximations in the Ca2 and Sr2 poten-
tials are expected to yield similar uncertainties in the bind
energies, this agreement shows that the present metho
well suited for determining the4So binding energies.

Also for Mg2, the present results agree well with th
available theoretical values. The present results agree
the nonrelativistic CI results of Beck@23# within 2.5 meV,
although they differ with the extensive outer correlati
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MCHF results of Froese Fischer@24# by 10.4 meV. In both
these studies, relativistic corrections have been evaluate
well. Surprisingly, in the CI calculations, these correctio
are estimated to decrease the electron affinity by 3 m
while in the MCHF approach they are estimated to decre
the electron affinity by only 0.1 meV. The reasons for the
differences are unclear.

Several experiments have attempted to evaluate the b
ing energy of the4So state in Mg2 by measuring the fre-
quency of the transition between the 3s3p2 4Pe state and the
3p3 4So state@26,27#. These attempts have not been fruitfu
The difficulties were associated with the low production ra
of the 4So state of Mg2 through Mg1-foil collisions, while
the radiative transition may also have been obscured by
more intense 2p53s3p2 5P3↔2p53s3p4s 5D4 transition
@26,27#.

The comparison with other data is more difficult for Ca2.
Only one result@16# has been presented previously, reporti
a binding energy of 592.1 meV. The present result differs
36.6 meV from the previous calculation. This difference c
be assigned to two main sources. A larger basis set is
ployed in the present calculations, adding 30 meV to
binding energy. Furthermore, the present calculations

TABLE IV. Binding energies for the metastablenp3 4So states
in the alkaline-earth sequence. Available theoretical and experim
tal data are presented for comparison. CV stands for core-vale
corrections, CVCC for core-valence and core-core corrections, C
for core polarization potential, and RC for relativistic correction

Atom Binding energy
Method ~meV!

Be
Present results 291.4
Valence CIa 262
Valence MCHF approachb 300.065
Valence MCHF approach with CVb 293.065
Valence MCHF approach with CVCCb 286.065
CI with CPPb 294.065
Outer correlation MCHF approachc. 300.8
CI with core polarizationc 295.060.7
Experimentd 295.7260.11
Experimente 295.4960.25

Mg
Present results 541.4
CI with core excitations and RCf 539
Outer correlation MCHF approachc 551.8

Ca
Present results 555.5
Valence CIa 592.1

Sr
Present results 557.9

aReference@16#.
bReference@37#.
cReference@24#.
dReference@25#.
eReference@21#.
fReference@23#.
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clude dielectronic core polarization, which reduces the bi
ing energies by 68.7 meV. These differences are consis
with the differences observed previously for the4Pe state
@18#, where model potential and MCHF results gave a bin
ing of 10 meV larger than the results by Bungeet al. @16#
when dielectronic core polarization was excluded and
meV smaller when it was included.

The present results help to establish the most likely en
gies of the4So states, which should be useful for experime
talists. Threshold spectroscopy, for example, gives bind
energies with very high accuracy, but a good estimate of
binding energy is needed to reduce the time required
search for the threshold. The present results can also be
ployed to find the frequencies of the radiative transition
tween the4Pe state and the4So state in Ca2 and Sr2. These
transitions are allowed and their frequencies are determ
to be 22 698 cm21 in Ca2 and 20 621 cm21 in Sr2. These
frequencies are obtained from the experimental binding
ergy for the 4Pe state@19#, the experimental energy differ
ences between the thresholds@34,35#, and the present theo
retical values for the4So binding energy.

The energy position of the4So state in Ca2 also has some
other experimental implications. In one of the earliest exp
ments on Ca2, Hanstorpet al. @39# observed a threshold
photo-electron spectrum in the frequency range aro
20 700 cm21 with the threshold energy determined as 20 7
cm21. At first, this threshold spectrum was assigned to
photodetachment of the 4s4p2 4Pe state and its lifetime was
given as 2906100 ms.

Since the initial state was not identified in this expe
ment, the reasons for assigning the initial state were the
gular momentum of the outgoing electron, ap wave, and the
transition frequency. For both the2Po ground state of Ca2

and the 4s4p2 4Pe state, a Ca threshold is reached with
photon having a frequency close to 20 704 cm21, namely,
the 3d4s 3De threshold at 20 529 cm21 for the 4s24p 2Po

state and the 4s5s 1Se threshold at 20 485 cm21 for the
4s4p2 4Pe state. After photoionization of the2Po ground
state the former threshold can only be excited after emis
of even-parity electrons and was therefore excluded as
state observed experimentally. After photoionization of
4Pe state the latter threshold can be excited after emissio
odd-parity electrons and the observed photoionization
therefore ascribed to negative ions initially in the4Pe state.

The binding energy of the4Pe state was in good agree
ment with the best calculations available at the time. Sub
quent lifetime calculations, however, indicated difficulti
with this assignment since the predicted lifetime was only
the order of 0.1ms @40,41#. Improved theoretical calculation
@18# later demonstrated a difference of 50 meV with the p
vious calculations and the experimental assignment was
investigated. Recent experiments confirmed the theore
binding energy, so that now a consistent description of
4s4p2 4Pe state has been obtained@19#.

This leaves the question of what was actually observe
the original experiment by Hanstorpet al. @39#. The 4So

state has not received any attention in the analysis, altho
there is a 3d4d 3Pe state in Ca, lying 20 544 cm21 above the
predicted energy of the4So state of Ca2. Since the differ-
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ence in threshold frequency between the one observed
Hanstorpet al. @39# and the present theory is 160 cm21, or
20 meV, which is comparable to the expected accuracy
the theoretical calculations, a photodetachment signal m
originate from the4So state. However, after excitation of th
3d4d 3Pe state the outgoing electrons are again restricted
have an even parity, whereas the observations by Hans
et al. @39# indicate ap wave. The present calculations ther
fore do not provide an explanation of the observed thresh
electrons. This nevertheless provides an indication that th
are many pairs of Ca and Ca2 states, which may have
transition frequency close to one experimentally observed
good spectrum in a wide frequency range is essential fo
unambiguous assignment of the initial state.

IV. CONCLUSION

A B-spline basis set configuration interaction approa
has been applied to study the4So binding energies in the
alkaline-earth sequence. A binding energy of 291.4 meV
been found for Be2, while for Mg2, Ca2, and Sr2 the bind-
ing energies are roughly 250 meV larger, 541.4 meV, 55
meV, and 557.9 meV, respectively. This difference is
cribed to the proximity of thed shell in the heavier systems
leading to stronger mixing with thed2p configurations.

Good agreement with other theoretical and experime
results has been observed for Be2 and Mg2. The differences
with both theory and experiment amount to roughly 4 m
for Be2, whereas the differences with other calculatio
amount to at most 10 meV for Mg2. For Ca2, a binding
energy has been obtained that is smaller by 40 meV c
pared to the previous result. This difference has been
cribed to the increased size of the basis set in combina
with the influence of dielectronic core polarization.

Dielectronic core polarization reduces the binding ene
of the 4So state in Ca2 by nearly 70 meV, whereas it reduce
the binding energy of the4So state in Sr2 by only 6 meV.
This small shift originates from a cancellation of shifts in t
negative ion and the neutral atom due to dielectronic c
polarization. Since thep3 4So state in Mg2 and Be2 is, simi-
lar to Sr2, also bound with respect to thep2 3Pe state, also
for these ions a small change in the4So binding energy due
to dielectronic core polarization should be expected.

The 4So state can in principle be excited from the met
stable 4Pe state and the transition frequencies for Ca2 and
Sr2 are predicted to be 22 698 cm21 and 20 621 cm21, re-
spectively. It is hoped that the continuing development
spectroscopic techniques will allow an accurate determ
tion of these wavelengths in order to establish the quality
the present theoretical description and the influence of sm
interactions on the binding energy.
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