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Metastable He2 ions formed by two-electron attachment to the excited He&+ Xs (1cr 2o') core
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Four metastable states (1 H„, 2 H„, @„,and I„),resulting from two-electron attachments to the ex-
cited He2+ core ( Xg+), are characterized using the numerical Hartree-Fock method. It is determined
that such metastable states are formed when both valence electrons are placed into equally difFused or-
bitals, which have bonding charter, and whose angular momentum quantum numbers do not di8'er by
more than 1.

I. INTRODUCTION

The determination of the interaction energy of two
helium atoms has been a problem frequently attempted
by quantum chemists. Although most of the attention
has been paid to the van der Waals region [1], there have
also been numerous studies of the repulsion portion of
the interaction potential for both the ground and excited
states [2—5]. Quantum calculations on the He& molecule
are very demanding, especially for large internuclear sep-
arations, due to very small bonding effects. In particular,
the basis-set superposition error (BSSE) presents a
significant problem, and extended, well-optimized basis
sets are usually necessary to obtain meaningful results.

Even more challenging than calculations for the neu-
tral helium dimmer are calculations of a metastable He&
anion. Here, not only the core dissociation has to be de-
scribed accurately but one also needs to properly
represent the diffused character of the two valence elec-
trons, which occupy Rydberg-like orbitals. The theoreti-
cal interest in relatively long-lived metastable states of
He2 was prompted by the discovery of one of those
states ( Ils) by Bea, Coggiola and Peterson [5], and its
subsequent characterization by Kvale et al. [6]. The
measurements were accomplished using a new experi-
mental technique, called "excimer" autodetachment
[7,8]. An advantage of this technique is the possibility of
accurately measuring the energy of a transition from the
vibrational levels of the bound metastable state of the
He& anion into the repulsive continuum of the He2
ground state.

Theoretical works on the "Ils (los lo„' 2o' lm„')
metastable state of He2 were reported by Michels [9,10]
who used the configuration interaction method, and by us
[11,12] where the coupled cluster method and numerical
orbital techniques were employed. These studies indicate
that the principle of the formation of this state rests in a
two-electron attachment to the He2+ core, which results
in the formation of a quartet state, where both valence
electrons occupy very diffused orbitals with bonding
character. The similar degree of diffuseness of these or-

bitals is the key feature which facilitates the stability of
the electronic structure of the metastable anion. If one of
the orbitals were less diffused than the other, it would re-
sult in a reduction of the attractive nuclear potential felt
by the more diffused electron and, in consequence, in its
ejection from the stationary orbit. We have recently
demonstrated [13] that this interesting phenomenon
leads to the formation of two metastable Rydberg-like
excitations of He2, the @g and Ig states, cor-
responding to the following electronic configurations:
( la, lcr„' l~„' lo' ) and ( los lcr „'15s,1$„' ). The
quantum-mechanical calculations on these states were
among a number of similar calculations on possible
configurations of He2 with the (lcr lo„') core. Most of
these calculations failed to produce spatially bound elec-
tronic states. As a result of this investigation, we formu-
lated the following characterization of metastable states
of He2

(i) The electronic structure of these states can be de-
scribed as the He2+ core in its ground state with two
valence electrons located on diffused orbits forming a
quartet state.

(ii) Both valence electrons are bound if the valence
shells they occupy have bonding character (i.e., no nodes
in the perpendicular symmetry plane) and their angular
quantum numbers do not difFer by more than 1.

(iii) Both valence shells have a similar level of
diffuseness. In effect, the attractive force of the core is
similar for both valence electrons.

Following the above study, a question was raised
whether a similar pattern of metastable anionic states will
exist when the He2+ core is excited from the ground
state, X„+ ( 1o s 1cr „' ), to the first excited state,
Xs+ ( las2crs). One would expect that the promotion of

the electron from the 1o.„orbital to the 2' orbital will
result in a more diffused core and, in consequence, the
metastable anionic states should be more spatially con-
tracted than similar states formed with the He2+ core in
its ground state. In this report we present quantum-
mechanical calculations performed with the use of the
numerical Hartree-Fock (NHF) method, which enabled
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TABLE I He2 1 H {10 g 2' 9 10 „' 1mg ) . Total HF energy and orbital energies at selected internu-
clear separations. All entries in atomic units.

0.25
0.3
0.4
0.45
0.5
0.51
0.525

+HF

+3.515 818
—1.288 830
—1.233 287
—1.975 830
—2.520 264
—2.611024
—2.737 650

c(1o.
g )

—4.333 87
—4.164 81
—3.853 51
—3.712 35
—3.580 60
—3.555 36
—3.518 18

c.(2o.
g )

—0.527 77
—0.516 87
—0.495 49
—0.485 15
—0.475 12
—0.473 19
—0.470 36

c(10.„)
—0.006 77
—0.006 88
—0.007 20
—0.007 46
—0.007 90
—0.008 04
—0.008 31

—0.002 36
—0.002 25
—0.001 89
—0.001 61
—0.001 19
—0.001 07
—0.000 85

trons occupied bonding orbitals (the orbitals with no
nodes in the perpendicular symmetry plane of the mole-
cule) and their angular quantum numbers were different
by one did we obtain spatially confined states. In these
cases, both valence orbitals possessed negative orbital en-
ergies. The He2 states, for which successful conver-
gence was accomplished, are the following:

and

1 II„(la 2cr ' la „' 1~' ),
2 II„(la 2cr'3a' Ivr„'),

@„(Icr 2o'1~„' ll' ),

I„(lcr 2a'll'1$„') .

All of the above states except the erst one are analogical
to the previously studied metastable states of He& con-
taining the ground state Hez+ X„+ (la lcr„') core. The
most significant difI'erence is that, while the equilibrium
internuclear distance for the former states were located
near 2.0 a.u. , for the present states the equilibrium sepa-
rations are much shorter and are located around 1.2 a.u.
One can assess this diA'erence upon examining Fig. 1

where we present the comparison of the repulsive energy
curve for the ground state of the neutral He& cluster, the
energy curves of the ground state and the erst excited
state of He2+, the curve for the long-lived He2 Hg state
studied earlier [5,9,10], and the curve of the He~ II
state obtained in the present calculations. Below we dis-
cuss the characteristic features of the new metastable
states.

A. 1 II„{lcrg2og lcr„'1m' )

This metastable state is unique for the (lcrs2os) core
and does not occur for the (la la „') core. The values of
the total energy of He2 in this state for selected internu-
clear separations are presented in Table I, along with the
corresponding orbital energies. The expectation values of
the squared distance between the electron and the center
of the molecule (&R ) ) for all occupied orbitals are
shown in Table II. Upon examining the tables, one no-
tices that the anion remains bound only for very short in-
ternuclear separations. At about 0.525 a.u. , the electron
occupying the 1~ orbital escapes from the system. This
can be seen by examining the l~g orbital energy, which
rapidly approaches zero, and the &R ) value, which in-
creases significantly near 0.525 a.u. Interestingly, unlike
the other metastable states of He2, both valence shells
for the 1 II„state have antibonding character.

The relative stability of the 1 II„state with respect to
its "parent" states of the He& neutral molecule and the
He2+ cation can be evaluated by comparing the total en-
ergies from Table I with the corresponding energies in
Table III, where the NHF energies for He2+ and He& are
shown. At the internuclear distance of 0.5 a.u. , the anion
is bound with respect to the X He2+ state, but unbound
with respect to both the X„(lag2a' la„') and II
( la 2a' 1~' ) states of the He2 neutral molecule.

B. 2 II„(lo.g2crg3a. g l~„')

This metastable state has the same symmetry as the
previously discussed state but slightly lower total energy

TABLE II. He, 1411„(la~2cr' lo.„'lvr' i. Expectation values of (R') for the occupied orbitals at
selected internuclear separations. All entries are in atomic units.

R &Ia, ) &Ia„)
0.25
0.3
0.4
0.45
0.5
0.51
0.525

0.300 09
0.320 95
0.366 33
0.390 54
0.415 68
0.420 81
0.428 58

6.906 9
7.1400
7.628 9
7.881 5
8.138 6
8.1906
8.269 0

764.48
754.81
728.73
710.69
686.06
679.33
667.10

930.01
933.74
954.12
979.62

1 037.6
1 060.3
1 111.4
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TABLE III. Total NHF energy for He2+ and He& excited states (in atomic units).

He2+
[los22crg] [. . .3og] [. . . lo „']

He~ [Icrs2os. . . ]
[. . . 1 re ] [. . . l~„']

0.5
0.7
0.9
1.0
1.1
1.2
1.3
1.4
1.6
1.8
2.0
2.5
3.0
4.0
6.0
7.0

—2.482 426
—3.601 951
—3.975 839
—4.049 002
—4.082 507
—4.090 718
—4.082 803
—4.064 765
—4.013012
—3.954 316
—3.897 397
—3.783 181
—3.716 673
—3.694 891
—3.698 958
—3.689 182

—2.574 513
—3.690 854
—4.061 943
—4.133 831
—4.166 138
—4.173 217
—4.164 235
—4.145 186
—3.091 568
—4.031 216
—3.973 007
—3.869 253
—3.822 683
—3.812 437
—3.807 494
—3.795 137

—2.562 930
—3.694 936
—4.087 734
—4.170 248
—4.211 999
—4.227 206
—4.225 140
—4.211 965
—4.167 613
—4.113999
—4.060459
—3.949 063
—3.876 868
—3.821 006
—3.814 296
—3.806 839

—2.540 177
—3.660 368
—4.035 049
—4.108 657
—4.142 543
—4.151 369
—4.144 006
—4.126 554
—4.076 080
—4.018 794
—3.963 390
—3.852 988
—3.788 169
—3.760 315
—3.767 177
—3.760046

—2.736 175
—3.859 294
—4.233 942
—4.306 668
—4.339 314
—4.346 321
—4.336 926
—4.317 190
—4.261 571
—4.198 623
—4.137 253
—4.011408
—3.930 521
—3.863 329
—3.825 005
—3.805 863

—2.539 925
—3.659 834
—4.034 103
—4.107450
—4.141 135
—4.149 519
—4.141 771
—4.123 890
—4.072 424
—4.013967
—3.957 226
—3.842 989
—3.774 857
—3.747 490
—3.747 672
—3.736 315

—2.513 680
—3.633 198
—4.007 076
—4.080 232
—4.113731
—4.121 933
—4.114011
—4.095 963
—4.044 188
—3.985 465
—3.928 510
—3.814 142
—3.747 317
—3.725 034
—3.728 295
—3.718 046

TABLE IV. He2 2 H„(1o.g2o. g3crg1~„'). Total HF energy and occupied orbital energies at select-
ed internuclear separations. All entries in atomic units.

0.5
0.7
0.9
1.0
1.1
1.2
1.3
1.4
1.6
1.8
2.0
2.5
2.6

EHF

—2.577 685
—3.695 468
—4.067 678
—4.140 028
—4.172 740
—4.180 176
—4.171 505
—4.152 730
—4.099 553
—4.039 497
—3.981 276
—3.864 247
—3.846 75

c (lo.g)

—3.462 49
—3.027 55
—2.698 30
—2.563 46
—2.444 49
—2.339 08
—2.245 30
—2.161 59
—2.01926
—1.903 80
—1.809 17
—1.633 55
—1.598 70

c, (2og)
—0.371 15
—0.341 80
—0.317 51
—0.306 93
—0.297 23
—0.288 31
—0.28009
—0.272 50
—0.258 96
—0.247 32
—0.237 33
—0.218 13
—0.212 34

c (3a.g)

—0.027 18
—0.025 06
—0.023 38
—0.022 67
—0.022 03
—0.021 44
—0.020 91
—0.020 42
—0.019 56
—0.018 84
—0.018 23
—0.017 69
—0.01928

c (1m„)

—0.007 38
—0.008 73
—0.009 74
—0.010 15
—0.01050
—0.010 80
—0.01106
—0.01129
—0.01164
—0.01190
—0.012 05
—0.011 16
—0.008 47

TABLE V. He2 2 Ii„ i log2og3o' lm'„ i. Expectation values of (R') for occupied orbitals at
selected internuclear separations. All entries in atom. ic units.

(3cr, )

0.5
0.7
0.9
1.0
1.1
1.2
1.3
1.4
1.6
1.8
2.0
2.5
2.6

0.415 99
0.524 91
0.646 32
0.711 67
0.780 22
0.852 05
0.927 31
1.006 1

1.175 2
1.360 5
1.563 7
2.159 9
2.297 4

8.100 8
9.1170

10.147
10.664
11.181
11.698
12.214
12.729
13.751
14.755
15.723
17.675
17.880

123.47
131.99
140.12
144.06
147.92
151.72
155.44
159.10
166.23
173.14
179.82
190.55
177.94

193.42
185.98
182.98
182.50
182.48
182.84
183.50
184.42
186.85
189.91
193.53
209.94
233.35
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TABLE VI. He2 N„(1o.g2o.g1~„'16g ). Total HF energy and occupied orbital energies for selected
internuclear separations. All entries in atomic units.

0.5
0.7
0.9
1.0
1.1
1.2
1.3
1.4
1.6
1.8
2.0
2.5
3.0
4.0
6.0
8.0

EHP

—2.552 466
—3.672 087
—4.045 919
—4.119008
—4.152 416
—4.160 506
—4.152 453
—4.134261
—4.082 156
—4.023 061
—3.965 693
—3.850052
—3.781 123
—3.753 558
—3.751 949
—3.726 134

c(1o.
g )

—3.502 83
—3.063 33
—2.729 88
—2.593 09
—2.472 27
—2.365 12
—2.269 70
—2.184 43
—2.039 24
—1.921 26
—1.824 41
—1.647 01
—1.521 16
—1.331 21
—1.258 56
—1.254 81

c.(2o.
g )

—0.403 02
—0.369 78
—0.341 80
—0.329 48
—0.318 14
—0.307 66
—0.297 97
—0.288 99
—0.272 92
—0.259 06
—0.247 11
—0.225 08
—0.217 21
—0.245 49
—0.247 97
—0.216 85

—0.020 58
—0.020 41
—0.2003
—0.01978
—0.019 51
—0.01922
—0.018 92
—0.018 61
—0.01799
—0.017 37
—0.01677
—0.015 36
—0.014 17
—0.012 48
—0.01040
—0.009 30

—0.000 98
—0.001 04
—0.001 21
—0.001 32
—0.001 44
—0.001 57
—0.001 71
—0.001 86
—0.002 17
—0.002 48
—0.002 78
—0.003 47
—0.003 95
—0.004 48
—0.004 96
—0.004 98

(at 0.5 a.u. ). A characteristic feature of this state is that
it remains bound at a much wider range of internuclear
distances. At about 2.6 a.u. , the 1m.„electron leaves the
system. This can be seen upon examining the dependen-
cy of the lm„orbital energy and the corresponding (R )
value on the internuclear distance presented in Tables IV
and V. It is interesting to note that the orbital energy of
the 1m„orbital reaches a minimum at about 2.0 a.u. and
the (R ) expectation value has a minimum around 1.1.
a.u.

The relative stability of the H„state can be evaluated
upon examining the NHF energies of this state and the
energies of the corresponding "parent" states of He2 and
He2+ plotted in Fig. 2. One sees that the anion is bound
with respect to both He&+ ( Xs ) and He2 ( X+ ) but un-

bound with respect to He2 ( II„). At about 2.4 a.u. , the
He2 curve crosses the He2 (2crg) curve and above this
point the anion becomes unstable. A characteristic
feature of the He&+ and He& ( X+ ) curves is a hump with
its peak around 3.5 a.u. A similar extremum has been ob-
served before and was the subject of considerable interest
among both experimentalists and theoreticians [15-19].

C. 4@„(log2crg le„'15g ) and I„(log2og15s lp„' )

The total energies, orbital energies, and the averaged
values of (R ) for all occupied orbitals are presented in
Tables VI —IX. These two states are very similar to the

(loslcr„'lvr„'ll') and I (lo lcr„'ll'1$„'), which we
described previously [13]. Both valence electrons remain

TABLE VII. Hez 4&„ i 1 o~o2l~rr„'15gi. Expec. tation values of (R ) for occupied orbitals for
selected internuclear separations (in atomic units).

(2o, )

0.5
0.7
0.9
1.0
1.1
1.2
1.3
1.4
1.6
1 ' 8
2.0
2.5
3.0
4.0
6.0
8.0

0.415 82
0.524 69
0.646 05
0.711 38
0.779 91
0.851 72
0.926 96
1.005 8
1.174 8
1.360 2
1 ~ 563 3
2.158 5

2.896 1

4.811 8
9.958 7

16.989

8.169 3
9.211 9

10.273
10.807
11.342
11.877
12.413
12.949
14.014
15.063
16.081
18.233
18.321
11.307
11.104
14.692

177.90
177.86
179.34
180.50
181.89
183.47
185.21
187.08
191.18
195.67
200.54
214.81
235.56
293.01
372.23
435.96

361.14
354.99
344.58
338.73
332.87
327.23
321.90
316.95
308.27
301.24
295.79
289.28
298.92
352.08
417.49
475.10



METASTABLE He& IONS FORMED BY TWO-ELECTRON. . . 2865

TABLE VIII. He& I„(lo~22o~ 15g lg„'). Total HF energy and occupied orbital energies for select-
ed internuclear separations. A11 entries are in atomic units.

0.7
0.9
1.0
F 1
1.2
1.3
1.4
1.6
1.8
2.0
2.5
3.0
4.0
6.0
8.0

EHF

—3.634 314
—4.008 31S
—4.081 530
—4.115085
—4.123 341
—4.115470
—4.097 471
—4.045 784
—3.987 137
—3.930 245
—3.815 955
—3.748 922
—3.725 438
—3.728 092
—3.704 837

c (1o.g)
—3.15600
—2.821 95
—2.684 75
—2.563 52
—2.455 90
—2.359 98
—2.274 20
—2.127 88
—2.008 7
—1.91052
—1.729 09
—1.596 09
—1.394 19
—1.31177
—1.301 79

c, +(2crg )

—0.455 03
—0.426 74
—0.414 20
—0.402 56
—0.391 77
—0.381 72
—0.372 36
—0.355 42
—0.340 58
—0.327 51
—0.302 45
—0.289 99
—0.307 88
—0.300 48
—0.262 69

c+(ling )

—0.006 79
—0.006 85
—0.006 87
—0.006 90
—0.006 93
—0.006 95
—0.006 97
—0.007 01
—0.007 04
—0.007 06
—0.007 05
—0.006 88
—0.006 22
—0.005 79
—0.005 51

E (Ip„)
—0.001 66
—0.001 63
—0.001 62
—0.001 61
—0.001 59
—0.001 59
—0.001 S8
—0.001 56
—0.001 55
—0.001 54
—0.001 54
—0.001 58
—0.001 81
—0.001 90
—0.001 90

bound for all internuclear distances examined (0.5 —8.0
a.u. ). The valence shells have a significantly diffused
character, more so for the I„state than for the
state. Both states are bound with respect to the He2+
( Xg+). The 4„state is also bound with respect to the
"parent" hg state of He2, but unbound with respect to
the He& H„state for all internuclear distances con-
sidered. The I„state follows the same pattern for the
majority of the internuclear separations as the N„state,
i.e., remains bound with respect to the +„state of He2
but unbound with respect to the He2 6 state. However,
beyond about 6.0 a.u. the I4 state becomes unbound with
respect to both the parent states of the neutral molecule.

D. Vibrational analysis

In Table X we present the spectroscopic constants
evaluated based on the NHF energy curves obtained for

all the states of He&+, He2, and He2 considered in the
present work. The results may help in an experimental
attempt to measure the metastable states of He2 formed
with the excited He2+ core. An interesting, however
rather understandable, observation which one can make
upon examining the results is that the vibrations of the
metastable He2 are very similar to the vibrations of
He&+. For example, the two-electron attachment alters
the value of co, for He2+ by 46 cm ' when the II„state
is formed, by 10 cm ' when the 4„state is formed, and
only by 7 cm ' in the case of the I„state.

IV. CONCLUSIONS

The aim of the present work is to characterize the elec-
tronic structure of the He2 metastable anions formed by
two-electron attachments to the excited He2+ core with

TABLE IX. He2 I„(lo.g2o~ 15~1/„'). Expectation values of (R ) for occupied orbitals for select-
ed internuclear separations. All entries are in atomic units.

0.7
0.9
1.0
1.1
1.2
1.3
1.4
1.6
1.8
2.0
2.5
3.0
4.0
6.0
8.0

0.524 27
0.645 43
0.71066
0.779 06
0.850 75
0.925 86
1.004 5
1.173 3
1.358 4
1.561 3
2.156 1

2.894 5
4.809 4
9.955 4

16.986

9.1133
10.133
10.643
11.153
11.662
12.170
12.676
13.680
14.666
15.620
17.624
17.661
11.069
10.847
14.332

840.55
832.08
828.11
824.46
821.05
817.91
815.03
810.19
806.55
804.25
806.84
836.87
960.33

1 071.9
1 171.2

1 116.7
1 110.3
1 107.5
1 104.5
1 101.8
1 099.2
1 097.0
1 092.7
1 089.5
1 087.4
1 091.1
1 124.2
1 248.5
1 373.0
1 497.7
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TABLE X. Vibrational analysis of He2+, He&, and He2

R, (a.u. ) E, (a.u. ) co, (cm ') co,X, (cm ') B, (cm ') n, (cm ')
AG ( v+ —') (cm ')

v=0 v=1 v=2

(10g20g ) 1.190 —4.090 753 4 647
He&+

56.87 21.12 0.462 9 4533 4421 4311

(lo.s2o.sly„')

1.185
1.195
1.195
1.185
1.195
1.195

—4.173 367
—4.225 196
—4.151 378
—4.364 651
—4.149 546
—4.121 969

4 708
5 883
4 607
4 771
4 638
4 647

He2
56.71
39.63
57.63
56.83
56.90
56.83

21.36
21.29
21.01
21.40
21.09
21.12

0.462 3
0.752 0
0.4680
0.442 7
0.462 9
0.462 8

4 596
5 218
4 493
4 460
452 4
4 534

4484
4 647
4 379
4 552
4412
4422

4 373
4 425
4 267
4 453
4 301
4311

( 1 o s'2o I 16g'1$„' )

1.190
1.190
1.195

—4.180284
—4.160 550
—4.123 375

4 693
4 657
4 654

He2
56.65
56.72
56.75

21.30
21.16
21.16

0.461 4
0.461 5
0.462 2

4581
4 545
4 541

4 469
4433
4 429

4359
4 327
4319

the use of the numerical Hartree-Pock method. This
method offers a single-configuration basis-set error-free
approximate solution of the electronic Schrodinger equa-
tion. The characteristic features of the metastable states
examined in the present study are similar to the metasta-
ble states which are formed by two-electron attachments
to the He2+ core in its ground state, which were exam-
ined in our previous studies [11,13]. However, we were
not able to obtain a state which would remain bound with
respect to both respective "parent" states of the neu-
tral He2 molecule, as was achieved for the H
(loglo„'2o. sin„') metastable state. The present calcula-
tions show that, in order for the new metastable states to
remain bound, the following have to apply.

(i) Both valence shells have to possess bonding charac-
ter (i.e., no nodes in the perpendicular symmetry plane)
and their angular quantum number should not differ by
more than one.

(ii) Both valence shells have to possess a similar level of
diffuseness.

An interesting question which one may ask pertains to
the predicted lifetime of the He2 states characterized in
this work. Decay-rate measurements by Bae, Coggiola,
and Peterson [5] indicate that the He2 beam contained
several states with different lifetimes ranging from less
than 10 s to more than 10 s similar to those of the
J=—,', —,', and —,

' fine-structure states of He I'. It is
reasonable to assume that, because of the similarity of the

states calculated here to the He2 states with the ground
state He&+ core described before, the lifetime of these
new states will be similar provided that the He2+ core ex-
citation is sufticiently long lived. The autodetachment
spectrum in a system with an unbound final state such as
He2 represents the decay rate as a function of the inter-
nuclear separation averaged over the observation time.
Each of the presently characterized states has three fine-
structure states with different J values, which have
different intrinsic decay rates. Two states with the lowest
J values are expected to decay primarily through spin-
orbit coupling to negative-ion resonances in the doublet-
spin manifold with typical intrinsic lifetimes of about 10
ps, which the highest-J state decays only through the
weaker spin-spin interaction in the order of 100 ps [2,8].

Finally, there is an indication that the excited metasta-
ble states of He2 considered in this study may not only
be a theoretical curiosity. It was recently discovered [20]
that the He (ls2p ) shape resonance has an enormous
effect on the photodetachment of metastable He . The
He2 metastable states considered here may play a simi-
lar role in the photodetachment of metastable He2
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