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3l3l 83l 9 states of HeÀ
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Extensive complex-rotation calculations are carried out for eight He2 3l3l 83l 9 states in order to understand
the resonance structure of He2 below the He 3s3p1 Po threshold. It is found that the spectrum is very different
from that of the He2 2l2l 82l 9 states. A 3s-3p energy inversion is uncovered. Our result suggests that unlike
the resonance structures below then52 region, 3s3p2 2S and 3s3p2 2P do form closed-channel resonances
below the 3s3p 3Po threshold. The results of this study are used to understand the scattering experiment of
Roy @Phys. Rev. Lett.38, 1062~1977!#.
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The triply excited resonances of a three-electron ato
system were first reported in an electron-helium scatte
experiment in 1965@1#. In this experiment, only two triply
excited resonance structures were observed. They were i
preted to be the 2s22p 2Po and 2s2p2 2D resonance by Fano
and Cooper@2#. In the observed spectrum, the2Po structure
is below the He 2s2s 1S threshold but the2D structure is
well above this threshold and extremely close to
2s2p 3Po threshold. This is very different from the tripl
excited resonances observed in recent hollow lithium exp
ments where both the 2s22p 2Po and 2s2p2 2D resonances
are well below the Li1 2s2s 1S threshold@3,4#. The work of
Kuyatt et al. @1# and Fano and Cooper@2# has stimulated a
great deal of interest in the study of these triply excited s
tems. Recent synchrotron radiation experiments have
reported the triply excited lithium resonances below the L1

3l3l 8 thresholds@5#. However, 35 years after the experime
of Kuyatt et al., there are still relatively few experimenta
and theoretical studies on the He2 resonances near the H
3l3l 8 thresholds.

In 1977, Roy @6# reported the spectra in an electro
helium collision experiment which revealed several intere
ing resonancelike structures near the He 3l3l 8 thresholds. He
found a very steep valley at 68.8360.04 eV which is fol-
lowed by a sharp peak at 69.0060.04 eV. He labeled them
the 1 and 18 structures. Above 69 eV, the data points are
very clean but another broad dip which he labeled as 2
seen around 69.6760.04 eV. The He 3s3s 1S threshold is at
about 69.38 eV whereas the He 3s3p 3Po threshold is at
69.47 eV. Hence both 1 and 18 are below these two thresh
olds while 2 is above the second threshold. Roy interpre
the 1 and 18 structure as a He2 3s23p 2Po resonance a
68.9860.07 eV and 2 to be the 3s3p2 2D resonance.

For almost a quarter of a century, to my knowledge,
successful theoretical attempts have been made to inte
the spectra of Roy@6#. Recently, a state specific study w
made by Nicolaides and Piangos on then53 triply excited
He2 resonances@7#. They used their results to identify th
structures seen by Roy@6#. One limitation in this theoretica
study is that the calculation is essentially a closed-chan
study. The interaction of the closed and open channels is
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included. For triply excited three-electron systems, this int
action is particularly strong, causing a large width and p
sibly a significant shift between the resonance energy
closed-channel energy. For example, the width of
3s23p 2Po is found to be about 0.2560.05 eV in the experi-
ment and 0.282 eV from theory@5#. Similar results were
also obtained by Azumaet al. @8#. Hence, it is quite conceiv-
able that the width of He2 3s23p 2Po will also be very
broad. Morishita and Lin studied the symmetries ofn53
triply excited three-electron systems@9#, but they did not
present energy and widths for these systems.

The large width of He2 3s23p 2Po may have several im-
portant implications in regards to the experimental results
Roy @6#. The structures 1 and 18 are reported to be abou
0.17 eV apart. If the width of He2 3s23p 2Po is well over
0.2 eV, the likelihood that 1 and 18 are two parts of the sam
resonance will be greatly enhanced. On the other hand, if
width of this triply excited state is less than 0.1 eV, then it
highly unlikely that 1 and 18 belong to the same resonanc
state. Furthermore, 1 and 18 correspond to a dip and a pea
in the observed spectrum. Nicolaides and Piangos@7# inter-
preted them to be the resonance positions of two triply
cited resonances. For a very broad resonance, the true
nance position may differ significantly from either the pe
or the dip position in the observed spectrum. Hence, kno
ing the width of these triply excited resonances is crucia
the understanding of the observed spectrum.

It is very challenging to calculate the widths for the
3l3l 83l 9 states. There are an infinite number of open ch
nels coupled to these states. A large number of open-cha
continua interact strongly with these states. For example,
continuum of a two-electron target state with a 3s or 3p
orbital may contribute significantly to the width. There a
four such 1s3l states and 22 2l3l 8 states. Each of thes
target states may correspond to either one or two open c
nels, depending on the symmetry. In addition, there could
some open channels of 3l3l 8 which make a very large con
tribution to the width and shift.

The experimental results of Kuyattet al. @1# revealed that
there are very few 2l2l 82l 9 closed-channel resonances b
low the He 2s2p 3Po threshold. States such as 2s2p2 2S and
2p3 2Po are completely absent from the experiment. It wou
be very interesting to find out whether more closed-chan
resonances are possible for the He23l3l 83l 9 states.
©2001 The American Physical Society03-1
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In this work, calculations will be carried out for He2

3l3l 83l 9 resonances for both doublets and quartets. T
method we use is the saddle-point complex-rotation met
@10#. The saddle-point variation method is most efficient
obtaining a set of compact and optimized basis functions
closed-channel resonances. By including the open-cha
continua via the complex-rotation method, the resonance
rameters of the quantum systems can be calculated
square integrable basis functions. This method has prove
be highly accurate in predicting the resonance parameter
Li triply excited resonances@11,5#.

In the saddle-point complex-rotation method, the re
nance energy and width of interest are obtained by solv
the complex secular equation from

dE5
^CuHouC&

^CuC&
~1!

TABLE I. Helium target state energies~E! and wave functions
used in this work~in a.u.! N is the number of terms used in th
wave function.M represents theM th lowest member of the reso
nance series.

nln8l 8 SLp(M ) N E ~this work! Ref. @13# Ref. @14#

1s3s 1S(3) 53 2.061 216
1s3s 3S(2) 31 2.068 685 2.068 683
1s3p 1Po(2) 56 2.055 122
1s3p 3Po(2) 52 2.058 023 2.058 058
2s2s 1S(1) 34 0.777 856 0.777 868
2p2p 1S(2) 45 0.621 955 0.621 926
2s3s 1S(3) 50 0.589 955 0.589 895
2p3p 1S(4) 52 0.548 127 0.548 085
2p3p 1P(1) 38 0.580 245 0.580 25
2s2p 1Po(1) 44 0.692 649 0.693 135
2s3p 1Po(2) 34 0.596 640 0.597 07
2p3s 1Po(3) 62 0.563 921 0.564 09
2p3d 1Po(4) 65 0.547 093 0.547 1
2p3d 1Do(1) 34 0.563 792 0.563 8
2p2p 1D(1) 65 0.702 147 0.701 946
2p3p 1D(2) 65 0.569 210 0.569 22
2s3d 1D(3) 71 0.556 392 0.556 43
2p4p 1D(4) 64 0.536 503
2p3d 1Fo(1) 65 0.558 275 0.558 28
2s3s 3S(1) 41 0.602 586 0.602 578 0.602 486
2p3p 3S(2) 49 0.559 744 0.559 747 0.558 841
2p2p 3P(1) 50 0.710 490 0.710 500 0.710 491
2p3p 3P(2) 40 0.567 799 0.567 81 0.567 728
2s2p 3Po(1) 36 0.760 818 0.760 492 0.760 458
2s3p 3Po(2) 77 0.584 812 0.584 67 0.584 580
2p3s 3Po(3) 45 0.579 012 0.579 03 0.578 990
2p3d 3Po(4) 59 0.548 832 0.548 84 0.548 813
2p3d 3Do(1) 34 0.559 310 0.559 33
2p3p 3D(1) 47 0.583 784 0.583 78 0.583 669
2s3d 3D(2) 50 0.560 611 0.560 69 0.560 198
2p3d 3Fo(1) 55 0.566 212 0.566 20 0.565 928
3s3s 1S(1) 51 0.353 505 0.353 54
3s3p 3Po(1) 61 0.350 992 0.350 38
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whereHo is the nonrelativistic Hamiltonian for He2 andC
is given by

C5Csdl1A(
o,i

co~1,2!foi~3!. ~2!

A is the antisymmetrization operator.co represents the two
electron open-channel target states andfoi is the correspond-
ing outgoing electron wave function which consists of a l
ear combination of Slater orbitals.LS coupling is adopted for
these wave functions. In some cases, twofoi of different
angular momentum may be possible for eachco . The Csdl
are the closed-channel wave functions obtained from
saddle-point variation method. The basis functions in b
Csdl andco are Slater orbitals. The complex scaling is ca
ried out by inverse scaling for the radial coordinates info .
No complex scaling is done forHo , Csdl , or co .

The saddle-point variation method@12# gives a relatively
compact wave function using the minimax procedure. In t
calculation, we found three quartet resonances 3s3p2 4P,
3p3 4So, and 3s3p3d 4Fo all below the 3s3p 3Po threshold.
They are closed-channel resonances. For the doublets
found that 3s23p 2Po and 3s3p2 2D are below the 3s3s 1S
threshold, and 3s3p2 2S and 3s3p2 2P are below the
3s3p 3Po threshold. The 3p3 2Po is above 3s3p 3Po but be-
low the 3s3p 1Po threshold. The energy obtained from th
saddle-point method (Esdl) includes only the closed-channe
effect. To find the actual resonance position, we need to c
sider the interaction from the open channels.

There are an infinite number of open channels associ
with each He2 3l3l 83l 9 state. SinceCsdl couples with the

TABLE II. The energies, widths, and Auger branching ratios f
3l3l 83l 9 4L states of He2. Nsdl is the number of terms used in th
closed-channel part of the wave functions andEsdl is the corre-
sponding energy.Eres is obtained by coupling the closed-chann
segment with a large number of open channels.

3s3p2 4P 3p3 4So 3s3p3d 4Fo

Nsdl 284 140 258
2Esdl(a.u.) 0.377 591 0.356 259 0.355 284
2Eres(a.u.) 0.377 324 0.356 296 0.354 942
Width ~meV! 154 172 258
2E ~Ref. @7#! ~a.u.! 0.352 753

nln8l 8 SLp(M ) Approximate Auger branching ratios (%)

1s3p 3Po(2) 0.25
2s3s 3S(1) 0.12
2p2p 3P(1) 0.46
2p3p 3P(2) 20.83 94.49 2.57
2s3p 3Po(2) 75.82 17.03
2p3s 3Po(3) 0.29 0.55
2p3d 3Po(4) 0.20 1.51
2p3d 3Do(1) 0.83 5.05
2p3p 3D(1) 0.36 21.95
2s3d 3D(2) 1.40 22.65
2p3d 3Fo(1) 33.37
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TABLE III. The energies, widths, and Auger branching ratios for 3l3l 83l 9 2L states of He2. Nsdl is the
number of terms used in the closed-channel part of the wave functions andEsdl is the corresponding energy
Eres is obtained by coupling the closed-channel segment with a large number of open channels.ET is the
resonance energy above the helium 1s1s ground state using 1 a.u.527.207 67 eV.

3s23p 2Po 3s3p2 2D 3s3p2 2P 3s3p2 2S 3p3 2Po

Nsdl 303 335 294 259 297
2Esdl (a.u.) 0.376 788 0.369 428 0.351 789 0.352 417 0.339 15
2Eres (a.u.) 0.377 056 0.370 001 0.352 874 .353 726 0.344 82
Width ~meV! 176 177 96 91 208
ET(eV) 68.74 68.93 69.40 69.38 69.62
2E~Ref. @7#! (a.u.) 0.375 855 0.365 546 0.344 010 0.342 673

nln8l 8 SLp(M ) Approximate Auger branching ratios~%!

1s3s 1S(3) 0.24
1s3s 3S(2) 0.54 .27
1s3p 1Po(2) 0.37 0.23
1s3p 3Po(2) 1.11 0.25 .29 0.39
2s2s 1S(1)
2p2p 1S(2) 0.33 0.27 0.33
2s3s 1S(3) 30.96 2.77 7.83 2.20
2p3p 1S(4) 0.24 4.72 2.09
2p3p 1P(1) 1.28 0.64
2s2p 1Po(1) 0.16 0.55 0.30
2s3p 1Po(2) 2.31 1.13 1.14 0.20
2p3s 1Po(3) 6.03 7.64 27.16 15.35 1.63
2p3d 1Po(4) 1.03 .85 0.60
2p3d 1Do(1) 2.50 0.34
2p2p 1D(1) 0.36
2p3p 1D(2) 2.05 17.51 1.85 14.07
2s3d 1D(3) 0.31 1.53 2.38 0.70 1.93
2p4p 1D(4) 0.35
2p3d 1Fo(1) 0.39 0.36 0.19
2s3s 3S(1) 1.63 1.54
2p3p 3P(2) 4.45 1.27 40.56 0.96 37.65
2s2p 3Po(1)
2s3p 3Po(2) 43.25 56.17 12.32 57.40 1.74
2p3s 3Po(3) 0.45 0.72 1.26 4.88 0.22
2p3d 3Po(4) 0.38 1.19
2p3d 3Do(1) 2.09 6.48 0.61
2p3p 3D(1) 5.00 6.50 3.53
2s3d 3D(2) 0.94 1.73 0.56 2.65
2p3d 3Fo(1) 0.73 0.82
3s3s 1S(1) 0.15
3s3p 3Po(1) 28.66
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open-channel continua via the two-electron operators inHo ,
only thoseco with at least onen53 orbital will interact
strongly with Csdl . Hence, we consider most of theco’s
with ann53 orbital. Theco included in this calculation are
tabulated in Table I. Due the large number of open chann
the complex-rotation calculation can be quite computat
intensive. We try to use relatively compact but sufficien
accurateco’s. The number of terms in eachco is given in
Table I and the corresponding energy is compared with so
of the theoretical results in the literature@13,14#. In a recent
05250
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n

e

He2 photoionization calculation, highly accurate two
electron target states were used by Xi and Fischer@14#. The
target states used in this work compare well with this ref
ence~see Table I!. We have also investigated the contrib
tions from the 2l2l 8 channels; they are usually small as e
pected. The 3s3s 1S and 3s3p 3Po channels are also
included in Table I for the study of 3p3 2Po.

There are 32 target states in Table I; some of these co
spond to two outgoing channels. It is not feasible to inclu
all of them in a complex-rotation calculation. Some of t
3-3
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channel contributions are very small and they may be
glected in the final calculation. To find out which are t
ones that may be neglected, a complex-rotation calcula
for each open channel is carried out individually. Tho
channels with single-channel width result less than 1 o
meV are left out in the final calculation. For the final coupl
calculation in this work, we use up to 12 target states and
to 17 open channels. The resonance energy and width re
for the quartets are given in Table II and those for doub
are given in Table III.

When we compare the complex-rotation calculations
He2 with those for lithium, a significant difference is ob
served. For many of the triply excited lithium resonanc
@11,5#, the width obtained from the fully coupled calculatio
is very close to the sum of the partial widths obtained fro
those calculations with one open channel at a time. He
the Auger branching ratios can be accurately predicted f
the partial widths. In the case of He2, we found that the fully
coupled width result is no longer very close to the sum of
single-channel complex-rotation results. In general, the fu
coupled results are smaller by about 6 –20 %. But
3p3 2Po and 3s3p2 2S the difference is even larger, indica
ing very significant interference between the different op
channels. The reason for this is not entirely clear. We n
that the energies of He two-electron target states lie m
closer together than those of Li1 and the Auger energies o
He2 are much smaller than those of lithium; both may ha
contributed to the stronger interference. For this reason,
Auger branching ratios of He2 are harder to predict with ou
complex-rotation method. Nevertheless, the relative ma
tude of the widths from the single-channel complex-rotat
calculation may show which are the important channels
Auger decay. For this reason, we have included these re
in the tables as the ‘‘approximate branching ratios.’’ F
those single-channel results that are less than 0.1% of
total sum, the branching ratios are omitted from these tab

The results in Table II and III are quite interesting a
unexpected. For example, the energy of 2s2p2 4P @15# is
significantly higher than that of 2s22p 2Po for He2. But, for
3s3p2 4P and 3s23p 2Po, the order is reversed. This is
3s-3p energy inversion. It implies that for 3s3p 3Po the
electron affinity of a 3p electron is actually larger than tha
of a 3s electron. To my knowledge, this is the first 3s-3p
energy inversion found for a three-electron system. A sim
2s-2p inversion has been found in four-electron syste
@16#. The physical reason for this inversion was discusse
Ref. @16#.

For He2, there is no evidence for the existence of close
channel resonances 2s2p2 2P and 2s2p2 2S. In fact, the2D
structure observed is extremely close to the 2s2p 3Po thresh-
old. In this work, we found that 3s3p2 2D is lower than the
. A
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3s3p 3Po threshold by about 0.54 eV and both 3s3p2 2S and
3s3p2 2P are below the 3s3p 3Po threshold, suggesting tha
these He2 closed-channel resonances exist.

In the saddle-point variation calculation forCsdl , we
have avoided the inclusion of open-channel target states.
example, in the computation for 3p3 2Po, we make sure tha
it is orthogonal to the 3s3s 1S and 3s3p 3Po targets. The
open channels are added via the complex-rotation proced
In the case of this2Po resonance, the energies of these tar
states are extremely close to the resonance energy. The
action between the closed-channel segment and the c
sponding open channels is very strong. They cause a
large shift fromEsdl to the resonance energyEres . This large
shift in 2p3 2Po is reflected in Table III.

It is very interesting to note that the widths of the tw
lowest doublet resonances 3s23p 2Po and 3s3p2 2D are both
about 176 meV, very close to the energy separation of 1
18 (0.1760.04 eV) in the experiment@6#. Furthermore, the
resonance energy of2Po is lower than that of 1 by 0.07
60.04 eV and2D is also lower than that of 18 by 0.07
60.04 eV. Clearly, what was seen in 1 and 18 is a superpo-
sition of the two resonances. The steep dip and rise of
cross section is the enhanced result of this superposition

The experimental position of 2 in Roy@6# is at 69.67
60.04 eV. This is very close to the calculated energy
3p3 2Po predicted at 69.62 eV in this work. Nicolaides an
Piangos@7# interpret this 2 to be the 3p3 2Po resonance; our
result supports their interpretation. The width of this res
nance, 0.208 eV, is particularly large. This seems to ag
with the very large dip observed in the experiment.

Reference@7# is the only other He2 3l3l 83l 9 theoretical
study available in the literature. While our result supp
their interpretation in regard to the experimental results
Roy @6#, quantitative differences between the two theor
are quite substantial. The comparisons are given in Tabl
and III. In some cases, even the nature of the resonanc
different. For example, the result for 3s3p2 2S in this work is
below the 3s3p 3Po threshold suggesting that it is a close
channel resonance. On the other hand, this2S in Nicolaides
and Piangos@7# is higher than the 3s3p 3Po threshold by
approximately 0.17 eV. The large discrepancy between
two calculations highlights the challenge of theoretical stu
on these triply excited systems.

In conclusion, we have made extensive complex-rotat
calculations for eight closed-channel 3l3l 83l 9 resonances of
He2. These results were used to understand the spectra
served in Roy@6#. We found that the resonance structure
the 3l3l 83l 9 states is very different from that of 2l2l 82l 9
states. A 3s-3p inversion is uncovered. We hope that the
results will be helpful for future experimental analysis.
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