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Photodetachment of the 1s2s2p 4P state of He2 from threshold to 100 eV

Dae-Soung Kim,* Hsaio-Ling Zhou, and Steven T. Manson
Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303

~Received 19 June 1996!

Calculations of cross sections and photoelectron angular distributions from the photodetachment of the
1s2s2p 4P metastable state of He2 have been performed from threshold to 100 eV using multiconfiguration
Hartree-Fock wave functions for discrete states and coupling continuum channels with closed channels to
include resonances. Ejection of each electron was considered and ejection plus excitation was included in
connection with 1s photoabsorption. The 1s2p2 and 2s2p2 4P resonances were found in good agreement with
recent experiments and calculations; the reason that the former lies above the 2s threshold while the latter lies
below the 1s threshold is discussed. The nonresonant 2p cross section is in excellent agreement with experi-
ments and other calculations. The 2s results, in which Cooper minima are predicted, are not in agreement with
a similar calculation, particularly for theb parameter. The 1s cross section shows a large maximum just above
threshold, much larger than the 1s cross section in neutral He, and at somewhat higher energy the cross section
is dominated by 1s detachment plus excitation to the (2s3p63s2p) 3P and 3s3p 3P autoionizing states of
He. @S1050-2947~97!06801-7#

PACS number~s!: 32.80.Gc, 32.80.Hd, 32.80.Dz
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I. INTRODUCTION

The absorption of photons by atoms and ions is a fun
mental process of nature as well as being of applied imp
tance in many other areas of physics and technology@1#.
Consequently, over the past three decades, a great dea
been done in this area and much of the general phenon
nology of the photoionization of neutral atoms and posit
ions is known@2–5#. In these cases, the influence of corr
lation is important but not generally dominant. The situati
is otherwise for negative ions where correlation is mu
more important. Thus photodetachment of negative ions i
excellent ‘‘laboratory’’ in which to emphasize the effects
correlation.

In this paper, an investigation of the photodetachmen
the 1s2s2p 4P state of He2 is presented. We have consid
ered detachment of the outer 2s and 2p electrons, as well as
the inner 1s in order to get some feeling for how the effec
of correlation might differ in outer vs inner shells. This sta
of He2 was chosen for several reasons. Thej55/2 fine-
structure component is metastable, with a lifetime of the
der of 0.5 ms@6#, so it lives long enough to be amenable f
experimental investigation. Second, there have been a n
ber of recent experimental@7–13# and theoretical@14–22#
investigations of this photodetachment process and the r
nances associated with it. Third, and most important,
1s2s2p 4P state of He2 is a very highly correlated system
without introducing correlation the system is not boun
Thus, correlation is not a small perturbation on the system
is a dominant determinant of the behavior of the system.
primary interest is how the various aspects of correlat
translate into the behavior of dynamical observables, ph
detachment cross sections, and photoelectron angular d
bution asymmetry,b, parameters. To that end we have co

*Present address: Department of Physics, Myong-Ji Univer
Yong-In, Kyungki 449-738, Korea.
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sidered correlation in the various initial and final discre
states via multiconfiguration Hartree-Fock~MCHF! wave
functions@23#, as well as coupling between open and clos
channels which are responsible for resonances; we have
cluded coupling between open channels here. This me
that interactions are omitted which can substantially alter
cross sections of weak channels degenerate with strong o
But this limitation will not affect strong channels appreci
bly. In addition, we have included not only ejection of ea
of the electrons, but also investigated a large energy ra
from threshold to a photon energy of 100 eV. Since o
interest is a study over a broad energy range, we have o
ted from the calculation valence shell detachment plus e
tation; this omission should not be important except in
small photon energy region from about 3–5 eV.

In Sec. II, a discussion of the theory and our theoreti
methodology is presented. In Sec. III, our results are p
sented, discussed, and compared with other theoretical
experimental work. Section IV presents a summary and c
clusions.

II. THEORY AND CALCULATIONAL DETAILS

Within the framework of the electric dipole approxima
tion, which is excellent for low-energy photoabsorption pr
cesses, the cross section for a transition from initial statei to
final statef via absorption of a photon of energy\v, is given
by @2#

s i f5
4p2v

gic
U«W • K c iU( rW jUc f L U2, ~1!

wheregi is the multiplicity of the initial state,c is the speed
of light, and« is the photon polarization. In Eq.~1! summing
over final, and averaging over initial, magnetic substate
implied. Equation~1! is given in the so-called length formu
lation; alternate forms of the transition matrix element@24#,
known as velocity or acceleration forms, which yield iden
y,
414 © 1997 The American Physical Society
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55 415PHOTODETACHMENT OF THE 1s2s2p 4P STATE OF . . .
cal results for exact wave functions, exist and these are
ful as indicators of the quality of the wave functions em
ployed. The wave functions themselves are discussed be

The differential cross section for photodetachment
photoionization in the dipole approximation is given by@25#

ds i f

dV
5

s i f

4p
@11b i f P2~cosu!#, ~2!

where u is the angle between the photon polarization a
photoelectron direction,P2(x)5(3x221)/2, andb i f is the
photoelectron angular distribution asymmetry parameter
detailed formulation is given elsewhere@26#. Suffice it to say
that it depends upon the matrix elements and their phase
the various channels leading to a given final core state.

The wave functions for the all bound states, and qua
bound resonance states, employed in this work were obta
using multiconfiguration Hartree-Fock~MCHF! wave func-
tions @27#; linear combinations of determinental~single con-
figuration! wave functions comprised of antisymmetrize
products of single-particle orbitals, where the radial parts
each single-particle orbital is varied along with the coe
cient of each configuration. He2 in the 1s2s2p 4P state is a
particularly highly correlated system, in that it is not ev
bound at the HF level of approximation. As an indicator
the accuracy of the bound-state wave functions employ
the ground state can be scrutinized. The principal term
the MCHF wave function, i.e., the terms with the large
coefficients, are shown in Table I. It is clear form this tab
that, although the 1s2s2p configuration is the most impor
tant, others are important as well, notably 1s2s3p, 1s2p3s,
and 1s2p3d. It should be noted that, except for the orbita
included in the main configuration, the other orbitals are c
relation orbitals and are not necessarily related to the ‘‘ph
cal’’ orbitals of the same designation. We used a total of 1
configurations in the energy calculation and obtain
22.177 991 7 a.u. for the total energy of the 1s2s2p 4P
state of He2. This compares with the best previous theore
cal value@28# of 22.178 077 6 a.u., a difference of about
meV.

The 1s2s 3S state of neutral He is well described even
the HF level. We used a MCHF function including all co
figurations up ton53 ~going to highern gave nothing ap-
preciable!, and obtained an energy of22.175 218 3 a.u., a
difference of only about 0.3 meV from the experimen
value of22.175 229 4 a.u.@29#. Aside from the main con-

TABLE I. MCHF expansion coefficients for the 1s2s2p 4P
State of He2.

Configuration Coefficient

1s2s2p 0.861 622 2
1s2s3p 0.447 856 7
1s3s2p 20.122 045 4
1s2p3d 20.168 642 9
1s3s3p 0.082 403 6
1s2s4p 20.047 438 8
1s2s5p 20.059 389 8
1s3s5p 20.013 786 9
1s3d5p 20.013 297 5
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figuration, only 2p3p ~0.0190! has a coefficient.0.005.
Thus our purely theoretical binding energy of th
1s2s2p 4P state of He2 is 75.5 meV which compares rea
sonably with the best experimental value@13# of 77.6760.12
meV. Similarly, the 1s2p 3S state is nearly HF, with slight
admixtures of 2s3p and 2p3d and nothing else with coeffi-
cient.0.005. We obtained an energy of22.133 09 a.u., in
excellent agreement with22.133 17 a.u. of experiment@29#.

The doubly excited triplet final states of He present mo
of a problem because there are no experimental values
which to compare them; nevertheless accurate theore
values exist@30#. For the 2s2p 3P state of He, our MCHF
calculation, including all configurations up ton55, and in-
suring orthogonality to lower states of the same symme
shows noticeable admixtures with 2s3p, 2p3s, and 2p4d,
all with coefficients.0.1. The energy obtained was20.7601
a.u., in rather good agreement with the best theoretical va
of 20.7614 a.u. @30#. The MCHF results for the
(2s3p63s2p) 3P states of He show, in addition to the com
plete mixing of 2s3p and 2p3s configurations, reasonabl
strong mixing with 2s2p, 2p3d, and 2p4d as well. Our
energies of20.5840 a.u. and20.5762 a.u. compare wel
with the best theoretical numbers,20.5849 a.u. and20.5790
a.u., respectively@30#. Finally, for the 3s3p 3P state, 3s3p
and 3p3d are strongly admixed with coefficients 0.92 an
0.38, respectively, with 4s4p ~0.03! being the only other
non-negligible contribution, giving20.3499 a.u., in excel-
lent agreement with the20.3508 a.u. of previous theor
@31#. In summary, the bound-state energies, and thereby,
thresholds used in the calculation are rather accurate;
suggests that the bound-state wave functions are also of
nificant accuracy.

Final continuum states in the nonresonant region are ta
single channel HF, but in the MCHF field of the core o
tained using our own codes@32#. This procedure, neglecting
interchannel coupling, is justified as long as we are scrutin
ing the total cross section, which is dominated in each ene
range by a single channel of each symmetry. Thus, w
interchannel coupling can have a significant effect on we
channels degenerate with strong ones, it has only minor
fluence upon the dominant channels. In the vicinity of a re
nance, however, there is then more than one strong chan
so the interaction between the resonance and the contin
channel must be included.

Two resonances, 1s2p2 4P and 2s2p2 4P, were included
in this calculation; they are represented by MCHF@27# wave
functions of 95 and 57 configurations, respectively. T
former contained all terms with coefficients.1025 up to
n54, and the latter up ton55. While the main configura-
tion dominated in both cases, much correlation still exis
Using these discrete wave functions, along with the c
tinuum wave functions of the same symmetry~described
above!, a Fano continuum configuration interaction calcu
tion @33# was performed and the resulting final-state wa
function is used to obtain the dipole matrix element, ag
using our own codes. Implicit in this resonance calculati
the width of each resonance is obtained. The agreemen
our resonance results with experiments and other calc
tions, discussed below, suggests that our calculation tr
the resonances reasonably accurately.
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This methodology, where initial and final states are cal
lated variationally and independently from one another,
an important advantage; most states can be well describe
a small number of terms in the MCHF expansion so that
physics included in the calculation, in both initial and fin
states, is relatively easy to pick out. This, in turn, leads t
relatively small number of combinations of initial and fin
configurations contributing to the dipole matrix element,
that the effects are various terms in the wave function on
photoionization process can be sorted out. On the nega
side, however, the lack of orthogonality between the sing
particle wave functions in the initial and final states leads
greater complexity in the calculation of each term in t
dipole matrix element.

III. RESULTS AND DISCUSSION

A. Photodetachment of the 2p electron:
The 1s2s 3S He channel

Using the methodology described above, the 2p cross
section, leading to the 1s2s 3S state of He was calculated
this cross section is the sum of the 1s2s2p 4P→1s2s«s 4S
and 1s2s«d 4D partial cross sections which are shown ind
vidually in Fig. 1, where it is seen that both partial cro
sections vanish at threshold~which photodetachment cros
sections must!, they behave rather differently otherwise. T
p→s, 4S, cross section increases very rapidly from thre
old to its maximum of about 100 Mb around 0.0005 R
above threshold, and then rapidly decreases with increa
energy. Thep→d, 4D, cross section also has a maximum
about 100 Mb, but this maximum is seen to be considera
further above threshold than in the4S case, and the declin
from the maximum, with increasing energy, is also seen
be much more gradual.

To understand this behavior, we first note that althou
we employed MCHF wave functions in the calculation, t
dipole matrix elements for 2p detachment are dominated b
contributions from two initial state and one final-state co
figuration, i.e., to a reasonably good approximation, the m
trix elements can be characterized as

FIG. 1. Calculated 1s2s2p 4P→1s2s«s 4S and 1s2s«d 4D
partial photodetachment cross sections in He2 in dipole-length (L)
and dipole-velocity (V) formulations.
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M ~4S!5a1^1si2si2pi
4PuDu1sf2sf«s 4S&

1a2^1si2si3pi
4PuDu1sf2sf«s 4S&, ~3!

and

M ~4D !5a1^1si2si2pi
4PuDu1sf2sf«d 4D&

1a2^1si2si3pi
4PuDu1sf2sf«d 4D&, ~4!

whereD represents the dipole operator, the subscriptsi and
f emphasize that the initial- and final-state orbitals are d
ferent, i.e., core relaxation is included, and thea i are the
MCHF mixing coefficients of the initial state~from Table I!,
a150.861 62 anda250.447 86. Thus, aside from overla
and angular factors, these matrix elements are determ
from the single-particle matrix elements between the disc
orbitals 2pi and 3pi , and the continuum«s and «d. The
matrix elements depend, therefore, upon the details of the«s
and«d continuum wave functions.

Continuum wave functions can be characterized by th
phase shifts; these are shown in Fig. 2 where it is seen
d«s is 2p at threshold and decreases with increasing ene
while d«d is zero at threshold and increases slowly with e
ergy. Thus, the«s is very penetrating, at low energies, in
the region of space occupied by the initial state, while the«d
is not. Furthermore, the amplitude of the«s in the inner
region increases as«1/2, while for the«d, the dependence is
«3/2; this is due to the existence of the centrifugal barrier
the «d case which makes the penetration of«d into the in-
terior region require more energy than«s. This is why
M (4S) increases much more rapidly from threshold th
M (4D), thereby reaching its maximum value much closer
threshold.

At energies much above the maximum inM (4S), the«s
penetrates enough so that its oscillations in the inner reg
cause cancellation, thus the decrease. The same genera
havior occurs forM (4D), but the maximum occurs at muc
higher energy, as discussed, and the falloff from the ma
mum, with increasing energy, occurs much more slowly th
in the 4S case, owing to the centrifugal barrier which caus
the «d to penetrate more slowly than the«s with energy.

FIG. 2. Phase shifts for the 1s2s«s 4S and 1s2s«d 4D final
continuum states in He2.
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55 417PHOTODETACHMENT OF THE 1s2s2p 4P STATE OF . . .
In Fig. 1 both length and velocity results fors(4S) and
s(4D) are shown. The rather good agreement between th
within 15% over the entire energy range, suggests that
wave functions, discrete and continuum, employed in t
calculation are reasonably accurate.

The total 1s2s2p 4P→1s2s 3S cross section, the sum o
s(4S) and s(4D), is shown in Fig. 3, where the4S and
4D maxima are seen. Also shown are the experimental
sults@7,8,11# which are in good agreement with the calcu
tions. Not shown in the figure are the earlier theoretical
sults @18# which are also in substantial agreement with t
present results. Thus, agreement with the experiment, ag
ment between length and velocity, and agreement with o
calculations all point to the accuracy of the present resu

The double maxima in the 2p cross section is more gen
eral than just the present He2 case. Forall negative ions with
outer np electrons, the«s continuum wave will be more
penetrating than the corresponding«d. Thus, we predict tha
a photodetachment cross section with a two maxima, a s
«s maximum close to threshold, and a broader«d maximum
at higher energy, will generally occur for negative ions w
outer np subshells, although depending upon the relat
strengths and separation of the maxima, the total may s
up as a maximum with a shoulder. This prediction is bo
out in the limited number of extant cases@34#. More gener-
ally, for exactly the same reasons as thenp photodetachmen
case, we expect the double maxima to occur for the ph
detachment of all outer subshells with nonzero orbital an
lar momentum.

The photoelectron angular distribution asymmetry para
eter,b, is shown in Fig. 4 in both length and velocity fo
mulations which are in excellent agreement. For this case
the MCHF level of approximation,b reduces to the Cooper
Zare formula@26#,

b~2p!5
2R«d

2 24R«sR«d cos~d«d2d«s!

R«s
2 12R«d

2 , ~5!

FIG. 3. Total 1s2s2p 4P→1s2s 3S photodetachment cros
section, the sum ofs(4S) and s(4D), in dipole-length (L) and
dipole-velocity (V) formulations. The points with error bars are th
experimental results of Refs.@7# and @11#, while the low-energy
point is the experimental result of Ref.@8#.
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whereR«s5M (4S) andR«d5M (4D). Looking at Fig. 4, it is
seen thatb(2p) is zero at threshold, drops down to21 just
above threshold, then increases steadily to a value of ab
1.6, followed by a slow steady decline. To understand th
behavior, note that it has been found that, very near thres
old,R«s@R«d . Definingh5R«d/R«s , andD5d«d2d«s , Eq.
~5! becomes,

b~2p!5
2h224h cosD

112h2 . ~6!

As discussed above, near thresholdR«d;«3/2, R«s;«1/2, so
that h;«. In addition, near threshold,D'22p, so that
cosD'1. Then, Eq.~6! shows that for small enough photo-
electron energy,«, b(2p);24«, which shows that it van-
ishes as« approaches zero, and goes rapidly negative wi
increasing«. With further increases in«, two things occur;
R«d increases rapidly, relative toR«s , and D begins to
change significantly from the threshold value sinced«d in-
creases andd«s decreases, as seen in Fig. 2. Thus, cosD
decreases from unity and theh2 term is no longer negligible
in Eq. ~6!. The increase of the positiveh2 term, combined
with the decrease of the negative second term causesb(2p)
to increase from21 with increasing«. EventuallyR«d domi-
nates, as discussed above, and the cosD term changes sign.
These combine to increase inb(2p) to its maximum value
of about 1.6 in the vicinity of 4 eV. At this maximum value,
cosD'21. With further increase in energy, cosD increases
so that the second term in Eq.~6! is less positive, and a
gradual decrease inb(2p) ensues.

Also shown in Fig. 4 are experimental results from sev
eral reports of one group@11,12# which are in general agree-
ment with our result. There appears to be some structure
the experimental curve at about 2.25 eV. We can find n
theoretical evidence of any sort of structure in this regio
Preliminary indications from a multichannelR-matrix calcu-
lation @35# gives no indication of this structure either. Fur
thermore, our results are in excellent agreement with a p

FIG. 4. Photoelectron angular distribution asymmetry param
eter,b, for the 1s2s2p 4P→1s2s 3S photodetachment process in
dipole-length (L) and dipole-velocity (V) formulations. The experi-
mental points are from Refs.@11# and @12#.
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FIG. 5. Calculated 1s2s2p 4P→1s2p«p 4S,
4P, and 4D partial photodetachment cross se
tions along with their sum, the tota
1s2s2p 4P→1s2p 3P cross section in dipole-
length (L) and dipole-velocity (V) formulations.
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vious MCHF calculation@18# which also shows no structur
in this region. Thus it is felt that the measurements should
reconsidered.

B. Photodetachment of the 2s electron:
The 1s2p 3P He channel

In this case, the cross section is the sum of
1s2s2p 4P→1s2p«p 4S, 4P, and 4D partial cross sec-
tions, each of which is shown in Fig. 5. Here it is seen t
all three of the partial cross sections have Cooper min
just above threshold. The4S and 4D channels have maxim
just below the Cooper minima of about 4 Mb and 8 M
respectively, and falloff monotonically above the thresho
region. The4P channel is decidedly different; there is a ve
strong resonance just above threshold, and another at a
38 eV. The fundamental difference between the4P channel,
on the one hand, and the4S and 4D on the other, is the
existence of the 1s2p2 4P and 2s2p2 4P autodetaching
states; they have no analogues with4S or 4D symmetries.
Thus, the4P partial cross section is qualitatively, as well
quantitatively, different from the4S and 4D channels; how-
ever, away from the resonances, it is seen from Figs. 5
all three channels are, in fact, quite similar. Note further t
length and velocity are in relatively good agreement.

As in the case of 2p ejection, the behavior of these parti
cross sections is determined primarily by a small numbe
terms in the corresponding matrix element. As a matter
fact, if we ignore the4P resonances for the moment, th
dominant term in all three matrix elements can be charac
ized as

M ~4L !5a1^1si2si2pi
4PuDu1sf2pf«p 4L&, ~7!

whereL5S, P, andD. Only this term is important becaus
^2pi u2pf& is 0.99, while^3pi u2pf& is only 20.038. Thus,
aside from overlap and angular factors, these matrix
ments are essentially the single-particle matrix elements
tween 2si the various«p corresponding to the three differen
final-state angular-momentum couplings. The phase sh
which characterize the continuum waves, are shown in
e

e
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,

out
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f
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6, where it is seen that the4S and 4D are very similar; both
start at a value ofp at threshold and dropping monotonical
with increasing energy. But the4S phase shift remains a bi
larger than the4D above threshold. The situation for4P is
rather different owing to the resonances just above thresh
and around 38 eV. These resonances cause the4P phase
shift to have a value ofp/2 at threshold, and a rapid increas
from threshold, along with the structure at about 38 e
Aside from the resonance effects, the4P phase shift is seen
to be rather similar to the other two. Thus, away from t
resonances, all three continuum waves are rather simila
that the radial parts of the matrix elements are also ra
similar. Since the square of the angular integrals are in a r
of 1:3:5 in order to ascendingL, the cross sections shoul
also reflect that ratio; Fig. 5 confirms that indeed they
away from the resonances.

Since we are dealing with a negative ion, there is no
cessity for Rydberg resonances below each threshold. In
there are none below the 2s detachment channel. The res
nance that lies just above threshold is the 1s2p2 4P reso-
nance that has been studied in some detail, both theoretic

FIG. 6. Phase shifts for the 1s2p«p 4S, 4P, and 4D final con-
tinuum states in He2.
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@14–18# and experimentally@8–10,13#. Since it lies above
the 2s threshold it is called a shape resonance. We find
resonance at a photon energy of 1.234 eV, just 12.37 m
above the 2s threshold, and a width of 9.48 meV. Thes
results compare favorably with earlier theoretical works@14–
18# and, more importantly, with the latest high-resolutio
measurement of this resonance@13# which found it at 10.80
meV above the 2s threshold with a width of 7.16 meV. The
higher-energy resonance is the 2s2p2 4P resonance. The
resonance position found, athn537.683 eV, is in excellent
agreement with previous theoretical results of 37.671
@20,21# and 37.672 eV@22#. The width found,G59.22 eV, is
also in reasonable agreement with previous values of 1
eV @20,21# and 9.87 eV@22#. Furthermore, we find an oscil
lator strength in this resonance transition of 0.109 in
length formulation and 0.106 in velocity, which compar
favorably with the previous value of 0.100@22#. Unfortu-
nately, there is no experimental scrutiny of this resonance
yet.

This resonance is an example of a hollow negative-
state since it contains alln52 electrons with an emptyn51
shell; these states in neutral atoms, particularly Li, have b
the subject of much recent scrutiny@36#. In the photoioniza-
tion of ground-state neutral atoms, however, they tend to
small blips on a large nonresonant background@36#. The
2s2p2 resonance in He2, on the other hand, dominates th
photodetachment cross section, as seen in Figs. 5. The re
for this difference is that the 1s2s2p→2s2p2 transition in
He2 is a one-electron transition and, thereby, quite strong
studies of the photoionization of ground-state atoms, on
other hand, these hollow states can be reached only by
electron transitions.

Of particular interest in connection with these resonan
is that the 2s2p2 4P lies 1.034 eVbelowthe 1s detachment
threshold; a Rydberg resonance. The corresponding r
nance in the vicinity of the 2s detachment threshold
1s2p2 4P, was seen to lieabovethe 2s threshold, a shape
resonance. The difference in the character of the two re
nances, i.e., why the 2s2p 3P state of He has a significan
electron affinity while the 1s2p 3P state does not, is quite

FIG. 7. Total photodetachment cross section for the 1s2s2p 4P
state of He2 in dipole-length (L) and dipole-velocity (V) formula-
tions. The experimental points are from Ref.@7# @solid dots#, Ref.
@10# @open circles#, and Ref.@11# @solid squares#.
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subtle. To begin with, the addition of a 2p electron to the
1s2p 3P state of He leaves the 1s pretty much unchanged,
but the 2p much more diffuse, owing to the mutual screenin
of the two 2p electrons in the 1s2p2 4P state of He2. Aside
from exchange, this leads to and increase in binding due
the binding of the extra 2p electron, but a decrease becaus
each of the diffuse 2p electrons has a smaller screene
nuclear binding along with the mutual repulsion of the 2p
electrons. MCHF calculations show that these effects nea
cancel. Thus, the difference in binding energies betwe
1s2p 3P and 1s2p2 4P results from the difference in 1s–
2p exchange interactions. In both cases exchange is att
tive, but it is significantly larger in the 1s2p 3P state be-
cause the overlap of the 1s and 2p orbitals is much greater
there than in the 1s2p2 4P case where the 2p orbitals are
much more diffuse; this despite the fact that there are twop
electrons in the latter case.

FIG. 8. Photoelectron angular distribution asymmetry para
eter,b, for the 1s2s2p 4P→1s2p 3P photodetachment process in
dipole-length (L) and dipole-velocity (V) formulations.

FIG. 9. Photoelectron angular distribution asymmetry para
eter,b, for the 1s2s2p 4P→1s2p 3P photodetachment process in
dipole-length (L) and dipole-velocity (V) formulations. The experi-
mental points are from Refs.@11# and @12# and the dotted-dashed
curve is the theoretical result of Ref.@18#.
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420 55DAE-SOUNG KIM, HSAIO-LING ZHOU, AND STEVEN T. MANSON
For the addition of a 2p electron to the 2s2p 3P state of
He to form the 2s2p2 4P state of He2, the situation is simi-
lar to the previous case, with one important exception; h
both electrons of the 2s2p 3P state of He expand because
the mutual screening of all threen53 electrons. Without
exchange, the energies of the two states would be remark
similar, as in the previous case, because of the approxim
cancellation between the addition of the attractive force
the added electron combined with the decrease in nuc
attraction due to the increased size of the orbitals and
mutual repulsion of the electrons. Since all electrons in b
states aren52, however, the 2s and 2p orbitals occupy the
same region of space in both the 2s2p 3P state of He and
the 2s2p2 4P state of He2, although this region is more
diffuse in He2. Thus, the 2s–2p exchange interaction ar
large~and attractive! in both states; the fact that there are tw
2p electrons in the 2s2p2 4P state causes the He2 attractive
exchange interaction to be much larger than in the 2s2p 3P
state of He, thereby causing binding relative to the 2s2p 3P
state of neutral He and makes the 2s2p2 4P discrete state a
Rydberg~Feshbach! resonance.
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A comparison between the calculation and available
periment@7,10,11# is shown in Fig. 7. Above the opening o
the 1s2p 3P channel, only the total photodetachment cro
section has been measured, so it is the total cross se
shown in Fig. 7. From this comparison, it is seen that agr
ment is quite good overall, for both the resonant and
nonresonant cross section, except for the region around
eV, where experiment indicates some structure that
along with previous calculations@15–18#, do not predict.
The overall agreement with experiment, however, gives
confidence that the calculated results will be of similar ac
racy in energy regions where no experiment exists to ch
them.

Owing to the resonances and the Cooper minima, the p
toelectron angular distribution asymmetry parameter,b, ex-
hibits considerable structure, as seen in Fig. 8; there is c
siderable structure in the threshold region as well as in the
eV region. Away from these two energy regions,b(2s)
tends to 2. To understand this behavior, it is helpful to sc
tinize the expression forb(2s), which can be derived using
the angular-momentum transfer analysis@26#
b~2s!5
3R1

217R2
2118R1R2cos~d12d2!18R2R0cos~d22d0!

2R0
216R1

2110R2
2 , ~8!
the
; a
the
l of
er
-

nel,
ely
ini-
ry
e-

F
s.
ave
the

to
le

d
n
ss
o a
e-
. The
ss
whereRL5M (4L) anddL is the associated phase shift. Fro
this expression it is clear that if all of the matrix elemen
and phase shifts are equal,b(2s)52. In the regions of the
resonances, there are dramatic variations inR1 and d1, as
was seen above. In addition, in the threshold region there
extra variations associated with the Cooper minima in e
of the matrix elements; the minima being at slightly differe
energies leads to a value ofb(2s) of 21 somewhere be
tween the minima@26#, just as seen in Fig. 8. Looking at th
threshold region in more detail in Fig. 9, it is seen that th
is some difference between length and velocity predictio
primarily due to slight differences in the location of the Co
per minima in the two formulations. Owing to the resonan
R2 dominates at threshold; Eq.~8! shows thatb(2s)50.5 in
such a circumstance, and that is seen in Fig. 9. Above
threshold resonance, all channels have appreciable ampl
and b tends towards 2, until the effects of the Coop
minima cause the pronounced dip, as seen, followed b
gradual rise back to 2 as the effect of the minima diminish

Also shown in Fig. 9 are the experimental results@11,12#
which are not in very good agreement with our results;
experimental results appear to be shifted to the right fr
ours, possibly indicating at least one of the theoretical C
per minima is at too low an energy. As a matter of fa
omission of interchannel coupling could have a signific
effect onb(2s), since the location of Cooper minima a
extremely sensitive to interchannel coupling. In this case,
4D and 4S channels arising from 2s detachment are degen
erate with those from 2p detachment. Furthermore, the 2p
channel cross sections are considerable larger than the
responding 2s cross sections in the vicinity of the Coop
re
h
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minima. At a photon energy of 5 eV, for example, the 2p 4D
cross section is about an order of magnitude larger than
2s, as can be seen from comparison of Figs. 1 and 5
similar dominance, but not quite so pronounced, exists in
4S channel as well. Thus, owing to a degenerate channe
much larger strength, it is quite likely that the Coop
minima in the 2s 4D and 4S channels are significantly al
tered~or negated! by interchannel coupling. The4P channel,
on the other hand, is not degenerate with any other chan
nor is there any strong channel close by. Thus it is unlik
that there would be a significant change in the Cooper m
mum in this channel via interchannel coupling. Prelimina
work including interchannel coupling and valence shell d
tachment plus excitation@35# bears out these ideas.

In addition, in Fig. 9 are the results of a previous MCH
calculation@18# which should closely resemble our result
The difference is, however, seen to be very great. We h
tried to reproduce this calculation but were unable to get
same results.

C. Photodetachment of the 1s electron

For the ‘‘main’’ 1s photodetachment channel leading
the 2s2p 3P autoionizing state of the He atom, the possib
transitions are 1s2s2p 4P→2s2p«p 4S, 4P, and 4D, ex-
actly the same as for the 2s photodetachment discusse
above with 1s and 2s interchanged. The total cross sectio
for this ‘‘main’’ channel, the sum of the three partial cro
sections, is shown in Fig. 10 where a rise from threshold t
maximum of about 30 Mb, followed by a monotone d
crease, is seen; no structure appears in this cross section
dynamics of each of the transitions making up this cro
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55 421PHOTODETACHMENT OF THE 1s2s2p 4P STATE OF . . .
section is essentially the same; thus, the partial cross sec
for the 4S, 4P, and 4D transitions are almost exactly 1/9
3/9, and 5/9 of the total.

The striking feature of this cross section is its maximu
value. Since photodetachment cross sectionsmustbe zero at
threshold@1#, a maximum above threshold is inevitable. Bu
although the 1s orbital in this He2 state is virtually un-
screened and quite similar to the 1s of He1, the maximum in
the 1s photodetachment cross section of about 30 Mb
much larger than is ever seen fornonresonant1s photoion-
ization of He1 or any neutral atom; He has the highest
about 7 Mb at the ionization threshold@3#. Also seen is a
much more rapid falloff with energy, as compared to neu
atoms@3#. Thus, the maximum in the photodetachment cr
section just above threshold is more than a factor or f
larger than the largest 1s photoionization cross section fo
any atom in the periodic table. To understand this behav
note that the dominant terms in the matrix element for e
transition in this ‘‘main’’ 1s cross section are given by

M ~4L !5a1^1si2si2pi
4PuDu2sf2pf«p 4L&

1a2^1si2si3pi
4PuDu2sf2pf«p 4L&, ~9!

which is rather different from the 2s case. There are othe
major differences from 2s detachment in that the removal o
the inner shell 1s electron causes significant relaxation of t
final state 2sf and, particularly, the 2pf orbitals with respect
to their initial-state counterparts@37#. Owing to this relax-
ation, ^2pi u2pf& is 0.856, and the«p orbital, which is or-
thogonal to 2pi , has a significant overlap with 2pi and 3pi
in the threshold region. Thus the major contributions to
matrix elements in the threshold region arise from terms p
portional to

^2si u2sf&^2pi u«p&^1si uDu2pf& ~10!

and

^2si u2sf&^3pi u«p&^1si uDu2pf& ~11!

FIG. 10. Photodetachment cross section for the 1s2s2p
4P→2s2p 3P ‘‘main’’ channel in dipole-length (L) and dipole-
velocity (V) formulations.
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in which the energy dependence comes from the^2pi u«p&
and ^3pi u«p& terms. While both terms are important in th
matrix element, the term associated with Eq.~11! is actually
the larger of the two by a factor of 2 in the threshold regio
despite the fact that the weight of the other term is greate
a factor of 2. This is because^2pi u«p& has a maximum value
of about 1.04, whilê 3pi u«p& reaches 4.87. Note that thes
terms are negligible in the 2s detachment case since rela
ation is unimportant there so that the«p orbital is nearly
orthogonal to the 2pi and 3pi orbitals. Thus, the sharp max
mum in the threshold region is a result of core relaxation
relaxation spike.

Above threshold, the«p orbital moves in very rapidly
with energy so that the overlaps,^2pi u«p& and^3pi u«p&, in
turn, diminish very rapidly, leading to the steep decline
the cross section shown in Fig. 10; this rapid dropoff is ve
uncharacteristic of photoabsorption by 1s electrons@3#. A
few eV above the 1s threshold, these terms@Eqs.~10!, ~11!#
are no longer the dominant part of the matrix elements; h
the major contribution arises from terms of the form

^2si u2sf&^2pi u2pf&^1si uDu«p&, ~12!

which makes the 1s cross section anomalously small owin
to the relaxation effect on the overlaps@37#. But if the
strength of the 1s ‘‘main’’ cross section is diminished by
overlap ~relaxation! effects, this missing strength must g
into detachment plus excitation.

To investigate this point, ‘‘satellite’’ processes consisti
of the 1s photodetachment leaving the He in more high
excited autoionizing 2s2p 3P state have been considere
i.e., detachment of the 1s electron along with excitation o
one or both of the outer electrons. The ‘‘satellite’’ process
where the He atom is left in the nearly degener
$2s3p63s2p% 3P states, also termed (sp236) 3P, were in-
vestigated. In these cases, the state designation is writte
this way to emphasize that the excited state of He is roug
a 50-50 admixture of the two configurations. There are t
such admixtures and the ‘‘1’’ designates the state where th
coefficients of the two terms have the same sign, while in
‘‘ 2’’ case, the coefficients are of the opposite sign. The tr
sitions 1s2s2p 4P→(23sp6)«p 4S, 4P, and 4D, were
considered and the results for the total channel cross
tions, summed in each case over the three multiplets,
shown in Fig. 11. Here we see a sharp spike just below
eV, which corresponds to the transition to the ‘‘2’’ state,
and a much broader, though not quite as high, maxim
with far more oscillator strength, resulting from the fin
‘‘ 1’’ state. This is rather different from the strength of th
analogous singlet states in photoabsorption from the gro
state of He where, owing to cancellation, the ‘‘1’’ oscillator
strength is roughly two orders of magnitude larger than
‘‘ 2’’ @38#.

To understand this, note that since the wave functions
the (sp236) 3P states are considerably more complex th
the 2s2p 3P wave function, with two primary terms as dis
cussed above, which leads to significant cancellation am
various contributions to the dipole matrix elements. T
weights of the 2s3p and 3s2p of the final 3P states are,
respectively, about 0.67 and 0.68 for the ‘‘1’’ state, and
20.54 and 0.69 for the ‘‘2’’ state, and we shall refer to
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422 55DAE-SOUNG KIM, HSAIO-LING ZHOU, AND STEVEN T. MANSON
these coefficients asb1 andb2, respectively. Near threshold
there are six dominant terms for each transition (4S,P,D) for
both ‘‘1’’ and ‘‘ 2’’ cases and all includê 2pi u«p& and
^3pi u«p& overlaps which, as discussed above, are nonz
only because of relaxation and maximize just above thre
old. These terms are of varying signs, leading to much c
cellation in the dipole matrix elements. Owing to the fact th
^2si u2sf&50.847, while ^2si u3sf&520.462, the ‘‘1’’ di-
pole matrix element experiences almost total cancella
here because, as seen above, the coefficients of the two m
terms in the final-state expansion,b1 andb2, are of the same
sign. For the same reasons, the ‘‘2’’ dipole matrix element
exhibits far less cancellation, leading to the relaxation sp
seen just above threshold.

Away from threshold, since thê2pi u«p& and ^3pi u«p&
overlaps fall off very rapidly, the situation is different. He
the dominant terms involve only overlaps between initial a
final discrete states which are not small owing to the sign
cant relaxation to the removal of the 1s electron. Further-
more, in all important terms but one, they are of the sa
sign, so that here the cancellation of terms occurs in
‘‘ 2’’ matrix element, not in the ‘‘1’’. This is evident in Fig.
11 where it is seen that, away from threshold, the ‘‘1’’ cross
section dominates the ‘‘2’’. The increase of the ‘‘1’’ cross
section from threshold, and subsequent falloff from t
maximum, simply reflect the behavior of^1si uDu«p&. The
largeness of these detachment plus excitation cross sect
compared to the ‘‘main’’ transition, is a result of the size
the ^2si u3sf& and ^2pi u3pf& overlaps relative tô 2si u2sf&
and^2pi u2pf&, respectively; they are all of the same order
magnitude owing to the ‘‘collapse’’ of the final-state orbita
in response to the removal of the 1s electron. Quantitatively,
^r & for the initial staten52 orbitals is about 5a0 ~Bohr
radii!, while the final staten52 andn53 orbitals are less
than 3a0 and about 9a0 , respectively; the initial staten52
orbitals occupy a region of space intermediate between
final staten52 andn53 orbitals.

This understanding of relaxation effects in th
1s2s2p 4P→(23sp6)«p 4S, 4P, and 4D transitions sug-

FIG. 11. Photodetachment cross section for the 1s2s2p
4P→(23sp1) 3P @dots# and 1s2s2p 4P→(23sp2) 3P @dotted-
dashed# detachment plus excitation satellite channel in dipo
length formulation. The sum of these two cross sections is a
shown in dipole-length (L) and dipole-velocity (V) formulations.
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gests that transitions leaving the He atom in higher exc
states in this series, (2nsp6)«p with n.3, will not be very
important because thensf and npf orbitals do not overlap
the initial-state orbitals very well. These arguments also s
gest that transitions leaving He in the 3s3p 3P state will be
of some importance. To leave He in this state the poss
transitions are 1s2s2p 4P→3s3p«p 4S, 4P, and 4D; the
calculated cross sections, summed over4S, 4P, and 4D are
shown in Fig. 12, where a threshold spike is seen, followe
slight dip before the eventual falloff with increasing energ
The height of the spike is about 0.3 Mb and above the sp
the cross section has a maximum of only about 0.1 M
Although the shape of this 3s3p cross section is similar to
the sum of the 23sp6 results@Fig. 11#, the explanation for
the shape is rather similar to 2s2p. Near threshold the domi
nant contributions to the dipole matrix element are terms
like Eqs.~10! and ~11! for 2s2p with 2sf and 2pf replaced
by 3sf and 3pf , respectively,

^2si u3sf&^2pi u«p&^1si uDu3pf& ~13!

and

^2si u3sf&^3pi u«p&^1si uDu3pf& ~14!

in which the energy dependence is again seen to come
tirely from the ^2pi u«p& and ^3pi u«p& terms. But the
^2pi u3pf& overlap of the 3s3p transition is more than a fac
tor of 2 smaller than thê 2pi u2pf& of the 2s2p, the
^1si uDu3pf& matrix element is about a factor of 2.5 small
than the correspondinĝ1si uDu2pf&, the ^2pi u«p& and
^3pi u«p& are smaller for 3s3p than for 2s2p final states
owing to the differences in thep in the two cases, and som
further cancellation exists in the 3s3p case owing to the
contribution of the 1s3s3p term in the initial-state expan
sion, a term which is much less important for 2s2p. All of
these effects combine to make the matrix element and o
of magnitude smaller in the 3s3p case, as compared to th
2s2p, so that the cross section is down by a factor of 1

-
o

FIG. 12. Photodetachment cross section for the 1s2s2p
4P→3s3p 3P detachment plus excitation satellite channel
dipole-length (L) and dipole-velocity (V) formulations.



1
th

ut

-
fa
ud

er
ll

ke
a
e

n.
h

th
e

sh
ta
s
va
th
s
t

tio
et

%

f
nce
a-
he
or
to

,

of

t

;

me.
try
-

the
-
ures
evi-
ere

d
The
en
of
ho-
ing

f

ve

55 423PHOTODETACHMENT OF THE 1s2s2p 4P STATE OF . . .
0.3 Mb as opposed to 30 Mb as seen in Figs. 12 and
respectively. Away from threshold, the dominant term is
analogue of Eq.~12!,

^2si u3sf&^2pi u3pf&^1si uDu«p&, ~15!

where 2sf and 2pf replaced by 3sf and 3pf , respectively. In
this case, the product of the overlaps, in this term is abo
factor of 3 smaller than the product of̂2si u2sf& and
^2pi u2pf& relevant to 2s2p @Eq. ~12!# so that the cross sec
tion is about an order of magnitude smaller, as seen. The
that the threshold relaxation spike is two orders of magnit
smaller in the 3s3p case, as opposed to the 2s2p means that
it loses its strength much closer to threshold when the t
proportional to Eq.~15! is still rising. This leads to the sma
dip between the two maxima for 3s3p which is not seen for
2s2p owing to the strength of the threshold relaxation spi

The total 1s cross section, summed over the various fin
states considered, is given in Fig. 13. It is evident that n
the 1s detachment threshold, the 2s2p 3P channel relax-
ation spike dominates the 1s photodetachment cross sectio
Above the satellite threshold, this is clearly no longer t
case; the satellite cross section dominate the total 1s detach-
ment at the higher energies. In fact, above about 55 eV,
‘‘main’’ 2 s2p 3P channel amounts to only about 1/3 of th
1s cross section, while the (23sp1) 3P channel is about
1/2, and the 3s3p 3P is most of the rest; the (23sp2) 3P
contribution is quite small everywhere except at the thre
old relaxation spike. These ratios remain just about cons
over the entire higher-energy range that we have inve
gated, and should continue asymptotically at the same
ues. Thus, away from the threshold relaxation spike in
‘‘main’’ 2 s2p 3P channel, the 1s photodetachment cros
section is dominated by detachment plus excitation owing
the relaxation effects of the removal of the 1s electron.

It is of interest to look at where the 1s oscillator strength
goes. While the sum rule governing the total photoabsorp
of the atom, the sum of all of the oscillator strength discr
and continuum equals the number of electrons~three in this
case! is essentially exact@3#, it is also generallyapproxi-
matelytrue subshell by subshell, at least to within 10–20

FIG. 13. Total 1s photodetachment cross section, summed o
‘‘main’’ and satellite channels, in dipole-length (L) and dipole-
velocity (V) formulations.
0,
e

a

ct
e

m

.
l
ar

e

e

-
nt
ti-
l-
e

o

n
e

.

The oscillator strength in the 2s2p threshold relation peak
up the opening of the (23sp6) channels is 0.21, a factor o
2 larger than the 0.11 oscillator strength of the resona
lying just below the 1s detachment threshold. This emph
sizes the difference in physical origin of the two peaks. T
total in the 2s2p channel to 100 eV is found to be 0.40. F
the other 1s channels considered, the oscillator strengths
100 eV of (23sp2), (23sp1), and 3s3p are 0.015, 0.20,
and 0.034, respectively. The total 1s oscillator strength, up
to 100 eV, including the 1s→2p resonance transition, is
thus, 0.76. We estimate that the 1s oscillator strength lying
above 100 eV is 0.15, giving an approximate 1s total oscil-
lator strength of a bit over 0.9, well within the expectation
the one-electron sum rule.

Finally, note that for each of these 1s photodetachmen
channels the4S, 4P, and 4D matrix elements differ only by
geometric ~angular-momentum! factors, not by dynamics
the phase shifts of each of the4S, 4P, and 4D continuum
waves within a given channel are almost exactly the sa
As a result, the photoelectron angular distribution asymme
parameter,b, is equal to 2@26#, independent of energy, ob
viating any reason to discuss it further.

D. Total cross section

The total cross section for photodetachment of
1s2s2p 4P state of He2 is shown in Fig. 14 for complete
ness where the relative magnitudes of the various feat
discussed above for the individual channels are clearly
dent. Except for the 3–5 eV region, as noted earlier, wh
valence shell detachment plus excitation~along with the as-
sociated resonances! has not been considered, it is believe
that this cross section should be reasonably accurate.
total oscillator strength to 100 eV is found to be 2.61; wh
we add the estimated oscillator strength above 100 eV
0.15, as discussed above, we find a total above the first p
todetachment threshold of 2.76. It is likely that the remain
0.24 lies in the discrete 2p excitations.

IV. CONCLUDING REMARKS

Multiconfiguration Hartree-Fock~MCHF! calculations of
the photodetachment of the 1s2s2p 4P metastable state o

r FIG. 14. Total photodetachment cross section for the 1s2s2p
4P state of He2 in dipole-length (L) and dipole-velocity formula-
tions.
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424 55DAE-SOUNG KIM, HSAIO-LING ZHOU, AND STEVEN T. MANSON
He2 have been presented from the detachment threshold
photon energy of 100 eV. In addition, resonance phenom
were included by explicitly introducing interchannel co
pling. For the valence shell photodetachment, general ag
ment was found with previous work, both experimental a
theoretical. Some differences with experiment, likely due
neglecting interchannel coupling of weak open channels
generate with strong ones were pointed out. Work includ
this coupling is in progress@35#.

The primary focus of this work, however, was the pho
detachment of the 1s electron where it was found that th
relaxation of the core, in response to 1s electron removal,
causes a variety of phenomena including threshold relaxa
spikes at the onset of the 1s detachment channels, a hug
nonresonant1s cross section, and the dominance of deta
ment plus excitation from a little way above the 1s detach-
ment threshold to very high energy. We note, however, t
the omission of interchannel coupling between continu
channels, along with out neglect of a host of other ‘‘hollow
resonances, could alter the details of some of the results
sented. No experimental investigation of the photodeta
ment He2 in the vicinity of the 1s detachment threshold
exists, although the technology to produce to He2 certainly
exists, as evidenced by the experimental activity on vale
shell photodetachment@7–13#, and third generation synchro
tron light sources exist with high brightness in the relev
energy region.

The cross section for the hollow ion Feshbach resona
2s2p2 4P, just below the 1s detachment threshold, was als
scrutinized for the first time. It was found to be so stro
since, the transition is essentially a 1s→2p one-electron
,
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transition; transitions to other hollow states will also be s
nificantly larger than their counterparts in ground sta
photoionization of Li owing to the fact that in the He2 case,
the initial state contains two valence electrons.

In addition, it is useful to note that both the ‘‘main’’ 1s
detachment, and the various detachments plus excita
leave the He atom in an autoionizing state. Thus, the res
ing autoionizing lines can be used as signatures to dis
guish the processes experimentally. In addition, these
triplet autoionizing states which cannot be reached from
singlet ground state of He by photoabsorption. Thus the p
sibility of studying the triplet manifold experimentally in
‘‘cleaner’’ and more unambiguous manner than via elect
scattering.

Finally, the relaxation effects in 1s photodetachmen
should not be limited to He2. While the details of the cross
sections will surely differ, the physical interactions whic
lead to the 1s results in He2 should be equally strong in 1s
photodetachment of any negative ion, e.g., threshold re
ation spikes, along with the dominance of detachment p
excitation at the higher energies, will be generally true fors
photodetachment of any negative atomic ion, and sim
types of effects should be found for negative molecular io
as well.
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