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Outer-shell photodetachment of the metastable BeÀ 1s22s2p2 4Pe state
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We report calculated photodetachment cross sections from the metastable Be2 1s22s2p2 4Pe state in the
photon energy range 0–10 eV. Outer-shell photodetachment takes place in this energy range, which includes
the double-ionization threshold Be1(2Se) at ;7 eV as well as doubly excited thresholds of the residual atom
up to the Be(1s22p4 f ) threshold at;10 eV. Therefore, triply excited states of Be2 are reached within the
selected photon energy. We have implemented the complex scaled configuration interaction method along with
a model potential for the 1s2 core to uncover the first series of Be2 4Lo resonant states. In this work, four4Po,
seven 4Do, and two 4So resonances are reported and we compare our cross section with other previous
theoretical calculations, that reported none or, at most, two resonances.
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I. INTRODUCTION

In the last decade, negative atomic ions have recei
substantial attention by the atomic physics community@1#.
Nowadays these systems have become the subjects of b
mark studies for different theoretical computational metho
dealing with highly correlated systems. Strongly correla
excited states in negative ions should show up as spe
features in photodetachment spectra, revealing details
their structure and dynamics. Three-electron atomic syst
are at the edge of completefull ab initio treatments with
today’s computational facilities and their resonant states
photodetachment spectra are calculated with uncertaintie
a few meV. In this work, we are interested in the outer-sh
photodetachment of Be2 and we are then required to de
scribe as accurately as possible the correlated motion o
three-valence electrons. Configuration interaction~CI! codes
may be extended to treat many-electron systems that c
be divided in an inert core plus active electrons. The be
lium negative ion may be treated as an effective CI th
electron problem by using an appropriate model potentia
describe the effect of the inner 1s2 core. The use of analyti
cal model potentials in atomic structure is reported with p
fusion in the literature@2,3#.

Long-lived states of Be2 ion were observed almost fort
years ago in experiments@4#, but it was Bae and Peterson@5#
who first clearly identified the Be2 (1s22s2p2 4Pe) as a
metastable state and predicted its decay rate. The gro
state of Be (1s22s2 1S) has a closed-shell configuration an
it is stable enough so that adding an extrans or np electron
does not create a bound state, but a Be2 (1s22s22p 2Po)
shape resonance. It is instead the first excited triplet stat
Be (1s22s2p 3P) that supports an extra 2p electron to pro-
duce the lowest discrete state of Be2 (1s22s2p2 4Pe). Al-
though electron correlation in configurations with spin u
paired electrons generally is less important, in this cas
becomes crucial. Actually, Hartree-Fock calculations pla
the Be2 (1s22s2p2 4Pe) state above the parent state B
(1s22s2p 3P) @6#. Therefore, a good account of electro
1050-2947/2003/68~1!/012702~9!/$20.00 68 0127
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correlation is of the utmost importance. With the reasona
assumption that the 1s2 core is almost inert, the stability
should be provided by theL-shell electron correlation, being
greater for the Be2 2s2p2 configuration than for Be 2s2p.
This assumption tells us that we can restrict ourselves
consider only the strong interaction for the three outer-sh
electrons, taking the electron-core interaction into acco
through a suitable model potential. A similar procedure,
within an R-matrix approach, was employed by Kim an
Greene@7#. In this work, we make use of an extension of t
complex scaled configuration interaction~CSCI! method,
successfully applied previously in our laboratory to pu
three-electron systems, such as He2 @8,9#. Complex scaling
methods have already been applied to study the B2

1s22s2ep shape resonance@10–12# with a multiconfigura-
tional self-consistent-field method. Anyway, albeit Be2 may
be thought of as a simple system, it turns out to be quite
unexplored ion in its resonant structure.

Three metastable states form the known discrete spec
of the beryllium negative ion@13# ~see Fig. 1!; Be2

1s22s2p2 4Pe, mentioned above, Be2 1s22p3 4So, below
the Be 1s22p2 3P, and Be 2 1s2s2p3 6So, below the Be
1s2s2p2 5P ~outside the energy range shown in Fig. 1!. The
Be2 4So state can decay radiatively to the lowest-ener
state 1s22s2p2 4Pe.

The initial state in our photodetachment study is the me
stable state Be2 1s22s2p2 4Pe, with an averaged experi
mental lifetime oft;45 ms @14#, long enough to be used in
photodetachment experiments. Unfortunately, experime
involving beryllium species have almost disappeared fr
laboratories due to strict regulations to manipulate danger
substances. Furthermore, photodetachment experiment
Be2 turned out to be a difficult task and they remain a ch
lenge. As a matter of fact, only two photodetachment exp
ments on Be2 have been reported so far@5,15# and they
show contradictory results. Therefore, the theoretical inpu
crucial to partially relieve this difficulty.

On the theoretical side, things have not been much be
To our knowledge, only four-cross-section calculations
©2003 The American Physical Society02-1
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J. L. SANZ-VICARIO AND E. LINDROTH PHYSICAL REVIEW A68, 012702 ~2003!
available today in the literature. Those of Sinaniset al. @16#,
with a state-specific configuration interaction method, a
Ramsbottom and Bell@17#, with a R-matrix method, do not
show any resonant structure. The calculation by Xi a
Froese Fischer@18#, using a Galerkin inverse-iterativ
method, predicts one sharp4Po resonance and the latest ca
culation by Zenget al. @19#, also with a modifiedR-matrix,
shows two 4Po resonances. In this work, we calculate t
photodetachment cross section through a completely di
ent method with a high level of sophistication. We obtain
coarse agreement with the previous results aforementio
In addition, we locate four4Po, seven 4Do, and two 4So

resonances and their parameters~position and widths! are
given.

II. METHOD

Depending on the type of system, different atomic mo
potentials have been proposed to describe the inert core,
different level of sophistication. For the simple case of t
1s2 core, polarization effects are not particularly importa
and the potential due to the two 1s electrons may have th
form

Vmodel~r !5
2

r
2

2

r
~11ar !e22ar , ~1!

wherea is a parameter conveniently adjusted. This mo
potential has been previously used, for instance, to calcu
bound states of three- and four- electron atoms and, m
specifically, bound and resonant states of Be-like ions@20#.

FIG. 1. Scheme of states of Be2, Be, and Be1 relevant to our
photodetachment study. The photon energy scale is reset to ze
the first metastable state of Be2 and the thick dashed arrow cove
the full range of photon energy~0–10 eV! in this work.
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This model potential is justified because it reproduces
form of the Hartree-Fock potential 2Vdirect2Vexchange for
an electron in the presence of a 1s2 core. Alternative model
potentials depending on three parameters, bothl-dependent
and l-independent, has been proposed by Aymaret al. @21#
for the alkaline earths. These one-particle potentials are b
empirically to provide accurate ionization energies of 1s2nl
Be1 states. The parametera is adjusted until the eigenvalue
enl obtained from the one-electron reduced radial equatio

F2
1

2

]2

]r 2
1

l ~ l 11!

2r 2
2

Z

r
1Vmodel~r !GPnl~r !5enlPnl~r !,

~2!

agree with the tabulated experimental energies. In this w
we make use of the uniform complex scaling where the
dial electron coordinate is complex rotated (r→reiu). We
have adjusted the optimal parametera when the rotation
angleu is zero and then complex scaling is applied norma
While the kinetic and Coulomb terms are easily factorize
the model potential term is nonlinear. The application
complex scaling over nonlinear analytical potential show
resonances has been tested before with illustrative poten
V(r )5Ar2e2r and V(r )5Ae2a(r 2r 0)2Be2br2

@22#. Be-
cause of the complex rotation, the potential splits in real a
imaginary part. The imaginary part acts to comply with t
L2 integrability of the rotated continuum wave functio
When the potential contains exponential terms the comp
rotation shows an oscillatory behavior, both in the real a
imaginary part, that is more prominent as the rotation an
increases. The global distortion due to the complex sca
affect the bound and continuum energies of the Be1 differ-
ently. Theoretically, bound states remain unchanged by
rotation, although in practical computations they chan
slightly, separating from the real abscissa. These sl
changes in bound states seem to be more sensitive in
one-electron eigenvalues given by Eq.~2! than in pure hy-
drogenic systems. We thus avoid large rotation angles~we
useu58°216° in this work!, to keep our Be1 bound states
with a minimal distortion over the real axis but just enou
to uncover the Be2 resonances.

The alkaline-earth negative ions may be described by
three-electron Hamiltonian

H5(
i

hi
model1(

i , j

1

r i j
, ~3!

where the sums involve only the three outer-shell electr
and the expression for the model Hamiltonianhmodel is given
by Eq. ~2!.

The one-electron radial functionPnl(r ) is expanded in
terms ofN B-splines~a set of piecewise polynomials! con-
fined in a box of length@0,r max#, wherer max is the box size.
The model Hamiltonian is projected onto theB-spline basis
set and the complex symmetric eigenvalue problem is sol
by standard routines. The complex eigenfunctions of Eq.~2!
are then used to build three-electron configurations ada
to the totalL,S, and parityp. The matrix elements of the

at
2-2
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OUTER-SHELL PHOTODETACHMENT OF THE . . . PHYSICAL REVIEW A 68, 012702 ~2003!
effective three-electron Hamiltonian of Eq.~3! are evaluated
and the much bigger associated generalized eigenvalue p
lem is solved again.

Once the three-electron eigenfunctions are obtained,
photodetachment cross section as a function of the ph
energy is calculated with the expression@23#

s~v!5
1

2L011

e2

4pe0

4p

3

v

c
ImS (

n

M
^C0uP̃uCn&

2

Ẽn2E02\v
D ,

~4!

where C0 denotes the initial-state wave function with a
energy E0 , Cn corresponds to the final state of compl
energyẼn , let them be bound, resonant or continuum sta
and P̃5( i ,qr ie

iuCi
(q) is the rotated dipolar operator.

III. RESULTS AND DISCUSSION

The initial state here considered is Be2 1s22s2p2 4Pe

and thus the final states are4Po, 4Do, and 4So. Thus, the
total photodetachment reaction reads as follows:

Be2~1s22s2p2 4Pe!1\v→(
4L0

@Be~1s2nln8l 8!3L1

1e~n9l 9!#4L0, ~5!

where\v denotes the photon ande corresponds to the en
ergy of the detached photoelectron. In the photon ene
range studied in this work, from 0 to 10 eV, the labelnl in
Eq. ~5! represents 2s and 2p orbitals only, andn8l 8 may
reach up ton856 ~the threshold Be 1s22s6p 3Po at
;6.5 eV) and ton854 ~the threshold Be 1s22p4 f 3Fo at
;10 eV), respectively. Note that the double ionizati
threshold~i.e., Be1 2Se) lies in this photon energy range a
;6.9 eV. Therefore, double-photodetachment chann
should be rigorously included and in our CSCI method th
are taken into account.

First, we solve the one-electron eigenvalue problem
Eq. ~2!. for the Be1(1s2nl) states with a basis set of 20
splines of orderk57, a box length of 120 a.u., an
l-dependent parameters a l (a052.351 866 4, a1

52.361 045, a252.171 10, anda351.580), adjusted to
provide the experimental lowest eigenvalue for eachl sym-
metry. In Table I, we include our energies for the Be1

(1s2nl) states. To compare, we also report previous calc
tions @20# with the same model potential but with an almo
complete Slater-type basis set and the experimental re
from Ref. @24#. We also calculateab initio Hartree-Fock or-
bital energies corrected by a polarization potential as don
Ref. @25#. This polarization correction added to the Hartre
Fock orbitals does not provide the required accuracy for
lowest nl orbitals (2s, 2p), although it is improved asn
increases. Other results to compare with can be found
Table II of Ref. @20#. We conclude that our results are ve
satisfactory, given the limited number of includedB-splines.
By using l-dependent model potentials, one may introdu
complications due to the fact that all orbitals are not eig
functions of the same Hamiltonian operator. We have a
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checked this point and we find that differences by us
l-dependent orl-independent potentials in our three-electr
CI calculation are negligible. Actually, thel-dependency of
the model potential does not give much better improvem
for the Be1 energies in comparison withl-independent ones
(a5a0) because the main discrepancy between the mo
potentialVmodel and 2Vdirect2Vexchangecomes from the ex-
change part, and this term varies as a function ofn and notl,
as discussed in Ref.@20#. Additionally, core-polarization plus
dielectronic polarization terms added to the model poten
@26# could modify slightly the value. It has been pointed o
that core-valence and core-core correlation must be inclu
to obtain accuracies to within a few meV@27#. For cores
such as Mg21 and Ca21, these corrections are important, b
for the simple Be21 core, it has been shown that more com
plicate model potentials including polarization terms provi
results that compare similarly with ours and with the expe
mental results. Li2 that has an identical core and where a
curate experiments are available has been successfully
scribed by simple polarization potentials@25,28,29# which
support the idea that something similar should be poss
here. Furthermore, we decide to keep the model potentia
Be21(1s2) as simple as possible~in order to complex rotate
it! but, simultaneously, accurate enough.

For each three-electronL,S,p symmetry, we select three
electronnln8l 8n9l 9 type configurations built froms, p, d,
and f orbitals. The three-electron basis set of configuratio
used in this work is listed in Table II. Within the spac
spanned by the selected configurations, the Be target s
~all thresholds listed in Table III! must be appropriately rep
resented. For instance, the Be 1s22sn8p 3Po and Be
1s22pn8s 3Po thresholds pluses or ed escaping electrons
are accounted for withspp-type configurations from the4Pe

symmetry ,ssp andspd from the 4Po symmetry, andspd
from the 4Do symmetry. In most cases in our calculation
n8 andn9 reach values up to 18 for the outermost electro
and then we expect to obtain a reasonable accuracy to re
duce thresholds in the whole photon energy range. We m

TABLE I. Energies~in atomic units! of 1s2nl states of Be1 ion.
The values are referred to the Be21 (1s2) core.

nl
Model

potential
Reference

@20# HF1pol
Expt.

Reference@24#

2s 20.669 246 20.669 248 20.669 703 20.669 246
3s 20.267 649 20.267 685 20.267 292 20.267 233
4s 20.143 354 20.143 381 20.143 169 20.143 153
5s 20.089 166 20.089 196 20.089 067 20.089 065

2p 20.523 768 20.523 718 20.522 950 20.523 768
3p 20.229 819 20.229 798 20.229 317 20.229 582
4p 20.128 259 20.128 255 20.128 021 20.128 134
5p 20.081 645 20.081 687 20.081 548 20.081 610

3d 20.222 478 20.222 404 20.222 468 20.222 478
4d 20.125 143 20.125 103 20.125 120 20.125 124
5d 20.080 068 20.080 018 20.080 064 20.080 067
2-3
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TABLE II. l l 8l 92type and numberN of configurations used to calculate resonances and photodetachment of Be2 4Pe. l l 8l 9-type
configurations are indicated asn1 ,n2 ,n3l l 8l 9 andN indicates the number of configurations for everyl l 8l 9 type of configuration.

4Pe N 4Po N 4Do N 4So N

13,17,18spp 1836 12,17,18ssp 1980 17,12,18spd 3456 18,18,18ppp 1140
13,17,18sdd 1836 18,17,12spd 3468 17,18,12sd f 3456 18,18,18pdd 3078
13,17,18s f f 1836 11,17,18sd f 3060 5,15,18ppp 1165 18,18,15p f f 2565
3,17,18ppd 1674 1,12,17ppp 357 10,18,5pp f 1300 10,18,18dd f 2430
2,17,18pd f 1224 1,12,17pp f 187
1,17,18ddd 475 1,12,17ddp 210
Total 9323 9262 9377 9213
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remark that in our method the Be threshold energies are
tained directly from the diagonalization of the Be2 problem.
In other approaches, such asR-matrix and Galerkin inverse
iterative methods, the Be target energies are calculated
viously as accurately as possible and then the channel
1e(n9l 9) are explicitly constructed. If not accurate enoug
diagonal elements in the Hamiltonian matrix may be a
justed to reproduce the Be experimental energies@17#.

The initial state Be2 1s22s2p2 4Pe has been calculate
with 9323 configurations and the energy we obtained isE0
520.921 945 69 a.u. with respect to the Be21 energy. This
can be compared with the most accurate value
20.922 311 a.u., obtained from the difference between
total binding energy of Be2 1s22s2p2 4Pe, 214.577 877

TABLE III. Thresholds of the Be2 system. The experimenta
values are taken from NIST@30#. Energies are given in eV an
relative to the Be2 (1s22s2p2 4P) state.

State Expt.~NIST! This work Reference@18#

1 Be(1s22s2p 3Po) 0.290 990 0.2876 0.2867
2 Be(1s22s3s 3S) 4.023 013 4.0112 3.9967
3 Be(1s22s3p 3Po) 4.869 419 4.8582 4.8442
4 Be(1s22p2 3P) 4.967 164 5.1252 4.9953
5 Be(1s22s3d 3D) 5.259 481 5.2527 5.2409
6 Be(1s22s4s 3S) 5.563 580 5.5447 7.4850
7 Be(1s22s4p 3Po) 5.849 417 5.8063 8.1223
8 Be(1s22s4d 3D) 5.989 492 5.9552 8.0253
9 Be(1s22s4 f 3Fo) 6.026 608 6.0047
10 Be(1s22s5s 3S) 6.121 974
11 Be(1s22s5p 3Po) 6.252 803
12 Be(1s22s5d 3D) 6.319 551
13 Be(1s22s5 f 3Fo) 6.337 648
14 Be(1s22s6s 3S) 6.388 580
15 Be(1s22s6p 3Po) 6.459 264
limit Be II ( 2Se) 6.888 500 6.633 95
16 Be(1s22p3s 3Po) 8.173 652 8.1550 8.1913
17 Be(1s22p3p 3D) 8.7475 8.7425
18 Be(1s22p3p 3P) 8.974 455 8.9784 8.9840
19 Be(1s22p3d 3Do) 9.243 820 9.2421 9.4076
20 Be(1s22p4p 3P) 9.860 781 9.8394
21 Be(1s22p4d 3Do) 9.962 285 9.9344
22 Be(1s22p4 f 3Fo) 9.992 887
01270
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a.u., from Ref.@31# and the total binding energy of the Be21

ground state from Ref.@32#, 213.655 566 a.u. The electro
affinity of Be 1s22s2p 3P, i.e., E(Be2 1s22s2p2 4Pe)
2E(Be1s22s2p 3P), can be estimated from our calculatio
if the Be 1s22s2p 3P threshold is obtained by extrapolatin
the lowest-energy continuum branch~Be 1s22s2p 3P plus
an outgoing electron! to the real axis, i.e., to zero energy fo
the outgoing electron. We then obtain an affinity of 287
meV (1 a.u.527.209 739 7 eV for Be! in rather good accor-
dance with the most accurate theoretical values, 2
65 meV by Olsenet al. @27#, 289.161.0 by Hsu and Chung
@31#, and 286.7 meV by Xi and Froese Fischer@18#. The
most recent experimental value is 290.9960.10 meV by
Kristensenet al. @33#. The main error in our value come
from the approximate treatment of the 1s2- core correlation
in the presence of the three outer electrons, as can be se
comparison with Ref.@31#.

Be(1s22s4s 3S), Be(1s22s4p 3Po), and
Be(1s22p3d 3Do) thresholds reported by Xi and Froese F
cher@18# do not match the NIST data or ours~see Table III!
and we presume there is a mistake in their tabulation. O
thresholds quoted in Table III are taken from the4Po calcu-
lation, following the procedure aforementioned. Values fro
4Do and 4So symmetries are very similar within a
61 –5 meV error band on an average. In spite of our la
size calculation, some Be thresholds are not obtained a
rately, due to thenl,n8l 8,n9l 9 asymmetries in the included
configurations~i.e., not all electrons are allowed to reach t
highest hydrogenic orbitals, due to limitations of our comp
tational resources!. For instance, the upper Be threshold
corresponding to the Rydberg series that converges to1

limit contain uncertainties, specifically when more than o
channel is open, and we do not report those values in Ta
III. We also remark that the Be(1s22p3p 3D) threshold at
;8.74 eV ~obtained also by Xi and Froese Fischer@18#! is
not listed in the NIST database.

In Fig. 2, we plot the photodetachment cross section to
final 4Po states from 0 to 10 eV. Two major Feshbach res
nances are revealed. The cross section by Ramsbottom
Bell @17# ~they report from; 0.5 eV to; 4.3 eV! and Zeng
et al. @19# ~from ;0.25 eV to;6.7 eV) are also included
The cross section from Ref.@17# neither covers the region o
the nonresonant peak after the 2s2p 3Po threshold nor does
it displays the first resonance. Nonetheless, its backgro
matchs ours perfectly. Fig. 4 in Ref.@18# shows the4Po
2-4
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FIG. 2. Calculated photodetachment cross section to Be2 4Po from the metastable Be2 1s22s2p2 4Pe state. Solid line, this work, dashe
line, R-matrix by Zenget al. @19#, dash-dotted line,R-matrix by Ramsbottom and Bell@17# ~it overlaps our background!. The vertical dotted
lines indicate Be thresholds 1s2 nln8l 8 3Lp taken form the NIST database~the core 1s2 is omitted in the figures! quoted in Table III; the
vertical thick dotted line indicates the position of the Be1 doubly ionization threshold. Resonance positions are labeled with Rn an
arrows point out to the maximum cross section of the CSCI calculation, except R2~our peak reaches 116 Mb!.
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cross section via the Be(1s22s2p 3Po)ks1kd channels, pro-
viding most of the contribution and it reflects a similar bac
ground from 0.5 eV and, the most important, displays
first resonance R1. That same Fig. 4 shows the contribu
from other excited channels after the Be(1s22s3p 3Po)
threshold, producing a raising shoulder. These excited ch
nels are implicitly included both in Ref.@19# and in our
calculation. TheR-matrix calculation by Ref.@19# matches
our cross section of the first nonresonant peak after
(1s22s2p 3Po) threshold, but the parameters of the two n
ticeable resonances R1 and R2 differ slightly in position a
notably in the maximum cross section. Our resonance R
located at ER153.9579 eV and we obtain a widthGR1
511.21 meV, in good agreement with 3.944 63 eV a
11.16 meV, respectively, from Xi and Froese Fischer@18#
and 3.9454 eV from Ref.@19#. The difference in position
should be attributed to the different calculated value of
Be(1s22s3s 3S) threshold, 4.0112 eV in our work an
3.9967 eV in Ref.@18#. The distance from the resonanc
position to the threshold differs only by 1 meV. Our res
nance4Po R1 reaches;62 Mb, slightly higher than in Ref
@18# (;54). Reference@19# does not display the maximum
cross section~but it is .60 Mb). Our resonance R2 is lo
cated atER254.8491 eV and its widthGR250.632 meV,
which makes the resonance extremely sharp and there
difficult to catch with coarse photon energy grids~we use
here 30 000 points!. This second resonance R2 has been
ported previously only by Ref.@19#, with a position of
4.7617 eV but no width. The maximum cross section diff
strongly; ours is 116 Mb but it is given to around 55 Mb
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Ref. @19#. Again the difference in the position of resonan
R2 may come from the calculated Be (1s22s3p 3Po) thresh-
old. This Feshbach resonance is located very close to
threshold~compare our Fig. 2 with 1 in Ref.@19#!. Therefore,
we conclude that a more accurate position should be nea
NIST threshold position 4.8694 eV and we believe that o
data is more reliable. We have not a clear answer about
discrepancy in the maxima. Both4Po R1 andR2 resonances
do not show any strong interaction with the underlying co
tinuum. In fact, by performing a Fano-shape parametrizat
of the isolated resonance@25#, we get a maximum of 55.6
Mb for R1 and 113 Mb for R2, respectively.

From the Be(1s22s3p 3Po) threshold at;4.87 eV, the
new opening of channels are well accounted for by Ze
et al., Xi and Fischer in their Figure 4 and in our results, t
last two showing a similar oscillatory pattern. Furthermo
we found two additional but small4Po resonances; R3, a
broad shape resonance located atER355.4673 eV and width
G557.7 meV and R4,ER458.6840 eV andG528.8 meV.
R4 resonance lies above the double-ionization threshold B1

and it corresponds to a resonant triply excited state of B2.
Table IV contains a summary of our resonance paramet
Also Fig. 3 displays the position of the4Po resonances
(S-matrix poles! in the complex plane.

In Fig. 4, we show the cross section to the final4Do

symmetry. Since we are more interested in the reson
structures close to the Be3D and 3P thresholds, we stres
the importance of appropriately well-balancedspd, sd f, and
ppp configurations. In this symmetry, the number of co
figurations generated froms, p, d, and f orbitals increases
2-5
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TABLE IV. Be2 4Po, 4Do, and 4So resonance parameters in the photon energy region 0–10 eV.Er is the
binding energy relative to the ground state of Be21, while the position is relative to the Be2 (1s22s2p2 4P)
state.

Resonance Er 2G/2 Position~eV! Width ~meV! q ~Fano parameter!

4Po R1 20.776 4849 22.06031024 3.9579 11.2 2107
R2 20.743 7331 21.16231025 4.8491 0.632 237.4
R3 20.721 0145 21.06031023 5.4673 57.7 21.43
R4 20.602 7917 25.29131024 8.6840 28.8 22.74

4Do R1 20.728 4991 29.84031024 5.2636 53.5 21.36
R2 20.728 2116 29.27931024 5.2714 50.5 1.07
R3 20.702 0525 27.62931024 5.9832 41.5 21.11
R4 20.693 5213 23.38431024 6.2153 18.4 5.12
R5 20.601 5760 21.38131024 8.7172 7.51 23.68
R6 20.595 7538 29.31731024 8.8756 50.7 20.532
R7 20.586 8649 27.98731024 9.1174 43.5 20.410

4So R1 20.599 8844 23.68131024 8.7679 20.0 0.30
R2 20.565 6915 24.71331024 9.6983 25.7 20.983
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notably for thespd and sd f cases and because of memo
size ~we construct our CI matrix up to;10 000 configura-
tions!, we confine thep electrons up ton512. The conse-
quence is that some thresholds, such as3D, 3P are better
reproduced than3Po. Such difference may be observe
mainly after the first threshold, where an energy shift
manifest in our calculation in comparison with theR-matrix

FIG. 3. Complex eigenvalue spectrum of Be2 4Po for different
values of the rotation angleu, from 8° to 16°. The eigenvalues fa
into the lower half of the complex plane with an angle 2u. The
eigenvalues accumulated in fixed points—not affected by the c
plex rotation—show a resonance behavior and they are labele
Rn. Vertical lines indicate the position of Be thresholds 1s2 nln8l 8
3Lp.
01270
s

results. Nevertheless, the threshold law tendency in our c
section is kept. The region of major interest comes after
Be(1s22p2 3P) threshold. A set of resonances up to t
double-ionization threshold (Be1) have been found in this
symmetry. The sharp peak R1 of 30.2 Mb at;5.25 eV,
present in other previous calculations, corresponds to a r
nant state with positionER155.2636 eV and widthGR1

553.5 meV, slightly above the Be(1s22s3d 3D) threshold
position. This peak has not been regarded before as a r
nance. The asymmetry of this resonance (q521.36) pro-
vokes the shift of the maximum in the cross section, to
pear slightly below the Be(1s22s3d 3D) threshold. Our
complex scaling analysis in the complex plane~see Fig. 5!
allows us to identify both this R1 and the R2 eigenvalues
a S-matrix pole over the3D threshold. Similarly, we dis-
cover five additional small resonances in the complex pla
the last two, R6 and R7, imperceptible in the cross sect
The latter are broad and slowlyu-convergent resonances,
similar case to that appearing also in the He2 complex spec-
tra @9#. Table III contains a summary of these resonances
their parameters. The cross section by Xi and Froese Fis
@18# shows a discrepancy in the threshold law but it is clo
to our result in the nonresonant maximum. Surprisingly, th
velocity gauge result~Fig. 5 in Ref. @18#! compares better
with the length gaugeR-matrix results by Ramsbottom an
Bell @17# and Zenget al. @19#. The discrepancy in the back
ground above 5 eV may be attributed to the fact that
include implicitly all the contributing channels opene
through the whole Rydberg series.

The photodetachment cross section for the final4So state
in Fig. 6 has not been reported so far. The4So channels open
at the Be(1s22p2 3P) threshold at;5 eV ~the peak due to
the metastable 2p3 4So state is omitted! and the main fea-
tures contributing to the total cross section come from p
ton energies higher than 8 eV, i.e., from triply excited sta
of Be2. We find two resonant triply excited states of th
symmetry; R1 is a window resonance located atER1
58.7679 eV and widthGR1520.0 meV and R2 is located a

-
as
2-6
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FIG. 4. Calculated photodetachment cross section to Be2 4Do from the metastable Be2 1s22s2p2 4Pe state. Solid line, this work, dashe
line; R-matrix by Zenget al. @19#, dash-dotted line,R-matrix by Ramsbottom and Bell@17#, and dash-double-dotted line, Xi and Froe
Fischer@18#. The rest of the notation as in Fig. 2.
ig.
hey
ely,
the

ov
FIG. 5. Same as Fig. 3 but for the Be2 4Do complex eigenvalue
spectrum. The inset shows a blow up of the eigenvalues~for a fixed
rotation angle! corresponding to R1 and R2 resonances, just ab
the eigenvalue that represents the Be 1s22s3d 3D threshold.
01270
ER259.6983 eV with a width ofGR2525.7 meV. Both
resonances are clearly identified in the complex plane in F
7. Two extra small peaks above R2 are noticeable and t
mimic small resonances in the cross section. Tentativ
they may be resonances but since they exactly overlap
Be(1s22p4p 3P) and the Be(1s22p4d 3Do) thresholds, re-
spectively ~see Fig. 7!, it is difficult for us to produce a
definitive answer within the complex scaling approach.

e
FIG. 6. Calculated photodetachment cross section to Be2 4So

from the metastable Be2 1s22s2p2 4Pe state. Solid line; this work.
The rest of the notation as in Fig. 2.
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J. L. SANZ-VICARIO AND E. LINDROTH PHYSICAL REVIEW A68, 012702 ~2003!
Finally, the total photodetachment cross section is sho
in Fig. 8. The major discrepancy compared to previous c
culations appears just after the first Be threshold. Our re
shows a shoulder coming from the4Po symmetry, but in the
R-matrix result of Zenget al. @19# it is not present and we
have no explanation for this. TheR-matrix results by Rams
bottom and Bell @17# and the inverse-iterative Galerki
method of Xi and Froese Fischer do not provide results cl
enough to this threshold to compare. The two main re
nances from the4Po are in qualitative agreement with thos
obtained earlier by Zenget al. with the R-matrix method,
with a small difference in the position but considerable
strength. The resonant peak after 5 eV coming from the4Do

FIG. 7. Same as Fig. 3 but for the Be2 4So complex eigenvalue
spectrum.
01270
n
l-
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-

symmetry is reproduced by all three theories, but going f
ther up in energy our calculation shows a much more r
structure through the Rydberg series and the extra contr
tion from the 4So at ;8.76 eV. We think that our CSC
calculation is the most sophisticated so far, quite accu
and trustworthy, as shown in previous calculations on He2,
where a comparison between our CSCI results and h
resolution experimental data is very good@34#. We also in-
clude in the figure the experimental points obtained by B
and Peterson@5# and Pegget al. @15#. We will not discuss
here these experiments carried out on Be2 ~a brief analysis is
done in Ref.@17#! and their comparison with theory. It i
clear that the information they provide is contradictory a
insufficient to test the calculations.

IV. CONCLUSIONS

In conclusion, outer-shell photodetachment of the me
stable Be21s22s2p2 4Pe negative ion has been calculate
through a complex scaled configurations interaction meth
All the final symmetries show resonant features: we find
this work four 4Po resonances, seven4Do resonances, and
two 4So resonances. Of them, six correspond to reson
triply excited states of Be2. We report parameters that cha
acterize all these resonances. We find a basic agreement
previous theoretical results,R-matrix as well as inverse
iterative Galerkin method and we confirm the presence
two major 4Po resonances as reported before by Zenet al.
However, the minor differences can be used to test the ab
of different methods to achieve accurate results. These
crepancies appear~1! slightly in the position of the two
rk,
e

FIG. 8. Total photodetachment cross section from the metastable Be2 1s22s2p2 4Pe state. Same notation as Fig. 2. Solid line, this wo
dashed line,R-matrix by Zenget al. @19#, dash-dotted line,R-matrix by Ramsbottom and Bell@17#, dash-double-dotted line, Xi and Froes
Fischer@18#, circles, experiment by Bae and Peterson@5#, cross, and experiment by Pegget al. @15#.
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aforementioned4Po resonances,~2! the behavior of the cros
section close to the first Be threshold, and~3! the cross sec-
tion around 5 eV and beyond. Therefore, we encourage
perimentalist to perform new high-resolution experiments
Be2 photodetachment that can shed light on both the exp
mental and theoretical discrepancies.
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