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Outer-shell photodetachment of the metastable Be 1s?2s2p? “P¢ state
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We report calculated photodetachment cross sections from the metastablests2p? “P¢ state in the
photon energy range 0—10 eV. Outer-shell photodetachment takes place in this energy range, which includes
the double-ionization threshold B€S®) at ~7 eV as well as doubly excited thresholds of the residual atom
up to the Be($22p4f) threshold at~10 eV. Therefore, triply excited states of Bare reached within the
selected photon energy. We have implemented the complex scaled configuration interaction method along with
a model potential for the<? core to uncover the first series of BEL® resonant states. In this work, fotiP°,
seven“D®, and two #S° 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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[. INTRODUCTION correlation is of the utmost importance. With the reasonable
assumption that thesf core is almost inert, the stability
In the last decade, negative atomic ions have receivedhould be provided by thie-shell electron correlation, being

substantial attention by the atomic physics commufify  greater for the Be 2s2p? configuration than for Be €p.
Nowadays these systems have become the subjects of bendtis assumption tells us that we can restrict ourselves to
mark studies for different theoretical computational methodsonsider only the strong interaction for the three outer-shell
dealing with highly correlated systems. Strongly correlatecklectrons, taking the electron-core interaction into account
excited states in negative ions should show up as specifitirough a suitable model potential. A similar procedure, but
features in photodetachment spectra, revealing details ofithin an R-matrix approach, was employed by Kim and
their structure and dynamics. Three-electron atomic systemGreend 7]. In this work, we make use of an extension of the
are at the edge of complefell ab initio treatments with complex scaled configuration interactid€SCl) method,
today’s computational facilities and their resonant states anduccessfully applied previously in our laboratory to pure
photodetachment spectra are calculated with uncertainties dfiree-electron systems, such as 'H&,9]. Complex scaling
a few meV. In this work, we are interested in the outer-shellmethods have already been applied to study the Be
photodetachment of Beand we are then required to de- 1s?2s?ep shape resonandd0-14 with a multiconfigura-
scribe as accurately as possible the correlated motion of théonal self-consistent-field method. Anyway, albeit Bmay
three-valence electrons. Configuration interactiéh) codes  be thought of as a simple system, it turns out to be quite an
may be extended to treat many-electron systems that coulghexplored ion in its resonant structure.
be divided in an inert core plus active electrons. The beryl- Three metastable states form the known discrete spectrum
lium negative ion may be treated as an effective Cl threeof the beryllium negative ion[13] (see Fig. 1 Be
electron problem by using an appropriate model potential tds?2s2p? “P¢, mentioned above, Bels?2p® 4S°, below
describe the effect of the innes? core. The use of analyti- the Be 1s?2p? 3P, and Be ~ 1s2s2p® ®S°, below the Be
cal model potentials in atomic structure is reported with pro-1s2s2p? 5P (outside the energy range shown in Fig. The

fusion in the literaturg2,3]. Be “4S° state can decay radiatively to the lowest-energy
Long-lived states of Be ion were observed almost forty state &?2s2p? “P®.
years ago in experimenid], but it was Bae and Peters{f| The initial state in our photodetachment study is the meta-

who first clearly identified the Be (1s?2s2p? “P®) as a  stable state Be 1s?2s2p? “P®, with an averaged experi-
metastable state and predicted its decay rate. The groungdental lifetime ofr~45 us[14], long enough to be used in
state of Be ($°2s? 'S) has a closed-shell configuration and photodetachment experiments. Unfortunately, experiments
it is stable enough so that adding an exisaor np electron  involving beryllium species have almost disappeared from
does not create a bound state, but a §&s®2s°2p 2P°) laboratories due to strict regulations to manipulate dangerous
shape resonance. It is instead the first excited triplet state gfubstances. Furthermore, photodetachment experiments on
Be (1s22s2p 3P) that supports an extragelectron to pro-  Be~ turned out to be a difficult task and they remain a chal-
duce the lowest discrete state of B€ls?2s2p? *P®). Al- lenge. As a matter of fact, only two photodetachment experi-
though electron correlation in configurations with spin un-ments on B& have been reported so 86,15 and they
paired electrons generally is less important, in this case ishow contradictory results. Therefore, the theoretical input is
becomes crucial. Actually, Hartree-Fock calculations placesrucial to partially relieve this difficulty.

the Be (1s?2s2p? “P®) state above the parent state Be On the theoretical side, things have not been much better.
(1s?2s2p 3P) [6]. Therefore, a good account of electron To our knowledge, only four-cross-section calculations are
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~ Be- B B + This model potential is justified because it reproduces the
15F = c © form of the Hartree-Fock potential\#!"ect—\/exchangefqy
14E - an electron in the presence of a*lcore. Alternative model
E 2P potentials depending on three parameters, batependent
13 10eV and l-independent, has been proposed by Aymgal. [21]
12 T for the alkaline earths. These one-particle potentials are built
1 = PR empirically to provide accurate ionization energies sfril
s | —a Be' states. The parameteris adjusted until the eigenvalues
10 : 2p3s P 2s 75" €, obtained from the one-electron reduced radial equation,
— 9F I ——
% oF — 16 1(1+1) z
o SE mode _
? 75_ 2p3 4s° i —3 2(9r2+ 2["2 r +V kr) Pn|(r)—€n|Pn|(r),
LI:J 65 | 2835°S (2)
- 1
5 E | agree with the tabulated experimental energies. In this work,
- : we make use of the uniform complex scaling where the ra-
4 2 I dial electron coordinate is complex rotated—re'?). We
3 20007 *p° : 2s2p ’p° have adjusted the optimal parameterwhen the rotation
2B T oev angled is zero and then complex scaling is applied normally.
C While the kinetic and Coulomb terms are easily factorized,
1:— - the model potential term is nonlinear. The application of
)= 2 S complex scaling over nonlinear analytical potential showing

resonances has been tested before with illustrative potentials
FIG. 1. Scheme of states of BeBe, and Bé& relevant to our V(r)=Ar%"" and V(r):Ae‘a("’O)—Be‘brz [22]. Be-

photodetachment study. The photon energy scale is reset to zero @ se of the complex rotation, the potential splits in real and
the first metastable state of Bend the th'ICk c_Iashed arrow covers imaginary part. The imaginary part acts to comply with the

the full range of photon energ—10 eV in this work. L? integrability of the rotated continuum wave function.

When the potential contains exponential terms the complex
otation shows an oscillatory behavior, both in the real and
maginary part, that is more prominent as the rotation angle
jncreases. The global distortion due to the complex scaling
ffect the bound and continuum energies of the Riiffer-

ently. Theoretically, bound states remain unchanged by the
rotation, although in practical computations they change

Cﬁlatlon by4ZPeénget al.[19], aliso Vr\]'.'th arrilod|f|ed?-lmalltr|x, h slightly, separating from the real abscissa. These slight
shows two resonances. In this work, we calculate t echanges in bound states seem to be more sensitive in the

photodetachment cross section through a completely diﬁer()ne-electron eigenvalues given by E8) than in pure hy-

ent method with 6}{ h'%r]‘ Lﬁvel of _sophlstlcal';lon.f we Obtf_"n aarogenic systems. We thus avoid large rotation anghes
coarse agreement with the previous results aforementionegls s~ 8o 16° in this work. to keep our Bé bound states

HY o] 4o 4
In addition, Wedlocilat.e four'Pe, seven D" gnd.(tjm;]o s° with a minimal distortion over the real axis but just enough
resonances and their parametépssition and widths are to uncover the Be resonances.

available today in the literature. Those of Sinagisal.[16],
with a state-specific configuration interaction method, an
Ramsbottom and Bell17], with a R-matrix method, do not
show any resonant structure. The calculation by Xi an
Froese Fischer[18], using a Galerkin inverse-iterative
method, predicts one shaff° resonance and the latest cal-

given. The alkaline-earth negative ions may be described by the
three-electron Hamiltonian
Il. METHOD
Depending on the type of system, different atomic model H= E pmodel E i 3
potentials have been proposed to describe the inert core, with T =i’

different level of sophistication. For the simple case of the
1s? core, polarization effects are not particularly importantwhere the sums involve only the three outer-shell electrons
and the potential due to the twas Electrons may have the and the expression for the model HamiltonkFP?¢'is given
form by Eq.(2).
The one-electron radial functioR,(r) is expanded in
ymode{ ) = 2 E(1+ar)e*2‘”, i terms of N B-splines(a set of piecewise polynomialson-
ror fined in a box of lengthhO,r ], Wherer ., IS the box size.
The model Hamiltonian is projected onto tBespline basis
where « is a parameter conveniently adjusted. This modeket and the complex symmetric eigenvalue problem is solved
potential has been previously used, for instance, to calculatey standard routines. The complex eigenfunctions of (p.
bound states of three- and four- electron atoms and, morare then used to build three-electron configurations adapted
specifically, bound and resonant states of Be-like ii#@. to the totalL,S, and parityw. The matrix elements of the

012702-2



OUTER-SHELL PHOTODETACHMENT OF TH . . . PHYSICAL REVIEW A 68, 012702 (2003

effective three-electron Hamiltonian of E@) are evaluated TABLE . Energies(in atomic unit3 of 1snl states of B& ion.
and the much bigger associated generalized eigenvalue probhe values are referred to the Be(1s?) core.
lem is solved again.

Once the three-electron eigenfunctions are obtained, the Model Reference Expt.
photodetachment cross section as a function of the photoR potential [20] HF+pol  Referencg24]
energy is calculated with the expressi@3] 2s  —0.669246 —0.669248 —0.669703 —0.669 246

) M =2 3s —0.267649 —0.267685 —0.267292 —0.267 233

()= 1 & am 2|m( D M) , 4s  -0.143354 —0.143381 —0.143169 —0.143 153

2Lotl4me 3 ¢\ W E,~Eo—fiw 5s  —0.089166 —0.089196 —0.080067 —0.089 065

(4)

where ¥, denotes the initial-state wave function with an 2p  —0.523768 —0523718 —0.522950  —0.523 768

energy Eqy, W, corresponds to the final state of complex 3p  —0.229819 —0.229798 —0.229317  —0.229582

~ . 4p —0.128259 —-0.128255 —-0.128021 —0.128134
energyE,, let them be bound, resonant or continuum state%p 0081645 —0.081687 —0.081548 —0081610

andP==3, r;e'’C{? is the rotated dipolar operator.
3d —0.222478 —0.222404 —0.222468 —0.222478

4d —-0.125143 —0.125103 —0.125120 —0.125124
5d —0.080068 —0.080018 —0.080064 —0.080067

IIl. RESULTS AND DISCUSSION

The initial state here considered is Bds?2s2p? “pP®
and thus the final states af®°, *D°, and #S°. Thus, the
total photodetachment reaction reads as follows:

checked this point and we find that differences by using
I-dependent ol-independent potentials in our three-electron

Be (1s?2s2p? *P®)+hw— >, [Be(1s?nin’l")3L, Cl calculation are negligible. Actually, thedependency of
40 the model potential does not give much better improvement
+e(n”lI") AL, (5) for the Be" energies in comparison withindependent ones

(a=a®) because the main discrepancy between the model
wherefw denotes the photon andcorresponds to the en- potential V™€ and 2vdi"ect—vexchangecomes from the ex-
ergy of the detached photoelectron. In the photon energghange part, and this term varies as a function ahd notl,
range studied in this work, from 0 to 10 eV, the labélin as discussed in Rdi20]. Additionally, core-polarization plus
Eqg. (5) represents 2 and 2 orbitals only, andn’l’ may  dielectronic polarization terms added to the model potential
reach up ton’=6 (the threshold Be 42s6p 3P° at  [26] could modify slightly the value. It has been pointed out
~6.5 eV) and ton’ =4 (the threshold Be °2p4f 3F° at  that core-valence and core-core correlation must be included
~10 eV), respectively. Note that the double ionizationto obtain accuracies to within a few me\27]. For cores
threshold(i.e., Be" 2S°) lies in this photon energy range at such as M§* and C&*, these corrections are important, but
~6.9 eV. Therefore, double-photodetachment channelfor the simple B&" core, it has been shown that more com-
should be rigorously included and in our CSCI method theyplicate model potentials including polarization terms provide
are taken into account. results that compare similarly with ours and with the experi-

First, we solve the one-electron eigenvalue problem ofmental results. Li that has an identical core and where ac-
Eq. (2). for the Be (1s?nl) states with a basis set of 20 B curate experiments are available has been successfully de-
splines of orderk=7, a box length of 120 a.u., and scribed by simple polarization potentiglg5,28,29 which
|-dependent  parameters '  (a®=2.3518664, ot support the idea that something similar should be possible
=2.361045, «?=2.17110, anda®=1.580), adjusted to here. Furthermore, we decide to keep the model potential for
provide the experimental lowest eigenvalue for ehslym- Be?*(1s?) as simple as possiblén order to complex rotate
metry. In Table I, we include our energies for the Be it) but, simultaneously, accurate enough.

(1s°nl) states. To compare, we also report previous calcula- For each three-electrdn, S, symmetry, we select three-
tions [20] with the same model potential but with an almostelectronnin’l’n”l” type configurations built frons, p, d,
complete Slater-type basis set and the experimental resulgdf orbitals. The three-electron basis set of configurations
from Ref.[24]. We also calculatab initio Hartree-Fock or- used in this work is listed in Table Il. Within the space
bital energies corrected by a polarization potential as done ispanned by the selected configurations, the Be target states
Ref.[25]. This polarization correction added to the Hartree-(all thresholds listed in Table llimust be appropriately rep-
Fock orbitals does not provide the required accuracy for théesented. For instance, the Bes?2sn'p *P° and Be
lowest nl orbitals (2, 2p), although it is improved as  1s?2pn’s 3P° thresholds pluss or ed escaping electrons,
increases. Other results to compare with can be found iare accounted for withp p-type configurations from thép®
Table Il of Ref.[20]. We conclude that our results are very symmetry ,sspandspd from the *P° symmetry, andspd
satisfactory, given the limited number of includBesplines.  from the “D° symmetry. In most cases in our calculations,
By using I-dependent model potentials, one may introducen’ andn” reach values up to 18 for the outermost electrons
complications due to the fact that all orbitals are not eigenand then we expect to obtain a reasonable accuracy to repro-
functions of the same Hamiltonian operator. We have alsaluce thresholds in the whole photon energy range. We must
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TABLE 1. 11'l”—type and numbeN of configurations used to calculate resonances and photodetachment ofFSe Il '1”-type
configurations are indicated as,n,,nsll'1” andN indicates the number of configurations for evélril” type of configuration.

4pe N 4po N 4po N 430 N
13,17,18pp 1836 12,17,18sp 1980 17,12,18pd 3456 18,18,1Bpp 1140
13,17,18dd 1836 18,17,18pd 3468 17,18,18df 3456 18,18,1pdd 3078
13,17,18ff 1836 11,17,18df 3060 5,15,1Bpp 1165 18,18,1pff 2565
3,17,1%pd 1674 1,12, 1Bpp 357 10,18,ppf 1300 10,18,18d f 2430
2,17, 1%df 1224 1,12,1ppf 187

1,17,181dd 475 1,12,1ddp 210

Total 9323 9262 9377 9213

remark that in our method the Be threshold energies are oly.u., from Ref[31] and the total binding energy of the Be

tained directly from the diagonalization of the Beroblem.

ground state from Ref32], —13.655566 a.u. The electron

In other approaches, such Rematrix and Galerkin inverse- jaffinity of Be 1s?2s2p 3P, i.e., E(Be™ 1s%2s2p? “P®)
iterative methods, the Be target energies are calculated pre-g(Be1s22s2p 3P), can be estimated from our calculation
viously as accurately as possible and then the channels Bethe Be 1s?2s2p 3P threshold is obtained by extrapolating
+€(n”l") are explicitly constructed. If not accurate enough,the lowest-energy continuum bran¢Be 1s22s2p 3P plus
diagonal elements in the Hamiltonian matrix may be ad-an outgoing electrorto the real axis, i.e., to zero energy for
justed to reproduce the Be experimental enerfl&s$.

The initial state Be 1s°2s2p® *P® has been calculated mev (1 a.u=27.2097397 eV for Bein rather good accor-

with 9323 configurations and the energy we obtaine#js
=—0.921 94569 a.u. with respect to the?Beenergy. This

the outgoing electron. We then obtain an affinity of 287.6

dance with the most accurate theoretical values, 285
+5 meV by Olseret al.[27], 289.1+ 1.0 by Hsu and Chung

can be compared with the most accurate value 0f31] and 286.7 meV by Xi and Froese FiscHa®]. The
—0.922311 a.u., obtained from the difference between thenost recent experimental value is 290:9®.10 meV by

total binding energy of Be 1s?2s2p? “P®, —14.577877

TABLE lll. Thresholds of the Be system. The experimental
values are taken from NIS[30]. Energies are given in eV and

relative to the Be (1s?2s2p? “P) state.

State

Expt(NIST) This work Referenc¢l8]

1 Be(1s?2s2p 3P°)
2 Be(1s%2s3s 3S)

3 Be(1s°2s3p 3P°)
4 Be(1s?2p? °P)

5 Be(1s°2s3d °D)
6 Be(1s?2s4s 39)

7 Be(1s?2s4p °P°)
8 Be(1s?2s4d °D)
9 Be(1s?2s4f 3F°)
10 Be(1s?2s5s 3S)
11 Be(1s?2s5p 3P°)
12 Be(1s?2s5d °D)
13 Be(1s?2s5f 3F°)
14 Be(1s?2s6s 3S)
15 Be(1s?2s6p 3P°)
limit Be 11 (2S?)

16 Be(1s?2p3s 3P)
17 Be(1s?2p3p °D)
18 Be(1s?2p3p 3P)
19 Be(1s?2p3d 3D°)
20 Be(1s*2p4p °P)
21 Be(1s?2p4d °D°)
22 Be(1s?2p4f 3F°)

0.290 990
4.023013
4.869 419
4.967 164
5.259 481
5.563 580
5.849417
5.989 492
6.026 608
6.121974
6.252 803
6.319551
6.337 648
6.388 580
6.459 264
6.888 500
8.173 652

8.974 455
9.243 820
9.860 781
9.962 285
9.992 887

0.2876
4.0112
4.8582
5.1252
5.2527
5.5447
5.8063
5.9552
6.0047

6.633 95
8.1550

8.7475
8.9784
9.2421
9.8394
9.9344

0.2867
3.9967
4.8442
4.9953
5.2409
7.4850
8.1223
8.0253

8.1913
8.7425

8.9840

9.4076

Kristensenet al. [33]. The main error in our value comes
from the approximate treatment of the?s core correlation

in the presence of the three outer electrons, as can be seen by
comparison with Ref[31].

Be(1s?2s4s3S), Be(1s?2s4p °P9), and
Be(1s?2p3d 3D°) thresholds reported by Xi and Froese Fis-
cher[18] do not match the NIST data or oufsee Table 1li
and we presume there is a mistake in their tabulation. Our
thresholds quoted in Table IlI are taken from tHe° calcu-
lation, following the procedure aforementioned. Values from
4D° and “S° symmetries are very similar within a
+1-5 meV error band on an average. In spite of our large
size calculation, some Be thresholds are not obtained accu-
rately, due to thenl,n’l’,n"l” asymmetries in the included
configurationgd(i.e., not all electrons are allowed to reach the
highest hydrogenic orbitals, due to limitations of our compu-
tational resources For instance, the upper Be thresholds,
corresponding to the Rydberg series that converges to Be
limit contain uncertainties, specifically when more than one
channel is open, and we do not report those values in Table
lll. We also remark that the Be&f2p3p D) threshold at
~8.74 eV (obtained also by Xi and Froese Fischi&B]) is
not listed in the NIST database.

In Fig. 2, we plot the photodetachment cross section to the
final “P° states from 0 to 10 eV. Two major Feshbach reso-
nances are revealed. The cross section by Ramsbottom and
Bell [17] (they report from~ 0.5 eV to~ 4.3 e\) and Zeng
et al. [19] (from ~0.25 eV to~6.7 eV) are also included.
The cross section from R€fL7] neither covers the region of
the nonresonant peak after the2d 3P° threshold nor does
it displays the first resonance. Nonetheless, its background
matchs ours perfectly. Fig. 4 in Ref18] shows the*P°
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FIG. 2. Calculated photodetachment cross section to B from the metastable E§e132232p2 4pe state. Solid line, this work, dashed
line, R-matrix by Zenget al.[19], dash-dotted lineR-matrix by Ramsbottom and BglL7] (it overlaps our backgroundThe vertical dotted
lines indicate Be thresholdssd nin’l’ L™ taken form the NIST databasthe core 5?2 is omitted in the figurésquoted in Table III; the
vertical thick dotted line indicates the position of the"Bdoubly ionization threshold. Resonance positions are labeled with Rn and the
arrows point out to the maximum cross section of the CSCI calculation, exceftilRDeak reaches 116 Nlb

cross section via the Begi2s2p 2P°)ks+kd channels, pro- Ref.[19]. Again the difference in the position of resonance
viding most of the contribution and it reflects a similar back-R2 may come from the calculated Besf2s3p 3P°) thresh-
ground from 0.5 eV and, the most important, displays theold. This Feshbach resonance is located very close to that
first resonance R1. That same Fig. 4 shows the contributiothresholdcompare our Fig. 2 with 1 in Ref19]). Therefore,
from other excited channels after the Bef2s3p3P°)  we conclude that a more accurate position should be near the
threshold, producing a raising shoulder. These excited chaNIST threshold position 4.8694 eV and we believe that our
nels are implicitly included both in Ref19] and in our data is more reliable. We have not a clear answer about the
calculation. TheR-matrix calculation by Ref[19] matches discrepancy in the maxima. BotiP® R1 andR2 resonances
our cross section of the first nonresonant peak after B€lo not show any strong interaction with the underlying con-
(1s?2s2p 3P°) threshold, but the parameters of the two no-tinuum. In fact, by performing a Fano-shape parametrization
ticeable resonances R1 and R2 differ slightly in position andf the isolated resonand@5], we get a maximum of 55.6
notably in the maximum cross section. Our resonance R1 iblb for R1 and 113 Mb for R2, respectively.

located atEg,=3.9579 eV and we obtain a widtli'g, From the Be(%%?2s3p 3P°) threshold at~4.87 eV, the
=11.21 meV, in good agreement with 3.944 63 eV andnew opening of channels are well accounted for by Zeng
11.16 meV, respectively, from Xi and Froese Fische8] et al, Xi and Fischer in their Figure 4 and in our results, the
and 3.9454 eV from Ref[19]. The difference in position last two showing a similar oscillatory pattern. Furthermore,
should be attributed to the different calculated value of theve found two additional but smaftP° resonances; R3, a
Be(1s?2s3s 3S) threshold, 4.0112 eV in our work and broad shape resonance locatedai=5.4673 eV and width
3.9967 eV in Ref[18]. The distance from the resonance I'=57.7 meV and R4Eg,=8.6840 eV and’=28.8 meV.
position to the threshold differs only by 1 meV. Our reso- R4 resonance lies above the double-ionization threshofd Be
nance?P° R1 reaches-62 Mb, slightly higher than in Ref. and it corresponds to a resonant triply excited state of.Be
[18] (~54). Referenc¢19] does not display the maximum Table IV contains a summary of our resonance parameters.
cross sectior{but it is >60 Mb). Our resonance R2 is lo- Also Fig. 3 displays the position of théP° resonances
cated atEr,=4.8491 eV and its widtl'z,=0.632 meV, (S-matrix poles in the complex plane.

which makes the resonance extremely sharp and therefore In Fig. 4, we show the cross section to the firfa°
difficult to catch with coarse photon energy grilse use symmetry. Since we are more interested in the resonant
here 30 000 poinjs This second resonance R2 has been restructures close to the B&D and °P thresholds, we stress
ported previously only by Ref[19], with a position of the importance of appropriately well-balancguld, sdf, and
4.7617 eV but no width. The maximum cross section differsppp configurations. In this symmetry, the number of con-
strongly; ours is 116 Mb but it is given to around 55 Mb in figurations generated frorg p, d, andf orbitals increases
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TABLE IV. Be™ *P°, “D°, and“S° resonance parameters in the photon energy region 0—1B, é¥/the
binding energy relative to the ground state of Bewhile the position is relative to the Bg(1s?2s2p? “P)

state.
Resonance E, -T2 Position(eV) Width (meV) q (Fano parameter
4po R1 —0.776 4849 —2.060<10 4 3.9579 11.2 —-107
R2 —0.7437331 —1.162x10°° 4.8491 0.632 -37.4
R3 —0.721 0145 —1.060x10°3 5.4673 57.7 —-1.43
R4 —0.6027917 —5.291x10 4 8.6840 28.8 —2.74
4pe R1 —0.7284991 —9.840x10°* 5.2636 535 —1.36
R2 —0.7282116 —9.279<10°* 5.2714 50.5 1.07
R3 —0.7020525 —7.629<10°* 5.9832 41.5 -1.11
R4 —0.6935213 —3.384x10°* 6.2153 18.4 5.12
R5 —0.6015760 —1.381x10°* 8.7172 7.51 —3.68
R6 —0.5957538 —9.317x10 4 8.8756 50.7 —0.532
R7 —0.586 8649 —7.987x10 4 9.1174 43.5 —-0.410
4g0 R1 —0.5998844 —3.681x10 4 8.7679 20.0 0.30
R2 —0.5656915 —4.713x10 4 9.6983 25.7 —0.983

notably for thespd andsdf cases and because of memory results. Nevertheless, the threshold law tendency in our cross

size (we construct our Cl matrix up te-10000 configura-
tions), we confine thep electrons up taa=12. The conse-
quence is that some thresholds, such®Bs 3P are better

section is kept. The region of major interest comes after the
Be(1s?2p? 3P) threshold. A set of resonances up to the
double-ionization threshold (B¢ have been found in this

reproduced than®P°. Such difference may be observed symmetry. The sharp peak R1 of 30.2 Mb a5.25 eV,
mainly after the first threshold, where an energy shift ispresent in other previous calculations, corresponds to a reso-

manifest in our calculation in comparison with tRematrix

rerrrrrrrrr ettt T Tt Tt
0.002 _'2sis s 253p°P° 2p"°P 2s3d°D
of .!, R3 .
[ . S L S
-0.002-T i, Ry ¥ if:5’,5 -
| R1 : Fier ro.y L
-0.004 - : R
__-0.006 - e i
5 - -
S -0.008 - 4P0 ) ) . -
/'>\\ -0.01 L | IR I B I B AT
8 -078 077 076 -075 -074 -073 -0.72
Q — — — —— —— ——
=] [ ul T T T T ]
% 0.002 -2p3s 3P 2p3p 3D
oFr .
]
- P v A |
-0.002} # o VAR B
2 * _:‘: : R4 & 4
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-0.006[ oS ]
-0.008 4P0 oo . : i
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FIG. 3. Complex eigenvalue spectrum of B&P° for different
values of the rotation angle, from 8° to 16°. The eigenvalues fall
into the lower half of the complex plane with an anglé. 2ZThe

Re(Energy) [a.u.]

nant state with positiorEg;=5.2636 eV and widthl'g;
=53.5 meV, slightly above the Be¢i2s3d °D) threshold
position. This peak has not been regarded before as a reso-
nance. The asymmetry of this resonance=(-1.36) pro-
vokes the shift of the maximum in the cross section, to ap-
pear slightly below the Be(®2s3d3D) threshold. Our
complex scaling analysis in the complex plaisee Fig. %
allows us to identify both this R1 and the R2 eigenvalues as
a Smatrix pole over the®D threshold. Similarly, we dis-
cover five additional small resonances in the complex plane,
the last two, R6 and R7, imperceptible in the cross section.
The latter are broad and slowlrconvergent resonances, a
similar case to that appearing also in the Heomplex spec-
tra[9]. Table lll contains a summary of these resonances and
their parameters. The cross section by Xi and Froese Fischer
[18] shows a discrepancy in the threshold law but it is closer
to our result in the nonresonant maximum. Surprisingly, their
velocity gauge resultFig. 5 in Ref.[18]) compares better
with the length gaug&®-matrix results by Ramsbottom and
Bell [17] and Zenget al.[19]. The discrepancy in the back-
ground above 5 eV may be attributed to the fact that we
include implicitly all the contributing channels opened
through the whole Rydberg series.

The photodetachment cross section for the fit#l state
in Fig. 6 has not been reported so far. T channels open
at the Be(%%2p? 3P) threshold at~5 eV (the peak due to
the metastable @ 4S° state is omittedand the main fea-
tures contributing to the total cross section come from pho-

eigenvalues accumulated in fixed points—not affected by the comtOn energies higher than 8 eV, i.e., from triply excited states
plex rotation—show a resonance behavior and they are labeled & Be . We find two resonant triply excited states of this

Rn. Vertical lines indicate the position of Be thresholdg hin’l’

8L,

symmetry; R1 is a window resonance located Egq
=8.7679 eV and width'g;=20.0 meV and R2 is located at

012702-6
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FIG. 4. Calculated photodetachment cross section fo #2° from the metastable BelsZZSsz 4pe state. Solid line, this work, dashed
line; R-matrix by Zenget al. [19], dash-dotted lineR-matrix by Ramsbottom and Be|lL7], and dash-double-dotted line, Xi and Froese

Fischer[18]. The rest of the notation as in Fig. 2.

Er,=9.6983 eV with a width ofl'g,=25.7 meV. Both
resonances are clearly identified in the complex plane in Fig.

L | LI L i
0.002 b, 23 3 R2 3o ) 3 o 7. Two extra small peaks above R2 are noticeable and they
2 IP 2|S31§11-]2) ;,,“ ] 2S4PIP 284|dD ZSSIP P mimic small resonances in the cross section. Tentatively,
or ‘s }{ gR7 10 ' ’ they may be resonances but since they exactly overlap the
0.0021H [ % } b2 / Be(1s?2p4p 3P) and the Be($?2p4d 3D°) thresholds, re-
e TR 4 spectively (see Fig. 7, it is difficult for us to produce a
-0.004 |- * + et t . R3 e . - .
I worels ) definitive answer within the complex scaling approach.
—-0.006 |- + T
:‘ F * . ¥ + -,
< -0.008 |- 40 . A
= - D oo 0 S T T T T
~~~
> -0.01 M B TR B S R | L R2
&n -0.73 -0.72 -0.71 -0.7 -0.69 - 223 —»
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01—l T L I S
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FIG. 5. Same as Fig. 3 but for the B€D° complex eigenvalue
spectrum. The inset shows a blow up of the eigenvalfersa fixed FIG. 6. Calculated photodetachment cross section to B&°

rotation anglg corresponding to R1 and R2 resonances, just abovérom the metastable Bels?2s2p? “P® state. Solid line; this work.
the eigenvalue that represents the B82s3d 3D threshold. The rest of the notation as in Fig. 2.
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T NN symmetry is reproduced by all three theories, but going fur-
- 2p3p31>—»| 2p3d3D~»| p2§4d3Do | | 1 ther up in energy our calculation shows a much more rich
T ' ; . . structure through the Rydberg series and the extra contribu-
I o - ; tion from the S° at ~8.76 eV. We think that our CSCI
I S P 1  calculation is the most sophisticated so far, quite accurate
’ and trustworthy, as shown in previous calculations on He
where a comparison between our CSCI results and high-
resolution experimental data is very gof@#]. We also in-
clude in the figure the experimental points obtained by Bae
and Petersof5] and Pegget al. [15]. We will not discuss
here these experiments carried out on Ba brief analysis is
done in Ref.[17]) and their comparison with theory. It is
clear that the information they provide is contradictory and
insufficient to test the calculations.

R2

R1

Im (Energy) [a.u.]

-0.01

r4 0

S

[
-0.6

-0.57

-0.59

-0.015—

P P
-0.58 -0.56

Re (Energy) [a.u.]

FIG. 7. Same as Fig. 3 but for the B€S° complex eigenvalue

spectrum. IV. CONCLUSIONS

In conclusion, outer-shell photodetachment of the meta-

Finally, the total photodetachment cross section is showstable Be~1s?2s2p? “#P® negative ion has been calculated
in Fig. 8. The major discrepancy compared to previous calthrough a complex scaled configurations interaction method.
culations appears just after the first Be threshold. Our resulll the final symmetries show resonant features: we find in
shows a shoulder coming from tH®° symmetry, but in the this work four “P° resonances, sevetD® resonances, and
R-matrix result of Zenget al. [19] it is not present and we two *S° resonances. Of them, six correspond to resonant
have no explanation for this. THematrix results by Rams- triply excited states of Be. We report parameters that char-
bottom and Bell[17] and the inverse-iterative Galerkin acterize all these resonances. We find a basic agreement with
method of Xi and Froese Fischer do not provide results closerevious theoretical resultdx-matrix as well as inverse-
enough to this threshold to compare. The two main resoiterative Galerkin method and we confirm the presence of
nances from théP° are in qualitative agreement with those two major “P° resonances as reported before by Z¢rml.

obtained earlier by Zengt al. with the R-matrix method,
with a small difference in the position but considerable inof different methods to achieve accurate results. These dis-
strength. The resonant peak after 5 eV coming from“bé&

80

However, the minor differences can be used to test the ability

crepancies appearl) slightly in the position of the two

E:IIIE

70
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=]

S
=

Cross Section [Mb]
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FIG. 8. Total photodetachment cross section from the metastabld §2s2p? “P* state. Same notation as Fig. 2. Solid line, this work,
dashed lineR-matrix by Zenget al.[19], dash-dotted lineR-matrix by Ramsbottom and B€lL7], dash-double-dotted line, Xi and Froese
Fischer[18], circles, experiment by Bae and Peter$bh cross, and experiment by Peggal. [15].
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