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Photoionization cross sections for ionization to'B2s,2p, 3s, and P) states from the exciteds2p »3P°
states of atomic beryllium have been calculated using a noniterative eigenckRamagtix method. All asso-
ciated partial photoionization cross sections are also presented. The cross sections contain a number of au-
toionizing Rydberg series of resonances converging to the Be3s,3p, and 31) states. Lower members of
the Rydberg series of resonances witi 12 are identified and resonance positidfys effective quantum
numbersn*, and widthsI" are presented. Excellent agreement between length and velocity gauge results is
found, along with overall good agreement with previous work.
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I. INTRODUCTION II. BRIEF DESCRIPTION OF CALCULATION

S . We considered the following photoionization processes in
1
Photoionization of the grounds2 'S state of atomic Be tt]e present work:

has been the subject of several theoretical and experimenta

studies in the pagtl—14]. The photoionization of the excited Be(2s2p 13P°)+ y—Be' (ns?S) + es(139) (1)
states of Be has also been considdi®8,10. These studies

are motivated by both fundamental and practical interest. —Be"(ns2S)+ed(*°D) )
The photoionization of Be offers an opportunity to study

electron correlation in the simplest multishell atom. The —Be'(np 2P)+ep(*3S,P,D) 3)

study of ground state photoionization reveals details of the
odd parity continua; excited p states, on the other hand, inwith n=2 and 3 andy representing the incident photon. The
teract with the even parity continua. In addition, photoion-general details of the calculation are given in H&#] and
ization cross sections of Be from both ground and excitedeferences therein. In brief, the major approximation in this
states are needed for modeling of astrophysical and fusiogalculational formalism concerns the use of a Hamiltorkian
plasmas. Moccia and Spiz48] studied photoionization of that does not refer to the full atomic system, but represents
the Be(Z2p 3P°) state below the B&(2p) threshold using only the valence electrons plus a central potential to repre-
variational wave functions. Total photoionization cross secsent the effe¢s) of the inner shell[14]. The calculations
tions from the ground and several excited states includingmploy a set of basis functionys that consists of all possible
2s2p 13P° states of Be and Be-like ions were reported byproducts of a set of one-electron orbitals outside the closed
Tully et al.[10] as a part of the Opacity Proje@@P). They  shell, as was done for ground state atomic berylldd|. A
calculated photoionization cross sections over a wide energguperposition of these orthonormal basis functions is used in
range using the OR-matrix codeq15]. We recently carried a small region inside th&matrix volume of radius, to
out an extensive calculation of the partial and total photoionobtain a variational estimate of the logarithmic derivative of
ization cross sections an@l parameter from the ground state the wave function at a given energy. We have usgd
of atomic beryllium[14]. =20 a.u. for the current calculations. The calculation of co-
In the present work, we extend our previous photoioniza-efficientsc; of the basis functions{/ﬁziiciﬁyi is performed
tion calculations of ground state atomic beryllijiti#f] to the by a generalized configuration interaction approach based on
excited Z2p 1°P° states, and report partial and total photo-the eigenchanndR-matrix method 18]. The basis set is di-
ionization cross sections of these excitesP@ 1°P° states. vided into open and closed functions in this eigenchannel
For this detailed study of the doubly excited autoionizingR-matrix approach, depending on their behavior over the re-
levels from threshold up to the Bé3d) threshold, we uti- action surface. The open functions represent only two of the
lize the enhanced eigenchanfematrix approacf16-18.  electron orbitals of the many-electron basis functions that are
The techniques applied here to describe excited state photaonzero at theR-matrix boundary, while all of the electron
ionization are the same as those used previously for grounadrbitals represented by closed functions are zero at the
state atomic berylliuni14] and magnesiuml9]. A brief de-  boundary. We have used two open orbitals and 20 closed
scription of these techniques is given in the following orbitals for eacH (I<5). We include basis functions repre-
section. senting all possible symmetries resulting from the possible
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TABLE I. lonization thresholdgin eV) relative to ground and excited states of atomic Be.

252 1s? 2s2p 3pP° 2s2p 1p°
State a b a b a b
15?2528 9.2959  9.3227 6.5728  6.5977 4.0229  4.0453
1s22p 2P° 13.2543 13.2814 10.5358 10.5564 7.9814  8.0040
15?3528 20.2305 20.2621 17.5074 17.5371 14.9516 14.9847
1s?3p 2P° 21.2688 21.2866 18.5457 18.5616 15.9804 16.0092
1s?3d D 21.4569 21.4799 18.7264 18.7549 16.1770 16.2025

3Present result.
NIST data.

combinations of the one-electron orbitals witln <20, i.e., shown in Fig. 1, the features of the photoionization spectra
(nl,ml+1) for ¥3P°; (nlI?), (nl,ml) for 1S (nl,ml) for  for each of the singlet and triplet processes differ in several
3% (nl,ml) for P® (nl?), (nl,ml) for 3P% (nl?),  aspects.

(nl,ml+2) for D% (nl,ml), (nl,ml+2) for’D®. The cal- In the energy region below the B&p) threshold, the
culated ionization energies leading to the ionic backgroundnonresonantcross sections for photoionization
Be'(2s2S°,2p ?P°,35%5%,3p ?P°, and3l °D®) states rela- of 1P and 3P initial states are roughly equal. In this energy
tive to the ground state of atomic beryllium are given inyegion there are three Rydberg series in the triplet manifold
Table I. Agreement with experimental values obtained fromgng three in the singlet, each converging to the' @p)

the NIST data basf20] is seen to be excellent. threshold, for the photoionization of the excited2p *3P°
The energy-normalized eigenstaigsin each eigenchan- states. ThEP°—1S® cross sectiono,e.1s, showing the

nel can be represented by a linear combination of the unnots 1 ; - ; : ) 1po
malized eigenstates which, along with the ground state Wav%pnp S Rydberg series, is seen in Fig(bl, the “P

e . . 1
function ¢, are used to calculate the reduced dipole matrixz_> an 15 f%SSdbSee}Ctlggzessedi;D l’:iSh(%N '_T_a tr;ij’;p UDS tz?incli ;
elements, given in length form as P ydberg g.(g). the go ple

cross sections, with the associated resonances, are presented
da(L):<¢a||r_)1+r_;||l//0>' (4) in Figs. J(_e) and ]_(f), r(_a_spec_tively. The lower men_]be_rs (_)f
these series are identified in Table Il. The photoionization
The details of the above eigenchanfeiatrix formulation  cross section leading to the BE2s) state from!P shown in
are discussed elsewhdi21]. Fig. 1(a) is, of course, the sum of Figs(d and Xc), while
For the calculation of the partial cross sections, we modithe cross section fromP° shown in Fig. 1d) is the sum of
fied the noniterative eigenchanri@imatrix code slightly as Figs. 1e) and Xf). Except for the resonances the cross sec-
described ir{14], because the previous version used a transtions are seen to be dominated by fhe d channel (3ed),
formed numerical methodology for efficiency but producedin each case, by more than an order of magnitude over the
only the total cross section. Recently, this approach has begn—s (2ses) channel.
successfully applied to the calculation of the partial photo- The resonances have been studied in detail and their en-
ionization cross sections in the region above the second iorergy positionsE,, effective quantum numbers*, and
ization threshold for ground state beryllium and magnesiunwidthsI" are given in Table Il. The strongest resonapcie
atoms[14,19. We have also used the same ideas of eigenFig. 1(b)] is the 20?S resonance, just above threshold for
phase sum gradients as describefilih, 19,23 for the calcu-  P° photoionization. This is clearly because it results from a
lations of the resonance parameters, such as the resonarmee-electronAn=0 transition since the dipole matrix ele-

energiest, , effective quantum numbers®, and widthsI". ment is rather large when initial and final states occupy the
same region of space. Th@2'D*® is not seen because it lies
IIl. RESULTS AND DISCUSSION below threshold 23], and the®P¢ is also a real bound state

because there is P continuum for it to decay into.

It is also seen from Fig. 1 and Table Il that thpr2p!S

The photoionization cross sections for ionization to theresonances are an order of magnitude wider than the
Be'(2s) state, the only open channels below thetBresh-  2pnp3S; and the dnp'D resonances are two orders of
old of Be", from the excited 82p »°P° states, are shown in magnitude larger than the correspondingnd>D. This is
Figs. 1@ and 1d), along with the associated partial cross because in the singlet manifold, since the spatial part of the
sections in Figs. (b,0) and Xe,f) for the singlet and triplet wave function is symmetric, the direct and exchange terms
cases, respectively. The length and velocity results, the soliddd, while for the triplet manifold, with antisymmetric spa-
and dotted curves, respectively, are displayed individuallytial wave function, they are of opposite sign and partially
The excellent agreement between the two indicates the accuancel. For the’D resonances, in particular, the cancellation
racy of the calculation. The first, second, and third verticalis almost complete, so that th#® resonances are narrower
dotted lines in Figs. () and 1d) represent the Bg2p2P),  than the®S, while the 1D resonances are wider than tBe
Be'(3s2S), and B€ (3p?2P) ionization thresholds. As Thatitis the np3D series that is anomalous, owing to the

A. Photoionization below the B& (2p ?P) threshold
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FIG. 1. (a) Photoionization cross sections leading to the @s) state from the exciteds2p 1P° states as a function of photon energy;
(0) 0pses 15 (C) 025eq 1p ; (d) photoionization cross sections leading to the' B2s) state from the excited<2p 3P° states as a function of

photon energy(e) o, 3s; (f) 025 3p - Solid curves, present length results; dotted curves, present velocity results. The vertical dotted lines
represent the Bg2p,3s,and3p) thresholds, respectively.
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TABLE Il. Resonance positionsE, in eV), effective quantum numbers1{), and widths [" in eV) of
autoionizing levels converging to the B@p) threshold.

2pnp's 2pnp'D 2pnflD
n E, n* r E, n* r E, n* r
2 4.2065 1.8985 0.0821
3  6.4795 3.0098 0.0241 6.1423 2.7199 0.1003
4 7.1350 4.0094 0.0073 7.0055 3.7339 0.0441 7.1450 4.0332 0.0005
5 7.4401 5.0137 0.0042 7.3755 4.7388 0.0200 7.4446 5.0346 0.0003
6 7.6054 6.0161 0.0027 7.5685 5.7404 0.0108 7.6077 6.0338 0.0001
7 7.7052 7.0186 0.0017 7.6820 6.7411 0.0065 7.7064  7.0337
8 7.7698 8.0202 0.0013 7.7544 7.7417 0.0042 7.7707 8.0339
9 7.8142 9.0208 0.0009 7.8034 8.7421 0.0029 7.8147 9.0339
10 7.8459 10.0215 0.0008 7.8380 9.7407 0.0003 7.8462 10.0328
11  7.8694 11.0223 0.0006 7.8635 10.7413 0.0003 7.8696 11.0327
12 7.8872 12.0215 0.0005 7.8827 11.7394 0.0002 7.8874 12.0326
2pnp°s 2pnpsD 2pnfiD
n E, n* r E, n* r E, n* r
3 8.5871 2.6423 0.0069 8.4157 2.5333 0.0006
4 9.5127 3.6467 0.0039 9.4588 3.5543 0.0004 9.6968 4.0269 0.0012
5 9.9076 4.6539 0.0019 9.8820 4.5619 0.0002 9.9982 5.0308 0.0006
6 10.1107 5.6575 0.0011 10.0968 5.5671 0.0001 10.1618 6.0317 0.0002
7 10.2290 6.6595 0.0007 10.2205 6.5690 10.2608 7.0334 0.0001
8 10.3040 7.6608 0.0005 10.2983 7.5682 10.3249 8.0323
9 10.3544 8.6612 0.0003 10.3505 8.5682 10.3690 9.0313
10 10.3900 9.6615 0.0003 10.3872 9.5694 10.4006 10.0319
11 10.4161 10.6615 0.0002 10.4140 10.5686 10.4240 11.0302
12 10.4358 11.6614 0.0002 10.4342 11.5678 10.4418 12.0306

cancellation, is further evident from the line profiles; the

2pnp!D,is, and3S series all show positivg values, while
for the 20np3D it is negative. The Bnf series is very weak tween various calculations except for the position of the

in both singlet and triplet cases, the resonances being vep? 'S resonance, which is very sensitive to correlation. Our
narrow and exhibiting a negatiwgvalue.

TABLE Ill. Photoelectron energyin eV) of resonances con-

verging to the B&(2p) threshold compared with other calculations.

State E,2 E° E,°
2p3p3s 2.0118 1.9973 2.0735
2p4p s 2.9378 2.9838
2p5p S 3.3326 3.3732

2p%ls 0.1836 1.0531 0.1897
2p3pls 2.4566 2.5089 2.4953
2p4pts 3.1121 3.1557
2p3p°D 1.8537 1.8790
2p4p 3D 2.8870 2.9334
2p3p D 2.1170 2.1533
2p4p D 2.9816 3.0365
2p4f D 3.1240 3.1669
2p4f D 3.1221 3.1696

%Present result.
bLin [6].
“Moccia and Spizz$9].

The present results are compared in Table Il with the
results of other calculations. There is good agreement be-

result for this resonance agrees well with that of R8f. In

our calculation it is positioned about 0.18 eV above the
threshold. In the OP calculation of Tullgt al. [10] it lies
approximately 0.32 eV above threshold. The tables of Moore
[23] and of Fawcet{24] show it to lie below threshold as a
bound state. However, the experiment of Beigahgl. [25]
agrees with the present theoretical predictions and shows that
this state lies above threshold. It is clear from Table Il that all
of these series display smooth regular behavior with approxi-
mately constant quantum defects except fpf 25, the low-

est member of the @np?sS series.

B. Photoionization between the B&(2p ?P)
and Be"(3s 2S) thresholds

The photoionization cross sections leading to the
Be'(2p) state from the excited2p »°P° states are shown
in Figs. 2a) and Zf), respectively. The partial cross sections
Topep is, tp, 1p @Nd oy 1p fOr singlet processes are shown
in Figs. 2b—e), while corresponding cross sections for triplet
cases are shown in Figs(g2j).

Along with the Zes3S® and Xed ®D® channels that
are already open, thepzp!3s°,P¢,D® and 2pef 1D®
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FIG. 2. (a) Photoionization cross sections leading to the @p) state from the exciteds2p P° states as a function of photon energy;
(b) oapepts; (©) oopep1p;(d) Tapepin; (€) Tapet 1p;(f) photoionization cross sections leading to the” B2p) state from the excited
2s2p °P° states as a function of photon energy) Oopep3ss (N) 0opep3p (i) Topep3p s (1) 02per 3p - Solid curves, present length results;
dotted curves, present velocity results. The vertical dotted lines represent th@8and $)* thresholds, respectively.
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TABLE IV. Resonance positionsH, in eV), effective quantum numbers{), and widths [ in eV) of
autoionizing levels converging to the BE8s) threshold.

3sns!s 3sns®S
n E, n* r E, n* r
3 11.0909 1.8773 0.1439
4 13.4417 3.0018 0.0488 15.8362 2.8533 0.0017
5 14.1060 4.0113 0.0266 16.6077 3.8887 0.0013
6 14.4098 5.0111 0.0162 16.9377 4.8870 0.0010
7 14.5743 6.0052 0.0152 17.1088 5.8426 0.0008
8 14.6735 6.9945 0.0104 17.1991 6.6424 0.0008
9 14.7379 7.9794 0.0113 17.2500 7.2703 0.0002
10 14.7827 8.9740 0.0159 17.3428 9.0920 0.0005
11 14.8187 10.1190 0.0115 17.3740 10.0974 0.0004
12 14.8413 11.1081 0.0038 17.4108 11.8636 0.0002
3snd'D 3snd®D
n E, n* r E, n* r
3 12.2068 2.2264 0.2570 15.0702 2.3627 0.0235
4 13.7992 3.4360 0.0347 16.3922 3.4929 0.0038
5 14.2340 4.3542 0.0455 16.8112 4.4205 0.0011
6 14.5233 5.6363 0.0593 17.0110 5.2349 0.0009
7 14.6282 6.4854 0.0078 17.1247 5.9620 0.0020
8 14.7086 7.4829 0.0040 17.2796 7.7270 0.0007
9 14.7624 8.4791 0.0025 17.3305 8.7703 0.0011
10 14.8001 9.4752 0.0017 17.3647 9.7627 0.0004
11 14.8276 10.4734 0.0012 17.3909 10.8063 0.0004
12 14.8482 11.4706 0.0010 17.4108 11.8636 0.0002

channels open above the B@p) threshold. Thus, thé3S  very small Def channel, which total to the Bg2p) pro-
and 3D manifolds of final continuum states can branch toduction cross section. Froangular momentuingeometry,
either B (2s) or Be"(2p) channels, but thé*P manifold  the cross sections forgp 3S,13P, and D channels
can lead only to the Bg2p) channel. should be in a the ratio of 1:3:5. Clearly, that is not the case.
Looking first at the backgrounthonresonantcross sec-  For the singlet initial stateg,,.,1p [Fig. 2(d)] dominates,
tions, it is evident from Figs. 1 and 2 that between thewhile, for the triplet casep,,.,3p [Fig. 2h)] is largest.
Be'(2p2P) and B€ (3s 2S) thresholds the cross section Thus, dynamical effects on the various continuum multiplets
for producing the B&(2s) state (2 ejection is larger for — are ext_remely important; in the n_ear_-threshold region, these
the °P initial state than for the'P, as seen in Figs.(d and ~ dynamical effects are provided principally by the differences
1(d). On the other hand, for producing the B@p) state (z  In the exchar)ge interaction betwegn the contlr)wprelec—
ejection, the 1P cross section is considerably larger than thetrof‘”f‘”d the ion corettamong the dl_fffererzlt multiplets. icated
P, as shown in Figs. (@) and 2f). Furthermore, just above € r€sonance paterns are signiticantly more compicate
the Be (2p) threshold, the cross section for producing in this energy region than in the region below the"§2p) .
Be*(2s) (2p ejection dominates for both singlet and triplet thfreshold. This is becagse,talizogj]gg th(;r]e arhe %nlfy two sr?nes
initial states; but at higher energies the cross sections fop. resonances converging to the S) reshold tor eac
: ' . Initial state, there are interlopers appearing which are the
producing the two possible final states of 'Be2s and 2, . .
b titive b the' ducti lower members of resonant series converging to B@)
€come more competiive because the E?Es) production 54 even B&(3d). This occurs because the Be=3
cross section (@ ejection falls off more rapidly with energy

. s X thresholds are so close in energy.
than the 3 ejection cross sectiofwhich leads to B&(2p) Analysis of the resonances arising from both ffie and
production.

o o 3P initial states coverging to the Bé3s) threshold, shown
As seen in Fig. 1 for B&(2s) production, in this energy in Taple IV, clearly indicates the presence of interlopers by
region too both the singlet and triplet cross sections arghe sudden changes in quantum defect, and anomalies in
dominated by thep—d (2sed) channels by more than an width, in going along a given series. For example, between
order of magnitude over the—s (2ses) channel. From Fig. the 3s5d!D and 36d'D resonances lie B4p'D at
2 for Be"(2p) production, a complicated pattern emerges.14.2689 eV and 84s'D at 14.4905 eV. Thus, the quantum
There are three 2ep channels, in each case, along with adefects and widths change dramatically in this energy region.
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triplet counterparts; and this occurs for the same reason as in

3snd>® series, there are interlopers that are not closdhe previous case. Further, théS resonances are somewhat
enough to any of these resonances to significantly perturwider than the correspondint™D resonances, again like the
them, but which still alter the resonance pattern considerably?f€VvIous case.
owing to their strength. As an example, th@?3D reso-

nance at about 13.35 eV shows up very strongly in Fi¢s. 1
and Zd) and dominates the energy region. Similarly, the
broad 3P resonance just below 15.5 €¥ig. 2(h)], which

C. Photoionization between the B&(3s 2S)
and Bet(3p ?P) thresholds

In this energy region, the channels leading to the

dominates the triplet cross section in that energy region, iBe" (3s2S) state open, in addition to the channels already
the 3p? 3P resonance. open. The total photoionization cross sections for the singlet
As in the case of the resonances leading up to thand triplet initial states are shown in Figs@@gand 3d),
Be*(2p), the widths of the singlet resonances are seemespectively, while the partial cross sections are shown in
(Table IV) to be about an order of magnitude larger than theirFigs. 3b,c) and 3e,f), respectively. These cross sections are
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fundamentally different from the ones discussed in the pre- TABLE V. Resonance positionsE¢ in eV), effective quantum
vious sections in one very important way: Photoionization tonumbers ¢*), and widths [ in eV) of autoionizing levels con-
the Be'(2s2S) or Be'(2p2P) are single-electron transi- Verging to the Be(3p) threshold.

tions, predominantly @— es,d or 2s— ep. Photoionization
to the Be (3s2S) state, on the other hand, requires a two-
electron transition, i.e., photoionization plus excitation. This "

3pnp's
E, n*

3pnp3s
E, n*

two-electron process is much less likely than a single- 3
electron transition; consequently, it is expected that the crossy
section will be extremely small. From Fig. 3, it is evident g
that it is indeed the case. On the scales shown, the nonresog
nant continuum cross sections are too small to appear. Thus;
the strength of the Bg3s2S) cross sections, from both sin-
glet and triplet states, is almost entirely due to resonances in9
the newly opened Bg3s) channels. 10
The resonance structure in this region gets even mor
complex owing to the very small energy difference,
~0.2 eV, between the@Band 3 thresholds of Bé. This is

13.1742  2.2019
14.8916  3.5349
15.2507 4.3180
155118 5.3881
15.6342 6.2688
15.7332  7.4191
15.7821  8.2825
15.8212  9.2442
15.8569 10.4960

0.3526
0.0007
0.1132
0.0542
0.0404
0.0268
0.0193
0.0116
0.0116
0.0089

17.3012  3.3065
17.6155 3.8245
18.0254  5.1137
18.1292 5.7153
18.2767  7.1118
18.3209  7.7800
18.3914  9.3910
18.4131 10.1308
18.4314 10.9082

0.0014
0.0040
0.0086
0.0040
0.0026
0.0013
0.0034
0.0007
0.0002

evident from Table V where the details of the four resonant
singlet and four resonant triplet series converging on then

15.8741 11.3099
3pnp'P
E, n*

3pnp3P
E, n*

r

Be' (3p ?P) state are given and quite a number of anomalies
are seen in the quantum defects and widths in virtually every
series owing to interlopers from the low@nd not so lower
members of series converging on '§8d 2D). As was the
case previously, the singlet series are wider than the triplets,6
with one exception. Aside from series perturbations caused ’
by interlopers, the members of th@8p°3P series are wider 8
than the correspondingP resonances; this is abundantly 9
clear from Figs. &) and Zh). 10
A peculiar feature is noted in the B€3s) cross section 11
just at theshold in the case of the firld) state, seen in Figs. 12

0.0030
0.0003
0.0008
0.0004
0.0047
0.0047
0.0005
0.0004
0.0004

15.3888 2.0760 0.2667

17.3039  3.3100
17.8739 4.5001
18.1522 5.8801
18.2143  6.4079
18.3296  7.9350
18.3567  8.4847
18.4135 10.1465
18.4327 10.9712
18.4454 11.6477

0.0505
0.0055
0.0018
0.0044
0.0013
0.0016
0.0024
0.0019
0.0007

3(a) and 3c); there is a structure that is fairly high-(3 Mb)
and decreasing from threshold. Since this is a two-electron
ionization plus excitation channel, that is far too large for the

14.4641  2.9955
15.2331  4.2668
15.4541 5.0842
15.6279 6.2181
15.7087  7.0759
15.7807 8.2544
15.8190 9.1815
15.8462 10.0674
15.8745 11.3329
3pnplD
E, n*

3pnpD
E, n*

nonresonant background cross section, as discussed above. #
turns out to be caused by thed3'D resonance which is 4
quite strong and straddles the threshold. The centroid of thes
resonance lies at about 14.93 eV, 0.03 eV below the 6
threshold, but its width is approximately 0.04 és€e Table 7

VI) so it overlaps the threshold. 8
9

D. Photoionization between the B&(3p 2P) 10

and Bet(3d ?D) thresholds 1

The cross sections for photoionization leading to produc-12

13.3495 2.2741
14.2689  2.8195
15.2873  4.4304
15.5129 5.3944
15.6243  6.1809
15.7324  7.4072
15.7893  8.4367
15.8226  9.2836
15.8557 10.4445
15.8735 11.2796

0.0285
0.0164
0.0117
0.0101
0.0083
0.0048
0.0029
0.0010
0.0020
0.0005

17.2142  3.1967
17.7244  4.0701
18.0311 5.1418
18.2249  6.5126
18.2800  7.1540
18.3544  8.4334
18.3946  9.4902
18.4162 10.2477
18.4462 11.6926

0.0014
0.0107
0.0012
0.0006
0.0004
0.0097
0.0016
0.0008
0.0028

tion of Be" (3p 2P) from both singlet and triplet initial states
are shown in Fig. 4. It is evident from the figure that for both
singlet and triplet cases the backgroumdnresonantcross N

3pnflD
E, n*

3pnfiD
E, n*

sections are tiny, too small to appear on the scale of the
figure. In the total B&(3p) cross section, in each case, there
appears to be a background, but closer scrutiny reveals that5
this apparent background is simply the sum of the various 6
resonant series, Figs(b+e for the singlet case and Figs.
4(g—j) for the triplet. The background cross sections are so 8
small for exactly the same reason as discussed in the previ-9
ous section for the B 3s2S) cross sections; these channels 10
represent two-electron ionization plus excitation processesll
There are four series of resonances leading up to tha2

15.1685 4.0937
15.3983  4.8347
15.5947  5.9388
15.6841 6.7758
15.7700  8.0407
15.8102  8.9406
15.8359  9.7029
15.8719 11.1961
15.8851 11.9469

0.0253
0.0157
0.0064
0.0056
0.0045
0.0038
0.0022
0.0021
0.0015

17.5659  3.7264
18.0190 5.0824
18.1802 6.1008
18.2752  7.0916
18.3410 8.1525
18.3842 9.1780
18.4132 10.1325
18.4391 11.2944
18.4567 12.3655

0.0001
0.0132
0.0024
0.0042
0.0020
0.0025
0.0005
0.0010
0.0006

Be'(3d) threshold in the singlet cased8d'S,'P,D, and
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TABLE VI. Resonance positions; in eV), effective quantum

triplet case. The details of the resonant series are given inumbers ¢*), and widths " in eV) of autoionizing levels con-

Table VI. Many of the lower members of each of the seriesverging to the B&(3d) threshold.

lie below Be"(3p2P) and a few even below Bg3s2S);

this is a consequence of the fact that thve3 thresholds are 3dnd’s 3dnd3s
so close together in energy. n E, n* r E, n* r
Owing to the overlapping of the various series of reso-
nances converging on Bé3d) with the series convergingto 3 14.8187 3.1650 0.0115
the two lower thresholds of Be there is no regularity inthe 4 15.0929  3.5428 0.0394  17.3427 3.1357 0.0337
parameters of the lower members of the various series of5 15.4717 4.3923 0.0315  17.8671 3.9791 0.0306
resonances detailed in Table VI. However, for the parts of thee 157117 5.4076 0.0100 18.2187 5.1765 0.0105
series that lieabove the Be'(3p) threshold, there are no 7 158471 6.4226 0.0038 183611 6.1029 0.0040
Imore toverlat|c))p|ng fstehrles C(t)nvergmg to d|ffere|;1r': limits; the 159282 7.3957 0.0014  18.4477 6.9873 0.0010
et st of e next esonace series 10%e CONE'S 150073 maron ooom0  dsso%  7.9wda 0.00s
that above the Bg(3p) threshold, the parameters of the se- 10 16.0254  9.4738 0.0067  18.5491  8.6798 0.0198
ries converging to B&(3d) will behave smoothly. This is 16.0539 10.4801 0.0023  18.5835 9.7584 0.0140
exacﬂy what is observed in Table VI. 16.0744 11.4830 0.0021 18.6112 10.8651 0.0102
o _ 3dnd'P 3dnd®P
E. Total photoionization cross sections n E, - r E, i r
The total photoionization cross sections for the photoion-
ization of the excited &p »°P° states of atomic beryllium 16.8353  2.6823 0.0045
are obtained by adding respective partial cross sections. The4 15.0643 3.4936 0.0010  17.7320 3.6990 0.0176
present and the OP results0] for the total photoionization 5 155335 4.5982 0.0014  18.0545 4.4998 0.0134
cross sections of the excitecs2p *P° and %2p PP states 6 15.7410 5.5866 0.0318  18.2855 5.5553 0.0054
are shown in Fig. 5. Our results show rather good overall 7 158606 6.5576 0.0169 18.4135 6.5946 0.0024
agreement \{Vlth 'the _OP resul'gs. The resonance structure in thg 159333 74720 0.0002 18.4842 7.4949 0.0015
oP calculation is slightly shlf_ted to the_ hlgh_er energy side 159911 85560 00119 185177 8.0734 0.0022
with respect to our results owing to a slight difference in the
threshold energies in the two calculations. Some of the resor0 16.0280  9.5560 0.0085  18.5617  9.0902 0.0077
nances are also rather different, e.g., the near-threshold resdl 16.0549 10.5538 0.0041  18.5947 10.1633 0.0056
nance in the'P case, which the present calculation finds 12 16.0749 11.5560 0.0032  18.6191 11.2613 0.0042
much closer to threshold and an order of magnitude stronger. 3dns'D 3dns°D
Numerous other differences in resonance strengths are seen i .
in the figure, particularly in théP case. E n I E n I
But the largest differences accrue above the' @s) 144905 2.8404 00021 17.3221 31126 0.0003
thresholds because the OP calculations made the S|mpI|fy|ng 154931 4.4604 0.0028 175038 3.3359 0.0000
approximation that all of the=3 thresholds of B& were at
the same energy. From the discussion of the previous sec- 157242 54818 0.0017 ~ 17.8223 3.8792 0.0586
tions, it is clear that such an approximation renders the OP/ 158517 6.4675 0.0008 ~18.1802  4.9907 0.0024
resonance structure in this energy region completely un-8 15.9347 7.4949 0.0002  18.3706 6.1837 0.0017
physical since interacting resonant series were seen to domi9 15.9861 8.4432 0.0199  18.4601 7.1479 0.0038
nate the phenomenology there. 10 16.0244 9.4444 0.0144 185329 8.3854 0.0012
Both *P and °P total photoionization cross sections are 11 16.0534 10.4712 0.0098  18.5686 9.2870 0.0032
seen to be dominated by Rydberg series of autoionizing resor, 150739 11.4858 0.0075 ~ 18.6000 10.3746 0.0023
nances converging to the various ionic thresholds. However,
the resonances are much stronger in the singlet case, as op- 3dnd'D 3dnd®D
posed to the triplet case, as seen in Fig. 5. This could be dug E, n* r E, n* r
to the fact that for the singlet states the spatial parts of the
two-electron wave functions are symmetric, so that the elec-3 14.9216 3.3032 0.0366
trons are, on the average, closer together than in the triplet4 15.2316 3.7937 0.0041  17.4480 3.2623 0.0001
case where the wave functions are antisymmetric. And, in5 156243 4.9617 0.0083  17.7244 3.6849 0.0107
situations where the electrons are closer together, it would b86 15.7822 5.8711 0.0010 18.1011 4.6645 0.0114
_expecte_d th_at they_mtera(:ctorrt_alate) more _strongly; such an 15.9004 7.0137 00016 183101 57166 0.0049
interaction is required to excite the various doubly excited 8 15.9633 7.9798 0.0001 18.4283 6.7551 0.0018
resonances. 9 16.0055 8.9086 0.0033 18.4973 7.7061 0.0005
10 16.0384 9.9088 0.0025 18.5458 8.6799 0.0053
IV CONCLUSIONS 11 16.0627 10.9050 0.0020 18.5835 9.7584 0.0037
Calculations of partial and total photoionization spectral2 16.0807 11.9082 0.0018  18.6106 10.8401 0.0028

for the excited 82p 1P states of atomic beryllium between
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FIG. 4. (a) Photoionization cross sections leading to thé @p) state from the exciteds2p 'P° states as a function of photon energy;
(b) o3pepis; (€) Tapep1p;(d) Tapepin; (€) oaper1p; (f) photoionization cross sections leading to the" Bp) state from the excited
2s2p 3P° states as a function of photon enerdg) O3pep3si(N) 0356030 (1) T3pep3p+(j) Taper 3p . Solid curves, present length results;
dotted curves, present velocity results.
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FIG. 5. Total photoionization cross sections for the excite@?}*P° states of Be as a function of photon ener@y.Present results for
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the Be (2s2S) and Be (3d?D) thresholds using an up- @ methodology based on eigenphase sum gradients
graded eigenchanneR-matrix formalism are presented. [14,19,22.
These calculations are the most accurate and extensive to Agreement with previous calculations is excellent quali-
date, to our knowledge, for the photoionization of the firsttatively and relatively good quantitative{yith some excep-
two excited states of atomic Be. The cross sections are domiions) for the background cross section and the resonances
nated by Rydberg series of autoionizing resonances convergeading up to the first excited state of Befor the higher
ing to the various ionic thresholds, particularly for th®  resonances, there is no previous accurate calculation to com-
initial state. While the backgrounghonresonantcross sec- pare with, but it is expected that the level of accuracy of the
tions are similar both qualitatively and quantitatively for the present calculation is no different for these resonances than
two initial states, the resonances are quite different. This infor the lower ones. Experimental studies would be highly
dicates that dynamical effects, effects due to differing intialgesirable to confirm our understanding of the physics of
and final state wave functions, in the singlet and triplet chanthese photoionization processes.
nels are of great importance.

All of the resonance series up to those converging to the
Be"(3d?D) state were classified, a nontrivial matter due to ACKNOWLEDGMENTS
the overlapping of the various series in the neighborhood of
the n= 3 thresholds. The untangling of these seemingly cha- This research was supported by the Korea Research Foun-
otic regions would not have been possible without the use oflation (KRF), NSF, and NASA.
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