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Polarization effect on He doubly excited states below th&l =2 threshold of He*
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Based on thék-matrix method, photoionization cross sections of He belowNke2 threshold of Hé are
calculated, and a definite assignment of the doubly excited resonance states is determined by the eigenchannel
treatment. Our results are in good agreement with the experimental data and other theoretical works. The
polarization effects on the doubly excited states are studied in detail. We elucidate the effects of the dynamic
polarization within the reaction zong.e., R-matrix boX and the long-range static polarization potentials
outside the reaction zone, which influence the resonance energies and the profiles of He resonance states.
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PACS numbg(s): 32.80.Fb, 32.80.Dz, 32.76n

I. INTRODUCTION and some theoretical calculation$7,21,22,24, including
the earlyR-matrix calculationg21,22, gave the incorrect
Helium is the simplest prototype neutral atomic systemorder[E,(sp,2(n+1)7)<E;(2pnd)]. After the observation
that exhibits strong electron-electron correlation. After theRef. [7], there followed Chang’s calculatiori2] using the
first observation of doubly excited states of He by MadderC! Method, and Tang, Watanabe, and Matsuzawa’s calcula-
and Codling[1], and the theoretical explanation by Fano, ion [16] using the hyperspherical close-coupling method.
Copper, and Pré[§—4] many experimentd5—9] as well as " Both focused their attention mainly on the extremely narrow
theor’etical [10-33 ,efforts have been focused on the (2pnd) states. Their results were in agreement with experi-

o i mental result$7].
photoionization spectrum of He. In recent years, with an en- |, the present paper, we employ tiematrix method

ergy resolution of=4 meV, Domke and co-workefl¥,8]  [34-3§ to calculate the photoionization cross sections of He
have observed all three autoionization resonance series, i.®elow theN=2 threshold of Hé in order to provide a test
(sp.2n)IP°,  (sp,2n7)'P° and (2ond)'P° series of He of the accuracy of th&k-matrix method. Using the eigen-
below theN=2 threshold of Hé in a photoionization ex- channel treatment dR-matrix theory[39,40, we can give a
periment using synchrotron radiation. They gave an empiridefinite assignment for all resonance states. Our theoretical
cal assignment forgp,2n~) and (2nd) states. Some reso- results, i.e., the photoionization cross sections and the Fano
nance energies of thep,2n~) and (2pnd) states were also parameters, are in general agreement with the experimental
given by fitting the measured photoionization spectra to a{esults[7] and other theoretical results. For the extremely
standard Fano profile for thesp,2n) lines and near- narrow (23d) state, our calculated spectra are in better

tri h tor functi di ¢ agreement with the experimental resylf§ than the recent
Symmetricmonochromatorfunction —correésponding 10 &pegretical workdg12,16]. Furthermore, we elucidate the ef-

weighted sum of Gaussian and Lorentzian profiles for th§ects of the dynamic polarizations within the reaction zone
(2pnd) lines. Schulzt al.[9] remeasured these three series(j.e., R-matrix bo¥y and the long-range static polarization
with an improvement in spectral resolution of 1 meV. Theirpotentials outside the reaction zone, which influence the
observation of the very narrow pAd) and (Sp,2n~) series resonance energies and the profiles of the resonance states.
established a firm basis for testing the accuracy of theoreticalere the dynamic polarizations are defined as interactions
calculations. (with exchange-type interactionmvolving the transform of
Theoretically, the ¢p,2n™) and (nd) doubly excited parity and angular momenta between the scattered electron
series of He have been studied extensively in the past dé&nd the target electrons. The physical mechanism of the en-
cades. Various theoretical works have been reported, includrdy redshift for 6p,2n™) resonances and the energy blue-
ing configuration-interactiofiCl) methods[10—13, hyper-  Shift for (sp2n™) resonances is discussed. In tRematrix
spherical coordinate method§14—16, close-coupling calculation which treat the bound states and_ continuum states
approximationg17—19, R-matrix methodg20-23, Fesh- ©ON the same footing, we a{so present the ionization energy
bach projection formalisni24—30, and others such as the [Of the He ground state &8)'S and the quantum defects for
complex-coordinate rotation method31,33. For the He exmfted states. Through analyses of quantun,1 d_efe_cts_for
(sp,2n™) states, almost all the theoretical methods produce(ﬁhe excited states, one Srl?u'd a(_jopt Herzberg's |on|z,at|on
similar results in terms of Fano parametétise resonance ©N€'9Y 198 310.8 0.1&_Slcm [41] instead of the Moore’s
energyE,, width I', and q parameter For the extremely value 198 31@-15 cm * [42].
narrow (2ond) series, it is a much stringent test for numeri-
cal calculations. Before the observation in REf], some
theoretical calculationgl1,19,27,29—3Pgave the resonance Detailed descriptions oR-matrix theory were given in
energies in a correct ordeE,(2pnd)<E,(sp,2(n+1)7)], Refs.[34-38. In R-matrix theory, a value of the radial

Il. THEORY AND RESULTS

1050-2947/98/5@)/997(9)/$15.00 57 997 © 1998 The American Physical Society



998 JUN YAN, YI-ZHI QU, LAN VOKY, AND JIA-MING LI 57

TABLE I. The percentage of static poIari;abiIit?% yvith re-  Depending on the energy range of interést; should have
spectto B, 2s, and 2 of He", and theR-matrix box radiusa for  the following well-known asymptotic boundary conditions at

each target set. infinity [34] respectively: (1) the standard scattering
asymptotic boundary condition with the reactance matrix in
Target set 1 2 3 4 the energy range with all open channel®) the standard
P% to 1s 75 78 79 100 b_ound—state_ asymptotic bounda.ry cqndition with exponen-
P% to 25 75 85 88 89 tially decaying radial wave functions in the energy range of

all closed channels; an@) in the autoionization energy
range, the standard scattering asymptotic boundary condition
with the reactance matrix fdar belonging to the open chan-
nels, and the asymptotic boundary condition with the expo-

variabler is chosen such that the exchange interactions belentially decaying radial wave functions forbelonging to
tween the scattered electron and the target electrons is nefjl® closed channels. Thus the physical solutions of the initial
ligible for r=a, wherea is the R-matrix box radius. Within and final states can be obtamed_wn_h the boundary c_ondltlons
the reaction zoner(a), the interactions between the scat- atr=a and at |nf|n|ty_. The phpt0|on|zat|on cross sections are
tered electron and target electrons involve static electron@Ptained by integrating the dipole operateither the length
electron screening, dynamic polarizations, etc. It is a many®F the velocity operatgrbetween the initial and final states.
body problem, which is solved variationally as a whole_ To elucidate the polarization effects in the He photoion-
system to obtain the logarithmic derivative boundary matrixf[izé‘r:'so_” process, we use the following four sets of target func-
R(E). :

Outside the reaction zone, the scattered electron “feels” target set 1: &2s,2p, 3s,3p, 3d,
mainly Coulomb potential. The updateR-matrix code target set 2: §2s,2p, 3s,3p, 3d,4s,4p,4d, 4f,
[37,39 allows us to take the long-range static polarization target set 3: & 2s,2p,3s,3p,3d,4s,4p,4d,5s,5p,
potentials into account. The wave function of the scattere®d. 5f, 50, -
electron outside the reaction zone satisfies the radial equation target set 4: §,2s,2p,3s,3p,3d, 4s,4p, 4d,
(in atomic units, with energy in Rydberg throughout the pa-

P% to 2p 83 91 94 100
a 19.8 30.6 43.4 21.6

per if not specifiey where 1—5g are hydrogenlike wave functions of He
4s, 4p, and 4d are polarized orbitals of He calculated

2 1,(,+1) 2z n using the_(_:|VPOL c_ode [43]._ For each target set, the static
— 5t — e Fi(r)— 2, Vi (H)Fi(r) polarizability considered with respect t®,1 2s, and 2o of

dr r r i’ He" and theR-matrix box radius are given in Table I. When

one carries out th&®-matrix calculations, the degree of the

=0i=1,...n, 1) dynamic polarizations included within the reaction zone
should be consistent with the static polarizabilities in Table |.
Outside the reaction zonE;;, can be obtained either with or
without V;;,. Therefore we can analyze the effects of the
dynamic polarizations within the reaction zone and the static
polarization potentials outside the reaction zone in the He
photoionization process.

The wave functions of the initial ground statesf)'S and
In practice, only contributions of =1 and 2, which corre- final continuum states are obtained on the same footing. The
spond to the dipole and quadrupole polarization potentialsground state has an energy Bf —4—1 obtained through
are included. Becaus@/;/(r)|<2z/r for r=a, the multi- the variational principle, wheré is the ionization energy.
pole potentials are therefore treated as perturbafidnk Table Il gives values of calculated using the above four

Matching the logarithmic derivative boundary matrix target sets withv;;» #0. The ionization energy converges
R(E) on the R-matrix box surface(i.e., r=a), the wave to the nonrelativistic limit 1.8074 Ry44] from target set 1 to
functionF;;, outside the reaction zone is solved numerically.target set 4. The dynamic polarizations considered within the

wheren is the number of coupled channels, avigh (i#i")
are long-range multipole potentials,

Vii/(r)=§)\: C-(}\)/r)‘+1. (2)

i’

TABLE II. lonization energied for the He ground state &f)'S.

States included in expansion | Reference
1s —1.7450 Ref[45]
1s,2p, 3d —1.7817 Ref[45]
1s,2s',2p,2p’, 3d —1.8007 Ref[45]2
1s,2s,2p, 3p, 3d —1.7868 Ref[21]°
Targetset 1, 2, 3,4 —-1.7732,—-1.7741,-1.7742,—1.7908 present work
Pekeris’s result -1.8074 Ref[44]

aVith short-range correlation orbitalss22p’.
bPreviousR-matrix calculation.
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TABLE lll. Quantum defectsu for He-excited states. u’'s calculated based on target set 4 are greater than the
experimental result§column a of Moore [42] with 1R,
States Theory Expt. =109 737.32 cm! (without taking into account the re-
target target a b duced mass of the electrprSince the excited-state energies
set 1 set 4 are obtained through the variational principle, they should

not be deeper than the experimental energy levels,’s.,

1s2s'S 0.140 0.145 0.149 0.149  ghould be smaller than the experimental results. Here we
3's 0.133 0.139 0.143 0.144  notice that for (5nd)>°D states, theu's are very small
4's 0.131 0.137 0.141 0.143  (~10%), and the effect of reduced mass of the electron is
51S 0.131 0.136 0.141 0.144  just about the same order. Therefore the Rydberg constant
6'S 0.130 0.136 0.140 0.146 1Ry =109 722.27 cm?! of He should be used to convert
1s2s3S 0.310 0.311 0.311 0.311  energy levels to a quantum defects. EveRjf is used, the
33g 0.302 0.302 0.302 0.303 quantum defectgtarget set % of 1s3d°D are still greater
43S 0.299 0.299 0.299 0301 than the experimental values calculated using the ioni;ation
53g 0.298 0.298 0.298 0.301 thresthlolql = 1£t9hS 3|05*I- 15I cm 1boffMToobr|e [ﬁIZ]. 'I;]hehexperl-I

3 mentalu’s in the last column b of Table Ill, which are cal-
6°S 0.297 0.298 0.297 0-303 culated with the ionization thresholdl=198310.8

1m0 +0.15 cm ! of Herzberg[41], are all greater than our the-

1512p P —0.0126  —0.0105  —0.0095  —0.0091  , aricq) results. This is consistent with the variational prin-
3°p° —0.0150  -0.0125  -0.0113  -0.0104  (jple. After taking into account the relativistic corrections
41p° —-0.0156  -0.0130  —0.0119  —-0.0099  and QED corrections, Pekeris’s nonrelativistic liti{t44] is
51p° —0.0159  -0.0132 -0.0121  -0.0085 in excellent agreement with Herzberg's value
61p° -0.0160 —0.0133 —-0.0123  —0.0061 The scattered electron wave functions can be obtained by
1s2p 3P° 0.0592 0.0615 0.0622 0.0625 either with or withoutV;;,. When V;;,=0, we can easily
33po 0.0624 0.0651 0.0658 0.0667 perform an eigenchannel treatment &Fmatrix theory
43p° 0.0634 0.0662 0.0668 0.0687 [39.40. We start with the logarithmic derivative boundary
53po 0.0639 0.0667 0.0672 0.0707 mgtrix R(E), and the physical eigenchannel param_eters
63p° 0.0641 0.0670 0.0673 0.0732 (eigen quantum defectg, and orthogonal transformation

matrix U;,) in multichannel quantum defect theaiylQDT)
[47-58, and the corresponding eigenchannel wave functions

1
1s3d °D 0.001 43 0.001 88 0.001 57 0.00248 are calculated directly. Based on the compact set of the

4'D 0.001 52 0.001 86 0.001 66 0.003 63 eigenchannel parameters, atomic perturbed discrete Rydberg
5'D 0.00157  0.00190  0.00169  0.00533 geries, autoionizing states and their adjacent continuum can
6'D 0.001 59 0.00193 0.001 69 0.00780 pe treated in an analytical unified manner without any nu-
1s3d°D 0.001 85 0.002 31 0.001 97 0.002 89 merical integrations outside t-matrix box. In the analyti-

43D 0.002 10 0.002 46 0.002 21 0.004 17 cal unified treatment of MQDT, we can offer a clear assign-
53D 0.002 23 0.002 58 0.002 29 0.00593 ment for all resonances. The detailed description of the
63D 0.002 30 0.002 65 0.002 33 0.008 44 eigenchannel treatment &-matrix theory will be given in

the Appendix.

Figure 1 displays the calculated photoionization cross sec-
tion for (2p3d) and (sp,247) states. The spectra in Figs.
1(a)-1(d) are calculated with/;;, =0 using target sets 1-4
respectively. The spectra in Figsal)-1(d") are calculated
with V;;»#0. In Figs. 1a) and 1a’), the profiles of length
formula and velocity formula for (23d) are quite different.
reaction zone increase a little from target set 1 to target set Jhis suggests that the calculated results of the doubly excited
as shown in Table I; consequently the valuelobnly in-  resonance (83d) have not converged for target set 1. In
crease a little(from 1.7732 to 1.7742 Ry For target set 4, Figs. 1b) and 1b’), the profiles of length formula and ve-
the percentage of static polarizability fos bf He™ increase  locity formula for (203d) are similar. This means the results
to 100% by including the polarized orbitals, and a significantof target set 2 are going to converge. In Fig&)land 1d)
improvement ofl is obtainedfrom 1.7742 to 1.7908 RyIln  and Xc') and Xd’), the profiles converge much better quan-
order to obtain better ground-state energy, it is necessary titatively. Notice that the static polarizabilities increase by an
take the short-range correlations into account furfdé. appreciable amount from target set 1 to target sémniore

On the same footing, we also calculate excited-state enegpecifically, from 75% to 85% for and from 83% to 91%
gies ofE=—4—4/(n— u)?, whereu is the quantum defect. for 2p) as shown in Table I. This suggests that the conver-
Table Il gives the u for He excited states gence of the (p3d) profile results from the increasing de-
(1sn9t3s, (1snp?P, and (1snd)3D calculated based gree of the dynamic polarizations considered within the re-
on target sets 1 and 4. For the penetrating Rydberg seriestion zone.

(1sn9t3sand (1snp!P, the u of target set 4 agree better By comparing Figs. @) and Xd’), one can elucidate the
with the experimental resul{gl2,41] than those of target set effect of the static polarization potentials outside the reaction
1. For the nonpenetrating Rydberg series céif#) D, the  zone. After taking into account the static polarization poten-
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FIG. 1. The photoionization spectra for g2d) and (sp,24") resonance state$a)—(d) correspond to target set 1-4 with;,=0.
(a’)—(d") correspond to target set 1-4 with;, #0.
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FIG. 1. (Continued.

tials outside the reaction zone, the profile changes and thare calculated on the same footing. For target set 4, the static
resonance position almost does not change f@3 reso-  polarizability for HE"(1s) is 100% as shown in Table I;
nance states, while, for thes§,24”) resonance state, the consequently the dynamic polarizations are taken into ac-
profile does not change and the resonance position movegunt sufficiently within the reaction zone. Therefore the

deeper. F.igurfe Zhdisplz%s the calculated phOtOiAron'i“Zfatiori‘onization energy of target set 4 in Table Il agrees with Pe-
cross section for thesp,24") state using target set 4. After keris’s nonrelativistic limif44] within 1%. For the penetrat-

taking into account the static polarization potentials outside 13 13

the reaction zone, the profile for the{,24") state does not ing Rydberg serleisl S and dP’ the quantu_n;] defect_s of |
change, and its resonance position moves higher. There {89t set 4 are also in good agreement with experimenta
little difference between the spectra in Figgbjland Xb’). results as shown in 'I;%ble lll. For the nonpenetrating Ryd-
Therefore we can easily perform the eigenchannel treatme®erd serles_aof (8nd™>"D, the quantum defects are very
of R-matrix theory, and call the left resonance peak asmall (~10 "), and the effect of reduced mass of the elec-
(2p3d) state and the right one &$,24") peak. Our calcu- tron is just about the same order. Therefore we should use a
lation shows that peak photoionization cross sectippg of ~ Rydberg constant corresponding to the reduced mass of the
a (2pnd) series are much greater than those osp,2n~)  electron. Since the theoretical quantum defects obtained by

series, as shown in Fig(d'). the variational principle should not be greater than the ex-
perimental values, and the quantum defects are sensitive to
1. DISCUSSION the adopted experimental ionization threshold, one should

. . . adopt Herzberg's value 198 316:®.15 cni ! [41] instead
In the R-matrix calculation, the wave functions of the ; 1
. . X . of Moore’s value 198 318 15 cm ~ [42] through the analy-
initial ground state, excited states, and final continuum states
Ses of quantum defects.
10 With the increasing degree of the dynamic polarizations
(sp,247) —V“, =0 considered within the reaction zofiee., from target set 1 to
i .V 20 target set % the calculated photoionization cross sections
i converge, as shown in Fig. 1. For target set 4, whose
R-matrix radius is 21.6 a.u., the spectra forp@l) and
(sp,247) states calculated with and withoMt;, are quite
different as shown in Figs.(d) and Xd’); for target set 2,
whoseR-matrix radius is 30.6 a.u., the spectra are similar, as
shown in Figs. tb) and Xb’). This suggests that the long-
range static polarization potentials, which have influence on
the spectra for (@3d) and (sp,24”) resonance states, are
i important in the range af=20-30 a.u. When thR-matrix
//"’ box is large, as in the case of target set 2, we can make a
LA definite assignment for all resonance states using the eigen-
channel treatment dR-matrix theory[39,40, without V;;..
Photon Energy (eV) V;;, are attractive for thegp,2n") state, and exclusive for
the (sp,2n*) state, as shown in Figs(d), 1(d'), and 2. This
FIG. 2. The photoionization spectrum for thep24") reso-  can be understood as follows: fog|f,2n~) states, the scat-
nance state calculated. tered electron will face the positive end of the electric dipole

Photoionization Cross Section (Mb)
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TABLE IV. Resonance energids, , widthsT", and the line-shape parameter$or doubly excited'P°
states of He below thal=2 threshold. The numbefb] denotesax 10°. The numbers in parentheses for
experimental data represent the error bars in units of the last digit.

State Observed Theory

Ref.[6] Refs.[7,8] Ref.[9] Present Ref{19] Ref.[32] Ref.[16] Ref.[12] Ref.[21]
Resonance enerdy, (eV)

2+ 60.15110)0 60.147 60.150_00 60.160 60.184 60.145 60.156 60.147 60.189
3+ 63.65310) 63.658 63.65780) 63.659 63.670 63.656 63.658 63.657 63.674

4+ 64.466 64.467 64.46%30) 64.466 64.471 64.465 64.463 64.473
5+ 64.816 64.816 64.815 64.818 64.815 64.819
6+ 64.999 64.999 65.001 64.999

3- 62.75802) 62.761@020) 62.7589 62.759 62.7588 62.758 62.7611 62.764
4— 64.13532) 64.135820) 64.1361 64.140 64.135 64.136 64.1377 64.129
5—- 64.65742) 64.658620) 64.6567 64.660 64.657 64.657 64.6598 64.654
6— 64.91232) 64.9123 64.912 64.913

3d 64.11892) 64.1208 64.125 64.1187 64.119 64.1217 64.158
4d 64.648%4) 64.6487 64.652 64.6487 64.647 64.6485 64.667
5d 64.90715) 64.9072 64.9071 64.907

Width I" (eV)

2+ 34-2] 3.7-2] 3.762)[-2] 3.71—-2] 4.03-2] 3.74-2] 3.73-2] 3.79-2] 3.80-2]
3+ 83-3] 1.0-2] 835[-3] 8.2d-3] 8.94-3] 8.14—3] 8.37-3] 8.27-3] 7.64—3]
4+ 3.4-3] 4.05)][-3] 3.47[-3] 3.54-3] 3.84-3] 3.51-3] 3.44-3] 3.00-3] 3.26-3]

5+ 1.4-3] 2.03)[-3] 1.81-3] 1.97-3] 1.79-3] 1.87-3] 1.66-3]
6+  8—4] 1.04-3] 1.04-3] 9.9-4]

3— 53[—4] 1.12[—4] 1.09-4] 1.13—-4] 1.09-4] 1.1§—4] 1.0§—4] 1.49—-4]
4— 32[-4] 6(2)[-5] 5.39-5] 6.84—5] 5.51—5] 5.20—5] 5.44—5] 4.67-5]
5— <1[-4] 3(3[-5] 2.53-5] 3.34-5] 2.69-5] 2.00-5]
6— 1.30-5]

3d <5[-5] 1.1-6] 3.30-6] 4.4-7] 4.41-6] 3.3-6] 9.00-6]
4d 1.0-7] 9.61-7] 9.7-7] 4.74-6]

Line-shape parametets

2+ —-2.75 —2.734) —-2.82 —-2.63 —-2.81

3+ —-2.5 —2.534) —2.64 —2.43 —-2.51

4+ —-2.4 —2.585) —2.59 —2.41 —2.45

5+ —-2.4 —2.59 —2.40 —-2.55

6+ —-2.58 —2.39

3- -3.5 —4.1(4) —-4.83 —-4.00 —4.68

4— -32 —2.405)  —-293 —2.32 -5.23

5— -3.2 —-2.85) -3.16 —2.28 —-5.75

6— —-3.19

3d -23 -13 —4.00 -1.07

4d —-132 —-29 —-12.91 —-1.09
as a result of the mixture of target statesahd 2 of He™; larization potentials. This is an interesting question, and wor-
while for (sp,2n™) states, the scattered electron will face thethy of further theoretical study.
negative end of the electric dipole. For thep@) state, the In order to compare with experimental and other theoret-

resonance energy changes little, while the line shape chang®gl results quantitatively, in Table IV we present the Fano
drastically after taking into account the long-range static poparameters of the three Rydberg series'BP resonance.
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Our Fano parameters are extracted by fitting our calculated
resonance profiles to the Fano formula,3]. The early
R-matrix calculation by Fernley, Taylor, and Seaf@i], as
shown in the last column of Table IV, gave an incorrect level
ordering of the (pnd) states with respect to thesp,2(n
+1)7) states. This may have resulted from the fact that the

sp,24)

N
-

Cross Section (Mb)

target functions they usg@1] did not sufficiently take into §

account dynamic polarizations which influence the conver- 5

gence of the calculated results. Therefore, in order to obtain ‘§ (b)

the correct results, one should choose target functions care- §

fully, and take into account sufficiently the long-range mul- g

tipole potentials. As shown in Table IV, our resonance ener- T 5413 5415 6465 6466 6467
gies for all states, the widthE, and theq parameters for

(sp,2n™) states are in agreement with the experimental re- Photon Energy (eV)

sults and with other theoretical results. For tb@,@*) state,

our resonance energg$0.160 eV is higher than the experi- FIG. 4. The convoluted photoionization spectrginmeV) for

mental value. This is consistent with the variational prin-(2p3d), (sp247), (2p4d), and 6p,25°) resonance statea)
ciple, and suggests that our results are not completely corpresent work(b) The experimental resufe].
verged. Our result agrees with the experimental results better

than the ear_IyR-matrix result[21] and t_he _close-coupling_ resonance strengths for thep@d) and Gp,24°) states is
re_zsult [1.9]’ since we have_taken polar|zat|on effects S!mc"about 0.25; ours is about 0.4, while that of Rdf2] is about
glently into account. \/ery mterestmglly,.the. doubly excited 0.75, and that of Ref.16] is less than 0.1. Our theoretical
resonance structures in the He photoionization frest°s results seem to be in better agreement with the experimental

rzgtastable states are reported to have a similar accurag¥sylts. In Fig. 4, we also compare our results with the latest
[ I]: I Id lik lude b K high-resolution measuremefit meV) [9]. Figure 4a) dis-

Inally we would like to conclude by making some COM- javs oyr calculated specti@onvoluted with 1 meY for
ments on the extrem_ely narrow resonancegn(@. For the (2p3d),(sp.24”) and (D4d),(sp,25 ) pairs. The corre-
(2pnd) series, the width$' and theq parameters calculated sponding experimental results are shown in Figp) 4When
by various theoretical methods are quite different quantita}he resolution is improved, the resonance peakésgf2(n
tl;/(;ly.f Slnge3tdhere deX|st ;Zﬁll-resolved experiment rdest:”% 1)) states increase faster than the corresponding peaks of
[7.9] for (2p3d) and &P, 2 resonance states, and t e(2pnd) states. Therefore, the ratio of our calculated reso-
calculated results for thesp,24”) state are in general agree- o peaks of (23d) to (sp,247) and (D4d) to (sp,24")
ment Vr\:'thf iaCh 30(;ther, we lhgre comhparef ';]he r;jf)nancgre 0.27 and 0.49, to be compared with the experimental
strenglt:_ of the (g. I) state re a|t|V(|a toé atort es(;,]_ h% ratios 0.10 and 0.23, respectively. The calculated strengths of
state. Figure @) displays our calculated spectra, whic aVe(2p4d) resonances are systematically larger. This is consis-

been convqluted W'th. the experimental resolution 4 meV; th‘:‘[ent with our present calculations which are not completely
corresponding experimental resyld and Tang, Watanabe, converged

and Matsuzawa's theoretical resuji] are shown in Figs.
3(b) and 3c), respectively. The ratio of the experimental
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APPENDIX: EIGENCHANNEL TREATMENT
OF R-MATRIX THEORY

g

§ As the R-matrix code[35-37 is very powerful in calcu-

£ lating electron-atom collisions and photoabsorption pro-

3 cesses(bound-bound, bound-frege and the multichannel

w0 . . .

g I guantum defect theofy47—59 is very powerful in analyzing

a1 64.12 64.13 64.14 64.15 atomic and molecular processes, here we combine the eigen-
Photon Energy (eV) channel theory andR-matrix theory together, with twofold

merits: (1) an analytical unified treatment of perturbed dis-
FIG. 3. The convoluted photoionization spectr@me\) for ~ crete Rydberg states, and autoionizing states, and their adja-
(2p3d) and (sp,247) resonance statea) Present work(b) The ~ cent continuum to avoid numerical calculations outside the
experimental resulf7]. (c) Tang, Watanabe, and Matsuzawa’s re- R-matrix box; and2) a clear assignment of overlapped reso-
sults[16]. nances.
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Based on thdr-matrix theory, the logarithmic derivative sl —  — — ]
boundary matrix R(E) can be obtained by solving s 03 (@)
(N+1)-electron problem variationally within thR-matrix ® ok
box with a logarithmic derivative boundary paramebefor i
excited electron orbital$36]. With the R(E) matrix, the 05- L Thrgszhgld_' ()
reaction matrix/C(E) can be calculated with the following 6 o
standing-wave expressions on fRematrix box surfacsi.e., Im ¢ K
r=ry), 03|

08 (c)
q’i(E):A{(bifi(rOrE)__E Kij®;9;(ro,E) oL
Jngh 0.4
_ .0 i< 0
i>ENph KIJ@J@JUO)]' '=<Nen. 64 64.4 64.8 65.2 656
Photon Energy (eV)
= —A[ _ E Kij®;9j(ro,E) FIG. 5. Eigen quantum defects, and Euler angle#,,, for the
1=Npn U;, matrix, and the sum of the collisional eigen phase shiff, for
He in 1P° symmetry around th&=2 threshold of Hé.
+ > Kij(pj@j(ro)}a i>Npp, (A1) _ _ _ _
1>Nph matrix U;,, which vary smoothly with energy. According to

. . . . ) asymptotic boundary conditions in autoionization spectra
where A4 is an antisymmetrization operator. The indexes [53{/55 y P

and|j denote ionization channels which are various combi-

nations of theN-electron target states and the excited elec- - 5
tron orbitals with the appropriate angular momentum cou- \pp(E)ZE v (E)A? — A{ > T, [ =
plings. The wave functiond; consists of theN-electron @ ieP ki
target-state wave function combined with the angular and
spin parts of the excited electron wave function in thie
ionization channel. In a specific energy range, there are only
finite channels which are responsible for spectral structures, -> DT vi(v; ,r)), (A3)
and are called physical ionization channels:\Np). In the <Q

ith physical ionization channeff;(r,E) and g;(r,E) are ) 5 . A ) )
regular and irregular Coulombic wave functions, respectivelVith E=li+ki/2 asi e P,E=1;—q%»; /2 asi € Q, the ion-
which are continuous functions of the orbital energy acrosézation thresholdl; for the ith channel, the net charge
the ionization threshold, i.e., from negative to positive re-outside theR-matrix box, the Coulomb phase shiff, the
gions [53-55. For the rest of the ionization channels ( Collisional eigen phase shift7,, and exponentially decay-
>N,), the excited electron orbitals have deeply negativeénd Coulombic wave functions;(v;,r). This will lead to the
orbital energies, and have exponentially decaying radiafollowing linear equations foA% :

wave functions®;(r) which should be negligible on the

R-matrix box surface. The diagonal representation of the i _ p_ -
NpnX Np, submatrix of the reaction matrik(E) defines the Ea: Uiasin (= 7% 1a) JAZ=0, 1€P,
eigenchannelsy, i.e., the eigenvalues tamf,) and the

eigenvectordJ;, corresponding to the eigen quantum defects

1, and orthogonal transformation mattik , in MQDT. As > Ui sin m(vi+p,)1AL=0, ieQ.
r=r,, theNy, eigenchannel wave functions are expressed as “

xsinkir + gk tn(2kir) =l m/2+ o+ 77,

(A4)

The nontrivial solutions oA\’, leads to an equation far,
‘Pa(E)=A[§i: QUi [fi(r,E)cod mu,)

DetU; sinl m(x;+ u,)]| =0, (A5)
—gi(r,E)sin(mLa)]}_ (A2)  with x;=—17, asieP andx;=»; asieQ. There areNp
roots of 7, (p=1,2, ... Np) and the correspondinyp sets

L of A? . ThusT,;, A are
For the case ofP° double-excitation resonances of He @ '

around theN=2 threshold of H&, our calculation involves

16 channels according to target 2. In the energy range of Tisz Ui,co8 m(—7,+ uo) JALIN,, i€eP,
interest, there are only four physical ionization channels, i.e., @ (AB)
one open physical ionization channéle(P,N,=1) (1s)

ep, and three closed physical ionization channels o ‘ ' p -
(ieQ,Ng=3)(2s)ep, (2p)es, and (Pp)ed. Figures Tip ; ViaCog m(vi na) AN, 1€Q.

5(a) and Jb) displays the four eigenquantum defepts and

the six Euler angles of the>44 orthogonal transformation with
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2

N,Z):E z Uiacoiﬂ-(_Tp—i_lua)] .

ieP a

(A7)

1005

lisional eigenphase shifts ,7,, with energy which shows
three series. Based on collisional eigen phase shjftand

the mixing coefficientsT;,, we can trace out all resonances

semianalytically, and make a definite assignment for all reso-

In Fig. 5(c), we display the variation of the sum of the col- nances, as shown in Table IV.
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