PHYSICAL REVIEW A

VOLUME 48, NUMBER 2

AUGUST 1993

Extensive L2 calculation of partial photoionization cross sections
of He in the 4/nl’ resonance region

I. Sanchez and F. Martin
Departamento de Quimica C-14, Universidad Autonoma de Madrid, 28049-Madrid, Spain
(Received 25 March 1993)

We present a fully-L >-integrable calculation of the partial photoionization cross sections of He be-
tween the N =3 and 4 thresholds. The energy positions, total and partial autoionization widths, and
Fano and Starace parameters for the 4/nl’ doubly excited states lying in this region are also provided.
We have found that only one series of resonances with large autoionization widths is observed in the
total-cross-section spectrum. On the other hand, several resonance series are exhibited in the partial
N =3 cross sections. Our results also show that the 2p and 3p cross sections dominate the N =2 and 3
ones, respectively. Good agreement with the existing experimental data is found.

PACS number(s): 32.80.Fb, 32.80.Dz, 31.50.+w

I. INTRODUCTION

Photoionization of the helium atom from the ground
state is a subject of growing interest, since it is essential
to understand the role of electron correlation in continu-
um states. In particular, the 'P° doubly excited states ly-
ing above the ionization threshold are selectively popu-
lated in these experiments, so that resonance parameters
can be determined with high accuracy. Most experimen-
tal and theoretical works have been devoted to study
photoionization below the N =3 threshold, and to
characterize the 2/nl’ and 3Inl’ doubly excited states of
He. In the last years, a deeper insight has been obtained
from the analysis of partial photoionization cross sections
(see for instance Refs. [1-13]).

Theoretical studies above the N =3 threshold includ-
ing resonance structure are very scarce. The only calcu-
lations of photoionization cross sections of helium be-
tween the N =3 and 4 thresholds that we are aware of
have been recently reported by Hayes and Scott [8] and
Martin [14]. The first one is based on the R-matrix
method and has given N =2 and 3 partial cross sections,
as well as the 3s, 3p, and 3d contributions to the latter.
Calculations of Martin have been performed with an L2-
integrable method based on the Feshbach formalism and
have provided N=1, 2, and 3 partial cross sections.
None of these previous works has reported partial cross
sections for each individual open channel. Also, a de-
tailed analysis of the resonance structures observed in the
cross-section spectra is lacking. Although there are some
theoretical works that have provided energy positions
and total autoionization widths for the 4/nl’ doubly excit-
ed states lying between the N=3 and 4 thresholds
[15-20], nothing is known about partial autoionization
widths or Fano and Starace parameters.

From the experimental side, Woodruff and Samson [3]
have measured the total photoionization cross sections
for leaving the He™ ion in an excited state (0 y—,+0 y—3)
as a function of the photon energy, and Heimann et al.
[21] have been able to separate the N =3 contribution at
four different energies. More recently, Domke et al. [22]
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have obtained the spectrum for the total photoionization
cross section with high-energy resolution, and Zubek
et al. [5] have measured the N =2 differential cross sec-
tion at 90°.

In this paper we present extensive calculations of par-
tial photoionization cross sections and 4/nl’ resonance
parameters of He between the N =3 and 4 thresholds.
For this purpose we use the L2 method recently proposed
by Martin ([14], hereafter called paper I), which takes
into account (strong) interchannel coupling in a fully
algebraic way. This method is well adapted to obtain ac-
curate representations of the resonance structures ob-
served in the cross-section spectra, and therefore can be
used to obtain energy positions, total and partial autoion-
ization widths, and Fano and Starace parameters.

The paper is organized as follows. The theoretical
method is briefly outlined in Sec. II. A detailed explana-
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FIG. 1. Partial o, photoionization cross section of helium
above the N =3 threshold. , length gauge; — — —, veloci-
ty gauge.
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tion can be found in paper I. In Sec. III, we present and
discuss our results for cross sections and resonance pa-
rameters. Comparison with previous works is done when
it is possible. We end the paper with some conclusions in
Sec. IV. Atomic units are used throughout the paper un-
less otherwise stated.
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II. THEORETICAL METHOD
The ground-state wave function of helium is the same
used in paper I and in Refs. [11-13]. There are nine
open channels above N=3: u=1lsep, 2sep, 2pes, 2ped,
3sep, 3pes, 3ped, 3dep, and 3def. For each channel pu,
the exact continuum wave function Y,.£ is written as [12]

+[1+ GG (E)QHP] || PYdg ) +

E—&6,—A(

where P is a two-electron projection operator of the form
[23]:

P=P,+P,—PP,, 2)
with
3 N—-1 I
P=3 3 3 lenm(DX o), (3)
N=1 =0 m=—

which includes all hydrogenic @y, states of Het with
N =3, ¢, is a resonant wave function of energy &, which
is the solution of a projected Schrodinger equation in the
Q subspace, G (S’( E) in the Green operator in Q subspace
in which the s state has been excluded, Pt/J”E is a non-
resonant wave function of energy E which is the eigen-
state of P#P +P7-{QG<Q"(E )QHP, G~ (E) is the corre-
sponding Green operator in P subspace, ' (E) is the
“width,” and A (E) is the “shift” of the ¢, resonance at
the energy E.

In order to obtain the continuum state of Eq. (1), we
need to evaluate two kinds of wave functions, ¢,, and
P1/J &> and the corresponding Green operators, G (E)

and GY¥)~(E). The ¢, wave functions have been evalu-
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FIG. 2. Partial 0, and o,, photoionization cross sections of
helium above the N =3 threshold. , length gauge,
— — —, velocity gauge.
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[
ated in the framework of the pseudopotential-Feshbach
method [24] using the Slater-type-orbital (STO) basis set
reported in paper I. The basis of 216 configurations in-
cludes STO’s from n =1 to 8, and angular momenta from
=0 to 5, and is accurate enough to represent Feshbach
resonances lying below N =4. The expansion of G(QS)(E )
includes the first 43 eigenfunctions of Q¥Q that
represent nln’'l’ doubly excited states with n,n’' >4, and
discretized nlel’ continuum functions with n =4 that our
basis is able to reproduce up to the N =5 threshold.

The Green function G5~ (E) is obtained in a basis of
L? uncoupled states ¥ 2,, by solving the system of linear
equations [14]:

2 @pnp, n' < ” " I(’S)_(E)|Y‘2n)=$,u'n' ’ )
wn”
where the coefficients @#.,,,#u,,u and D, are given by
Cpnrrn =8By — E(Ep )X Y ) (5)
Dy =8,,8,nEE,) . (6)

In Eqgs. (4)-(6), {¥",} is a complete set of L2 orthogonal
uncoupled-continuum-wave functions, which are solu-
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FIG. 3. Partial o3, 03,, and 03, photoionization cross sec-
tions of helium above the N =3 threshold. , length gauge;
— — —, velocity gauge.
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tions of single-channel Schrédinger equations, Vis the in-
teraction potential that includes the interchannel cou-
plings and the polarization potential [12], and

imp,(E,) for E,=E,

Ew(Ep)= ll/(En ~E,) for E,#E, , 7

where p,(E,) is the square of the appropriate renormal-
ization factor for the ¥° un functions to be properly 8 nor-
malized. Equation (4) represents a system of linear equa-
tions in the complex plane for each channel u. The
|

PYSE =Pl E,

X,m+2 S Xy GET(E

uhn' u,n"

The cross sections have been evaluated in the dipole
approximation for photon energies between 73.00 and
73.16 eV. An energy grid with variable step size has been
used in order to exhibit the whole resonant structure. All
calculations have been done in quadruple precision.

III. RESULTS AND DISCUSSION

In Figs. 1-3 we show the ls, the 25 and 2p, and the 3s,
3p, and 3d partial cross sections in both the length and
velocity representations. The total cross section is
displayed in Fig. 4. Gauge invariance is good for 2s, 2p,
3s, 3p, and 3d cross sections. For the 1s one, as well as
for the total one, the velocity results are ~5% lower than
the length results; however, the corresponding curves are
practically parallel. This may be explained by the fact
that the lsep continuum has the strongest oscillatory
behavior, so that the STO basis used to represent the
nonresonant wave function is less complete than for other
channels.

The largest contribution to the total cross section
comes from the 1s one, which means that the He™ ion is
left preferentially in the ground state. The 2p cross sec-
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FIG. 4. Total photoionization cross section of helium above
the N=3 threshold. , length gauge; — — —, velocity
gauge.
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coefficient C multiplying the unknowns is the same for all
U, so that each system of equations differs exclusively in
the right-hand-side column vector D. Therefore, only
one matrix inversion is required to solve Egs. (4). The L?
X 2,, states are evaluated with an even-tempered basis of
(STO’s) using the standard computer codes of Macias
et al. [25], which also provide the renormalization fac-
tors p,(E, ), for each channel u and each energy E,,.

Then, the Pz/;o r nonresonant wave function is written
as

IX u'n' > <Xy, n' | V|X un )X wn" | - (8)

[

tion dominates over the 2s one in the whole energy range
considered in Fig. 2. Also, the 3p partial cross section is
larger than the 3s and 3d ones.

There are seven series of autoionizing resonances con-
verging to the N =4 threshold, namely (2,1),, (3,0),,
o,n,,1,0,,(—1,0),,(—2,1),, and (—3,0),. According
to Herrick and Sinanoglu [16], we have labeled them us-
ing the K and T quantum numbers: (K,T),. Only one
strong series of resonances is observed in Figs. 1-4: the
peaks at 73.72, 74.62, and 74.99 eV, which correspond to
the first three (2,1) 4/nl’ doubly excited states. Reso-
nances of other series are practically invisible in the 1s
and the total cross sections.

In the 2s and 2p cross sections, one can also distinguish
some broad structures at 74.16, 74.86, and 75.16 €V,
which correspond to the first three doubly excited states
of the (0,1) series. These are much more apparent in the
3s, 3p, and 3d cross sections shown in Fig. 3. In the latter
figure, there are also needlelike peaks at 74.42 and 74.88
eV corresponding to the (3,0) series, and at 74.64 and
75.02 eV corresponding to the (1,0) one. The two latter
resonances are embedded in the wider (2,1)s and (2,1)¢
ones. Finally, one can also see a small hump at 7491 eV
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FIG. 5. Partial 0, 03¢5, and 0,4 photoionization cross
sections of helium above the N =3 threshold. , length
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due to the presence of the first (—2,1) resonance, and a
small needlelike peak at 74.93 eV which corresponds to
the first (—1,0) one. A more detailed description of these
doubly excited states is given below by analyzing the res-
onance parameters.

The 3s, 3p, and 3d partial cross sections have been also
evaluated by Hayes and Scott [8]. The overall agreement
with our results is reasonable. However, there are some
significant discrepancies: (i) although the 3s and 3d cross
sections are comparable in both calculations, the 3s one
dominates over the 3d one at energies lower than those
reported by Hayes and Scott; (ii) in general, our reso-
nance positions are shifted to lower energies; (iii) the nee-
dlelike peaks of the (3,0), series (wrongly attributed to
the (—2,1), series in Ref. [8]) are much smaller in the
present calculations; and (iv) resonances belonging to the
(0,1), (—2,1), and (—1,0) series are not observed in the
cross sections reported by Hayes and Scott [8].

We show in Figs. 5 and 6 the 2lel’ and 3lel’ partial
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cross sections. The 2pes and 2sep cross sections are
roughly comparable, and both are larger than the 2ped
one. In Figs. 6(a) and 6(b) one can see that the N =3 par-
tial -cross sections approximately follow the ordering
3pes >3sep >3ped >3dep >3def. Also, the needlelike
structures are much more visible than in previous plots
(see Fig. 3). This is an indication that the addition of par-
tial cross sections can be responsible for the lack of some
resonance series in the spectra.

Although comparison with the experimental results
was given in paper I, we include it here for completeness.
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substracted from the results of Fig. 4; the experimental cross
sections (@) of Domke et al. [22] have been normalized to the

theoretical values at the first minimum.
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In Fig. 7 we have plotted the N =2 and 3 cross sections.
The latter is compared with the experimental results of
Heimann et al. [21]. The agreement between experiment
and theory is very good. As Woodruff and Samson [3]
have measured the oy-,+0y—; cross section between
the N =3 and 4 thresholds, we also compare in this figure
the experimental data with the corresponding theoretical
results. The overall agreement is good, although the res-
onance peaks in the experiment are shifted to lower ener-
gies. It can be observed in Fig. 7 that the needlelike
peaks that are present in the individual partial cross sec-
tions have practically disappeared from the N =3 cross
section. The same holds for the sum oy —,+0 y—3.

Very recently, Domke et al. [22] have measured, with
high-energy resolution, the total photoionization yield in
the energy region between 73.2 and 75.5 eV. In this ex-
periment, the cross sections were obtained in arbitrary
units. As explained in paper I, comparison can be made
by substracting the slow decreasing background from the
results of Fig. 4, and by normalizing the experimental
data to ours at the first minimum. The resulting compar-
ison is displayed in Fig. 8. The use of the length and the
velocity data leads to identical graphs. Both energy posi-
tions and shapes of the resonance peaks are in very good
agreement. In particular, it can be observed that, in this
kind of representation, the first (0,1) resonance at 74.16
eV is more clearly exhibited than in Fig. 4.

Now we analyze in greater detail the resonances ob-
served in the photoionization spectra. As shown by Fano
[26], the total cross section can be parametrized in the vi-
cinity of each resonance using the formula

P 1—+1—p§ , )
€

where €e=2[E—6,—A,(6,)]/T,(6,), o° is the back-
ground nonresonant cross section, g, is the line profile pa-
rameter, and pf is the correlation parameter. The partial
cross sections can be parametrized following Starace [27]:

_02( ) 2 K s
o E)= . {e"+2€e[g,Re(a,) —Im(ay)]+1

—2¢,Im(a,)—2 Re(ay,)

+(g2+Dla ), (10)

where 02 is the partial background nonresonant cross

section and a;, are the Starace parameters. As shown by
Sanchez and Martin [12], Eq. (1) leads to Egs. (9) and (10)
in the neighborhood of each resonance s, where all these
parameters remain practically constant. Therefore, no
fitting procedure is needed to evaluate the resonance pa-
rameters, which are directly obtained for E=¢&,. The
latter take into account the effect of neighboring reso-
nances through the terms including the G(QS)(E ) operator.

In Tables I and II we present the set of Fano and
Starace parameters for the 12 resonances observed be-
tween 73.00 and 75.15 eV. Table II also includes the par-
tial autoionization widths. From Table I, one can see
that the largest autoionization widths correspond to the
resonances of the (2,1),, (0,1),, and (—2,1), series. In
fact, the use of the approximate selection rules proposed
by Herrick and Sinanoglu [16] indicates that these are the
only resonances for which autoionization is allowed. The
correlation parameter p? is very small for all the resonant
states except for those of the (2,1) series. As the max-
imum and the minimum of a resonant peak are approxi-
mately equal to 0%1+p2g2) and 0%(1—p?), respectively,
the previous result explains why only (2,1) resonances are
observed in the total-cross-section spectrum. In particu-
lar, the (0,1) resonances, which have the largest widths,
are practically invisible in the total-cross-section spec-
trum since p? is of the order of 1073. Within the (2,1)
series, the g, and p? parameters remain practically con-
stant (g, =0.48, 0.59, and 0.55; p;=0.037, 0.041, and
0.044). This behavior is less apparent for the remaining
series, which have much larger ¢, and much smaller p?
values. Also, the great closeness between some reso-
nances (the fourth and fifth, the sixth and seventh, and
the eighth, ninth, and tenth) implies some aleatory char-

TABLE 1. Energy positions, total autoionization widths, and Fano parameters for the 4/nl’ doubly excited states of He. The ener-
gy positions include the Feshbach shift and are referred to the ground-state energy, E, =—2.903724 38 a.u. We have used the
equivalence 1 a.u.=27.211 687 eV. The numbers in brackets indicate powers of ten. Each resonance is labeled k '!P%(K,T),, where k
indicates the energy ordering and n the principal quantum number of the outer electron.

s e, +A, V) T, (V) p? g o° (Mb)
1'P°(2,1), 73.724 57 0.775398[—1] 0.371031[—1] 0.483 458 0.899 539
2'P°(0,1), 74.163 24 0.969 120[— 1] 0.147039[ — 3] 0.333 609[+1] 0.888274
31P°(3,0)s 74.420 53 0.105 171[—2] 0.191881[—5] —0.145811[+2] 0.877678
4'P°(2,1)s 74.62771 0.483228[—1] 0.416017[—1] 0.594 079 0.874 839
51P°(1,0)s 74.64271 0.239 858 —2] 0.109 355[—2] —0.520 567 0.872 181
6'P°(0,1)s 74.863 36 0.361068[—1] 0.622 678[ — 3] 0.146 496[ + 1] 0.868 830
7'P°(3,0) 74.883 87 0.857 783[— 3] 0.404 873[ —4] —0.307 124[+1] 0.867 555
81P°(—2,1), 74.920 10 0.156 171[—1] 0.105 334[ —2] —0.910440 0.861081
9'P°(—1,0)s 74.94101 0.232 686[— 3] 0.493 249 — 5] 0.956 832[+1] 0.856 981
10'P°(2,1), 74.99008 0.290813[—1] 0.444 135[—1] 0.552576 0.866976
11'P°(1,0) 75.026 70 0.146 368[ —2] 0.258 768[ — 3] —0.231 638[—2] 0.877123
12'P°(0,1), 75.162 37 0.257576[—1] 0.152 355[— 3] 0.283001[+1] 0.862 004
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TABLE II. Partial autoionization widths and Starace parameters for the 4/nl’ doubly excited states of He. Notation as in Table I.

s u o (Mb) I, (eV) Re (a}) Im (a})
1'P°(2,1), 1sep 0.799 006 0.628 401[—3] —0.127754[—2] —0.183547[—1]
2sep 0.329277[—1] 0.353 507[—2] 0.940 305[—1] 0.193310
2pes 0.327728[— 1] 0.104982[—1] 0.245 992 0.278 155
2ped 0.158494[— 1] 0.604 617[—2] 0.233 461 0.331204
3sep 0.477 494[—2] 0.843769[—2] 0.859 969 —0.145 131
3pes 0.726 817[—2] 0.146041[—1] 0.899 452 —0.236 362
3ped 0.434 810[—2] 0.136278[—1] 0.108 610[+1] —0.411 648
3dep 0.238274[—2] 0.149 309[—1] 0.146 548[+1] —0.741332
3def 0.209 704[— 3] 0.523 134[—2] 0.324344[+1] —0.466 706
21P°(0,1), Isep 0.787062 0.279 467[—4] —0.150517[—4] —0.218239[—3]
2sep 0.330067[—1] 0.582025[—3] —0.400215[—2] 0.278 354[—2]
2pes 0.323082[—1] 0.439 845[— 3] 0.948214[ —3] —0.417720[—2]
2ped 0.156047[— 1] 0.642 367[—2] 0.847217[—2] —0.219776[—1]
3sep 0.491 829[—2] 0.163050[— 1] 0.314365[—1] 0.589891[— 1]
3pes 0.819 802[—2] 0.327621[—1] 0.306 988[ — 1] 0.666 602[— 1]
3ped 0.463 536[—2] 0.400235[—2] —0.341097[— 1] 0.455 148[—3]
3dep 0.243 589[—2] 0.241 180[—1] —0.600735[—1] —0.986 672[—1]
3def 0.105 596[ — 3] 0.122511[—1] 0.935 170[— 1] —0.384209
31P°(3,0)5 1sep 0.777 628 0.401 529[—7] 0.893 308[— 5] 0.169 784[— 5]
2sep 0.339359[—1] 0.608 371[—5] —0.531 640[— 3] —0.664 995[—4]
2pes 0.330063[—1] 0.793294[—5] 0.619433[—3] 0.341434[—4]
2ped 0.164 595[—1] 0.243 181[—5] —0.386 565[—3] 0.295210[—3]
3sep 0.426 486[—2] 0.364 313[—3] —0.741 110[—2] 0.904 768[ —2]
3pes 0.702 684 —2] 0.374 825[— 3] 0.479 840[ —2] —0.789 879[—2]
3ped 0.360 966[ —2] 0.151474[—3] —0.383637[—2] 0.724 418[—2]
3dep 0.165723[—2] 0.126927[—3] —0.722 844[—2] —0.838997[—2]
3def 0.893 108[—4] 0.176 856 — 4] —0.172968[— 1] —0.423238[—2]
4'P°(2,1)5 1sep 0.774048 0.483 674[ — 3] —0.335611[—2] —0.214326[—1]
2sep 0.335449[ — 1] 0.268 677[—2] 0.130273 0.208214
2pes 0.322029[—1] 0.781485[—2] 0.309 165 0.295 280
2ped 0.156 258[— 1] 0.457885[—2] 0.303 555 0.358 544
3sep 0.487 620[ —2] 0.519248[—2] 0.888 749 —0.110168
3pes 0.790032[—2] 0.972455[—2] 0.938 078 —0.216978
3ped 0.423 100[—2] 0.730045[—2] 0.108 169[+1] —0.359 874
3dep 0.236 419[—2] 0.842 128[—2] 0.143035[+1] —0.798 036
3def 0.453 756[ — 4] 0.211994[—2] 0.485436[+1] 0.340920[+1]
51P°(1,0)s Isep 0.806 132 0.540 488[— 6] 0.406 396[— 3] —0.318512[—3]
2sep 0.184815[—1] 0.342 809[— 5] —0.679 121[—2] —0.525711[—2]
2pes 0.104437[—1] 0.450 648[— 5] —0.547016[—2] 0.119021[—1]
2ped 0.404 527[—2] 0.335 596[ — 4] 0.350412[—1] 0.455077[—1]
3sep 0.500 110[—2] 0.306 639[ — 3] —0.405916[—1] 0.150776
3pes 0.103 645[ — 1] 0.149 284 — 3] 0.532133[—1] —0.538 120[— 1]
3ped 0.776 694[—2] 0.408 997[— 3] 0.353842[— 1] —0.140311
3dep 0.858 449[—2] 0.726 395[—3] 0.246 360[— 1] 0.181770
3def 0.136 151[—2] 0.765226[— 3] —0.123235 —0.456 405
6'P°(0,1)s 1sep 0.767 832 0.161256[—4] 0.601 974[—4] —0.557718[—3]
2sep 0.337 566[— 1] 0.214 874[—3] —0.911 605[—2] 0.350321[—2]
2pes 0.322 580[— 1] 0.129 438[—3] 0.277270[—2] —0.724 116[—2]
2ped 0.159288[— 1] 0.216 188[—2] 0.231622[—1] —0.386920[— 1]
3sep 0.429 359[ —2] 0.361311[—2] 0.869753[—1] 0.710210[— 1]
3pes 0.738619[—2] 0.968 164[ —2] 0.775419[—1] 0.116 735
3ped 0.486 892 —2] 0.319258[—2] —0.538 634[—1] 0.832072[—1]
3dep 0.246 803[ —2] 0.727272[—2] —0.154 680 —0.142220
3def 0.375735[—4] 0.982441[—2] 0.111 658[+1] —0.163431[+1]
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TABLE II. (Continued).
s u o’ (Mb) I; (eV) Re (a}) Im (a})
71P°(3,0) 1sep 0.767036 0.664 800[—7] 0.595484[—4] 0.174412[—5]
2sep 0.335662[—1] 0.563913[—5] —0.261885[—2] —0.144 866[— 3]
2pes 0.331193[—1] 0.768974[—5] 0.307929[—2] 0.159 684[—3]
2ped 0.179857[—1] 0.255066[—5] —0.187911[—2] 0.150 867[—2]
3sep 0.347 177[—2] 0.288 894[— 3] —0.356 842[—1] 0.461958[—1]
3pes 0.529077[—2] 0.324424[—3] 0.248914[—1] —0.434894[— 1]
3ped 0.370471[—2] 0.114973[—3] —0.167651[—1] 0.314601[—1]
3dep 0.302 948[—2] 0.993 935[—4] 0.254 531[—1] —0.263744[— 1]
3def 0.350946[—3] 0.141532[—4] —0.388 668[— 1] 0.118646[—1]
81pP°( —2,1), 1sep 0.762 994 0.157088[—5] 0.344 984[—3] 0.236433[—4]
2sep 0.344438[—1] 0.576 592[—4] 0.158 719[—2] —0.973 160[ —2]
2pes 0.327048[—1] 0.929919[—4] 0.468 422[—2] 0.119664[—1]
2ped 0.168 356[—1] 0.993372[—3] 0.185365[—1] 0.555270[—1]
3sep 0.380310[—2] 0.399 195[—2] —0.743005[—1] —0.235460
3pes 0.580584[—2] 0.386419[—2] —0.681 145[—1] —0.184433
3ped 0.296 316[—2] 0.327362[—2] 0.191 656 0.165 624
3dep 0.140372[—2] 0.333655[—2] 0.162 658 0.334051
3def 0.125792[—3] 0.520011[—5] 0.449390[—1] —0.195287[—1]
91P°(—1,0)s 1sep 0.760 982 0.147 551[—7] 0.171003[—5] —0.186 899[ —4]
2sep 0.347033[—1] 0.150476[—5] —0.187339[—3] 0.867 531[—3]
2pes 0.322815[—1] 0.186331[—6] —0.123083[—4] —0.323 583[—3]
2ped 0.161961[—1] 0.122 803[—4] 0.100 642[—3] —0.370999[—2]
3sep 0.405 513[—2] 0.236 898[ — 4] 0.904 418[—2] 0.493 243[—2]
3pes 0.601 523[—2] 0.447735[—4] —0.562 566[—2] 0.101769[— 1]
3ped 0.188772[—2] 0.260 360[ — 4] —0.157597[— 1] —0.147859[—2]
3dep 0.740 436[—3] 0.954933[—4] 0.428 503[—1] —0.225109[—1]
3def 0.118 837[—3] 0.287073[—4] 0.284 480[ — 1] —0.598259[—1]
101P°(2,1)4 1sep 0.765785 0.308 266[— 3] —0.315 550[—2] —0.228 701[— 1]
2sep 0.334257[—1] 0.176925[—2] 0.141925 0.223475
2pes 0.315235[—1] 0.487 845[—2] 0.324973 0.315 174
2ped 0.151272[—1] 0.281094[—2] 0.304 209 0.391784
3sep 0.535619[—2] 0.306 605[—2] 0.863 681 —0.109 492
3pes 0.900768[—2] 0.618282[—2] 0.925323 —0.229358
3ped 0.444269[—2] 0.433256[—2] 0.107991[+ 1] —0.353 605
3dep 0.224411[—2] 0.449 873[—2] 0.145 127[+1] —0.740368
3def 0.640852[—4] 0.123427[—2] 0.493 558[+1] 0.106 830[+1]
11'P°( 1,0) Isep 0.779 212 0.553909[—7] 0.251279[—4] —0.101940[— 3]
2sep 0.282249[—1] 0.168 599[—5] —0.792071[—4] —0.304247[—2]
2pes 0.255675[—1] 0.238 106[—7] 0.359 600[ —3] 0.122 885[—3]
2ped 0.113681[—1] 0.138376[—4] 0.107 509[—1] 0.855408[—2]
3sep 0.676 775[—2] 0.199424[—3] —0.570191[—1] 0.363071[—1]
3pes 0.127050[—1] 0.765994[—4] 0.279749[—1] —0.123421[—1]
3ped 0.764 268[—2] 0.248 774[— 3] 0.489260[—1] —0.515153[—1]
3dep 0.530412[—2] 0.452817[—3] —0.666077[—1] 0.938177[—1]
3def 0.330500[—3] 0.470462[—3] 0.266433 —0.386977
12'P°(0,1) 1sep 0.760 946 0.816 347[—5] —0.196219[—4] —0.233054[—3]
2sep 0.336639[—1] 0.123038[—3] —0.379447[—2] 0.205 845[—2]
2pes 0.318797[— 1] 0.840791[—4] 0.598 946 — 4] —0.366 655[—2]
2ped 0.158 197[—1] 0.131797[—2] 0.631172[—2] —0.196200[— 1]
3sep 0.417257[—2] 0.314225[—2] 0.523 643[—1] 0.331311[—1]
3pes 0.732262[—2] 0.702 493[—2] 0.472136[—1] 0.515974[—1]
3ped 0.521409[—2] 0.245 655[—2] —0.289902[— 1] 0.395 190[— 1]
3dep 0.293947[—2] 0.567262[—2] —0.849749[— 1] —0.511739[—1]

3def

0.464 522[—4]

0.592 804[ —2]

0.192 830

—0.783 257
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acter mixing between them and, therefore, less conserva-
tion of a given property within a series.

It can be seen from Table II, that the a‘i parameters
are also very similar for all the resonances of the (2,1)
series. As for the Fano parameters, this is not so clear for
other series, although the relative signs of the real and
the imaginary parts are more or less conserved. The larg-
est a; values are for the N =3 channels, which explains
why the resonances structures are more apparent in the
corresponding cross sections.

The fact that the background cross sections o~ or o,
do not decrease monotonically when the energy increases
is due to the inclusion of the effect of neighboring reso-
nances. This is rather obvious for needlelike resonances
embedded in larger resonances structures that strongly
contribute to the background of the formers.

Addition of the partial widths associated to the same
threshold leads to the following approximate relations for
each series:

0 0

(2,1), , Ty—3=2y_,>Ty-;,

(0,1),,(—2,1), , Ty_3=~12Fy_,>>Ty_, , )
(11
(3,0),,(1,0), , Ty—3>Ty_>Ty—y,

(—‘1,0),, , FN=3218FN=2>>FN=1 )

in an obvious notation. In all cases, I'y—; is negligible
with respect to I'y—, and I'y_;. T'y—; is at least one or-
der of magnitude larger than I'y_,, except for the (2,1)
series, where they are comparable. This is in contrast

with the usual situation, in which doubly excited states
autoionize almost exclusively to the closest threshold.
Table II also shows that there are not clearly propensity
rules favoring one particular channel: partial widths as-
sociated to the same threshold do not differ appreciably
between them, except for the 2ped and 3def ones which,
in some cases, are significantly smaller than the others.

Several authors have evaluated energy positions
[15-20] and total widths [16—18] for the 4/nl’ doubly ex-
cited states. Energy calculations of Herrick and Sinano-
glu [16], and Robaux [20] have been performed with the
truncated diagonalization method (TDM) in a basis of
hydrogenic configurations. Oberoi [15] have calculated
energy positions with a conventional Feshbach approach
by using hydrogenic orbitals for the inner electron. In
these three calculations, the Feshbach energy shift [28]
has not been evaluated and convergence of the results is
slow due to the use of hydrogenic orbitals. This may be
the origin of the different energy ordering found by these
authors for resonances that are very close in energy,
when they are compared with our results or those of Ho
[18]. Herrick and Sinanoglu [16] have also evaluated to-
tal widths by neglecting interchannel couplings. This
may be a poor approximation in the present case, since
the 3/el’ channels are strongly coupled (see paper I).

In Table III we compare our calculated energies and
total widths with the theoretical results of Ho [18], which
are the most accurate ones reported in the literature. As
for the present calculations, Ho’s results include energy
shifts and interchannel coupling. We have also included
the experimental values of Woodruff and Samson (3], and

TABLE III. Comparison of our calculated resonant parameters with the theoretical results of Ho [18] and the experimental data
of Woodruff and Samson [3] and Zubek et al. [5]. The latter have been converted to a.u. using the equivalence 1 a.u.=27.211687 eV
and the ground-state energy E, = —2.903 724 38 a.u. Numbers within parentheses indicate the uncertainty in the final figures. Reso-
nances are labeled as in Table I. (a) Energy positions in a.u.; (b) total widths in eV.

Ho Woodruff and Samson Zubek et al.
State This work Ref. [18] Ref. [3] Ref. [5]
(a) Energy positions (a.u.)
1'P°(2,1), —0.19443 —0.194 54 —0.1968(11) —0.1947(11)
21P°(0,1), —0.178 31 —0.178 82 —0.1788(15) —0.1797(11)
31P°(3,0)s —0.168 85 —0.168 85
4'P°(2,1)s —0.16124 —0.16127 —0.1634(11) —0.1624(11)
51P°(1,0)s —0.160 69 —0.1607
6'P°(0,1)s —0.15258 —0.1528 —0.1559(11)
71P°(3,0)s —0.15182 —0.151 84
81P°(—2,1), —0.15049 —0.15059
91P°(—1,0)s —0.14972 —0.1498
101P°(2,1) —0.14792 —0.1501(11) —0.1492(11)
(b) Widths (eV)
1'P°(2,1), 0.078 0.098 0.089(8)
2'P°(0,1), 0.097 0.129
31P°(3,0)s 0.001 0.001
4'P°(2,1)s 0.048 0.061
51P°(1,0)s 0.002 0.003
6'P°(0,1)s 0.036 0.056
71P°(3,0) 0.0009 0.0004
81P°(—2,1), 0.016 0.019
9'P°(—1,0)s 0.0002 0.0001
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Zubek et al. [5]. The energy positions are in very good
agreement with those of Ho. The energies reported by
Zubek et al. [5] for the (2,1) resonances are also in
reasonable agreement with the theoretical values. On the
other hand, energy positions tabulated by Woodruff and
Samson for this (2,1) series are probably too low. Con-
cerning the (0,1) series, it must be taken into account that
the experimental determination of the corresponding en-
ergy positions states is very difficult since, as mentioned
above, the (0,1) resonances are “hidden” in the spectra
(see Figs. 4 and 7). Consequently, the experimental
values could be affected by large uncertainties in this
case.

The autoionization widths are also in reasonable agree-
ment with those of Ho, although ours are slightly small-
er. The experimental value reported by Zubek et al. [5]
for the first (2,1) resonance lies between both theoretical
results.

Finally, Domke et al. [22] have determined the line
profile parameter for the (2,1) resonances. Their reported
value, g, =0.45, is in very good agreement with our result
for the first resonance, g, =0.48.

IV. SUMMARY

In this paper we have presented extensive calculations
of partial photoionization cross sections of He between
the N =3 and 4 thresholds. We have used the L? method
recently proposed by Martin [14], which is based on the
Feshbach formalism and makes use of L? bases to de-
scribe both resonant and nonresonant contributions to
the continuum wave functions. An appealing feature of
this method is that interchannel coupling is fully ac-
counted for by simply solving a system of linear equa-
tions. Therefore, it is well adapted to study photoioniza-
tion when the number of channels is large and/or inter-
channel coupling is strong.

In the energy region considered in this work there are
nine open channels, which are associated to the N=1, 2,
and N =3 thresholds. Therefore, after ejection of one
electron, the residual He" ion can be left in the ground
or N=2 and 3 excited states. Our results confirm that
photoionization produces mainly He™ in a Is state.
However, the corresponding cross section only exhibits
resonances of the (2,1) series. On the other hand, the
N =3 cross sections, which are the smallest ones, exhibit
all the resonances associated to the 4/nl’ doubly excited
states. We have also found that the 2p cross section dom-
inates the N =2 results, and that the 3p cross section
dominates the N =3 ones.

We have evaluated a complete set of resonance param-
eters (energy positions, total and partial widths, Fano and
Starace parameters) for the first 12 doubly excited states
lying in this region. The largest autoionization widths
correspond to the (2,1), (0,1), and (—2,1) series. The
analysis of the partial widths indicates that autoioniza-
tion through the N =3 channels is much more important
than through the N =2 ones, except for the (2,1) reso-
nances for which I'y —, is one half of Iy ;. In all cases,
Iy~ is negligible. The correlation parameter p? is very
small for all the resonances except for the (2,1) ones,
which explains why this is the only series observed in the
total-cross-section spectrum. On the other hand, the
Starace parameters a, associated to the N =3 channels
have non-negligible values, thus explaining why the
whole resonance structure is seen in the N =3 partial
cross sections.
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