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Doubly excited resonance structures in He photoionization from 1s2s 1,3S metastable states
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~Received 28 October 1996; revised manuscript received 20 March 1997!

The resonant structures corresponding to selected Hesp, 2n6 and 2pnd 1,3Po autoionization series below
the He1 N52 threshold, following photoionization from 1s2s 1,3S metastable states, are examined in detail.
Theoretical photoionization cross sections, calculated using aB-spline-based configuration-interaction ap-
proach with a length-velocity agreement better than 1%, are presented. A sign change in Fano profile param-
etersq in 1s2s 1S→sp,2n1 1P transitions along the 2n1 autoionization series is identified and analyzed.
@S1050-2947~97!05208-6#

PACS number~s!: 32.80.Fb, 32.80.Dz, 32.70.Jz, 31.25.Jf
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For an isolated resonance at energyEr with a resonant
width G, the square of theq parameter in the Fano formul
@1# can be expressed in terms of the ratio of the peak ph
ionization cross sectionsmax at an energyEmax5Er1G/2q to
the slowly varying background cross sectionsb , i.e.,

q2115smax/sb . ~1!

In general, the resonance profile of ground-state photoion
tion is fairly regular along the doubly excited autoionizati
series. As the effective principal quantum numbern in-
creases, both the resonant width and transition probability~or
the oscillator strength! decrease as a function ofn23. Since
smax is proportional to the oscillator strength but inverse
proportional toG @see, e.g., Eq.~46! of Ref. @2##, smax @and
theq parameter according to Eq.~1!# is expected to approac
a constant value@3#. The purpose of this paper is to prese
the results of aB-spline-based configuration-interactio
~BSCI! calculation@4,5# that suggest that, instead, the pho
ionization structure profiles from thebound excited state
could vary substantially asn increases along the autoioniz
tion series. In particular, our calculation has identified a s
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change in the Fanoq parameters in the He 1s2s 1S photo-
ionization spectra along thesp,2n1 1P autoionization series

Similar to an earlier He photoionization calculation in th
nonresonant region@6#, the two-electron basis functions em
ployed in the present calculation include products of all o
electron functions~i.e., the extended CC-CCcalculationde-
tailed in @6#! with all possible combinations involving bot
negative-energybound orbitals and positive-energycon-
tinuumorbitals. The typical size of the extended BSCI ba
in a CC calculation ranges from 7000 to 10 000. The Ham
tonian matrix is diagonalized using a two-step procedure
requires approximately half the size of the matrix@5,6#.

For the 1s2 1S→1P photoionization, our calculated
asymptoticq values of approximately22.5 and23.2 ~see,
e.g., Table I! for the 2n1 and 2n2 series, respectively, agre
very well with the estimated observed values of22.4 and
23.2 @3#. For the lowest 21 state, our calculatedq value of
22.68 is also in agreement with the recently revised o
served value of22.7560.01 @3#. For the 32 state, ourq
value of 24.19 is in close agreement with the value
24.25 from the most recent complex-rotation calculati
ing

the
TABLE I. Comparison between the calculated resonant energiesEr ~in Ry!, expressed in terms of the kinetic energy of the outgo
photoelectron, and the widthsG ~in a@m#5a310m Ry! of the Hesp, 2n6, and 2pnd 1P autoionization series below theN52 threshold
~derived from the energy variation of the scattering phase shifts! and the fitted values from the calculated photoionization spectra from
1s2 1S ground state and the 1s2s 1S metastable state. The fitted Fanoq parameters and the background cross sectionssb are also given.

State

From phase shift From 1s2 1S From 1s2s 1S

Er G Er G q sb Er G q sb

21 2.614 031 2.73@23# 2.614 046 2.72@23# 22.68 1.49 2.614 020 2.75@23# 85.8 0.07
31 2.871 880 5.80@24# 2.871 879 6.08@24# 22.58 1.26 2.871 880 6.05@24# 28 0.14
41 2.931 294 2.48@24# 2.931 294 2.59@24# 22.52 1.24 2.931 289 2.59@24# 0.02 0.09
51 2.957 000 1.21@24# 2.957 004 1.27@24# 22.49 1.23 2.957 002 1.31@24# 3.15 0.08
61 2.970 538 7.33@25# 2.970 538 7.66@25# 22.48 1.23 2.970 538 7.62@25# 4.74 0.07
32 2.805 853 7.57@26# 2.805 853 7.69@26# 24.19 1.30 2.805 853 7.71@26# 240 1.27
42 2.907 034 3.86@26# 2.907 034 4.02@26# 23.25 1.25 2.907 034 4.02@26# 137 0.41
52 2.945 415 1.78@26# 2.945 415 1.87@26# 23.16 1.24 2.945 415 1.91@26# 67.3 1.48
62 2.964 131 9.66@27# 2.964 131 1.01@26# 23.21 1.23 2.964 131 1.04@26# 18.3 19.6
2p3d 2.905 857 4.11@28# 2.905 857 4.31@28# 216.8 1.25 2.905 857 4.31@28# 185 37.0
2p4d 2.944 792 2.75@29# 2.944 792 3.01@29# 234.8 1.24 2.944 792 3.02@29# 741 7.49
2p5d 2.963 778 1.8@210# 2.963 778 2.1@210# 255.2 1.23 2.963 778 2.1@210# 801 14.1
1650 © 1997 The American Physical Society
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@3#. The theoreticalq value of 32 state is expected to b
greater than the experimental one due to the smaller
served peak cross section as the actual resonance wid
approximately two orders of magnitude smaller than the
perimental energy resolution.

The resonant energyEr and widthG of thesp, 2n6, and
2pnd 1Po resonance series, derived directly from the ene
variation of calculated scattering phase shifts, are listed

FIG. 1. Variation of the 1s2s 1S→1P photoionization reso-
nance structures along thesp,2n1 autoionization series. The plot
on the right-hand side represent the results of a five-series B
calculation.
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Table I. Also listed in Table I are values ofEr , G, q, and
sb estimated from a fit of the calculated ground-state pho
ionization spectra of a set ofN doubly excited resonances t
a composite Fano formula

s~E!5F S (
n51

N

gn~E!D 2~N21!Gsb~E!. ~2!

The resonant spectral function

gn~E!5
~qn1en!2

11en
2 ~3!

is a function of the reduced energyen(E)5(E2En)/ 1
2Gn ,

whereEn andGn are the resonant energy and width of a st
n. The resonant spectral functiongn(E)→1 at an energyE
far from En ~or when uE2Enu@Gn!. Near a resonancem,
i.e., whenE→Em , Eq. ~2! reduces to the standard Fano fo
mula as (n51

N gn(E)→gm1(N21) and s(E)→sb(qm

1em)2/(11em
2 ). As expected, the background cross sectio

sb ~in Mb! for the 1s2 1S→1P photoionization varies
smoothly and can be parametrized by a function of pho
electron energyE5k2 in Ry units, i.e.,

sb~E!515.661629.5523E11.5803E2. ~4!

The small deviation of the fittedEr andG from the theo-
retical values obtained from the phase shift variation may
attributed to the fact that only thesecond-ordercontribution
to the interaction energy between the discrete and continu
is included in the derivation of Fano formula@1#. Our calcu-
lated ground-state photoionization spectra in the resonan
gion below theN52 threshold are expressed in terms
Eqs. ~2! and ~4! with the values ofEr , G, and q listed in
Table I. The length and velocity results agree to better th
1% at energies both away from and near the resonance p
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-
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FIG. 2. Energy variation of the
total transition amplitudesF f i

t

~solid curve! and the square of
amplitudeA ~dotted curve! of the
oscillating functions that represen
the outgoing photoelectron from
the 1s2s 1S→sp,2n1 1P photo-
ionization. The results of the five
series calculation are also give
for comparison.
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even when the cross sections differ by several orders of m
nitude across the resonance. A more comprehensive c
parison of the existing theoretical and experimental data
be found elsewhere@3,7,8#.

The experimental photoionization measurements fr
1s2s 1,3S metastable states were limited to the nonreson
region from the ionization threshold to about 2400 Å@9#.
Our earlier qualitative calculation has shown already that
resonance profile of the doubly excitedsp,2n1 series varies
significantly near the 31 and 41 states@7#. The results of the
present calculation are listed in Table I in terms of a set
fitted Er , G, q, and sb from the Fano formula foreach
resonance. Theq parameter of thesp,2n1 series changes
from a large positive value for the 21 state to a negative
value of 28 for the 31 state. It changes back to a positiv
value for the 51 state after it reaches a near zero value
0.02 for the 41 state, resulting into awindow resonance
shown in Fig. 1. In addition, unlike the ground-state pho
ionization,sb from the 1s2s 1S metastable state varies sig
nificant. To estimate quantitatively the effects of the config

FIG. 3. Comparison between the length and velocity results
He 1s2s 3S→3P photoionization cross sectionss of a few selected
doubly excited resonances. The resonance energyEr and widthG
are derived from the calculated scattering phase shifts.
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ration interaction on the resonance profiles, we have car
out an additional calculation with a smaller BSCI basis s
including only five configuration series in the BSCI bas
i.e., 1ss, 2ss, 2pp, 3ss, and 3pp in the initial state and
1sp, 2sp, 2ps, 2pd, and 3sp in the final state. The result
of this second calculation are compared with the spectra
tained from our more refined calculation in Fig. 1. As e
pected, in addition to the substantial increase in the diff
ence between the length and velocity results, the resona
energies are also shifted to the higher-energy side in the fi
series calculation. Although the variation of theq parameters
slows down slightly~i.e., the near-zeroq value is shifted
from the 41 state to the 51 state!, the overall qualitative
feature remains the same.

Except for the 1s2s 1S→sp,221 1P photoionization,
which is dominated by a one-electron 1s→2p excitation, all
other 1s2s 1S→sp,2n1 1P transitions involve the change o
orbitals of both electrons. As a result, the absolute cross
tions for transitions to the 31 or higher states are substa
tially smaller than the ones to the 21 state. In fact, the tota
transition amplitudeF f i

t from an initial statei to a final state
f is dominated by a direct 2s→ep bound-continuum transi-
tion. Following the BSCI approach,s is proportional to
uF f i

t u2 and inversely proportional to the square of the amp
tude A of the oscillating radial function that represents t
outgoing ionized electron@see, e.g., Eq.~20! of Ref. @4##, i.e.,

s;
uF f i

t u2

A2 . ~5!

To better understand the variation of the resonance pro
along the autoionization series, the total transition am
tudesF f i

t for the 1s2s 1S→sp,2n1 1P photoionization~the
solid curve! andA2 ~the dotted curve! are plotted against the
photoelectron energy in Fig. 2. Also shown in Fig. 2 a
F f i

t andA2 obtained in the five-series BSCI calculation. A
cording to Eq.~5!, the peak of the resonance coincides w
the minimum inA2, whereas the zero cross section is d
rectly linked to the zero inF f i

t . When the zero inF f i
t is

located on the higher-energy side of the minimum inA2, the
resonance structure is represented by a negativeq parameter.
In contrast, if the zero inF f i

t is located on the lower-energ
side of the minimum inA2, theq parameter takes a positiv
value. The window resonance occurs asA2 approaches its
minimum at an energy whereF f i

t changes its sign. Although
separately the features of bothF f i

t and A2 do not vary sig-
nificantly, our calculation clearly has shown that a sm
change in the relative position of the zeros inF f i

t and the
minima inA2 is responsible for the strong variation in stru
ture profile along thesp,2n1 1P autoionization series. Also
in spite of the small effect due to the configuration intera
tion to F f i

t andA2 individually, the small change in the rela
tive positions ofF f i

t and A2 has shifted the window reso
nance from the 51 state to the 41 state.

Similar to the photoionization from the ground state, t
resonance structure of the 1s2s 3S→3P photoionization
does not vary significantly along the autoionization seri
The length-velocity agreement in the present calculati
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TABLE II. Comparison between the calculated resonant energiesEr ~in Ry!, expressed in terms of the
kinetic energy of the outgoing photoelectron, and the widthsG ~in a@m#5a310m Ry! of the Hesp, 2n6,
and 2pnd 3P autoionization series below theN52 threshold~derived from the energy variation of th
scattering phase shifts! and the fitted values from the calculated photoionization spectra from the 1s2s 3S
metastable state. The fitted Fanoq parameters and the background cross sectionssb are also given.

State

From Phase shift From 1s2s 3S

Er G Er G q sb

21 2.479 034 6.01@24# 2.479 032 5.98@24# 2124.8 0.160
31 2.830 659 1.58@24# 2.830 658 1.65@24# 218.45 0.103
41 2.914 327 6.15@25# 2.914 327 6.35@25# 236.72 0.098
51 2.948 577 2.89@25# 2.948 577 2.94@25# 241.69 0.098
61 2.965 786 1.49@25# 2.965 786 1.61@25# 243.79 0.097
32 2.841 944 3.67@26# 2.841 944 3.80@26# 2907.8 0.101
42 2.920 885 1.47@26# 2.920 885 1.58@26# 2691.3 0.098
52 2.952 108 8.02@27# 2.952 108 8.14@27# 2623.0 0.097
62 2.967 841 4.67@27# 2.967 841 4.85@27# 2580.3 0.097
2p3d 2.902 337 2.24@28# 2.902 337 2.32@28# 22068 0.099
2p4d 2.942 736 9.93@29# 2.942 736 1.03@28# 22157 0.098
2p5d 2.962 587 4.92@29# 2.962 587 5.37@29# 22189 0.097
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shown in Fig. 3 for a few selected resonances, is again b
than 1% over the entire energy region. The resonant en
Er and widthG of the sp, 2n6, and 2pnd 3Po resonance
series, derived from the energy variation of the calcula
scattering phase shifts, are listed in the second and third
umns in Table II. Also tabulated are the fitted values
Er , G, q, andsb , using our calculated spectra of a set
N doubly excited resonances, to the composite Fano form
given by Eq.~2!. The background cross sectionssb ~in Mb!
varies smoothly and can be fitted to a function of kine
energyE5k2 in Ry units, i.e.,
n-
,

d
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sb~E!52.345821.5110E10.2538E2. ~6!

The peak cross sections are generally very large, in part
to the relatively small resonance widths. The theoreti
cross sections for the 1s2s 3S→3P photoionization are ex-
pressed in terms of Eqs.~2! and~6! with the values ofEr , G,
andq listed in Table II.
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