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Partial photoionization cross sections(PCSs), sn, leading to final ionic states of helium, He+snd, were
measured at BESSY II in the region of doubly excited helium up to the ionization thresholdI7 of He+. The
experiments were performed with a time-of-flight(TOF) electron spectrometer and high photon resolution,
DE>6 meV. The results of these measurements are a most critical assessment of the decay dynamics of
double-excitation resonances and agree well with those of recent eigenchannelR-matrix calculations. They also
confirm the propensity rules set up for the autoionization of doubly excitated states. The mirroring behavior in
the PCSs predicted recently by Liu and Starace is only partially observed. By discussing the formulas given by
these authors in a more general context, the specific behavior of the PCSs of helium with respect to mirroring
can be understood. The mirroring compensation properties between the “fractional partial cross sections”gP

=sP/sT andgQ=sQ/sT, with sT=sP+sQ, are introduced and discussed.
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I. INTRODUCTION

Double-excitation states in helium have been considered
to be prototypical for two-electron systems with strong elec-
tron correlation since their observation by Madden and Co-
dling in the 1960s,[1]. With the advance of third-generation
synchrotron radiation facilities and the availability of high
resolving power and brightness, high resolution measure-
ments [2,3] along with advanced theoretical approaches
[4–6] emerged for the region of doubly excited helium. In
the energy region above the fourth ionization threshold of
He+,I4, the most interesting features are caused by pertubers;
these are low-lying resonances of Rydberg series belonging
to higher ionization thresholds, which interfere with Rydberg
series that converge towards a lower ionization threshold.
Predicted by quantum defect theory[7], these pertubers will
influence the energy positions of Rydberg resonances by an
increase of the quantum defect by one within the region of
the interference; the linewidths of the corresponding Fano
resonances are also modulated. In the region close to the
double ionization threshold, the interferences due to the
overlap of several pertubers with different Rydberg series
render the observed spectra highly complicated. In this case,
the approximate quantum numbers begin to lose their mean-
ing, and the regularities in the two-electron resonance spec-
trum start to dissolve. The statistical properties of the spac-
ings between neighboring energy levels display a transition
towards quantum chaos[3]. For this reason, the last electron
volt below the double ionization threshold has drawn consid-
erable attention in both experimental and theoretical studies.
But so far, these studies have mainly been restricted to total
cross sections(TCSs) [2–6].

First measurements of partial cross sections(PCSs) were
performed by Lindleet al. [8]; these measurements, how-
ever, were limited to excitations approaching the ionization
limit I3 owing to the low photon intensities achieved at the
first-generation light sources of that time. Menzelet al. re-
ported on measurements of partial cross sections up to the

ionization thresholdI5 employing two spherical-sector-plate
electrostatic analyzers[9,10] and discussed the observed
general patterns insn. Here, sn describes the PCS for the
channel leading to He+, with the single electron in a state
with principal quantum numbern. Very recently, Schneider
et al. [11] and van der Hartet al. [12] confirmed in their
calculations these regularities insn up to the ionization
thresholdI9. The similarities in the PCSs for the energy re-
gion with a small number of pertubers, also called “general
patterns,” can be well understood with the so-called propen-
sity rules based on the molecular adiabatic approximation
[11]. As the photon energy increases, the structures in the
PCS get more and more complicated due to interferences
caused by an increasing number of pertubers, and the general
patterns begin to dissolve. A confirmation of these theoretical
predictions requires high-resolution photoemission measure-
ments at energies beyond the ionization thresholdI5.

The mirroring behavior of PCSs for high-lying double-
excitation resonances has become an interesting topic in re-
cent years since Liu and Starace developed an analytical ex-
pression[13]. In general, the TCS consists of a number PCSs
which are defined by the quantum numbers of the outgoing
electron and the remaining ion. After dividing the PCSs in
any two groups, labeledP and Q, the analytical expression
predicts that the sum of one group of PCSs,sP, exhibits—
close to the resonances—a mirroring behavior to the sum of
the other group of PCSs,sQ, if r2→0; here, the energy axis
is taken as the mirror plane[see, e.g., Fig. 6(c)] andr2 is the
fractional part of the TCS that interacts with the resonance
[14]. As a result of this mirroring behavior, a resonance that
is almost invisible in the TCSsr2→0d can lead to strong
variations insP and sQ. This has been shown by Canton-
Rogan and co-workers for two resonances of doubly excited
Ar that are extremely weak in the TCS; in the PCSs, how-
ever, the resonances are clearly visible[15]. Although r2

→0 is required for a mirroring behavior to occur, it has been
observed in the theoretical photoionization cross section of
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Li− even forr2 as high as 0.3[13]. In contrast to this, for
helium in the double excitation region two sets of PCSs do
not always mirror each other even forr2>0.01.

In the present work, we present experimental results for
PCSs in the region of doubly excited helium up to theN
=7 ionization threshold of He+. These PCSs were derived
from photoemission spectra taken by a time-of-flight(TOF)
electron spectrometer. In addition, the PCSs were also calcu-
lated by state-of-the-artR-matrix calculations and the ana-
lytical expression given previously by Liu and Starace for
the mirroring behavior of PCSs was extended to a more gen-
eral case. This allows an explanation of the behavior ob-
served in the vicinity of double-excitation resonances of he-
lium. In addition, the mirroring compensation properties in
the fractional PCSs are discussed. The incentive to the
present work is the insight that an analysis of the propensity
rules and the mirroring behavior of PCSs of autoionizing
double-excitation states of helium is expected to provide a
deep understanding of the decay dynamics of two-electron
atoms.

II. EXPERIMENTAL SETUP AND PROCEDURE

State-of-the-art high-resolution monochromators in com-
bination with TOF photoelectron spectrometers allow one to
explore the autoionization of resonances in the region close
to the double-ionization threshold of helium. Here, we
present photoemission measurements up to the ionization
thresholdI7 and extract the various PCSs from the recorded
spectra in this energy region. The experiments were per-
formed at the undulator beamline U125/2-SGM(BUS-
beamline) [16] of the Berliner Elektronenspeicherring für
Synchrotronstrahlung(BESSY) using a photon energy reso-
lution of V>6 meV[full width at half maximum(FWHM)].
The TOF spectrometer[17] was mounted at the magic angle,
i.e., in the dipole plane at an angle ofu=55° relative to the
polarization direction of the incoming light. In this geometry,
the angular distribution can be assumed to cause no effects.
A needle(10 cm long, less than 500mm inner diameter) di-
rects an effusive jet of gas to the interaction region; the back-
ground pressure in the chamber was>10−4 mbar. From the
count rate and calculated cross sections we estimated the
pressure in the interaction region to be of the order of
10−2 mbar. TOF photoelectron spectra were taken for each
photon energy and converted into photoemission spectra
(PES) by a time-to-energy conversion procedure.

As an example, an experimental photoemission spectrum,
taken withhn=76.2 eV, is presented in Fig. 1 in the form of
a three-dimensional plot. From the PES the integral intensity
of the satellite peaks, i.e.,n.1, can be extracted and plotted
as a function of photon energy, resulting in the PCSsn. As
shown in Fig. 1 for the example ofs3, one PCS is normally
derived from approximately 100 PES; this procedure re-
quires data acquisition for several tens of hours. For more
details see Ref.[18]. In order to eliminate the influences
caused by the decrease of the ring current and fluctuations of
the gas pressure in the interaction region during data taking,
the spectra were normalized to the intensity of then=1 line,
i.e., the partial cross sections1 is assumed to be without

structure. Based on theoretical results, which show some
weak resonances ins1, we can estimate that the error pro-
duced by this procedure isø10% for measurements below
the ionization thresholdI5, ø6% belowI6, andø7% below
I7.

III. THEORETICAL METHOD

The eigenchannelR-matrix method[19], combined with a
close-coupling scheme[20], is employed for calculating the
partial cross sections. The configuration space is partitioned
into the reaction region(defined byr i , r0, wherer i are the
electron distances from the nucleus) and the external region
sr i . r0d. In the reaction region, the full two-electron problem
is solved numerically by bound-state configuration-
interaction techniques to obtain the so-called eigenchannel
wave functions. These wave functions are linearly combined
into helium wave functions of experimentally observed chan-
nels. In the external region, a multichannel wave function
with one bound and one continuum wave function is again
linearly combined into a helium eigenfunction according to
the incoming-wave boundary condition[20]. By matching
the linear combinations of the multichannel basis functions
for the two regions, one can determine an accurate final-state
wave functionC f

s−d, which describes the experimentally ob-
served channelf. The partial cross section for absorbing a
photon of energyhn from the initial stateC0 (here the
ground state of helium) reads[21]

s f =
8p3n

c
zkC f

s−duDuC0lz2, s1d

with the dipole operatorD, and the speed of lightc. For the
results presented here, a radius ofr0=200 a.u. was used, and
a total of 1080 closed-typesi.e., zero at the radiusr0d and
20 open-typesi.e., nonzero at the radiusr0d one-electron

FIG. 1. The bar diagram along the binding energy axis repre-
sents an experimental photoemission spectrum measured withhn
=76.2 eV, with the satellitesn=2 to 4 representing the ionic final
states of He+snd. The solid curve through the data points represents
the PCSs3 that can be derived from a large number of such pho-
toemission spectra(not shown here) recorded at different photon
energies. For details see text.

JIANG et al. PHYSICAL REVIEW A 69, 042706(2004)

042706-2



wave functions with orbital angular momenta up to nine
were included. 9610 closed-type two-electron configura-
tions were included in the calculation for the final-state
wave function. For each channel, in which one electron
can escape from the reaction region, two open-type orbit-
als for the outer electron were included in addition to the
closed-type basis setf11g.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Classification of the 1Po resonances in doubly excited helium

The double-excitation1Po resonances of helium can be
identified in a simplified classification schemeN,Kn8 [22,23],
with N and n8, respectively, standing for the ionization
threshold of a given channel and the running index of the
considered Rydberg series;K represents the angular-
correlation quantum number. In an independent particle pic-
ture,Nsn8d can be understood as the quantum number of the
inner (outer) electron. The Stark quantum numbersfN1N2mg
(also called parabolic quantum numbers) provide an alterna-
tive, but equivalent classification scheme for two-electron
states. It is easy to understand this latter classification
scheme in the limit of almost singly ionized two-electron
states. There, the outer electron is so far away from the
nucleus that it merely creates an electric field for the inner
electron whose eigenstate becomes a single-electron Stark
state. A change in individual Stark quantum numbers reflects
directly the autoionization process of a two-electron system
and describes the resonance properties of the different decay
channelsn. Therefore, Stark quantum numbers are more con-
venient when discussing the general patterns insn. The two
classification schemesfN1N2mgn8 and N,Kn8 are related by
K=N2−N1 and N=N1+N2+m+1, with m being the projec-
tion of the angular momentum on the axis defined by the two
electrons. A more detailed discussion of these quantum num-
bers is given in Ref.[5]. In the present publication we use
both classification schemes.

B. Experimental results and data analysis

The resonance profiles in the TCS can be described by the
Fano formula[24]

sT = sT
0Sr2sq + ed2

1 + e2 + 1 −r2D with e = 2
E − Er

G
. s2d

Here,Er, G, andq stand for the resonance energy, the natural
width, and the Fanoq parameter, respectively;sT

0 is the TCS
in the absence of resonances. Note that the Fano formula,
which had been developed for describing the line shapes of
resonances in the TCS, has the same mathematical structure
as the exact formula given by Starace for describing the reso-
nances in the PCSf25g. As a consequence, it is possible to
describe the PCSs by the Fano formula, but in this caseq
represents only an effective parameter without deeper mean-
ing. In analyzing our data, we fitted the various PCSs for a
given energy region by the Fano formula in a parallel least-
squares fit procedure using a single Gaussian to simulate the
experimental resolution function. In this way, thesn leading

to different final states of He+snd were fitted to Eq.s2d with
the same experimental resolutionV, energy positionEr,
and linewidth G, but different Fanoq parameters. The
results of this fit procedure are given as solid curves
through the data points in Figs. 2–5. The data presented
here were calibrated at the energy of resonance 5,36
s76.083 meVd as given by Domkeet al. [2].

Note that for convenience we employ in our discussion
the notationsn

N to label the different PCSs. As defined above,
the lower indexnsn=1,2,3, . . . ,N−1d refers to the principal
quantum number of the single electron in the ionized final
state, He+snd. N is the quantum number of the inner electron
in the doubly excited states, i.e., the corresponding data are
measured below the ionization thresholdIN.

Figure 2 displays the results of this work for the PCSssn
5

(with n=2,3, and 4) along with the results of the described
least-squares-fit analysis(filled data points and solid curves),

FIG. 2. Experimental partial cross sectionssn
5 leading to the

final states He+snd, with n=2, 3, and 4, along with the results of the
eigenchannelR-matrix calculations. The data were taken in the
photon-energy region between 75.68 eV and 76.77 eV. The two
vertical-bar diagrams in the upper part of the figure give the assign-
ments of the double-excitation resonances by specifyingn8; with
the widths of bars being proportional to the linewidths of the cor-
responding resonances[5]. The vertical arrow in the upper right
corner marks the calculated energy of the perturber 6,46. The filled
data points are the present experimental results, with the solid
curves through the data points representing the fit results. The
dashed curves represent the data by Menzelet al. [9] and the
dashed-dotted curves the results of theR-matrix calculations con-
voluted with a Gaussian of 6 meV width(FWHM) to simulate finite
experimental resolution.
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the results of the eigenchannelR-matrix calculations and pre-
vious results of Ref.[9]. The error bars in the cross sections
were estimated to be ±2% fors2

5, ±10% for s3
5, and ±15%

for s4
5. This behavior can be readily understood with the

following facts: (i) the lower decay channels have larger
cross sections;(ii ) the corresponding photoelectrons have
higher kinetic energies, leading hence to a higher transmis-
sion through the TOF spectrometer. Both facts give rise to
higher count rates and therefore to smaller error bars. The
principal series 5,3n8 is observed up to resonancen8=15.
The present relative measurements agree well with those of
Menzelet al. where line shapes and energy positions of the
resonances in all three decay channels are concerned. The
previously unobserved resonances 5,36 and 5,37 in s3

5 and
s4

5, respectively, are related to photoelectrons with relatively
low kinetic energies, demonstrating the enhanced capability
of the TOF analyzers used here in detecting photoelectrons
with kinetic energies as low as 350 meV at sufficiently high
count rates. In then=2 channel, the resonancesn8=6,7, and
8 of the secondary series 5,1n8 could be detected in the fit
analysis with the present monochromator resolution of
>6 meV (FWHM).

The PCSs below the ionization thresholdI6, with the per-
turbers 7,58 and 7,59, and below the ionization thresholdI7,
with the perturber 8,610, are shown in Figs. 3 and 4, respec-
tively. The principal series 6,4n8 and 7,5n8 are observed up
to the resonancesn8=16 and 19, respectively. Note that the
resonances 7,510 and 7,515 are almost completely sup-
pressed due to interferences with the perturbers 8,68 and
8,69, respectively. These findings agree well with the results
of earlier studies of the total absorption cross sections[2].
The error bars in the PCS curves were estimated to be
±1%ss2

6d, ±1%ss2
7d, ±3%ss3

6d, ±2%ss3
7d, ±6%ss4

6d,
±5%ss4

7d , ±11%ss5
6d, and ±10%ss5

7d. Again, the resonances
6,27, 6,28, and 7,38 of the secondary series are observed in
the fit analysis ofs2

6 ands4
7, respectively. Due to small par-

tial cross sections and a relatively low transmission rate of
the TOF spectrometer for slow electrons, the PCSs5

6 in the
energy region below 77.155 eV(Fig. 3) and the PCSs6

7 (Fig.
4) could not be obtained from the present measurements.

The dashed-dotted curves in Figs. 2–4 represent the re-
sults ofR-matrix calculations convoluted with a Gaussian of
6 meV width (FWHM) to simulate experimental resolution.

FIG. 3. Experimental partial cross sectionssn
6 leading to the

final states He+snd, with n=2,3,4, and 5,respectively, in the energy
region from 76.85 eV to 77.56 eV, along with the results of the
eigenchannelR-matrix calculations; for details, see the caption of
Fig. 2.

FIG. 4. Experimental partial cross sectionssn
7 leading to the

final states He+snd, with n=2,3,4, and 5,respectively, in the energy
region from 77.56 eV to 77.92 eV, along with the results of the
eigenchannelR-matrix calculations. Note that the plotted theoretical
results were shifted by 12 meV to lower energies; for details, see
the caption of Fig. 2.
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In general, an excellent agreement between experiment and
theory is observed. However, in the theoretical PCSssn

6 and
sn

7, all spectral features were found at somewhat higher en-
ergies(by about 4 meV and 12 meV respectively), while for
the PCSssn

5 an almost perfect agreement was found.

C. Propensity rules

The propensity rules for autoionization of helium give
predictions for the linewidths of doubly excited resonances
and the general patterns of the PCSs. They are based on a
molecular adiabatic description of He(analogous to H2

+)
[26] and are derived from the changes in the nodal structure
using the parabolic quantum numbersN1, N2, andm. In this
way, three propensity rules for the autoionization process can
be derived. The different propensity rules are caused by dif-
ferent decay mechanisms and are given in the order of the
efficiency of the underlying decay mechanism:

sad reduction ofN2, s3d
sbd change ofm, s4d
scd reduction ofN1. s5d

The differences in the efficiency of the decay mechanisms
are so strong that a decay via rulesbd or scd shows only
visible influence on the spectra if the decay processes on the
basis of the preceding propensity rules are not possible. For a
more detailed discussion of the propensity rules see Refs.
f5,11g.

The coupling matrix elements, which lead to the propen-
sity rules, are essentially very similar to the matrix elements
that are relevant for the resonance parameters[27]. We can
therefore conclude that resonances, which decay via the

same propensity rule and have the same change in nodal
structure, show similar line shapes. In particular, most of the
spectral features in doubly excited helium are governed by
propensity rule(a). In this case we expect similar line shapes
for different resonances if the quantum numberN2 is
changed by the same value, i.e., the changes of the nodal
structure in radial wave functions are identical.

The total and the partial cross sections of doubly excited
helium are dominated by the most intense principal series
N,Kn, with K=N−2. These series can decay to all final states
He+snd via the propensity rule(a) with the exception ofn
=1. As a consequence, the general pattern should be visible
in the PCSssn with nù2. Applied to the quantum numbers
N,Kn, the propensity rules for the PCSs predict that the de-
cay of resonancesN,Kn8 to continuum statesn,kn8 will result
in similar patterns ifDN2=N2−N28=DN=N−n=DK=K−k
=1,2, . . . has thesame value.N2sN28d represents the radial
parabolic quantum number for the doubly excited(con-
tinuum) state andk represents the angular correlation quan-
tum number for the continuum state. This results in the ex-
pectation that the principal series below theN=6 ionization
threshold exhibits the same structures in then=4 PCS,s4

6, as
the principal series below theN=5 ionization threshold in
the n=3 PCS,s3

5. This expectation was first confirmed by
Menzelet al. [10], and it was called “general pattern.”

Figure 5 presents examples of such cross section patterns,
namelys2

4,s3
5,s4

6, ands5
7; in these PCSs, the resonances of

the principal series decay byDN2=N−n=2. In order to dem-
onstrate the general patterns, the photon energies were scaled
to the effective quantum numbersmN by the Rydberg for-
mula

mNsEd =Î R
IN − E

, s6d

where R is the Rydberg constant. The similarities of the
cross-section curves are evident except for the energy re-
gions of perturber states indicated by vertical arrows. As
mentioned above the perturber states affect the resonance
energies and 1inewidths of the various resonances and, as a
consequence, the regularities fade out in the vicinity of per-
turber states, but further away, the general pattern is restored.
In the present measurements below the ionization threshold
I7, similar general patterns were observed ins4

5 ands5
6 with

DN2=1, in s2
5,s3

6, ands4
7 with DN2=3, as well as ins2

6 and
s3

7 with DN2=4. However, in the energy region of the higher
ionization thresholds, such as in theI7 manifold, the general
patterns become very weak due to the complex structures
caused by interferences with two additional perturber states
that interact with the principal Rydberg series.

D. Mirroring behavior and mirroring compensation properties

According to Ref.[25], a PCS denoted byP can be de-
scribed analytically by

sP = sP
0 +

sP
0

1 + e2h2esq RekalP − ImkalPd − 2q ImkalP

− 2 RekalP + sq2 + 1dkuau2lPj. s7d

Here,sP
0 is the PCS in the absence of a resonance and the

FIG. 5. Partial photoionization cross sectionssn
N as a function of

scaled photon energy. The vertical arrows mark the energies of the
perturbers.
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second term describes the Fano-like line shape of the reso-
nance insP. kalP andkuau2lP are the Starace parametersf25g.

If the TCS is regarded as the sum of two random groups
of PCSs, denoted byP andQ, the PCSP can be expressed
by Eq. (7), and for the PCSQ the same formula withP
replaced byQ can be used. Note that PCSP and PCSQ can
be individual PCSs or the sum of a number of individual
PCSs, which in the present case are thesn. By using the
formulas that establish relations between the parametersr
andsT

0 in the Fano formula for the TCS and the parameters
sP

0, sQ
0 , anda in the Starace formulas for the PCSs, namely,

Eqs.(36), (40), (41), and(42) in Ref. [25], the PCSQ can be
written as(see the Appendix for its derivation)

sQ = sQ
0 −

sP
0

1 + e2h2esq RekalP − ImkalPd − 2q ImkalP

− 2 RekalP + sq2 + 1dkuau2lPj

+
2qr2sT

0

1 + e2 e +
q2r2sT

0

1 + e2 −
r2sT

0

1 + e2 . s8d

The second term mirrors the line shape of the resonance
in sP and the last three terms describe the Fano-like line
shape of the resonance in the total cross section. The contri-
butions of the last three terms in Eq.(8) determine whether
the resonances in the PCSP and PCSQ exhibit a mirroring
behavior. The resonances in the two groupsP andQ of the
PCSs mirror each other if the second term of Eq.(8) is domi-
nant as compared to the last three terms. Ifuqu@1 and r2

→0, the third and fifth terms in Eq.(8) can be neglected in
comparison with the fourth term. In this case, Eq.(8) results
in Eq. (8) in Ref. [13] if one omits, in addition to the third
and fifth terms, all contributions of the second term that do
not includeq or q2. As discussed in Ref.[13], in this case the
resonances display a Lorentzian profile in the TCS. In addi-
tion, a mirroring behavior for the resonances insP and sQ
has been predicted in Ref.[13].

In the region between the thresholdsI5 andI7 of He+, the
Fano parameterr2 is of the order of 0.01 for the principal
series[see Fig. 6(a) for the theoretical TCS belowI6]. In the
other tablets of Figs. 6, we plot two examples, with the TCS
sT=sP+sQ being separated into two groups. In the first ex-
amplesP=s1 and sQ=s2+s3+s4+s5 (b1,b2); in the sec-
ond example,sP=s2 andsQ=s1+s3+s4+s5 (c1,c2). In the
second example, the PCSsP mirrors the PCSsQ very well
[Figs. 6(c1) and 6(c2)]. In contrast to this, the mirroring be-
havior is not well expressed in the first example[Figs. 6(b1)
and 6(b2)]. This can be understood as follows: A mirroring
behavior is expected if the amplitudes of the resonances in
the TCS are small compared to variations in the PCS, i.e., if
terms three to five in Eq.(8) are small compared to term two.
In helium, however, each single PCSsn exhibits amplitudes
that are of the same order of magnitude as insT. Since this
holds for all ionization thresholdsIN up toN=9 (see Fig. 3 in
Ref. [11]), no general mirroring behavior will be expected in
the double-excitation region of helium. Mirroring behavior
occurs only accidentally, e.g., if the PCSsP mirrors sT. In
this case, the second term in Eq.(8) mimics sT and a mir-

roring behavior is observed. Even in cases wheresP is es-
tablished by a number ofsn, no general mirroring behavior
is expected since the amplitude of the variation insP will
still not be large as compared to the variation insT. In sum-
mary, for the existence of a general mirroring behavior the
conditionr2→0 is not sufficient. In addition to this it is also
necessary that the amplitudes of resonances in the PCS are
considerably larger than those in the TCS. However, as ob-
served in the theoretical cross sections up to ionization
thresholdI9 [11], the amplitudes in the PCS decrease by the
same amount with increasingN as the amplitudes in the
TCS. As a consequence, we do not expect a general mirror-
ing behavior in helium below higher-N ionization thresholds
IN with r2 even much smaller than 0.01.

As a next step, we define the “fractional partial cross sec-
tions” gP: =sP/sT andgQ: =sQ/sT, i.e., we divide Eqs.(7)
and (8) by sT. With gP+gQ=ssP+sQd /sT=1, we obtain
gQ=1−sP/sT and find an exact mirroring behavior in the
fractional partial cross sections. Figure 7 presents the same
two examples as shown in Fig. 6, however, withgP andgQ
instead ofsP andsQ. We see that in both cases the fractional
partial cross sectionsgP and gQ exhibit perfect mirroring
behavior, which can be considered as a mirroring compensa-
tion property between any two groups.

Since the sum of any two PCSs can be expressed math-
ematically by the Fano formula, the analysis given above can
also be employed to discuss and understand the mirroring
behavior of any two individual PCSs although the sum of
these will not be the TCS, such as in case ofs2

6 and s4
6 as

well ass3
6 ands5

6 (see Fig. 3). In these cases, the resonances

FIG. 6. Cross sections below the ionization thresholdI6 ob-
tained from eigenchannelR matrix calculations and convoluted
with a Gaussian resolution function of 6 meV width(FWHM). (a)
Total cross sectionsT. In (b) and (c) the PCSsP and sQ were
established in different ways:(b1) sP=s1 and (b2) sQ=s2+s3

+s4+s5; (c1) sP=s1+s3+s4+s5 and (c2) sQ=s2.
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in sS=s2
6+s4

6 and sS=s3
6+s5

6 are almost canceled out, and
the sS are expected to be quite structureless. On the other
hand, if anysS shows considerable structure, the contribut-
ing individual partial cross sections do not show mirroring
behavior. From the above discussion we can also conclude
that any two PCSs must display exact mirroring behavior if
they are divided by their sum. Note that no limits for the
parametersr2 and q are needed for this mirroring compen-
sation property. In addition, the perturbers have no effect on
the mirroring behavior between the PCSP and PCSQ and
the mirroring compensation property.

In addition, it should be noted that below the ionization
thresholdsI5 to I7, the PCSs2

N mirrors the PCSs4
N and the

PCS s3
N mirrors the PCSs5

N(not for N=5). This behavior
might be due to a relation between the propensity rules and
the mirroring behavior and can be an interesting topic for
future studies.

V. CONCLUSIONS

In the present work, the partial cross sectionssn were
measured in the energy region up to the ionization threshold
I7 and calculated by eigenchannelR-matrix theory. In gen-
eral, the experimental data agree well the theoretical results
and confirm the general patterns in the PCSssn derived from
the propensity rules. The theoretical prediction that any two
groups of PCSs—with the sum of those groups being the
TCS—exhibit mirroring behavior ifr2→0 [13] is only par-
tially observed. This can be understood by a more general
consideration of the formulas given by Liu and Starace[13]
and the fact that the variations in the PCSs and the TCS
caused by the resonances are of the same order of magnitude.
Instead, a mirroring compensation behavior of the above-
mentioned two groups is introduced and discussed.
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APPENDIX: DERIVATION OF EQUATION (8)
With Eqs.(36), (41), and(42) of Ref. [25], namely,

sP
0kuau2lP + sQ

0 kuau2lQ = r2sT
0, s9d

sP
0RekalP + sQ

0 RekalQ = r2sT
0, s10d

and

sP
0ImkalP − sQ

0 RekalQ = 0, s11d

Eq. s8d can be derived from Eq.s7d as follows:

sQ =
sQ

0

1 + e2he2 + 2esq RekalQ − ImkalQd + f1 − 2q ImkalQ − 2 RekalQ + sq2 + 1dkuau2lQgj

= sQ
0 +

sQ
0

1 + e2h2esq RekalQ − ImkalQd + f− 2q ImkalQ − 2 RekalQ + sq2 + 1dkuau2lQgj

= sQ
0 +

sP
0

1 + e2h2es− q RekalP + ImkalP + qr2sT
0/sP

0d + f2q ImkalP + 2 RekalP − 2r2sT
0/sP

0 − sq2 + 1dkuau2lPg

+ sq2 + 1dr2sT
0/sP

0j

= sQ
0 −

sP
0

1 + e2h2esq RekalP − ImkalPd − 2q ImkalP − 2 RekalP + sq2 + 1dkuau2lPj +
2qr2sT

0

1 + e2 e +
q2r2sT

0

1 + e2 −
r2sT

0

1 + e2 .

FIG. 7. Fractional partial cross sectionsgP=sP/sT and gQ

=sQ/sT below the ionization thresholdI6 obtained from eigenchan-
nel R-matrix calculations and convoluted with a Gaussian resolu-
tion of 6 meV width(FWHM).
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