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We present measurements of total and partial photoionization cross sections of Ne in the 1s excitation
region. The total cross section exhibits resonances with symmetric profiles, whereas the branching ratios
to the Ne� 2p4�1D2�3p

2P, 2D, and 2F states present strong oscillations in the interresonance regions.
We prove that not only the interference between the direct and resonant ionization processes but also the
interference among the ionization processes via different nonisolated resonances are important for this
effect.
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FIG. 1. Circles: measured total cross section for photoion-
ization of Ne in the energy region of the 1s excitations. Thick
line: least-	2 fit based on Lorentzian profiles, convoluted with
a Gaussian profile with FWHM fixed to 66 meV. Thin
lines: contributions from the individual resonances, before
energy scale in Fig. 1 is calibrated by using the energies of the convolution.
The wave nature of electrons, described by
Schrödinger’s equation, manifests itself via various in-
terference effects in photoelectric phenomena. One of the
typical examples is the interference between direct and
resonant photoemission pathways. In analogy to Young’s
two-slit experiment, the photoelectron waves passing
through these two different pathways interfere with
each other and result in the asymmetric profile of the
resonance in the photoabsorption cross section [1], as
observed frequently in valence-shell photoabsorption in
the vacuum-ultraviolet region (see, for example, [2]).
Such interference effects were generally neglected in
the analysis of x-ray absorption processes where the
inner-shell excitation takes places [3]. Recent inner-shell
photoemission measurements, however, revealed that,
although the photoabsorption spectra show symmetric
resonant profiles, the partial cross sections for ionization
to specific ionic states can present asymmetric resonant
profiles intrinsic of the final states [4–7]. Analysis of
the asymmetric profiles in the partial cross sections has
generally been limited to the decay of one isolated reso-
nance [4–9].

In the present work, we have investigated total and
partial cross sections for photoionization of Ne in the 1s
excitation region using high photon and electron energy
resolution. We present evidence that interference between
resonant ionization processes through different noniso-
lated resonances plays an important role.

The experiment has been performed at the c-branch of
beam line 27SU [10,11] at SPring-8 in Japan. The total
cross section � is measured by collecting the total ion
yield. For such measurements the photon energy width
(full width at half maximum, FWHM) is set to �h��
66 meV, as estimated from Xe 5p photoemission spectra.
The total cross section thus measured is presented in
Fig. 1, together with a least-	2 fit (see below). The photon
0031-9007=02=89(24)=243001(4)$20.00
the 1s�13p and 1s�14p resonances reported in Ref. [12].
This spectrum is similar to the one presented in Ref. [12],
but the present resolution is slightly higher, and thus the
1s�16p resonance is resolved.

X-ray absorption cross sections in the inner-shell ex-
citation regions are normally analyzed with the following
expression [3]:

� � �dir �
X

n

�n
1� �2n

� �1s; (1)

where n labels the resonances and �n � 2�h�� En�=�n
are the distances of the photon energy h� from the
resonant energies En measured in terms of half natural
widths �n=2. �n and �dir are the cross sections for the
resonant and nonresonant ionization. �n=2, �n, and �dir

are considered constant in the energy interval of interest.
The term �1s in (1) represents the 1s ionization cross
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FIG. 2. Angle-integrated electron spectra measured at the
photon energies of (a) 868.42 and (b) 868.23 eV, together with
the fit by Gaussian profiles.
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section:

�1s /
1

2
�

1

�
arctan�2�h�� E1s�=�	: (2)

Each Lorentzian component in Eq. (1) is the limit q!
�1, but �aq2 is still finite for the profile of Fano [1]:

� � �b � �a
�q� ��2

1� �2
: (3)

Here q is the Fano’s profile index, �a and �b are the cross
sections for excitation of the continuum that does and
does not interact with the discrete isolated resonance.
Although the interaction of the resonances with the con-
tinuum may not be negligible (see below), the Lorentzian
profiles are still a good approximation for the resonant
profiles in the total cross section.

In the fitting routine, the expression (1) is convoluted
with a Gaussian profile with fixed FWHM of 66 meV in
order to simulate the photon bandpass. The fit extracts the
line strengths, Lorentzian widths, and energies of the
resonances. Although 1s�17p and 1s�18p cannot be re-
solved, they are also included in the fit, in order to reach
an overall better agreement between the fit and the
measurement. Contributions from higher members are
included in �1s. Some parameters are fixed using quan-
tum defect methods [13]. Namely, the energies of the
1s�16p� 1s�18p resonances are fixed to the values ex-
trapolated from the 1s�13p–1s�15p resonances, whereas
the line strengths of 1s�17p and 1s�18p relative to the
line strength of 1s�16p are fixed. The widths are assumed
to be the same for the resonances 1s�14p–1s�18p. The
widths for these high-n members, however, turn out to
be the same as that of 1s�13p via fitting within the
experimental uncertainties. The value thus obtained
for the natural lifetime width, �3p � 240� 10 meV,
is slightly lower than the calculated one in Ref. [12],
�3p � 258 meV.

We now describe the measurements of partial cross
sections. Electron emission to the 2p4�1D2�3p, 2P, 2D,
and 2F states are observed at various photon energies in
the Ne 1s excitation region. The electron spectrometer
employed is a high-resolution hemispherical analyzer
(Gammadata Scienta SES-2002) coupled via an electro-
static lens to a gas cell. In the electron spectra the photon
band width and the electron kinetic energy width are set
to �66 and �33 meV, respectively, whereas the Doppler
broadening due to thermal motion of the sample gas
atoms in the cell at room temperature is �80 meV.
Electron spectra are collected for both 0 and 90 of
emission relative to the polarization vector of the incident
light. The angle-integrated spectra are obtained from
the 0 and 90 spectra after correction for photon flux
intensity and degree of linear polarization (see [14] for a
general expression). At photon energies where the electron
count rates are low, the acquisition time is increased, so
that measurements at all photon energies have enough
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statistics to extract the line strengths with sufficiently
small uncertainties.

Figure 2 shows two examples of angle-integrated elec-
tron spectra recorded at two photon energies close to the
one for the minimum of the cross section between the 3p
and 4p resonances. The error bars contain only the sta-
tistical contributions as propagated from the number of
counts in the original spectra. From the spectra in Fig. 2,
the line strength of each component is extracted by a
least-	2 fit with Gaussian profiles. Gaussian profiles are
chosen because in the electron spectra the broadening
caused by instrumental and Doppler effects is much
larger than the natural lifetime width of the valence-
ionized final states. In the fit, the separations between
the states are fixed at the values obtained from the spectra
recorded at the peak of the 1s�13p resonance, which
are identical to the values in Ref. [15]. The values of
the branching ratios for the 2P, 2D, and 2F compo-
nents extracted from the spectra in Figs. 2(a) and 2(b)
are 0:15� 0:02:0:35� 0:02:0:50� 0:02 and 0:44�
0:03:0:27� 0:03:0:29� 0:02, respectively. The photon
energy changes only 190 meV, but these branching ratios
are quite different from each other, indicating that they
are very sensitive to the excitation energy.

The measured partial cross sections, i.e., the spectral
behavior of the line strengths for the 2P, 2D, and 2F
components extracted from the fitting to the electron
spectra as in Fig. 2, are displayed in Fig. 3(a). Like in
the total cross section, the 1s�13p resonance shows nearly
symmetric profiles in each partial cross section. This may
be a first indication that the interference effects are weak,
and at this point one may be tempted to conclude that no
evidence of large interference effects can be extracted
from the present data. Now we focus on the key result of
this work. The branching ratios for the three components
are plotted in Fig. 3(b) as a function of excitation energy.
The branching ratios for 2P and 2F exhibit oscillations,
with pronounced minima and maxima in the energy
regions between the resonances. The amplitudes of the
243001-2
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FIG. 3. (a) Measurements of the partial cross sections to
2p4�1D2�3p

2P, 2D, and 2F together with the fit of individual
components. (b) Branching ratios extracted from the measured
electron spectra (points), and from the corresponding fit
(lines). (c) Contributions of �res-res and �dir-res as extracted
from the analysis of the partial cross sections for the 2P and 2F
states.
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oscillations are certainly larger than the uncertainties of
the data points. The oscillations stem from the fact that
each of the three partial cross sections reaches a mini-
mum, at energies different from one another, in the in-
terresonance regions.

To analyze the partial cross sections which exhibit the
interference effects, we start with the model of Ref. [8].
The amplitude for each specific continuum channel � in
the region of one isolated resonance is written as follows:

A� � d� �D�
q� �
i� �

; (4)

where d� and D� are the dipole amplitudes of the direct
and resonant processes. This model is equivalent to the
one developed by Starace [9]. The square modulo of
Eq. (4) can be written in the form of Fano:

jA�j2 � �a� � �b�
�q� � ��

2

1� �2
; (5)

provided�a�,�b�, and q� are appropriately defined. Note
that q in Eq. (4) is the same as in Eq. (3), whereas q� in
Eq. (5) is different. We generalize Eq. (4) to the case of
more than one resonance in the following way:

A� � d� �
X

n

Dn�
qn � �n
i� �n

: (6)

Unlike in the original model of Fano, the resonances in
Eq. (6) are not considered isolated.
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Following the result that the resonance profiles in the
total cross section � are symmetric, we replace Eq. (6)
with its limit qn ! �1 but Dn� � q�Dn� still finite:

A� � d� �
X

n

Dn�
i� �n

: (7)

This is the same expression as the one that Saito et al. [16]
employed for the analysis of relative partial cross sections
to Ne� 2p4�1D2�3p and 2p4�1D2�4p in the region of the
1s�13p resonance.

In this model each channel � is defined by the final
ionic state i and by the angular momentum l of the out-
going electron, � � �i; l�, as in Ref. [8]. We assume the
LSJ-coupling scheme, which is considered to be valid in
the description of the Ne 1s excitation and decay [15].
Then each partial cross section �i corresponds to the
incoherent sum of the two different photoelectron chan-
nels l � 0; 2. Thus each partial cross section is parame-
trized as follows:

�i � Ai � Bi
X

n

R2
n

1� �2n
� �dir-res � �res-res � �1s;i (8)

with Rn normalized so that R3p is unity. The direct-
resonant �dir-res and resonant-resonant �res-res interfer-
ence terms are as follows:

�dir-res � 2Ci
X

m

Rm�m
1� �2m

(9)

and

�res-res � 2Bi
X

m<n

RmRn�1� �m�n�

�1� �2m��1� �
2
n�
: (10)

Ai, Bi, and Ci are defined as

Ai �
X

l�0;2

d2i;l; (11)

BiRmRn �
X

l�0;2

Dm;i;lDn;i;l; (12)

CiRn �
X

l�0;2

di;lDn;i;l: (13)

�1s;i described by the same analytic form as Eq. (2)
expresses the contributions from high 1s�1np �n � 9�
members as well as from the 1s ionization.

The electron spectra recorded at the peak of each
resonance show almost the same branching ratios, close
to the statistical ratios expected within the LSJ-coupling
scheme: B2P:B2D:B2F � 3:5:7. We thus assume that dif-
ferent resonances have the same branching ratios over
different final states. This makes Bi well defined in
Eq. (12). In general, from Eqs. (11)–(13), Ai; Bi; Ci are
constrained to fulfill the inequality AiBi � C2

i . However,
by using the spectator model within the LSJ-coupling
scheme, the photoelectron wave is restricted to l � 2.
Then we have AiBi � C2

i .
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The partial cross sections in Fig. 3(a) are fitted simul-
taneously using the model described above. In the fitting,
the spectra described by Eq. (8) are broadened by con-
volution with a Gaussian profile with width fixed to
66 meV to simulate the photon bandpass. As can be seen
in Fig. 3(a), the fit reproduces well the measurements. The
continuous lines superimposed to the measured branch-
ing ratios in Fig. 3(b) are not the results of an additional fit
but the branching ratios calculated from the three simul-
taneous fits for the partial cross sections in Fig. 3(a). The
agreement between the continuous lines and the experi-
mental points is reasonable.

Consider the origin of the interference effects. In the
expression (8), the two terms �dir-res and �res-res contrib-
ute to the interference. Note the different origin of �dir-res
and �res-res: the former corresponds to the interference
between direct and resonant processes, whereas the latter
is due to the interference between resonant photoioniza-
tion through different resonances. The �res-res term is
negligible if the resonances are isolated, i.e., if jEn �
Emj � �. Then a linear combination of Eq. (5) is appro-
priate to analyze the partial cross sections. If the reso-
nances are not isolated, i.e., if jEn � Emj � �, the �res-res
term is important in the interresonance regions and the
effect due to this term becomes observable. In Fig. 3(c)
we present �res-res and �dir-res for the 2P and 2F states,
calculated from the parameters obtained by the fitting
described above. The �res-res contribution to the partial
cross section is as strong as or even stronger than �dir-res
in the interresonance regions. Because of this negative
interference term, each partial cross section goes close to
zero in the region between the 1s�13p and 1s�14p reso-
nances where the branching ratios change significantly.

Consider how these two interference terms play their
roles in describing the oscillations in the branching ratios.
If the direct process is absent for all the channels, i.e., if
Ai � Ci � 0 for i � 2P; 2D; 2F, as Rubensson et al. as-
sumed in the analysis of the branching ratios to the Ne�

2p�2np states with different n [17], the branching ratios
to the Ne� 2p�2�1D2�3p, 2P, 2D, and 2F states become
constant in the present model, because the branching
ratios are then solely determined by Bi. If the direct
process is present, then the energy for the minimum of
the cross section varies depending on the ratio between Ai
and Bi. Thus it is clear that the direct-resonant interfer-
ence term is essential in describing the oscillations of the
branching ratios. On the other hand, if the resonant-
resonant interference term is switched off, each partial
cross section does not go close to zero any more in the
interresonance regions, and thus the amplitudes of the
oscillations are significantly suppressed. Indeed, attempts
to fit the partial cross sections with the Fanolike profiles
(5) fail to reproduce the large oscillations of the branch-
ing ratios in the interresonance regions. This is a clear
indication that the �res�res terms are important; i.e., the
resonances are not isolated.
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In conclusion, we presented the absorption cross sec-
tion of Ne in the region of 1s excitations with the highest
resolution ever recorded. This allowed us to resolve the
1s�16p resonance and to extract the improved value of
the natural lifetime width �� 240� 10 meV for the
1s�13p state. Although measurements of total and partial
cross sections seem to indicate that interference effects
are weak in photoemission to the 2p4�1D2�3p

2P, 2D, and
2F states, the relative branching ratios present large os-
cillations. We proved that not only the interference be-
tween the direct and resonant ionization processes, but
also the interference among the resonant ionization pro-
cesses via nonisolated resonances play important roles for
the appearance of oscillations in the branching ratios.
Because of its generality, we expect the interference
among multiple pathways reported here, i.e., the direct
photoemission pathway and more than one resonant
photoemission pathways via nonisolated resonances, to
be present not only in other atomic resonant photoemis-
sion but also in molecular resonant photoemission, as
well as in resonant photoemission from condensed mat-
ter, in the inner-shell excitation regions.
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