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The photoabsorption spectrum of Ne in the excitation energy region of thef1s2sgs3,1Sdn,n8,8 doubly
excited states has been measured using high brilliant soft x-ray undulator radiation, where square brackets
indicate hole states. The observed absorption spectrum was analyzed with the aid of theoretical calculations
based on the multiconfiguration Dirac-Fock(MCDF) method. The computation has revealed that the observed
features are successfully assigned with several series of the resonant double excitations, such as the
f1s2sgs3,1Sd3snp s3ønø6d and thef1s2sgs3Sd3pns s4ønø6d series. Thef1s2sgn,n8,8 double excitation
resonance leading to the lowestf1s2sgs3Sd3s3p state was analyzed using the well-known parametrized Fano
profile. The energy as well as the width of the resonance for such highly correlated multiply excited state have
been determined and the possible decay channels for thef1s2sgs3Sd3s3p state were also discussed.
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I. INTRODUCTION

Weak structures originated in the resonant multielectron
excitation processes are often observed in the photoabsorp-
tion spectra far above the core-ionization threshold of atoms,
molecules, and solids[1–9]. Since their appearance departs
from the independent particle model, detailed studies on the
excitation mechanism and the relaxation dynamics for these
resonant multielectron processes in combination with the so-
phisticated theoretical calculations will provide unique infor-
mation about the electronic correlation in the initial state as
well as the final ionic states[10–13].

Recently, Ouraet al.have studied the angle-resolved reso-
nant Auger(RA) emission from thef1s2pgs3,1Pd3p2 1P dou-
bly excited two-particle–two-hole(hereafter referred to as
2p-2h) states of Ne[14]. They proposed the existence of
double-spectator type and spectator-shakeup type RA transi-
tions with the aid of theoretical calculations, in which the
kinetic energies and the transition amplitudes were calcu-
lated based on the Hartree-Fock approximation[15] and the
anisotropy parameters were calculated using a pureLS cou-
pling approach[16]. More recently, Ouraet al. have also
studied the spectral evolution of the double-spectator type
RA transitions leading to the Ne+ f2p3gs2Dd3p2 2P and 2F
states and to the Ne+ f2p3gs2Pd3p2 2D state across the
f1s2pgs3Pd3p2 1P double excitation resonance at 902.45 eV
with fine-energy step[17]. It is revealed that the detailed
observation of these double-spectator type RA transitions has
elucidated their characteristics of the RA emissions[18,19]
and has given us a firm support to the assignments for these
RA transitions made in the previous study[14].

In this paper, we report an observation of deeply bound
f1s2sgs3,1Sdn,n8,8 1P inner-shell doubly excited 2p-2h

states of Ne atoms probed by high-resolution photoion yield
spectroscopy. Princeet al. [20] have recently measured the
absolute photoabsorption cross section in the same energy
region and observed several states above thef1s2pg double
ionization threshold. They assigned these new features to the
f1s2sgnsn8p series. Here we give much detailed assignments
for these new features with the aid of accurate theoretical
calculations based on the multiconfiguration Dirac-Fock
(MCDF) method. Resonant doubly excited states converging
to the f1s2sgs3Sd3sep and f1s2sgs3Sd3pes series limits are
reported.

II. EXPERIMENT

The measurement was carried out using the photon-ion
merged-beam apparatus[21,22] at the newly constructed soft
x-ray undulator beamline BL17SU[23] at SPring-8, an
8 GeV synchrotron radiation facility in Japan. The combina-
tion of high brilliance and narrow bandpasssE/DE
,10 000d of the soft x-ray radiation from BL17SU[24,25]
has allowed us to perform the high-resolution measurement
on the inner-shell doubly excited states in the present energy
region. Although the photon-ion merged-beam apparatus is
originally aimed at performing a photoabsorption experiment
on the ionic target[26–28], we utilized this apparatus for the
neutral gas target in the present study. Gaseous Ne atoms
were introduced into an interaction region of the apparatus,
where the photoabsorption events followed by Auger pro-
cesses will occur. Product ions were extracted from the in-
teraction region and accelerated by the applied voltageVint
up to the kinetic energy ofqVint corresponding to its charge
stateq. Then the extracted ion beam was analyzed by an
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electrostatic cylindrical mirror analyzer and the total inten-
sity of the product ions was measured using an electron mul-
tiplier. Thus the apparatus was operated as a part of the
PHOBIS (PHOton Beam Ion Source) [29] mode in which it
enabled us to perform the photoion yield spectroscopy.

In the present study, the photon bandpass was estimated to
be about 121 meV, at a photon energy of 867.12 eV, by
measuring the photoion yield spectrum of Ne in the region of
the f1sgnp sn=3,4, . . . ,ed excitation. We have adopted the
value of natural lifetime width 240 meV[30] of the Ne
f1sg3p state in the estimation of photon bandpass. The accu-
racy of the energy scale for the incident photon beam was
estimated to be about ±0.12 eVs±0.03 eVd for absolute
(relative) scale. The high-resolution photoabsorption spec-
trum was then measured in the region of the resonant double
excitation.

III. RESULTS AND DISCUSSION

Figure 1 shows the broadband absorption spectrum in the
Ne 1s excitation region measured by means of photoion
yield spectroscopy. The spectra are categorized to three dif-
ferent excitation regions, i.e., thef1sgnp Rydberg series,
the f1s2pgs3,1Pdn,n8,8 double excitation region, and the
f1s2sgs3,1Sdn,n8,8 double excitation region, respectively.
The spectrum for each excitation region was measured in a
separate run and normalized in the ordinate so that we can
compare the relative excitation cross sections for these three
excitation regions. As we can recognize from this figure, the
photoexcitation cross sections for the deeply bound
f1s2sgs3,1Sdn,n8,8 series are extremely small. The series
limits of thef1sgep and thef1s2pgs3,1Pd3pep are indicated in
the figure. Measured 2p-np shakeup energies[31,32] relative
to the main Ne 1s line [33] have been adopted to estimate
these f1s2pgs3,1Pd3pep series limits. Furthermore, the
2p-ep shakeoff limits could also be estimated to be
916.87s11d eV for the f1s2pgs3Pdepe8p and 921.47s11d eV
for the f1s2pgs1Pdepe8p doubly ionized states, respectively.
Thus thef1s2sgs3,1Sdn,n8,8 doubly excited states lie in the
several continua stated above. The channels having the same
symmetry can therefore interact and the discrete state in-

cluded in this region becomes an autoionizing resonance
which would have a Fano profile.

Figure 2 shows the normalized photoion yield spectrum in
the region of thef1s2sgs3,1Sdn,n8,8 doubly excited 2p-2h
states of Ne plotted together with the results of theoretical
calculations. We can see the pronounced peak at 924.8 eV,
which corresponds to thef1s2sgs3Sd3s3p 1P doubly excited
2p-2h state. The energy position of the series limit for the
f1s2sgs3Sd3snp series could be estimated as 929.6 eV using
the energy of the shakeup line observed in the x-ray photo-
emission spectrum[34].

The resonance energies and the oscillator strengths for the
doubly excited 2p-2h states were calculated using a set of
codesGRASP92(General purpose Relativistic Atomic Struc-
ture Program 92) [35], which is an extension of the earlier
version GRASP [36], CESD99 (a program for the Complete
Expansion ofj j -coupled symmetry functions into Slater De-
terminants) [37], andREOS99(a program for Relaxed-orbital
Oscillator Strength calculations) [38]. To obtain correctly the
1s2s double excitation energies and the dipole excitation
functions, we have to evaluate properly(1) the contraction of
the residual 1s and 2s electronic orbitals after the double
electron excitations as well as the contraction of the
2p-subshell electronic orbitals after the 1s2s hole creation
inside the 2p subshell,(2) the difference in magnitudes of 2p
intrasubshell correlations for ground and doubly excited
states of Ne atoms, and(3) the effect of correlations between
the two electrons in the excited orbitals. The following pro-
cedure was devised for the present calculations. First, the
Ne2+ f1s2sgs3,1Sd ionic states were calculated. We obtained a
value 0.155a0 for the 1s orbital radius, wherea0 is the Bohr
radius, and 0.79a0 for the 2s orbital radius, which are com-
pared with the values 0.158a0 and 0.89a0 for the correspond-
ing values of the ground state neutral Ne atoms. We can also
compare the radii of the 2p orbital radius; those are 0.75a0
for Ne2+ and 0.96a0 for Ne. Second, we evaluated the 2p
intrasubshell correlation energies. The total electronic energy
of the ground state of Ne was lowered by 5.6 eV when we
included all the possible 2p intrasubshell configurations such

FIG. 1. Photoabsorption spectra in the Ne 1s excitation region
measured by means of photoion yield spectroscopy. Several series
limits are indicated in the figure. See text for details.

FIG. 2. Photoabsorption spectrum in the region of the
f1s2sgs3,1Sdn,n8,8 doubly excited 2p-2h states of Ne. The calcu-
lated oscillator strengths and the energy positions of
f1s2sgs3,1Sd3snp s3ønø6d and f1s2sgs3Sd3pns s4ønø6d double
excitation resonances as well as their series limits are also indicated
in the figure.
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as 2p4n,n8,8 up to n,n8=6, whereas the corresponding en-
ergy lowering in the Ne2+ f1s2sgs3,1Sd was 6.2 eV. It is quite
natural to consider the 2p intrasubshell correlation energies
in the Ne f1s2sgs3,1Sdn,n8,8 states will fall between those
two values. Because the major part of this 2p intrasubshell
correlation energies is canceled in the subtraction of the
ground state energy from the excited state energy, in the
actual calculation for the doubly excited states we neglected
the 2p intrasubshell correlation effects; the resulting errors
which we will encounter into the excitation energies are ex-
pected to be much less than 6.2−5.6=0.6 eV. Finally, we
calculated the energies and the oscillator strengths for the
doubly excited states with 2p-2h configurations. All the pos-
sible two electron configurations with orbitals 3s, 3p, 3d, and
all the two electron configurations 3snp and ns3p up to n
=6 are included and the orbitals are optimized in the frame-
work of MCDF approximations. The single electron orbitals
are added and optimized in stepwise from the lower to
higher lying orbitals. To obtain the minimal basis for the
f1s2sgs3,1Sd3s3p states, we used the orbitals of the Ne2+

f1s2sgs3,1Sd states as initial vectors for 1s, 2s, and 2p orbit-
als. When we optimized thens,np snù4d orbitals, we fixed
all the orbitals with the principal quantum numbers less than
n.

Although theGRASP provides a means of calculating the
oscillator strengths between the electronic states, this can be
achieved when we use a unique orthonormal set of single
electron orbital bases. In the present calculation, we have
employed an alternative way to fit to the case of deep inner-
shell multiple excitation. The single electron orbitals for the
excited states were optimized separately from the ones for
the ground states to fully take into account the orbital relax-
ation due to the electron escapes from inner shells. We ob-
tained a pair of different orthonormal basis sets for excited
and ground states, and they are not necessarily orthogonal.
To calculate the oscillator strengths for the doubly excited
states, the programsCESD99 [37] and REOS99 [38], which
apply relativistic wave functions optimized by theGRASP92

package, were adopted to take into account properly the non-
orthogonality of the bases between the initial and final states.
Within the framework of Löwdin’s formalism[39], the
single-photon double-electron excitation can be described as
the shake-up process induced by the inner-shell excitation, as
was discussed in the previous work for shake-off process
accompanyingK-shell excitation in Ar[10].

As noted already, we show also the results of theoretical
calculations in Fig. 2. The bar graph indicates the oscillator
strengths for thef1s2sgs3,1Sdn,n8,8 resonant double excita-
tions calculated based on the velocity form transition dipole
matrix elements. As we can see in this figure, the present
calculations for series members of thef1s2sgs3,1Sd3snp
s3ønø6d and the f1s2sgs3Sd3pns s4ønø6d doubly ex-
cited 2p-2h states have successfully reproduced the observed
spectrum. Also the calculated series limits for the
f1s2sgs3Sd3snp series, i.e., 928.77 eV forJf =3/2 and
929.64 eV forJf =1/2, reproduce the experimental results of
929.6 eV reasonably well, whereJf stands for the total an-
gular momentum of final ionic states. The other calculated
series limits are summarized in Table I. When we compare

the calculated series limit of 937.2 eV for the
f1s2sgs1Sd3snp series with the value of 936 eV estimated
using the experimental results[31,33], we can reconfirm that
the accuracy of the present calculations is satisfactory. With
the aid of the good accuracy of the calculations, we have
assigned the observed features as the energy markers for
each series indicated in the upper part of Fig. 2. Calculated
energy levels for these series members, which have oscillator
strengths larger than 5310−6, as well as their characteristics,
are summarized in Table II. We determined the energy posi-
tions for only the well-isolated double excitation resonance
from the present measurement because of the poor statistics
in the absorption spectrum.

Figure 3 represents the photoion yield spectrum of Ne in
the region of thef1s2sgs3Sd3s3p resonant double excitation
plotted together with a line shape fit. We used the well-
known parametrized equations describing a single resonance
line interacting with a continuum[40] given by

s = s0hr2sq + ed2/s1 + e2d + 1 −r2j,

e = 2sE − E0d/G,

r2 = sa/ssa + sbd,

wheres0=sa+sb, sa is the portion of the continuum cross
section which interacts with the resonance,E0 is the reso-
nance energy,G is the width of the resonance, andq andr2

are the so-called Fano parameters that give the shape of the
resonance and the strength of the continuum, respectively.
We have carefully performed the Fano profile fit by means of
a least-squares fitting procedure. We have convoluted the
narrow bandpasss,121 meVd of the monochromator in the
fitting procedure. The final fit to the experimental data
yielded valuesE0=924.78±0.12 eV,G=0.36±0.02 eV,q
=5.40±0.58, andr2=s1.06±0.30d310−3, respectively. Here
we should note that the obtained width of the resonance,
0.36s02d eV, is significantly large as compared with those of
the Ne f1sg3p state [30] and the f1s2pgs3Pd3p2 resonant

TABLE I. Calculated energies of the series limits lie in the
f1s2sgs3,1Sdn,n8,8 double excitation region.

Final state configuration Jf
p Energy(eV)

f1s2sgs3Sd3sep 3/2+ 928.77

1/2+ 929.64

f1s2sgs3Sd3pes 1/2− 932.30

3/2− 932.31

5/2− 932.31

3/2− 932.62

1/2− 932.62

f1s2sgs1Sd3sep 1/2+ 937.24

f1s2sgs1Sd3pes 1/2− 940.58

3/2− 940.59

f1s2sgs3Sdese8p 1+ 942.54

f1s2sgs1Sdese8p 0+ 950.74
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double excitation [14]. As we have stated before, the
f1s2sgs3Sd3s3p double excitation resonance lies in the sev-
eral continua, thus the interaction with those continua might
have a significant effect of making the width of the reso-
nance larger. This is in line with the explanation for the large
width of the autoionizing resonance observed in the core-
electron shakeup spectrum of Ne[34].

In order to interpret the line profile of the
f1s2sgs3Sd3s3p double excitation resonance, it is interesting
to discuss decay channels for this 2p-2h state. From
the analogy of the decay channels following the
f1s2pgs3,1Pd3p2 resonant double excitation[14], the contri-
bution of double-spectator type Auger transitions would be
the dominant process. In order to confirm this situation, we
have calculated the transition rates for the available resonant
Auger processes based on the Hartree-Fock(HF) approxima-
tion using Cowan’s code[15]. Auger transition produces

many final ionic states, and the typical decay channels are
given by

f1s2sgs3Sd3s3p → f2s2p2g3s3p + e− sad

→ f2s22pg3s3p + e− sbd

→ f2s2pg3s+ e− scd

→f2s2pg3p + e− sdd

→ f2sg + e− sed.

Here (a) and (b) are the double-spectator,(c) and (d) the
spectator-participator, and(e) the double-participator type
transitions, respectively. Some of these final states proceed
further via a second-step process. Furthermore, there should
be a number of more complicated shake-modified decay
channels that associate the channels(a)–(d), but these are
expected to be with only minor contributions to the whole
decay paths. Thus we have omitted those channels from the
present calculations. According to our simple estimation
based on the HF approximation, the process(a) would be the
leading term for the decay channels, e.g., about 78% of the
branching ratio among the processes(a)–(e).

It is noteworthy, however, that the so-called inner-valence
Auger transitions such asf1s2sgs3Sd3s3p→ f1s2pg3,+e−,
which are similar to the usual Coster-Kronig transitions, are
allowed. According to our calculations, these transitions
make a significant contribution of about 50% relative to the
process(a) and the final ionic states may have the same
symmetries as the shakeup continua produced via direct ion-
ization channels. Although both of thesef1s2pg3, ionic
states, which are produced by direct and indirect channels,
proceed further via an Auger decay, the interference between
these two channels may be accountable for giving rise to the
Fano profile.

TABLE II. Energy levels and oscillator strengths for thef1s2sgs3,1Sdn,n8,8 resonant double excitation.

Energy(eV)
Measured

Energy(eV)
Calculated

Oscillator strength
(units of 10−4)

Fractions of major configuration state functions(%)
s3Sd : f1s2sgs3Sd, s1Sd : f1s2sgs1Sd

924.78±0.12a 924.86 2.423 98.39 ofs3Sd3s3p+0.95 of s3Sd3p3d

928.10±0.12b 928.13 0.427 98.45 ofs3Sd3s4p+0.42 of s3Sd3p4s+0.22 of s3Sd3s3p

928.90 0.174 99.41 ofs3Sd3s5p+0.20 of s3Sd3p4s

929.23 0.080 99.68 ofs3Sd3s6p+0.11 of s3Sd3p4s

930.71±0.12b 930.57 0.237 96.06 ofs3Sd3p4s+1.26 of s3Sd3p3d

931.68 0.109 99.39 ofs3Sd3p5s+0.12 of s3Sd3p3d

932.12 0.053 69.46 ofs3Sd3p6s+30.44 ofs3Sd3p5s+0.01 of s3Sd3s6p

934.57 0.466 72.33 ofs1Sd3s3p+17.56 ofs1Sd3s4p+4.07 of s1Sd3p3d

936.15 0.214 74.07 ofs1Sd3s4p+11.03 ofs1Sd3s3p+6.19 of s1Sd3s5p

936.71 0.110 83.77 ofs1Sd3s5p+3.16 of s1Sd3s6p+2.71 of s1Sd3s3p

936.99 0.061 91.68 ofs1Sd3s6p+1.80 of s1Sd3p4s+1.34 of s1Sd3s5p

938.90 0.250 88.21 ofs1Sd3p4s+4.15 of s1Sd3s4p+1.79 of s1Sd3p5s

939.76 0.118 93.24 ofs1Sd3p5s+2.28 of s1Sd3p3d+0.79 of s1Sd3p4s

940.14 0.072 86.99 ofs1Sd3p6s+10.37 ofs1Sd3p3d+0.95 of s1Sd3s3p

aResonance energy determined by Fano profile fitting.
bPeak position determined by the fitting procedure using Gaussian profile.

FIG. 3. Resonance of thef1s2sgs3Sd3s3p doubly excited 2p
-2h state plotted together with a Fano profile fitting.
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IV. CONCLUSION

We have studied the photoabsorption spectrum of Ne in
the region of thef1s2sgs3,1Sd3snp s3ønø6d as well as the
f1s2sgs3Sd3pns s4ønø6d resonant double excitation. The
observed absorption spectrum was analyzed with the aid of
the theoretical calculations based on the MCDF method. The
observed features were successfully assigned by comparing
with the theoretical energies and the oscillator strengths. The
spectral shape leading to the lowest resonance of the
f1s2sgs3Sd3s3p state has been discussed in terms of the well-
known parametrized Fano profile. The energy as well as the

width of the resonance for such highly correlated multiply
excited 2p-2h state have been determined and the possible
decay channels for thef1s2sgs3Sd3s3p state were also dis-
cussed.
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