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Observation of the[1s2s](3'S)n¢én’¢’ P inner-shell doubly excited states of Ne
by photoion yield spectroscopy
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The photoabsorption spectrum of Ne in the excitation energy region of 12s](>!S)nen’ ¢’ 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-Fo@dCDF) method. The computation has revealed that the observed
features are successfully assigned with several series of the resonant double excitations, such as the
[1325](3'18)33np(3s n<=6) and the[lsZs](3S)3pns(4sns6) series. Thg1s2s|n¢n’¢’ double excitation
resonance leading to the lowdds2s](39)3s3p 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 fdi#2e](*9)3s3p state were also discussed.
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[. INTRODUCTION states of Ne atoms probed by high-resolution photoion yield
spectroscopy. Princet al. [20] have recently measured the
Thbsolute photoabsorption cross section in the same energy
. Y "Region and observed several states above 1k2p] double

tion spectra far above the core-ionization threshold of atom%Onization threshold. They assigned these new features to the

molecule_s, and SOI'dEl_g]‘. Since their appearance departs 1s2s|nsn' p series. Here we give much detailed assignments
from the independent particle model, detailed studies on th . . .
or these new features with the aid of accurate theoretical

excitation mechanism and the relaxation dynamics for these : X , : .
; ; S . Calculations based on the multiconfiguration Dirac-Fock
resonant multielectron processes in combination with the so-,

phisticated theoretical calculations will provide unique infor-(MCDF) method. Resonant doubly excited states converging

mation about the electronic correlation in the initial state asto the [1s25](°5)3sep and [1s2s]("S)3pes series limits are

well as the final ionic statefdl0-13. reported.

Recently, Ourat al. have studied the angle-resolved reso-
nant Auger(RA) emission from th¢1s2p](>'P)3p? P dou-
bly excited two-particle—two-holéhereafter referred to as
2p-2h) states of Ne[14]. They proposed the existence of The measurement was carried out using the photon-ion
double-spectator type and spectator-shakeup type RA trangiherged-beam apparat[l,22 at the newly constructed soft
tions with the aid of theoretical calculations, in which the x-ray undulator beamline BL17SU23] at SPring-8, an
kinetic energies and the transition amplitudes were calcug GeV synchrotron radiation facility in Japan. The combina-
lated based on the Hartree-Fock approximafibsl and the tion of high briliance and narrow bandpas&E/AE
anisotropy parameters were calculated using a p&eou-  ~10 000 of the soft x-ray radiation from BL17S[R4,25
pling approach[16]. More recently, Oureet al. have also  has allowed us to perform the high-resolution measurement
studied the spectral evolution of the double-spectator typ@n the inner-shell doubly excited states in the present energy
RA transitions leading to the Ng2p®](*D)3p? P and“F  region. Although the photon-ion merged-beam apparatus is
states and to the Ne[2p®](°P)3p? °D state across the originally aimed at performing a photoabsorption experiment
[1s2p](®*P)3p? P double excitation resonance at 902.45 eVon the ionic targef26-29, we utilized this apparatus for the
with fine-energy stefd17]. It is revealed that the detailed neutral gas target in the present study. Gaseous Ne atoms
observation of these double-spectator type RA transitions hagere introduced into an interaction region of the apparatus,
elucidated their characteristics of the RA emissipb8,19  where the photoabsorption events followed by Auger pro-
and has given us a firm support to the assignments for thesmsses will occur. Product ions were extracted from the in-
RA transitions made in the previous stufd]. teraction region and accelerated by the applied vol¥gge

In this paper, we report an observation of deeply boundip to the kinetic energy ofjVi,; corresponding to its charge
[1s2s](®*!9)n¢n’¢’ P inner-shell doubly excited ®2h  stateq. Then the extracted ion beam was analyzed by an

II. EXPERIMENT
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FIG. 1. Photoabsorption spectra in the Neekcitation region
measured by means of photoion yield spectroscopy. Several seri
limits are indicated in the figure. See text for details.

FIG. 2. Photoabsorption spectrum in the region of the
fsts](s*lS)nm’(i’ doubly excited p-2h states of Ne. The calcu-
lated oscillator strengths and the energy positions of
[1s2s](>19)3snp (3=n=6) and[1s2s](39)3pns (4<n=6) double
electrostatic cylindrical mirror analyzer and the total inten-excitation resonances as well as their series limits are also indicated
sity of the product ions was measured using an electron muin the figure.
tiplier. Thus the apparatus was operated as a part of the . . ) o
PHOBIS (PHOton Beam lon Sourgd29] mode in which it cIuded in this region becomgs an autoionizing resonance
enabled us to perform the photoion yield spectroscopy. ~ Which would have a Fano profile. o _

In the present study, the photon bandpass was estimated to Figure 2 shows the ngrlmahze,d,photmon yield spectrum in
be about 121 meV, at a photon energy of 867.12 eV, byne region of the[1s2s](*“Snén’¢’ doubly excited p-2h

measuring the photoion yield spectrum of Ne in the region oftates o_f Ne plotted together with the results of theoretical
the [1s]np (N=3,4, ... ¢) excitation. We have adopted the calculations. We can see the gronoun(l:ed peak at 924.8 eV,
value of naturai Ii’fetime width 240 me\30] of the Ne which corresponds to tk{dsZsJ( S)3s3p P dO.Uny. e?<C|ted
[1s]3p state in the estimation of photon bandpass. The acc 2p-2h §ta‘e- The energy position .Of the series limit for t_he
racy of the energy scale for the incident photon beam wa 1s2s](*S)3snp series could t_)e estimated as 929.6 eV using
estimated to be about +0.12 el#0.03 e\} for absolute the energy of the shakeup line observed in the x-ray photo-
emission spectrurfi34].

(relative) scale. The high-resolution photoabsorption spec- . .
trum was then measured in the region of the resonant doubl& The resonance energies and the oscillator str.engths for the
o oubly excited p-2h states were calculated using a set of
excitation. L .
codesGRASP92(General purpose Relativistic Atomic Struc-
ture Program 9R[35], which is an extension of the earlier
ll. RESULTS AND DISCUSSION version GRASP [36], CESD99 (a program for the Complete
Figure 1 shows the broadband absorption spectrum in thEXp"’.InSIOn ofjj -coupled symmetry functions into Slater _De—
terminant$ [37], andREOS99(a program for Relaxed-orbital

Ne 1s excitation region measured by means of photoion; . : .
yield spectroscopy. The spectra are categorized to three di Dscillator Strength calculatiopg38]. To obtain correctly the

o ; . : s2s double excitation energies and the dipole excitation
ferent excitation regions, i.e., thiglslnp Rydberg series, . ;
the [1s2p](>*P)nén’¢’ double excitation region, and the functions, we have to evaluate propefly the contraction of

125139 nen'e’ doubl itati . ivel the residual $ and 2 electronic orbitals after the double
[1s2s](**Snén oublé excitation region, respeclively. giaciron excitations as well as the contraction of the

The spectrum for each excitation region was measured in 8, o hshell electronic orbitals after thes hole creation
separate run and normalized in the ordinate so that we cgfigiqe the p subshell(2) the difference in magnitudes op2
compare the relative excitation cross sections for these threfrasubshell correlations for ground and doubly excited
excitation regions. As we can recognize from this figure, thegiatag of Ne atoms, an@) the effect of correlations between

photoeéfitatior)  Cross sections forl the cljleeprlmy boundye 1o electrons in the excited orbitals. The following pro-
[1s2s](*"Snén’ ¢’ series are extremely small. The series qqre was devised for the present calculations. First, the

limits of the[1s]ep and the 1s2p](*'P)3pep are indicated in g2+ [1s2s](>9) ionic states were calculated. We obtained a
the figure. Measured@2np shakeup energig81,32 relative  ya1ye 0.1585, for the 1s orbital radius, where, is the Bohr

to the main Ne & line [33] have been adopted to estimate y5gjys, and 0.78, for the 2 orbital radius, which are com-
these [1s2p](*'P)3pep series limits. Furthermore, the pared with the values 0.188and 0.82, for the correspond-
2p-ep _shakeoff limits could also be estimated to bejng values of the ground state neutral Ne atoms. We can also
916.8711) eV for the [1s2p](*P)epe’p and 921.4711) eV compare the radii of thefRorbital radius; those are 0.35

for the [1s2p](*P)epe’p doubly ionized states, respectively. for Ne** and 0.9, for Ne. Second, we evaluated the 2
Thus the[1s2s](>'S)n¢n’¢’ doubly excited states lie in the intrasubshell correlation energies. The total electronic energy
several continua stated above. The channels having the sarogthe ground state of Ne was lowered by 5.6 eV when we
symmetry can therefore interact and the discrete state irincluded all the possiblefRintrasubshell configurations such
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as *n¢n’¢’ up ton,n’ =6, whereas the corresponding en- TABLE I. Calculated energies of the series limits lie in the
ergy lowering in the N& [1s2s](>!S) was 6.2 eV. Itis quite  [1s2s](>*'S)n¢n’¢’ double excitation region.

natural to consider theintrasubshell correlation energies
in the Ne[1s2s](>'S)n¢n’¢’ states will fall between those Final state configuration I Energy(eV)
two values. Because the major part of this iBtrasubshell

correlation energies is canceled in the subtraction of th&15251°S) 3sep 3/ 928.77
ground state energy from the excited state energy, in the 1z 929.64
actual calculation for the doubly excited states we neglectefils2s](*S)3pes 1/ 932.30
the 2o intrasubshell correlation effects; the resulting errors 3/ 932.31
which we will encounter into the excitation energies are ex- 5/2 932.31
pected to be much less than 6.2-5.6=0.6 eV. Finally, we 3/ 932.62

calculated the energies and the oscillator strengths for the

doubly excited states with@22h configurations. All the pos- 1 vz 932.62
sible two electron configurations with orbitals, 3p, 3d, and [1525](15)356'0 Lz 937.24
all the two electron configurationssBp andns3p up ton  [152s("S)3pes 1z 940.58
=6 are included and the orbitals are optimized in the frame- 31 940.59
work of MCDF approximations. The single electron orbitals [1s2s](®S)ese’ p 1* 942.54
are added and optimized in stepwise from the lower tq1s2s](!S)ese’p ot 950.74

higher lying orbitals. To obtain the minimal basis for the
[1s2s](®19)3s3p states, we used the orbitals of the 2Ne
[1s2s](>1S) states as initial vectors fors12s, and 2 orbit-  the calculated series limit of 937.2eV for the
als. When we optimized thes,np (n=4) orbitals, we fixed [1s2s](19)3snp series with the value of 936 eV estimated
all the orbitals with the principal quantum numbers less tharusing the experimental result31,33, we can reconfirm that
n. the accuracy of the present calculations is satisfactory. With
Although theGRASP provides a means of calculating the the aid of the good accuracy of the calculations, we have
oscillator strengths between the electronic states, this can l@ssigned the observed features as the energy markers for
achieved when we use a unique orthonormal set of singleach series indicated in the upper part of Fig. 2. Calculated
electron orbital bases. In the present calculation, we havenergy levels for these series members, which have oscillator
employed an alternative way to fit to the case of deep innerstrengths larger thanX6107%, as well as their characteristics,
shell multiple excitation. The single electron orbitals for theare summarized in Table II. We determined the energy posi-
excited states were optimized separately from the ones fdions for only the well-isolated double excitation resonance
the ground states to fully take into account the orbital relaxfrom the present measurement because of the poor statistics
ation due to the electron escapes from inner shells. We obin the absorption spectrum.
tained a pair of different orthonormal basis sets for excited Figure 3 represents the photoion yield spectrum of Ne in
and ground states, and they are not necessarily orthogonahe region of thg 1s2s](3S)3s3p resonant double excitation
To calculate the oscillator strengths for the doubly excitedplotted together with a line shape fit. We used the well-
states, the programsesD99 [37] and REOS99 [38], which  known parametrized equations describing a single resonance
apply relativistic wave functions optimized by tle®RASP92  line interacting with a continuurfdQ] given by
package, were adopted to take into account properly the non-

orthogonality of the bases between the initial and final states. o= aglp?(q+ (1 + &) +1-p?,
Within the framework of Léwdin’s formalism[39], the
single-photon double-electron excitation can be described as e=2(E-EyIT,

the shake-up process induced by the inner-shell excitation, as
was discussed in the previous work for shake-off process
accompanyind-shell excitation in Ar[10].

As noted already, we show also the results of theoreticalvhere oo=0,+ 0y, o, is the portion of the continuum cross
calculations in Fig. 2. The bar graph indicates the oscillatosection which interacts with the resonané&g, is the reso-
strengths for thg1s2s](>*S)nén’¢’ resonant double excita- nance energyl is the width of the resonance, andand p?
tions calculated based on the velocity form transition dipoleare the so-called Fano parameters that give the shape of the
matrix elements. As we can see in this figure, the presentesonance and the strength of the continuum, respectively.
calculations for series members of thas2s](*>'S)3snp  We have carefully performed the Fano profile fit by means of
(3=n=6) and the[1s2s](®*9)3pns (4<n<6) doubly ex- a least-squares fitting procedure. We have convoluted the
cited 2p-2h states have successfully reproduced the observedarrow bandpasé~121 me\j of the monochromator in the
spectrum. Also the calculated series limits for thefitting procedure. The final fit to the experimental data
[1s2s](3S)3snp series, i.e., 928.77 eV forJ;=3/2 and Yielded valuesEy=924.78+0.12 eV,I'=0.36+0.02 eV, q
929.64 eV forJ;=1/2, reproduce the experimental results of =5.40+0.58, ang?=(1.06+0.30 X 10°3, respectively. Here
929.6 eV reasonably well, whetk stands for the total an- we should note that the obtained width of the resonance,
gular momentum of final ionic states. The other calculated.3602) eV, is significantly large as compared with those of
series limits are summarized in Table I. When we comparéhe Ne[1s]3p state[30] and the[1s2p](*P)3p? resonant

pP = ol (aa+ ap),
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TABLE Il. Energy levels and oscillator strengths for ties2s](319)nen’ ¢’ resonant double excitation.

Energy(eV) Energy(eV) Oscillator strength Fractions of major configuration state functiois)
Measured Calculated (units of 10%) (®9):[1s2s](39), (*9):[1s2s](*S)

924.78+0.12 924.86 2.423 98.39 af?S)3s3p+0.95 of (°S)3p3d

928.10+0.12 928.13 0.427 98.45 ofS)3s4p+0.42 of (39)3pas+0.22 of (°9)3s3p
928.90 0.174 99.41 of'S)3s5p+0.20 of (39)3pds
929.23 0.080 99.68 df'S)3s6p+0.11 of (39)3p4s

930.71+0.12 930.57 0.237 96.06 ofS)3p4s+1.26 of (°S)3p3d
931.68 0.109 99.39 dfS)3p5s+0.12 of (39)3p3d
932.12 0.053 69.46 dfS)3p6s+30.44 of (39)3p5s+0.01 of (35)3s6p
934.57 0.466 72.33 df'S)3s3p+17.56 of(1S)3s4p+4.07 of (*S)3p3d
936.15 0.214 74.07 dfS)3s4p+11.03 of (1S)3s3p+6.19 of (*S)3s5p
936.71 0.110 83.77 df*S)3s5p+3.16 of (*9)3s6p+2.71 of (19)3s3p
936.99 0.061 91.68 df'S)3s6p+1.80 of (*9)3p4s+1.34 of (19)3s5p
938.90 0.250 88.21 aft9)3p4as+4.15 of (19)3s4p+1.79 of (1S)3p5s
939.76 0.118 93.24 oft9)3p5s+2.28 of (19)3p3d+0.79 of (1S)3pds
940.14 0.072 86.99 df'S)3p6s+10.37 of(19)3p3d+0.95 of (15)3s3p

dResonance energy determined by Fano profile fitting.
Ppeak position determined by the fitting procedure using Gaussian profile.

double excitation[14]. As we have stated before, the many final ionic states, and the typical decay channels are
[1s2s](39)3s3p double excitation resonance lies in the sev-given by
eral continua, thus the interaction with those continua might

have a significant effect of making the width of the reso- [1s2s](3S)3s3p — [252p?]3s3p + €™ (a)
nance larger. This is in line with the explanation for the large _
width of the autoionizing resonance observed in the core- — [2°2p]3s3p + € (D)
electron shakeup spectrum of I@4]. _ — [2s2p]3s+€ ()

In order to interpret the line profile of the ~
[1s2s](39)3s3p double excitation resonance, it is interesting —[2s2p]3p + e (d)
to discuss decay channels for thigp-2h state. From —[2s]+€ ().

the analogy of the decay channels following the

[1s.2p](3'1P)3p2 resonant double excitatiofi4], the contri- are () and (b) are the double-spectata) and (d) the
bution of double-spectator type Auger transitions would begpectator-participator, ange) the double-participator type
the dominant process. In order to confirm this situation, W&yansitions, respectively. Some of these final states proceed
have calculated the transition rates for the available resonag iner via a second-step process. Furthermore, there should
Auger processes based on the Hartree-Rblik approxima-  pe 5 number of more complicated shake-modified decay
tion using Cowan's codg15]. Auger transition produces .nannels that associate the chanr@ls(d), but these are

: . : . . expected to be with only minor contributions to the whole
900 - o ExpDat ] decay paths. Thus we have omitted those channels from the
Fano profile fit ] present calculations. According to our simple estimation
E,=924.78(12) eV ] based on the HF approximation, the proc@svould be the

890 [ Ff0-36<02) eV | leading term for the decay channels, e.g., about 78% of the
i q;_i"’g:i(sgz) 10° ] branching ratio among the processaps(e).
880 | o 1060300 i It is noteworthy, however, that the so-called inner-valence

&=121 me¥ Auger transitions such afls2s](®S)3s3p— [1s2p]3¢+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-
953' T '955' — '956' — ization channels. Although both of the$és2p]3¢ ionic
Incident photon energy (eV) states, which are produced by direct and indirect channels,
proceed further via an Auger decay, the interference between
FIG. 3. Resonance of thEls2s](39)3s3p doubly excited p  these two channels may be accountable for giving rise to the
-2h state plotted together with a Fano profile fitting. Fano profile.

870 | @

Normalized ion yields (arb. units)
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IV. CONCLUSION width of the resonance for such highly correlated multiply

We have studied the photoabsorption spectrum of Ne igxcited -2h state have beeg':' determined and the possible
the region of thd1s2s](3!9)3snp (3<n<6) as well as the decay channels for thEls2s|(*S)3s3p state were also dis-

[1s25](39)3pns (4<n<6) resonant double excitation. The cussed.

observed absorption spectrum was analyzed with the aid of

the theoretical calculations based on the MCDF method. The ACKNOWLEDGMENTS

observed features were successfully assigned by comparing
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