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Photoionization of singly and doubly charged neon ions following inner-shell excitation
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Photoion yields from Ne1 to Ne21 and from Ne21 to Ne31 were measured near theK-shell (1s-2p)
autoionizing resonance region in the 841–858-eV and 850–863-eV photon energy range, respectively. Mea-
surements were performed using a photon-ion merged-beam apparatus with an electron cyclotron resonance
ion source. Multiconfiguration Dirac-Fock calculations were performed to interpret the experimental results.
The calculations show fairly good agreement with the experimental results. Isonuclear series for the photoion-
ization of Ne1, Ne21, and Ne31 are discussed.
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I. INTRODUCTION

Ionic structure and ionization processes are import
subjects in atomic physics research and to understand na
because ions are abundant in the cosmos, and informatio
the photoionization of ions is required for astrophysi
plasma physics, and the other fields. For example,Ka lines
of S, Ar, Ca, and Fe emitted from photoionized plasma w
observed for highly charged ions such as hydrogenlike
heliumlike ions by the x-ray satellite ASCA@1,2#. However,
due to the lack of experimental data for photoionization cr
sections, for a long time theoretical values were used to
terpret the observed data. Many efforts, mostly theoreti
have been made to obtain reliable photoionization cross
tions, e.g., the Opacity Project@3# and the Iron Project@4,5#.

During the past two decades, after the pioneering work
Lucatorto and McIlrath@6#, photoionization experiments o
ions have been performed in various laboratories@7–29,34#.
But photoionization experiments are still difficult because
is hard to obtain a sufficiently high density ion target and
the same time a high flux photon beam. The ion density
normally much smaller than the target density of a neu
gas jet by five to six orders of magnitude and is compara
to that of the residual gas in an ultrahigh-vacuum~UHV!
condition of the order of 1028 Pa. To resolve these problem
the photon-ion merged-beam technique established
Dolder’s group@8# has been used, with radiation from a
insertion device or a bending magnet of a synchrotron li
source.

Another method using the dual laser-produced plasm
investigate the inner-shell absorption spectra of ions has
advantage in that it can get photoabsorption spectra at
same time in a wide energy range with good energy res
tion @20,21#. But the applicability seems to be limited whe
the incident photon energy goes from the soft-x-ray to
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hard-x-ray region. Furthermore, measurement of the abso
cross section is difficult, the target species are limited, a
analysis of the results is not simple because of the vari
phenomena happening in the plasma.

So far, the experimental data obtained for photoionizat
of ions are still limited. Experiments were carried out mos
for singly charged ions within a limited energy range. The
fore, extension of experimental work to almost every e
ment ranging from helium to heavy ions in all ionizatio
stages was desirable.

During the past decade, Koizumi’s group has been p
forming photoionization experiments at the Photon Fact
in KEK for Xe, Ba, Eu, Sr, and Cs ions by using the merge
beam method@22–28#. They measured photoion yields an
studied spectral behavior around the 4d giant resonance re
gion. The collapse of the 4f or 4d orbital was discussed by
comparing theZ dependence. The targets were 4d or 3d
electrons. Recently, they have made the absolute photo
ization cross section measurements for Xe1 ions @29#. To
understand the experimental results, a multiconfigurat
Dirac-Fock ~MCDF! code such asGRASP has been used
@30,31#. Recently, another theoretical approach has been
veloped by Tonget al. to understand the mechanisms of t
giant resonance using density-functional theory with the
timized effective potential and self-interaction correcti
method@32,33#.

Indeed, the third-generation synchrotron radiati
sources, such as SPring-8, offer the opportunity to study
interaction of photons with inner-shell electrons, such
K-shell orL-shell electrons of ion targets, because of high
photon flux generated from soft to hard x rays by insert
devices installed in the storage ring. Thus we started a n
project for photoionization experiments of ions at t
SPring-8. The experiment is more difficult because, as
photon interaction with ions goes from outer shell to inn
shell, the cross section becomes smaller. However these
periments are important not only for atomic inner-shell ph
ics research but also for the fields mentioned previously.
©2001 The American Physical Society09-1
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FIG. 1. Schematic diagram of the photon-io
merged-beam apparatus@35,36#. The apparatus
mainly consists of an ECR ion source, a selec
magnet, an interaction region, and an electrosta
analyzer. This was installed on the SPring-8 u
dulator beamline BL23SU@38#.
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The mapping of the resonance profiles alongQ ~iso-
nuclear series for constantZ! or Z ~isoelectronic series fo
constantQ!, whereQ is the number of electrons, provides th
basic knowledge to understand the mechanism of the ph
ionization, the ionic structure, and the dynamics system
cally. For example, isonuclear series provide informat
about many-body problems, and isoelectronic series pro
information about theZ dependence of the relativistic o
QED effect. In an isonuclear series, O’Sullivanet al. mea-
sured photoabsorption along iodine I, I1, and I21 @21#, and
recently Bizauet al. did the experiment for the single photo
ionization of Xe41 to Xe71 @19#. Koizumi et al. reported an
interesting feature for theZ dependence of giant resonan
about the doubly and triply charged photoion yield from s
gly charged Xe1, Ba1, and Eu1 ions, although this is not an
isoelectronic series@24#.

In this paper, we present experimental results of the p
toion yield measurements for singly and doubly charg
neon ions in the region of the 1s-2p autoionizing resonance
Prior to these experiments, we performed a photoioniza
experiment from Ne31 to Ne41 @34#. Combining these re-
sults, we discuss the isonuclear system. In the experime
photoion merged-beam apparatus was used with an elec
cyclotron resonance~ECR! ion source to produce a multipl
charged ion target@35,36#. MCDF calculations were per
formed and compared to the experimental results.

II. EXPERIMENT

Figure 1 shows a schematic diagram of the experime
setup. The apparatus and the method have been desc
before @35,36#. Here a brief and additional description wi
be given. The apparatus consists of a compact ECR
source, a selector magnet, an interaction region, and an
trostatic analyzer. The ions are produced by the 10 GHz,
W ECR ion source cooled by air. Gaseous or metal ions
be extracted by using this ion source. The advantage of u
an ECR ion source was demonstrated by Bizauet al. for the
photoionization experiment of highly charged Xe ions@19#.
The typical operating rf power for neon ion production w
only 5–10 W. The ions were then accelerated to 10 kV~the
ion beam energy isQ310 keV!, and the beam was pos
tioned before entering the selector magnet by the deflec
and the Einzel lens system. The magnet is a doubly focu
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90° sector magnet which can select the species fo
<M /Q<70, whereM is the atomic mass in the atomic ma
unit.

The ions were directed into a 12-cm-long interaction
gion after refocusing by a second Einzel lens system,
collimation by a set of an adjustable slit system and a 2-m
hole 100-mm-apart collimator. The interaction region w
biased at a few kV to obtain the defined interaction len
and to discriminate against the other stripped backgro
signals generated outside the interaction region. The pres
in the interaction region was kept lower than 331028 Pa to
avoid collisionally induced ionization of primary ions wit
residual gas. In the interaction region, two sets of beam p
file scanners were mounted, each consisting of a horizo
and a vertical three-slit system. Two-dimensional beam p
files were measured at three points along the beam direc

After the interaction region, the ions were separated i
different orbits according to the charge state of the ions so
to measure the primary ions by a Faraday cup and the p
toionized ions by two electron multipliers. The cylindric
mirror analyzer~CMA! was biased electrostatically and th
primary ions were doubly focused. The photoionized io
were detected by a single-particle detector, which consis
of a multiplier and a secondary electron converter plate
front of the electron multiplier cone. Two electron multiplie
were mounted at the exit of the analyzer, but in these exp
ments we mainly used only one electron multiplier beca
of the low signal count rate of the doubly stripped produ
ions in the interaction region and the low signal-to-no
ratio. The background base pressure of the analyzer cham
was kept to less than about 631028 Pa during the experi-
ments.

The photon intensity was monitored by measuring
photoelectron current with a gold-plated photocathode at
end of analyzer chamber. The typical photoelectron curr
was 5.3 nA corresponding to a photon flux of the order
1011 photons per second~in the low-resolution mode of the
monochromator! @37#. A mechanical photon beam chopper
an UHV chamber was placed in front of the apparatus. T
ion beam was chopped by applying a voltage to one of
deflectors. The measurement normally consists of four ki
of operation mode, which are a combination of on/off phot
and on/off ion beams. In these experiments, we have
9-2
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formed the measurements for two modes only, switching
photon beam on and off, because the background ma
originated from the noise presented when the ion beam
on. The noise without the ion beam was almost constant
negligibly small compared to the ion-beam noise, but
measuring this noise for a long period we took it into acco
to analyze the data when the ion beam was on. The data
taken for 20–30 sec at a given photon energy for each m
with the photon beam on and off, respectively. All the da
were normalized by the ion intensity, the photon beam int
sity, and the measured time.

We add the fact that we performed the photoionizat
experiment for the Ne41 beam, but the signal was under th
detection limit in our experimental conditions, as will b
described later. The ion-beam intensity, the signal count r
and the background noise were typically 140 particle-nA,
and 10 000 cps for Ne1, 45 particle-nA, 14 and 5000 cps fo
Ne21, 19–23 particle-nA, 15 and 2000 cps for Ne31 @34#, 3
particle-nA, no signal and 800 cps for Ne41, at maximum
points, respectively, where particle-nA is the electric curr
divided by the ion charge. The noise was mainly due to
ion beam and roughly proportional to the ion-beam intens
The background noise may originate through the proces
charge exchange of the ion beam with residual gas, bec
the detectors can see the primary beam trajectory dire
thus the charge-exchanged ions can be accelerated to
the detectors according to the CMA bias potential. In
future, we may need to modify or change the analyzer s
tem to reduce the background noise.

We measured the relative yield of the photoions as a fu
tion of the photon energy. To measure the absolute c
section, we need to measure the beam profiles of the ph
and ion beams, and at the same time to confirm that
detector after the analyzer collects all product ions. In
experiments, the measurement of the absolute cross se
was difficult because the real-time fine adjustments of
interaction region voltage to avoid the miscount of the pro
uct photoions were impossible due to the low signal-to-no
ratio.

On the other hand, the signal of photoions from the g
eous Ne target had enough intensity for the real-time adj
ments. Therefore, the interaction region and analyzer v
ages were set to the calculated values deduced from
experimental results of the photoionization of the gaseous
target, so that most of the product ions in the interact
region went to the electron multiplier position suitably. W
used the beam profile slit system to confirm the overlap
tween the photon and the ion beams. Thus the ion beam
positioned to coincide with the photon beam by monitori
the beam profiles using the threeX-Y beam profile slit sys-
tem. The measured beam sizes (vertical3horizontal) of the
photon and ion beams were typically 1.230.5 and 1.0
31.2 mm2 for Ne1, 1.130.5 and 1.031.2 mm2 for Ne21,
respectively.

The experiments were performed on BL23SU, a soft
ray undulator beamline, at the SPring-8, which employ
valid line spacing plane grating monochromator@38#. The
apparatus was located about 110 m from the light sou
The APPLE-2–type undulator can produce either linear
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circularly polarized light@39#. During the experiments, the
light was circularly polarized to reduce the heat load eff
on the beamline optics. There was a refocusing mirror j
before our apparatus and the photon beam was focuse
the x-y slit position before the interaction region of the a
paratus. We needed to repeat the same energy scan more
about several times to get meaningful data because the s
count rate was small and the statistical error due to the ba
ground was relatively large. The true signal was obtained
subtracting the counts when the photon beam was off and
average background when the photon and ion beams w
off.

The energy scale of the monochromator was calibrated
measuring the total photoion yield of gaseous Ne and Xe
small amount of Ne or Xe gas of about 1024 Pa was intro-
duced into the interaction region. Photoionized ions in
interaction region were accelerated by the bias potential.
measurement was performed with the high-resolution m
of the monochromator,E/dE;6000 atE5867 eV, whereE
is the photon energy. We used the energies of neon
1s-3p, 867.3 eV; 1s-4p, 868.8 eV; and 1s-5p, 869.5 eV,
and those of Xe in the 3d threshold for the calibration, re
spectively@40,41#. The accuracy of the energy scale is60.2
eV. The photoionization experiments of the ion beams w
performed with the low-resolution mode,E/dE;670 for
Ne1 and Ne21 and 770 for Ne31, to get higher photon flux.

III. RESULTS AND DISCUSSION

A. Ionization of singly charged neon ions

Figure 2~a! shows the experimental result of photoio
yield measurement from Ne1 to Ne21 in the 841–858-eV
energy range, which corresponds to the region of 1s-2p au-
toionizing resonance. The error is about611% at the maxi-
mum peak point. The spectrum is the sum of seven scan

FIG. 2. ~a! Relative photoion yield from Ne1 to Ne21 with an
energy resolution ofE/dE;670 at the energy between 841 and 8
eV. ~b! Calculated oscillator strength and convoluted spectrum w
the system resolution. Statistical weights are multiplied for the c
culated oscillator strength.
9-3
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H. YAMAOKA et al. PHYSICAL REVIEW A 65 012709
the same energy range. The error mainly originates from
noise induced by the ion beam and the fluctuation of
ion-beam intensity during a few tens of seconds of the m
surement at a given photon energy.

We made the MCDF calculations to assign the obser
spectrum by using theGRASP2, a revised version of the
MCDF calculation code@31#. First, we evaluated the ground
state energy of Ne1 ions including the configurations o
1s22s22p5 ~ 2P3/2 and 2P1/2! and other states. For the calc
lation of the ground state, we considered the atomic orbi
up to 4f to include effectively the electron correlation effec
that are encountered through the two electron excitation c
figurations; usingGRASP2, we performed a configuration
interaction calculation after making an MCDF calculati
with a minimal orbital set. The total energy of the initi
states is summarized in Table I. Second, we calculated
excited states of Ne1 ions including the configurations o
1s2s22p6 (2S1/2), 1s2s22p53p, and others to the 4f state.
The photoexcitation energies were corrected by replacing
initial-state total energy obtained in the second step by
one obtained in the first@23#. As a result, the amount o
energy correction was 5.276 eV for2P3/2 and 5.260 eV for
2P1/2, respectively. Here we considered the higher-or
correction including the Breit interaction~spin-spin interac-
tion and spin-other electron orbital angular momentum in
action! and the QED effect~Lamb shift! for the MCDF cal-
culation. Neon is a relatively light atom and these correctio
are basically small. For the excited states, the same eff
were considered, but the corrections were less than half
values of those in the case of the ground states. Normally
the case of outer-shell or valence electrons, we can ign
the above correction when we take the energy differe
between the ground state and the excited state. But in
case the 1s electron moves in the inner-shell strong fie
when the ionization occurs and thus the small energy dif
ence of the order of 0.7 eV for the ground state still rema

In Table II, the energy levels and the oscillator streng
are shown. In Fig. 2~b!, the theoretical spectrum convolute
with the system resolution ofE/dE;670 by using a Voigt
function is shown assuming the Lorentzian natural linewi

TABLE I. Initial states of 1s22s22p5, the total energy, and the
higher-order energy correction for Ne1. Higher-order energy cor-
rection includes the Breit interaction and the QED effect.

J State Total energy~eV! Higher-order correction~eV!

3
2

2P3/2 23481.78 0.713
1
2

2P1/2 23481.69 0.705

TABLE II. Calculated energy levels and oscillator strength f
Ne1.

Energy~eV!
Initial state
1s22s22p5

Excited state
1s2s22p6 Oscillator strength

849.42 2P1/2
2S1/2 0.126

849.51 2P8/2
2S1/2 0.250
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of 0.27 eV @40#. Here the statistical weights are multiplie
for the oscillator strengths. The convoluted theoretical sp
trum shown in Fig. 2~b!, however, shows fairly good agree
ment with the experimental result, although the calcula
energy scale should be shifted by about 0.5 eV to the hig
energy side. The calculation shows that the peak in Fig. 2~a!
consists of two transitions,2P3/2→2S1/2 and 2P1/2→2S1/2.
The energies of these lines are close, therefore the obse
peak was relatively sharp compared to the peaks for
photoionization of highly charged ions described later.

Single photoionization of neon ions occurs through t
Auger process, and the fluorescence yield may be sma
with neutral neon. We did not measure the doubly stripp
ions, from Ne1 to Ne31, due to the large background nois
and the limitations of the present experimental conditio
The cross section of double photoionization will be smal
because Ne31 ions will be produced through the double Au
ger process from the excited state of 1s2s22p6. The same
thing can occur for ionization from Ne21 to Ne41 and Ne31

to Ne51, respectively.
In the MCDF calculations, we considered all possib

configuration states and assumed that electrons distribute
cording to the statistical weights as initial states. Experim
tally, the extracted ion beam from the ECR ion source m
include core-excited ions. The fraction of the core-excit
configurations can be confirmed by diagnosing the
source plasma or the extracted beam. Another method
compare the experimental results with calculations precis
as discussed in the previous paper for the case of the ph
ionization of Ne31 @34#. Although for the latter case the
present data were not sufficient to discuss the details of
core-excited ions, the fraction of that may be small, as w
shown in our previous paper.

B. Ionization of doubly charged neon ions

Figure 3~a! shows the experimental result of photoio
yield measurement from Ne21 to Ne31 in the energy range
from 850 to 863 eV. The error is about612% at the maxi-
mum peak point. The spectrum is the sum of 14 scans in
same energy range.

The same calculation procedure as in the case of Ne1 was
taken for the MCDF calculations for Ne21. The total energy
and higher-order correction of the initial states includi
1s22s22p4 ~ 3P2 , 3P1 , 3P0 , 1D2 , and 1S0! are summa-
rized in Table III. The amount of energy correction for th
excited level calculations is, for example, 0.706 eV for3P2 .

In Table IV, the energy levels and the oscillator streng
for Ne21 are shown. In the energy range, 14 configurat
states are possible theoretically. In the table we only sh
the eight configuration states with an oscillator stren
larger than 0.01. In Fig. 3~b!, the theoretical line spectrum
and its convolution with the system resolution are show
Figure 3~a! shows that the peak consists of two major pea
The MCDF calculation reproduces well these peaks. The
ergy position of the higher-energy side peak in Fig. 3~a! is
estimated from a curve fit to be about 856.9 eV. The cal
lation shows good agreement with the experimental re
although the calculated energy scale should be shifted
9-4
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about 0.6 eV to the higher-energy side. It is theoretica
indicated that the observed peak is a convolution of the tr
sitions 3P1→3P2 , 3P1 , 3P0 ; 3P2→3P2 , 3P1 ; 3P0→3P1 ;
and 1D2→1P1 . The most intense lines are3P2→3P2 and
1D2→1P1 as shown in Table IV.

C. Ionization of triply charged neon ions

The experimental results and first calculation for t
photoionization of Ne31 has already been published@34#.
Here we made the detail MCDF calculation again in t
same manner as for the Ne21 case mentioned above to com
pare the results systematically, and the results are show
Fig. 4 and Tables V and VI, respectively. There were
configuration states which consisted of 19 intense lines w
an oscillator strength larger than 0.01, as shown in Table
In the previous calculation, we considered the configurat
state to 3p and five excited configurations of 1s2s2p5,
1s2s2p43p, 1s2s22p4, 1s2s22p33p, and 1s22s2p4. On
the other hand, in this calculation we considered the confi
ration to the state of 4f for both ground and excited state
and the higher-order corrections were taken into acco
When we compare these calculations, the differences of
oscillator strength and the structure of the spectrum are s

FIG. 3. ~a! Relative photoion yield from Ne21 to Ne31 with an
energy resolution ofE/dE;670 at the energy between 850 and 8
eV. ~b! Calculated oscillator strength and convoluted spectrum w
the system resolution. Statistical weights are multiplied for the c
culated oscillator strength.

TABLE III. Initial states of 1s22s22p4, the total energy, and the
higher-order energy correction for Ne21.

J
Configuration

state
Total

energy~eV!
Higher-order

correction~eV!

2 3P2 23442.41 0.706
1 3P1 23442.34 0.704
0 3P0 23442.30 0.701
2 1D2 23438.96 0.702
0 1S0 23434.01 0.709
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and only the energy scale is changed to the lower s
Therefore, the physical contents of the previous paper do
change. These calculations shows that~i! the contribution of
the excited levels is mostly from 1s2s22p4, ~ii ! the line
energies decrease when including higher excited levels
considering the high-order correction factors, and~iii ! each
oscillator strength have a little change.

D. Isonuclear series of neon ions

We combine the results of Ne31 photoionization in the
energy range from 851 to 875 eV@34# and the present result
of Ne1 and Ne21 to study isonuclear series of Ne ions. Fi
ure 5 shows the summarized results of photoion yield m
surements of Ne1, Ne21, and Ne31 photoionization in the
region of 1s-2p autoionizing resonance. We tried the phot
ionization experiment for Ne41 ions as described before
However, no peak was observed in the energy region

h
l-

FIG. 4. ~a! Relative photoion yield from Ne31 to Ne41 with an
energy resolution ofE/dE;770 at the energy between 853 and 8
eV. The data of Ne31 photoionization were from Ref.@28#. ~b!
Calculated oscillator strength and convoluted spectrum with
system resolution. Statistical weights are multiplied for the cal
lated oscillator strength.

TABLE IV. Calculated energy levels and oscillator strength f
Ne21. In the energy range, 14 configuration states~transitions! are
possible theoretically. Here only the eight configuration states w
oscillator strength larger than 0.01 are shown.

Energy~eV!
Initial state
1s22s22p4

Excited state
1s2s22p5 Oscillator strength

851.19 1S0
1P1 0.142

855.06 3P1
3P2 0.178

855.14 3P2
3P2 0.531

855.14 3P0
3P1 0.142

855.18 3P1
3P1 0.106

855.26 3P2
3P1 0.176

855.27 3P1
3P0 0.141

856.14 1D2
1P1 0.725
9-5
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H. YAMAOKA et al. PHYSICAL REVIEW A 65 012709
852–873 eV, although we summed up 10 scanned data
in the same energy range. This is due to the fact that
Ne41 ion-beam intensity of about 3 particle-nA was abou1

7

of the Ne31 beam intensity and the statistics was not enou
to detect the signal~the background noise was about 8
cps!.

The number of calculated lines contributes to the 1s-2p
autoionizing resonance increases with the charge states
then the observed peaks become broader, which inclu
many transitions, because the number of possible initial
excited states increases with the increase of the charge s
The experimental results show agreement with the theor
spite of the low spectral resolution. The peak position sh
to the higher-energy side as the charge state increases. K
Rahkonen observed the gaseous NeK x-ray spectrum photo-
excited using a chromium anode x-ray generator@42#. It is
interesting to compare our results to the x-ray spectrum ta
by Keski-Rahkonen because he studied inverse proce

TABLE V. Initial states of 1s22s22p3, the total energy, and the
higher-order energy correction for Ne31.

J
Configuration

state
Total

energy~eV!
Higher-order

correction~eV!

3
2

4S3/2 23380.42 0.698
3
2

2D3/2 23374.90 0.691
5
2

2D5/2 23374.90 0.701
1
2

2P1/2 23371.35 0.701
3
2

2P3/2 23371.35 0.699

TABLE VI. Calculated energy levels and oscillator strength f
Ne31. In the energy range, 35 configuration states~transitions! are
possible theoretically. Here only the 19 configuration states w
oscillator strength larger than 0.01 are shown.

Energy~eV!
Initial state
1s22s22p3

Excited state
1s2s22p4 Oscillator strength

859.76 2P3/2
2D5/2 0.251

859.81 2P3/2
2D3/2 0.044

859.81 2P1/2
2D3/2 0.115

860.61 2P1/2
2P3/2 0.104

860.61 2P3/2
2P3/2 0.384

860.72 2P3/2
4P1/2 0.087

860.72 2P1/2
4P1/2 0.172

862.33 4S3/2
4P5/2 0.474

862.47 4S3/2
4P3/2 0.315

862.53 4S3/2
2P1/2 0.157

863.30 2D5/2
2D5/2 0.671

863.31 2D3/2
2D5/2 0.043

863.35 2D5/2
2D3/2 0.018

863.36 2D3/2
2D3/2 0.472

864.15 2D5/2
2P3/2 0.763

864.16 2D3/2
2P3/2 0.056

864.27 2D3/2
4P1/2 0.398

865.62 2P3/2
2S1/2 0.216

865.62 2P1/2
2S1/2 0.100
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although in his experiment the target was neutral gas and
number of electrons was different from our target ions. Th
were three separate line groups corresponding toK-L,
KL-L2, andKL2-L3 transitions, respectively, where the h
phen separates initial and final hole states. For exam
KL-L2 transitions start with one hole in theK shell and one
hole in theL shell, and they end with two holes in theL
shell, corresponding to our photoionization experiment
Ne21 ions. Their transition energies were about 848, 8
and 862 eV, respectively. On the contrary, the center p
tions of each energy spectrum of photoionization are roug
850 eV for Ne1, 856–857 eV for Ne21, and 864–865 eV for
Ne31, respectively. These values are very close to the res
obtained by Keski-Rahkonen for Ne gas x-ray emissio
although the lines are shifted about 2–3 eV higher in
photoionization of neon ions. The energy differences
tween Ne1 and Ne21 and between Ne21 and Ne31 are about
6 and 8 eV, respectively. These values are almost the sam
the corresponding energy differences forK-L, KL-L2, and
KL2-L3 transitions of neutral neons.

The energy levels of the MCDF calculations are summ
rized as shown in Fig. 6 for the ground states of Ne1, Ne21,
and Ne31 in the region of 1s-2p. It is noted that the left
vertical axis is for the 1s level and the right axis for the 2p
level.

IV. CONCLUSION AND PERSPECTIVE

Photoionization experiments were performed by using
merged-beam apparatus with an ECR ion source at an u
lator beamline. One-electron stripped ions from Ne1 to Ne21

and from Ne21 to Ne31 were measured. MCDF calculation
were performed to interpret the results. The isonuclear se
for the photoionization of Ne1 and Ne21 are discussed with
combining the results of the photoionization of Ne31. The
results of MCDF calculations show good agreement with

FIG. 5. Summary of relative photoion yield measurements
Ne21 from Ne1, Ne31 from Ne21, and Ne41 from Ne31.
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experiments, but the fine structure of each experime
spectrum was not resolved. It may be interesting to comp
the fine structure of the spectrum to understand the io
structure precisely. It is also necessary to measure the a
lute cross section with better energy resolution of the pho
beam. For these reasons, the photon beam with higher
will be desirable for a deep insight into the inner-sh
physics.

FIG. 6. Calculated energy diagram of Ne1, Ne21, and Ne31 in
the region of 1s-2p. It is noted that the left vertical axis is for th
1s level and the right axis for the 2p level.
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These experiments represent a new step for the photo
ization experiments: they allow the study of photon intera
tion with bound inner-shell electrons in singly and multip
charged ions, although the cross section is smaller and
experiments become difficult as the incident photon energ
going higher. If we can use He-like to Ne-like targets, t
contribution to astrophysics and plasma physics will be la
because they are astrophysically abundant elements. T
ions will be the targets of future experiments, although
experiments for He-like or Li-like targets are more difficu
due the limitations of the experimental conditions.
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