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Atomic Emissions in Plasmas 

Excitation by Electron Impact :  Major!
!
!
Recombination (Ion - Electron) :  Minor!
!
!
Charge Exchange (Ion - Neutral) :  Very Minor!
!
 

Aq+ + e− → Aq+* + e− → Aq+ +hν + e−

Aq+ + e− → A(q−1)+* → A(q−1)+ +hν

Aq+ +B→ A(q−1)+* +B− → A(q−1)+ +hν +B−



Energy levels of He-like O ions 
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I. M. Savukov et al. (2003) 

w-y : ΔE = 5 eV 
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EBIT (Electron Beam Ion Trap) 

The Principle of an EBIT @ Heidelberg 
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1s2p 3S1 → 1s2 1S0, respectively. We have also labeled two of the prominent lithiumlike
innershell satellites q and r, which correspond to the transitions 1s2s2p 2P3/2 → 1s22s 2S1/2

and 1s2s2p 2P1/2 → 1s22s 2S1/2, respectively.
In Fig. 3 we present sample spectra of the emission from heliumlike oxygen, fluorine, neon,

silicon, sulfur, and argon. Oxygen, silicon, and argon are routinely found in SuperEBIT,
although their sources are not yet clear - this is especially true for silicon.
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Figure 3. X-ray emission of heliumlike (a) argon, (b) sulfur, (c) silicon, (d) neon, (e)
fluorine, and (f) oxygen measured with the ECS instrument on SuperEBIT.

The ECS employs ultrathin foils as thermal shields. The combined thickness of these foils is
about 2182 Å of polyimide and 1434 Å of aluminum. This means that the ECS is sensitive to
photons below the carbon edge. A sample spectrum of the K-shell emission of boron is shown
in Fig. 4. The energy of the 1s2p 1P1 → 1s2 1S0 emission of heliumlike boron, i.e. B3+, is at
200 eV. The spectrum was obtained by injecting trimethyl borate into SuperEBIT via its gas
injection system.
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Figure 4. X-ray emission of heliumlike boron (line
w and its n=3 → n=1 counterpart labeled Kβ) and
hydrogenlike boron (labeled Lyα) measured with the
ECS instrument on SuperEBIT.

3. Discussion
All spectra were formed by direct electron-impact excitation. The ionization balance varies
somewhat from spectrum to spectrum, as seen in the relative amplitudes of lines q and w. It is

3

Spectra of He-like Ions by EBIT 

Ar16+ S14+ Si12+ 

Ne8+ F7+ O6+ 

In light elements, w > z (r > f) by electron impact. 
P. Beiersdorfer et al. JPCS 163, 012022 (2009). 
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Atomic Emission in Plasmas 

Excitation by Electron Impact :  E1 transitions!
!
!
Recombination (Ion - Electron) : E1 & non E1!
!
!
Charge Exchange (Ion - Neutral) : E1 & non E1!
!
!
     → Ion Beam Collision Experiments 

Aq+ + e− → Aq+* + e− → Aq+ +hν + e−

Aq+ + e− → A(q−1)+* → A(q−1)+ +hν

Aq+ +B→ A(q−1)+* +B− → A(q−1)+ +hν +B−



Multiply Charged Ion Beam Lines 
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Setup for X-ray measurements 
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Magic Angle = 54.736°!

Ion Beam 

Collision Cell 
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gas inlet 

to capacitance!
manometer 



X-ray spectra in O7+ - He collisions 

Intensity : 1s - 2p > 1s - 3p > 1s - 4p 
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E = 9 keV/u 

Emission cross sections can be estimated from the spectra. 



Capture Cross Sections in O7+ - He 

The 1s2-1s2p transition is dominant due to the cascade 
from higher excited states (3s, 3d, 4s, 4d, 4f, 5s, 5d, 5g). 
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Dominant Capture Levels!
n = 4 (4s, 4p, 4d, 4f) 

(Ling Liu, private communication) 
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Setup for cross section measurements 
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Preliminary Results of Cross Sections 
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Triplet / Singlet Ratio in CX = 3 ? 
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J. Phys. B: At. Mol. Opt. Phys. 45 (2012) 245202 J L Nolte et al
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Figure 10. Singlet n, l-resolved QMOCC cross sections for C5++H.
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Figure 11. Triplet n, l-resolved QMOCC cross sections for C5++H.

Similar trends may be seen in the S-resolved cross sections
shown in figures 10 and 11. The 4s channel is dominant for
both singlets and triplets across the entire energy range, as in
both cases it has the widest avoided crossing with its adjacent
n = 4 state, and an avoided crossing with the adjacent n = 3
state only at R < 5 (see figures 1–4). In both cases, the n = 3
channels exhibit a gradual increase for energies greater than
∼ 10 eV/u as the avoided crossing between the 4s channel
and the n = 3 manifold becomes energetically accessible.
The sharp increase of the 5s channel in both cases around
7–10 eV/u is due to the endoergicity of its avoided crossing
with the n = 4 states near 5 au. We note that the 5s
avoided crossing with the entrance channel occurs near 200 a0

and therefore would have no effect on the resulting cross
sections. The fact that we find 5s capture making contributions
comparable to n = 4 channels at the highest energies suggests
that neglect of higher n states may not be justified. Shimakura
et al [18] calculated n, l, S-resolved cross sections for this
system using a semiclassical MOCC treatment for energies
above 15 eV/u and a two-channel (entrance and 4s) QMOCC
treatment for both singlets and triplets for lower energies.
Comparison with their n, l, S-resolved cross sections (see
their figure 8) shows agreement that the n = 4 manifold
dominates singlets and triplets at low energies, with the 4s
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Figure 12. Triplet–singlet ratios obtained from QMOCC results for
n, l-resolved cross sections for C5++H.

channel dominating up and energies between 0.1 to 1 keV/u.
In this energy range, however, the ordering of the magnitude of
capture into different n = 4 states between the two calculations
begins to disagree, while they show n = 3 channels making
roughly equal contributions as the n = 4 to the total cross
section around 1 keV/u. Nevertheless, total cross sections at
this energy are in rough agreement to within a factor of less
than 2.

While we do not make explicit comparison to other
collision systems with the same effective charge (see, for
example, [18]), we note that capture to the 4s was also found by
Andersson et al [48] to dominate for O5+ + H. However, below
∼7 eV/u, the contribution of the O4+(4s) rapidly declines,
with the 4p becoming the primary capture channel. As a
consequence, the electronic structure of the product ion plays
an important role in the collision dynamics at low-energy for
l-resolved cross sections.

The triplet–singlet ratios for all n, l-states populated after
capture are plotted in figure 12. We observe a wide spread
in triplet–singlet ratios across the range of collision energies
and capture states, with only a few appearing to converge to
a statistical value of 3:1 at higher energies. The dip in the
3p between 10 and 100 eV/u occurs as the avoided crossing
between the singlet 3p and 4s states becomes energetically
accessible, while the triplet 3p shares no avoided crossings
with its adjacent n = 3 states. The dominance of the 4p ratio is
likely due to the slightly wider avoided crossing between the
triplet 4s and 4p states, while the extremely narrow avoided
crossings between the singlet 4p channel and its adjacent
channels ensure that there will be a much smaller amount
of flux into this channel. Further, for helium-like product ions,
the triplet–singlet ratios are sensitive to the energetic ordering
of the l-states within an n-manifold affecting primarily the p
and f states (see figures 2 and 4).

A summary of the total cross sections obtained from the
QMOCC, AOCC and CTMC methods along with those of
previous QMOCC calculations by Bottcher and Heil [49], a
fit by Suno and Kato [50] and experimental results [51–55] is
shown in figure 13. Agreement between the present QMOCC
results and available data below about 300 eV/u is generally
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We want to observe the forbidden emission lines !
from the triplet states with long lifetimes !

which are produced in the charge exchange collisions. 

We need to storage ions in an ion trap. 

lifetime ~ 1 ms!
ion velocity ~ 1000 km/s!
flight length ~ 1 km  >>  laboratory size 
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Direct Observation of Emission from Triplet!
by an Ion Trap  

Side view of a Kingdon trap Top view of a trajectory!
of an ion in the trap 

K. H. Kingdon, Phys. Rev. 21, 408 (1923). 
D. A. Church et al., Nucl. Instrum. Meth. B 56/57, 1185-1187 (1991). 
N. Numadate et al., Rev. Sci. Instrum. 85, 103119 (2014). 

103119-2 Numadate et al. Rev. Sci. Instrum. 85, 103119 (2014)

FIG. 1. A schematic diagram of the experimental setup containing the
ECRIS, analyzing magnet, beam transport optics, Kingdon ion trap, and the
Faraday cup.

by a turbo molecular pump. The residual pressure is about
4.4 × 10−7 Pa and the main residual gas is identified to be
molecular hydrogen by a partial pressure gauge. For the study
of charge-transfer processes, we intentionally introduce extra
H2 gas up to 1.24 × 10−5 Pa through the variable leak valve.

A part of the gas-supply line is cooled by a liquid-nitrogen in
order to remove impurities in H2 gas.

The ECRIS was operated at 6.0 kV and about 50 W mi-
crowave power. The beam current was monitored by a Fara-
day cup, which was installed at a distance of about 100 mm
from the Kingdon trap. The operating Ar pressure in the
ECRIS is estimated to be on the order of 10−2 Pa. The HCIs
with desired charge state were selected by controlling the op-
erating current of an analyzing magnet. The ion-beam posi-
tion is adjusted by two deflector pairs. The upstream deflector
was used to turn off the ion beam current during the trapping
experiment. The selected ions were focused by an einzel lens
and decelerated by an electrostatic lens fixed on the Kingdon
trap.

Figure 2 shows a schematic drawing of the Kingdon ion
trap. It consists of a central wire electrode with a diameter
of 100 ± 10 µm, a cylinder electrode with an inner diameter
of 50 ± 0.1 mm, and two end-cap electrodes. The distance
between the end caps is also 50 ± 0.1 mm. A cylinder elec-
trode has four apertures with a diameter of 14 ± 0.1 mm.
For reducing the disturbance of the electric field, the aper-
tures were covered with a stainless steel mesh with a 1 mm
interval. All electrodes are made of stainless steel (SUS304)

FIG. 2. A schematic drawing of the Kingdon ion trap. The lower figure shows the side view from the ion beam axis. The extraction lens is typically biased at
−2.0 kV and used for the time-of-flight measurement of extracted ions from the trap. The distance between the wire and the entrance of the lens is 48.5 mm.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
133.12.30.75 On: Fri, 31 Oct 2014 00:39:05



103119-5 Numadate et al. Rev. Sci. Instrum. 85, 103119 (2014)

FIG. 6. (a) A time spectrum of the ejected ions when Ar7+ ion beam was
incident to the Kingdon trap. The storage time was set to 3 ms. The data are
the sum of 1000 cycles. (b) A decay curve of the trapped ions as a function
of the storage time. The solid curve shows the fitting curve by a double expo-
nential function with time constants of 1.8(0.2) s and 41(16) ms. The residual
pressure was approximately 4.4 × 10−7 Pa.

the following charge-exchange reactions:

Ar7+ + H2 → Ar6+ + H+
2 ,

→ Ar6+ + H+ + H.

Moreover, the sequential reactions, Arq+(q < 7) + H2, should
also be considered. In the next section, we demonstrate exper-
imentally that product ions are actually detected.

We evaluate the trapping efficiency of the Kingdon trap
for the injected ions from the ECRIS as follows. The total
number of the incident Ar7+ ions is estimated to be about 1.3
× 109 ions per second for a DC beam current of 1.5 nA. Using
the simulated incident velocity of the ions (2.8 × 105 m/s),
the transit time of the effective trapping length (∼6 mm) is
estimated to be about 21 ns. Thus the number of Ar7+ ions
in the trap region is about 2.9 × 101 ions. The total num-
ber of the detected ions can be expressed by Ndet = εtNtrap,
where Ntrap is the number of trapped ions and εt is the ion
transport efficiency from the Kingdon trap to the MCP. The
trapping efficiency η can be written by η ≈ Ntrap/(2.9 × 101).
Since the number of detected ions is Ndet = 1.8 ions per cycle
as mentioned above, the trapping efficiency η is obtained by
η ≈ 6 × 10−2/εt. In the optimistic case of εt ≈10%, we obtain
η ≈6 × 10−1.

FIG. 7. TOF spectra of ejected ions after (a) 5 ms, (b) 20 ms, and (c) 50 ms
storage time when Ar6+ ions were injected into the Kingdon trap. The num-
ber of switching cycles for obtaining the spectrum is 10 000. The pressure of
H2 gas is 1.24 × 10−5 Pa.

B. TOF measurements

Figure 7(a) shows the TOF spectra of ejected ions after
5 ms storage time when Ar6+ ions were injected into the King-
don trap. We succeeded in discriminating the charge-state of
trapped Arq+ ions, where the charge-state is identified by
comparing the experimental TOF spectrum to the simulated
spectrum. Since we introduced an extra ∼1.24 × 10−5 Pa of
H2 gas, the reaction-product ions of Ar5+, H+

2 , and H+ were
also observed. As shown in Figs. 7(b) and 7(c), the intensity of
the reaction products gradually increases as the storage time
increases.

In the earlier study using the Kingdon ion trap, Church
et al. reported that no product ions with lower charge state
were stored after charge-transfer collisions between Arq+ and
Ar.15 Since the momentum transfer between a target Ar and
Arq+ at each collision is much larger than that in the present
work, the product ions were possibly lost. However, the con-
ditions in which the product ions are trapped after charge-
transfer collisions were not clear. We observed the slow com-
ponent of the decay curve of the trapped ions in Fig. 6. This
slow decay cannot be explained by the charge-transfer rate,
therefore, we concluded that the TOF measurement is indis-
pensable for determination of the trapping lifetime of HCIs in
the Kingdon ion trap.

Figure 8 shows the decay of trapped Arq+(q = 5, 6) ions
as a function of the storage time in H2 gas at a pressure of

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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FIG. 3. A timing chart of the ion trapping experiment. A master oscillator
generates trigger pulses for controlling the timing. The HCI beam is chopped
by the upstream deflector. The delay-time is set to be shorter than 10 ms for
the present experiment.

and the steatite insulators are used to electronically insulate
the electrodes. The maximum floating voltage of the Kingdon
trap is 10 kV. In order to detect the trapped HCIs, we installed
a microchannel plate (MCP, Hamamatsu F4655-10) at a right
angle to the incident ion beam.

The measurement procedures are described as follows.
As shown in the timing sequence of the trapping experiment
(Fig. 3), the HCI beam was injected into the Kingdon ion trap,
while the wire electrode was held at a higher potential. Then
the wire potential was rapidly switched to a lower potential
than the other electrodes. This wire voltage (VW ) is controlled
by a high voltage push-pull switch (Behlke, GHTS 100). Af-
ter a certain delay, the ion beam is switched off by deflect-
ing a HCI beam using the upstream deflector. The deflection
voltages are controlled by high-speed operational amplifiers
(APEX, PA97). The timing of the beam-off is the start for a
storage time of HCIs. After a pre-determined storage time,
the trapped HCIs are ejected by raising the wire potential. A
fraction of the ejected ions are detected by the MCP and the
output signals are counted by the MCS. The data acquisitions
were repeated 103–104 cycles depending on the storage time,
which was varied from 5 ms to 3 s. The above measurement
sequence is controlled by a master oscillator (Stanford Re-
search, DG535).

First, the MCP was placed at 35 mm from the center
of the ion trap. Although we cannot discriminate the charge
state of trapped HCIs in this case, the detection efficiency is
higher than the TOF measurement. The operating voltage in
this measurement mode is indicated as Extraction in Table I.
In the TOF mode, we placed the MCP at a 329 mm distance
from the trap center and the extracted ions are focused on the
detector by the ion extraction lens (see Fig. 2). The voltage
of the extraction lens was typically set to −2.0 kV. The output
pulse signals from the MCP were counted by a fast multichan-
nel scaler (Comtech, MCS6A).

A summary of typical operating voltages of the Kingdon
trap is shown in Table I. All of the operating voltages were se-

TABLE I. A summary of typical operating voltage for Arq+(q = 5, 6) trap-
ping experiments; VDL: deceleration lens, VR: ring electrode, VE: end cap
electrodes, VW: wire electrode. The extraction voltage from the ECRIS is
6 kV and the voltage of the ion extraction lens is set to −2.0 kV. Each row
corresponds to the measurement mode: ion storage, ion extraction, time-of-
flight (TOF), and ion beam monitoring by the Faraday cup. In the extrac-
tion mode, the charge states of the trapped ions are not discriminated by the
detector.

Operation VDL [kV] VR [kV] VE [kV] VW [kV]

Storage 5.17 6.27 6.29 6.14
Extraction 5.17 6.27 6.29 6.50
TOF 5.17 6.27 6.29 7.39
Monitoring 0 0 0 0

quentially adjusted and optimized as the ion signal increased.
It is noted that the axial and radial trapping potential are de-
termined by the temporally position of the injected ion into
the Kingdon trap when the wire potential is quickly lowered
by the high voltage switch. Since the potential near the trap
center is close to the wire potential, the depth of the axial
and radial trapping potential is considered to be ∼150 V and
∼130 V, respectively.

III. VELOCITY DISTRIBUTION OF TRAPPED IONS

The velocity distribution of trapped ions is very impor-
tant information in collision experiments using a Kingdon ion
trap. If the trap has an ideal logarithmic potential written by

V (r) = (VR − VW)
ln (r/a)
ln (a/b)

, (1)

the mean kinetic energy of trapped ions is given by

Ek = qe(VR − VW)
2 ln (a/b)

, (2)

where a and b represent the radius of the ring and the wire
electrode, respectively.14 Using Eq. (2), the root-mean-square
(rms) velocity of an ion with the mass of m can then be written
by

vrms =

√
qe(VR − VW)
m ln (a/b)

. (3)

As indicated in the above equations, the ideal Kingdon trap
has the interesting property that the mean kinetic energy of
trapped ions is the same for all stable trajectories regardless
of initial conditions.14 However, it is obvious that the above
equations are not valid for trapped ions in the realistic King-
don ion trap.

In order to check the velocity distribution of such HCIs,
we performed trajectory calculations of trapped Arq+(q = 5,
6) by numerical simulations.16 In Fig. 4(a), a typical trajectory
of trapped Ar6+ is shown. The electrodes were arranged the
same as with the actual Kingdon trap and the ion lenses. The
direction along the wire electrode is defined as the z-axis. The
mesh electrodes on the apertures of the ring electrode is also
considered in the simulations. We set the same voltages as in
the first row of Table I.
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A Timing Chart of the Kingdon Ion Trap 

N. Numadate et al., Rev. Sci. Instrum. 85, 103119 (2014). 

Arq+ 

5 ms 

50 ms 

Storage time = 20 ms 

H2 : 1.24x10-5 Pa 
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Storage Ions in the Kingdon Trap Jpn. J. Appl. Phys. REGULAR PAPER

Fig. 7. TOF spectra of ejected ions after (a) 5 ms, (b) 20 ms
and (c) 50 ms storage time when Ar6+ ions were injected into the
Kingdon trap. The number of switching cycles for obtaining the
spectrum is 10000. The pressure of H2 gas is 1.24×10−5 Pa.

pressure of 1.24×10−5 Pa. These data are well fit by a
single exponential function. The decay rates of Ar5+ and
Ar6+ are determined to be 28(6) s−1 and 67(6) s−1, re-
spectively. Using the peak velocity vp in Table II and the
number density of H2, which was determined by the ion-
ization gauge with the relative sensitivity α of H2 to N2

(α = 0.44), the charge-transfer cross sections for Ar5+-
H2 and Ar6+-H2 are determined to be 5.2(2.6)×10−15

cm2 and 1.1(0.5)×10−14 cm2, respectively. The values
in the parenthesis show the errors estimated from the
uncertainties of the decay rate, vp in Table II, and the
number density of H2 (nH2). The uncertainty of nH2 was
assumed to be within 40%. As shown in Table III, the
present cross section values are consistent with previous
experimental data and the values estimated using some
scaling formula.

5. Summary

The Kingdon ion trap has been developed with the aim
of future laboratory observation of the x-ray forbidden
transitions of metastable O6+. We have succeeded in
trapping externally injected Arq+(q = 5, 6). The kinetic
energy and velocity distributions are investigated by nu-
merical simulations and the results are consistent with
previous analytical expressions. As a performance test,
we measured trapping lifetimes of the HCIs under a con-
stant number density of H2 and determined the charge-
transfer cross sections of Arq+(q = 5, 6)-H2 collision sys-
tems at binary collision energies of a few eV. Recently,
we have succeeded in trapping externally injected O6+

ions extracted by the ECRIS and started to measure the
trapping lifetimes. In the near future we will perform
the lifetime measurements of the forbidden transitions

Fig. 8. A plot of the extracted Ar5+ and Ar6+ as a function of
storage time at H2 pressure of 1.24×10−5 Pa. The data are well
fitted by single exponential functions. The decay rate of the Ar5+

and Ar6+ are determined to be 28±6 s−1 and 67±6 s−1,
respectively.

Table III. A summary of charge-transfer cross sections of
Arq++H2 reactions at present binary collision energies in the
center-of-mass system (Ecm). The cross sections σexp are previous
values. σK is calculated from the scaling formula by Kimura et
al.14) σMS is obtained by the well-known scaling formula by
Müller and Salzborn.15) σL represents the Langevin cross section.
The cross sections are presented in the unit of ×10−15 cm2.

Ion Ecm (eV) this work σexp σMS σK σL

Ar5+ 3.3+2.8
−2.5 5.2(2.6) - 4.94 5.46 4.17

Ar6+ 4.0+3.3
−3.0 11(5) 1316) 6.11 6.55 4.56

1017)

in O6+.
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Without gas introduction, the ion can be stored more long time. 

Ar5+ 

Ar6+ 

I (t ) = I
0
e−kt

k = σnv

σ : cross section 
n : number density 
v : ion velocity 

K. Numadate et al., Rev. Sci. Instrum. 85, 103119 (2014). 

This trap will be used for observation of soft X-ray emission!
from the metastable ions produced in CX collisions. 
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Switching!
Magnet�

14.25 GHz!
ECR Ion Source �

Analyzing !
Magnet�

CS measurements 

Spectroscopy 

The experimental room in our Laboratory 
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Collision Cell EUV spectrometer 

Kingdon Trap SDD for X-ray 

The setup for soft Xray measurements  



Summary 
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Present Projects :!
•  Capture CS > Emission CS!
•  Difference - Metastable states with long lifetimes!
•  Development of  Kingdon ion trap for observation 

of forbidden lines!
•  We will observe them soon.!
Feature Plans :!
•  Hydrogen atom target!
•  Inter-combination lines!
•  Various kinds of ions!
Dream :!
•  Population distribution of ions in CX has negative 

temperature. → X-ray Laser ?!
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