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準安定励起イオンの衝突過程

1s2s + e-→ 1s2snl → 1s22s + hv



Charge eXchange Spectroscopy (CXS) 

Pq+ + T → P(q-t)+* + Tt+

↓ photon :  energy, intensity

P(q-t)+

Experimental method for measurements of
1.  Charge transfer cross sections
2.  Transition wavelengths

P : projectile,  T : target
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Multiply Charged Ion Beam Lines in TMU
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Switching
Magnet

14.25 GHz
ECR Ion Source

Analyzing 
Magnet

Spectrometers
- Silicon Drift Detector for X-ray
- Grazing Incident Spectrometer
for Extreme Ultra-Violet

- Czerny-Turner Spectrometer
for Visible and UV Collision cell



Setup for X-ray / EUV measurements
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Magic Angle = 54.736°

Ion Beam

Collision Cell

target
gas inlet

to capacitance
manometer
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Spectra with a Silicon Drift Detector
(SDD)
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Un-expected Soft X-ray emissions 
in collisions of O6+ ions with He

Department of Physics, Tokyo Metropolitan University 6

O5+ (1s2 nl) :
< 138 eV

= max. energy 
from O5+

~ 560 eV

~ 630 eV

Silicon Drift Detector (SDD) : DE ~ 70 eV



Energy Level Data in NIST ASD
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O5+ 1s22s 2S1/2 : IP = 138.12 eV
1s2s(3S)2p 4PJ : 554.24 eV
1s2s(3S)2p 2PJ : 562.59 eV
1s2s3s 4S3/2 : 636.03 eV

hn ~ 560 eV :  O5+ 1s22s – 1s2s2p
hn ~ 630 eV : O5+ 1s22s – 1s2s3p (?)



Meta-stable states in a primary ion beam
He-like ions : few % of 1s2s 3S1 from ECRIS

O6+(1s2s 3S1) + He → O5+(1s2snl) + He+

→ O6+(1s2) + e- : Auger
(auto-ionization)

O6+(1s2s 3S1) + He → O5+(1s2snl) + He+

→ O5+(1s22s) + hn

Auger process is dominant for light atoms.
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Why 1s2snl states are produced?



Theoretical Auger and X-ray emission rates
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M. H. Chen et al., Phys. Rev. A 27 (1993) 544.

C N O

Auger  >  X-ray



Department of Physics, Tokyo Metropolitan University 10

L. Guillemot et al., J. Phys. B 23 (1990) 3353.

Previous experiments in Grenoble, France

C4+(1s2s 3S) + H2 at 40 keV (3.3 keV/u) 

M. G. Suraud et al., J. Phys. B 21 (1988) 1219.

S. Bliman et al., J. Phys. B 25 (1992) 2065.

O6+(1s2s 3S) + He at 60 keV (3.8 keV/u) 

N5+(1s2s 3S) + He / H2 at 48 keV (3.4 keV/u) 

Observation of X-ray transitions 



Department of Physics, Tokyo Metropolitan University 11

3356 L Guillemot et a1 
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Figure 2. Schematic diabatic Coulombic potential energy curves for the C4+*( ls2s) + He 
system: ---, C3++He+ single electron capture into C3+ls2s21 or ls2s3l; -, C 3 + + H e +  
transfer excitation into c3+1s2p2; - - - -  , C2++He2+ double electron capture into 
C2+ls2121’21”; -, C4+* + H e  the horizontal flat curves stands for the entrance channel. 
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Figure 3. X-ray emission spectrum following C4+*(ls2s) + H, collisions at 40 keV. 

Auger electron ejection, in the forward or backward direction, amounts to *lOeV 
respectively and thus seriously spoils the energy resolution. Assuming isotropic electron 
emission the primary beam energy shape (6eV FWHM) has to be convoluted with a 
20 eV wide square distribution. Then when reporting the C2+( 1~2121’21’’) Be-like triply 
excited state energies, the entire band actually falls into the experimental distribution, 
preventing a more detailed identification. 

To highlight the proper character of the C4+* metastable ion a short description 
of the salient features of the collisions involving multiply charged ions and particularly 
C4+ in the ground state, is given. Electron capture by highly charged ions shares 
common features such as large cross sections, related to capture (into excited states) 
taking place at large internuclear distances. Within this electron capture scale, the 
metastable excitation may appear as an inner excitation and should hardly affect the 
capture mechanism (Mack and Niehaus 1987a). With respect to the first criterion C4+’ 
colliding on He is already a singular system, for single and double electron capture 
dominantly take place into the C3+(2p) and C2+(2s2) ground states respectively. The 

L. Guillemot et al., J. Phys. B 23 (1990) 3353.

only one transition : 1s22s 2S - 1s2s(3S1)3p 2,4Po

No X-ray emission in C4+(1s2s 3S) - He collisions

C4+(1s2s 3S) + H2 at 40 keV (3.3 keV/u)  

Previous experiments in Grenoble, France
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M. G. Suraud et al., J. Phys. B 21 (1988) 1219.

1s22s 2S - 1s2s3p 2,4Po

X-ray spectroscopy of doubly excited Li-like nitrogen ions ����

It should be noted that one- or two-electron capture by the Nt*(ls2) ground-state
incident ion can be observed only by uv spectroscopy in the 10 < I < 100 nm wavelength
range. Hence we can assume that f igures l(a) and (b) display K x-ray spectra of
No*(ls2ln'l ')2L,aL produced by coll ision from the N5*(1s2s35) state on H2 and He
targets respectively.

If we start with a metastable (1s2s35) ion two mechanisms can feed the ls2ln'l '
states: (i) single-electron capture, and (ii) double capture, from which result triply
excited states ls2ln'l 'n"1". As i l lustrated in figure 2,ls2l2l '2l" states wil l autoionise to
the ls22l Li-like continuum (Bordenave-Montesquieu et al 1985, Mack 1987); higher
triply excited states could decay in two steps: autoionisation to doubly excited ls2l2l '
states of the Li-like ion, then the radiative transition ls2l2l'-ls'2l"tL may occur.

The two spectra shown in figures 1(a) and (b) are very similar in shape with one
line located at 2.6 nm and two unresolved peaks in the 2.9-3 nm wavelength range.
The comparison between figure 1(a) and (b) indicates a strong change in relative
intensity, which will be discussed later. Estimated positions of the x-ray transitions
have been obtained by fitting the experimental spectra with Gaussian curves. This
fitting procedure was performed by a least-squares minimisation using a simplex
algorithm and allowing a reliable scanning of the variational parameter set (in our
case three parameters for each Gaussian used). As i l lustrated in figure l(a) and (b),
this fitting procedure gives two Gaussian curves. The full width at half maximum of
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Figure l .  (a)  X-ray spectra resul t ing f rom col l is ion of  Ns*( ls2s'S) wi th H2. K x-ray
emission from ls2/n ' I 'quartet  and doublet  states in the 2.5nm<A<3.0nm wavelength
range are indicated according to the theoretical calculations of Chen (1986) and Vainstein
andSafranova(1980).  (b)Ns*( ls2s35;+Hecol l is ioncase. Inbothspectratheincident- ion
veloci ty was 0.36au (3-4keVamu-t) .  The intensi ty scales are in arbi t rary uni ts and
wavelengths are given in nm.
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X-ray spectroscopy of doubly excited Li-like nitrogen ions ����

It should be noted that one- or two-electron capture by the Nt*(ls2) ground-state
incident ion can be observed only by uv spectroscopy in the 10 < I < 100 nm wavelength
range. Hence we can assume that f igures l(a) and (b) display K x-ray spectra of
No*(ls2ln'l ')2L,aL produced by coll ision from the N5*(1s2s35) state on H2 and He
targets respectively.
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states: (i) single-electron capture, and (ii) double capture, from which result triply
excited states ls2ln'l 'n"1". As i l lustrated in figure 2,ls2l2l '2l" states wil l autoionise to
the ls22l Li-like continuum (Bordenave-Montesquieu et al 1985, Mack 1987); higher
triply excited states could decay in two steps: autoionisation to doubly excited ls2l2l '
states of the Li-like ion, then the radiative transition ls2l2l'-ls'2l"tL may occur.

The two spectra shown in figures 1(a) and (b) are very similar in shape with one
line located at 2.6 nm and two unresolved peaks in the 2.9-3 nm wavelength range.
The comparison between figure 1(a) and (b) indicates a strong change in relative
intensity, which will be discussed later. Estimated positions of the x-ray transitions
have been obtained by fitting the experimental spectra with Gaussian curves. This
fitting procedure was performed by a least-squares minimisation using a simplex
algorithm and allowing a reliable scanning of the variational parameter set (in our
case three parameters for each Gaussian used). As i l lustrated in figure l(a) and (b),
this fitting procedure gives two Gaussian curves. The full width at half maximum of
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Figure l .  (a)  X-ray spectra resul t ing f rom col l is ion of  Ns*( ls2s'S) wi th H2. K x-ray
emission from ls2/n ' I 'quartet  and doublet  states in the 2.5nm<A<3.0nm wavelength
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1s22s 2S - 1s2s2p 2Po

1s22s 2S - 1s2s2p 4Po

Previous experiments in Grenoble, France

N5+(1s2s 3S) + H2 / He at 40 keV (3.3 keV/u)  

Target dependence

H2

He 
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S. Bliman et al., J. Phys. B 25 (1992) 2065.

Collision spectroscopy of 06' +He 2067 

17 19 21 23  
A l i i  

Figure 1. X-ray spectrum resulting from the collision 06'(ls2s)'S+He (the ion velocity 
was 0.39 uo) + 05+(ls2/31')2~4L+ Het. All transitions are identified as ending in either 
ls221'Landlor 1s23I2L.  

I I 1 I I 

lS22r2S -1s'3p2P0 06'+ HE 
I 

110 130 150 170 190 
h l i l  

Figure 2. vuv speclrum resulting from the collisions: O'*(ls') lS,+He+OJ* (ls'n/)'L+ 
Hei, O"( l$)'S.+ He + 04*( Is'nln'l ') 'L+ He'+andO'*( Is2s)'S+ He + Os*( ls2/31')'.'L+ 
He'. The high intensity transitions are Is2 nl ' L  + 1s' n'l''L All transitions with heir 
assignment are shown in tables 1 and 2. 

core ion and the metastable core ion are shown together with their normalized emission 
intensities. The intensity calibration is referred to the most intense line, corresponding 
to the largest partial single electron capture cross section, which seems to be that into 
3p on the ground state ion (Dijkkamp er a/ 1985, Fritsch and Lin 1986). 

In table 1, emission from single electron capture is dominant from n = 3 and the 
sharing among substates favours 3p. A very small amount comes from n = 4  and the 
( n  =4) / (n  = 3) emission cross section ratio is roughly 6%. The double capture (which 
stabilizes radiatively) is shown as well. 

In table 2, the radiative decay of ' L  states formed in the capture by 06+(lsZs)3S 
is shown. These most likely decay to ' L  states as discussed below (Mannervik 1989). 
All wavelengths in tables 1 and 2 are experimental values. For making assignments, 
use was made of tabulated values (Kelly 1987). Some assignments are suggested for 
unidentified wavelengths. 

O6+(1s2s 3S) + He at 60 keV (3.8 keV/u) 

Previous experiments in Grenoble, France

1s22s 2S - 1s2s3p 2,4Po

(or 1s22p 2P - 1s2p3p 2Lo) 

1s22p 2Po - 1s2p2 2,4L
1s23l 2L - 1s2p3l 2,4L

1s22s 2S - 1s2s2p 4Po
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Spectra with 
a Grazing Incident Spectrometer

(GIS)
equipped with a grating for 5-20 nm
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Prediction of dominant capture level

Classical Over the Barrier Model
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 q (incident ion charge)

Aq+ + Rg → A(q-1)+(n) + Rg+

It : IP of target in
atomic unit
1 au = 27.2 eV 

    

€ 

n ≈
1+ 2 q

2I t q + 2 q( )
⋅q

Xe : 12.130 eV
Ar : 15.760 eV
He : 24.588 eV
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Classical Over the Barrier Model

He : 24.588 eV
H2 : 15.98 eV

Ar : 15.760 eV N2 : 15.60 eV
Xe : 12.130 eV O2 : 12.30 eV

Ionization Potentials

In the emission spectra,
H2,  Ar,  and N2 might be similar.
Xe and O2 might be similar.
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X-ray spectra with a GIS (1)
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3.9 nm: 1s22s2p-1s2s2p3p (?)

Double Collision



Discussion (1)
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4p 4d 4f

3p 3d

2p

4s

3s

2s

1s

C4+ + He : n = 2 is dominant.
Weak 1s-3p transition

C4+ + Ar : n = 3 is dominant.
Strong 1s-3p transition

C4+ + Xe : n = 3 is dominant.
Weak 1s-3p transition ?
3s, 3d >> 3p

E1 transitions :
red : 100%
blue : dominant
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X-ray spectra with a GIS (2)
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Discussion (2)
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4p 4d 4f

3p 3d

2p

4s

3s

2s

1s

N5+ + Ar etc. : n = 4 is dominant.

Weak 1s-3p transition in Xe ?
(No 1s-4p transition)

→ 4f might be dominant (?).

E1 transitions :
red : 100%
blue : dominant
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X-ray spectra with a GIS (3)
1s-2p

1s-3p

?

?



Discussion (3)
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4p 4d 4f

3p 3d

2p

4s

3s

2s

1s

O6+ + He : n = 3 is dominant.
other targets : n ≥ 4

1s-3p transition in only He ?
4f might be dominant.

E1 transitions :
red : 100%
blue : dominant



Summary and Outlook
1. Soft X-ray emissions from inner-shell excited Li-like 

ions were observed for the second time even though 
auto-ionization is main process.

2. Target dependences have been observed, and some of 
them could be explained with some assumption. But, 
we still have several questions.

3. Contribution of quartet states with long lifetimes must 
be revealed.

4. Another grating for 1-5 nm
5. Theoretical calculations for state-selective capture 

cross sections and transition rates between excited 
states are necessary to understanding the capture and 
cascades processes.
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