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Divertor and core region in ITER

• All chemical bonds 
broken

• Impurity ions fully  or 
highly stripped

• CX/ionization/recombinat
ion processes dominantp

Atomic data models for hot
plasma spectroscopyplasma spectroscopy

• Interpretation
• Line shape modelling
• Diagnostics of the plasma 

condition
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Jupiter aurora

Jupiter aurora:   EUV and X-ray
Oq+ +  H2 → O(q-1)+(nl) + H2

+

O(q 1)+( l) O(q 1)+( ’l’) + hO(q-1)+(nl)  → O(q-1)+(n’l’) + hυ

55



The study of charge transfer spectra
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Theoretical MethodsTheoretical Methods

• MOCC (Molecular orbital close‐coupling)
• AOCC (Atomic orbital close‐coupling)• AOCC  (Atomic orbital close‐coupling)
• TDDFT (Time‐dependent DFT)
• TDSE (Time‐dependent Schrödinger equation)
• MCTDH (Multi‐reference time‐dependent Hartree)MCTDH (Multi‐reference time‐dependent Hartree)
• CDW (Continuum distorted wave)
• CTMC (Classical orbital Monte‐Carlo)
• MCLZ (Multi‐channel Landau‐Zener)

88

MCLZ (Multi channel Landau Zener)



MOCC MethodMOCC Method

• Full quantum appropriate for low energy collision• Full quantum，appropriate for low energy collision

E ≤ 10 keV amu-1 ; electron correlation effect andE ≤  10 keV amu ;  electron correlation effect and 

multi-electron processes can be treated well. 

• Structure calculations: potentials,  couplings matrix 

element; MRDCI (the multi-reference single-and 

double-excitation configuration interaction method);double-excitation  configuration interaction method);

• Limitation on  ionization treatment. 

99



Hamiltonian (diatomic molecules)
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U i ti l d iti th d thUsing a partial wave decomposition method, the 
asymptotic radial wavefunction  and the S-matrix 

1
are obtained:
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AOCC methodAOCC method

 Two-center atomic orbital close-coupling 

(TC AOCC) method(TC-AOCC) method

 The straight-line approximation for the relative The straight line approximation for the relative

nuclear motion ( )R t b vt 
 

 Atomic orbital basis

( )

 Intermediate energy range 

1212

~ 100eV/amu < E < ~100 keV/amu



Schrödinger equation for the collision system:

 1( ) 0H i
t


  


21 ( ) ( )
2 r A A B BH V r V r    

, ,( )A B A BV r are the interactions between the active
electron and the targets (B) and the projectiles (A).
We use the model potentials to describe the abovep
interactions. 
The total wave function for the collision system:The total wave function for the collision system:

( , ) ( ) ( , ) ( ) ( , )A B
i i j jr t a t r t b t r t      
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Th t i t t b bt i d( )r 
The atomic states           can be obtained as( )nlm r
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Slater type basis

( ) ( ) ( )klm l k lmr N r e Y r  , 1,2,...,k k N  

Inserting into the Schrödinger equation, we( , )r t
Inserting             into the Schrödinger equation, we

can obtain the first-order coupled equations for the
lit d d

( , )r t

( )t ( )b tamplitude         and

( )i A SB HA KB   
( )ia t ( )jb t
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( )i A SB HA KB 
†( )i B S A KA HB  



S is the overlap matrix, H is direct coupling matrix andp , p g
KK is the electron exchange matrix.
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The above equations can be solved under the initialThe above equations can be solved under the initial
conditions:

1( ) , ( ) 0i i ja b   1i i j

The cross sections for the excitation, charge transfer 
d i i ti l l t dand ionization processes are calculated as:
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X-ray spectraX ray spectra
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Ion-atom/molecule (ground state) collisions
Be2++H(1s)→Be+(1s2nl)+H+: AOCC

Model potential:

L. Liu, et al, J. P. B 43, 144005 (2010)



B3++H(1s)→B2+(1s2nl)+H+: AOCC( ) ( )

Model potential:

L. Liu, et al, J. P. B 43, 144005 (2010)



10 9(1 ) ( )Ne H s Ne nl H    

Total charge transfer cross section: AOCCTotal charge transfer cross section: AOCC
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n-state-selective cross section: AOCC
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9 8(1 ) (1 ) (1 )Ne s H s Ne snl H    

Total charge transfer cross section: AOCC
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8 2 7 2(1 ) (1 ) (1 )Ne s H s Ne s nl H    

Total charge transfer cross section: AOCC
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Ion-atom collisions: AOCC&MOCC
5+ 4+ +C5+(1s)+H(1s)→C4+(1snl)+H+

2525 C.H. Liu et al, JPB (2016)



O6+(1s2)+H(1s)→O5+(1s2nl)+H+: AOCC&MOCC( ) ( ) ( )
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Ion-atom ionization: AOCC&CDW
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Ion-atom (excited state) collisions: AOCC&MOCC

(2 , ) (2 )H Li p H l Li     

H+-Li(2pσ) H+-Li(2pπ+)

2828

( p )

L. Liu et al, Phys. Rev. A 84, 032710 (2011)



(2 , ) ( 2)H Li p H n Li      ( , ) ( )p

2pσ 2pπ+

• A strong alignment dependence
on the initial state is found for

2pπ-

on the initial state is found for 
electron capture cross sections 
at low energies.

2929

2pπ-

L. Liu et al, Phys. Rev. A 84, 032710 (2011)



H-(1s2)+Li(1s22s)  H(1s)+Li-(1s22s2)
2 H(1s)+Li-(1s22s2p)

MCTDH calculationsMCTDH  calculations

3030

J Chem. Phys. 145, 224306 (2016)



H++ H2O → H2O+ + … 
H++ H2O → H + …

TDDFT calculations

3131



He2+ H collision in magnetic field (TDSE)He2 - H collision in magnetic field (TDSE)

1. The effect to the initial target (H) state

i i i fiH Hamilton in magnetic field

(The magnetic field direction: z-axis)(The magnetic field direction: z-axis)
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The effect of Magnetic fieldThe effect of Magnetic field
H H ilt i th ti fi ldH  Hamilton in the magnetic field
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Magnetic field effectMagnetic field effect
1 H(1 ) i i fi ld1. H(1s) energy in magnetic field：

Magnetic 
intensity 0 0.05 0.1 0.15 0.2intensity

H(1s) 
-0.5 -0.4994 -0.4975 -0.4945 -0.494

energy 

i i i i i fMagnetic intensity in unit of γ:
B

 B 2 35*105T， h i i i f H(1 )
0B

 B0=2.35*105T，the magnetic intensity of H(1s)



Magnetic field effectMagnetic field effect

2. The electron evolve under the actions of 

magnetic field and incident ionmagnetic field and incident ion：
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The incident ion is along the Z direction。



The charge transfer cross section 
comparison in He2+ +H collisionscomparison in He +H collisions

1,Cross sections vary 
10 significantly under the 

action of the magnetic field.
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10 9 ( )Ne He Ne nl He    
9 9( ) ( ' ')N l N l h 9 9( ) ( ' ')Ne nl Ne n l hv  

Lyα

Lyβ+

E=4.54keV/u
Lyβ+: n≥3→n=1Lyβ : n≥3 n 1

Exp: R. Ali et al., Astrophysical Journal 
Letters, 716, L95 (2010)



10 9 ( )Ne Ne Ne nl Ne    
9 9( ) ( ' ')N l N l h 9 9( ) ( ' ')Ne nl Ne n l hv  

Lyα

Lyβ+

 Our X ray spectra results are in better Our X-ray spectra results are in better 
agreement with the  experimental data 
compared with CTMC results. 

 Disagreement is from the use of model 
potentials and  the competition of two-
electron transition processes ith theelectron transition processes with the 
single electron capture process.



8 7 ( )O He O nl He    
7 7 ' '( ) ( )O nl O n l h  

Experiment

The 1s-2p transition is dominant.

2 > 4 > 3 2 > 4 > 3

4040

2p > 4p > 3p 2p > 4p > 3p

40The experimental data is from H. Tanuma’s group in Japan.



8 7
2 2( )O H O nl H    

7 7 ' '( ) ( )O nl O n l h  

Experiment

The 1s-2p transition is dominant.

2 > 4 > 3 2 > 3 ~ 4 ~ 5

4141

2p > 4p > 3p 2p > 3p  4p 5p

41
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Work plan
The AOCC, MOCC and CDW methods will be employed to

o p a

calculate the excitation, charge transfer and ionization

cross section in collisions between hydrogen (H, D, T) and

the fully stripped ions of He, Be, C, N, O, Ne, Ar atthe fully stripped ions of He, Be, C, N, O, Ne, Ar at

hydrogen energy from about 1 keV to 1 MeV.

2017: He2+, Be4+, C6+, N7+‐H collisions

 8 102018: O8+, Ne10+ ‐H collisions

2019: Ar18+ ‐H collisions

4343

2019: Ar H collisions
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TDDFT MethodTDDFT Method
The Kohn-Sham equation is: 

          2, 1, , ,
2

k
KS k KS k
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 Here                            is the Kohn-sham orbital (KSO) and the electron 

density can be written as:

 ,k r t

2density can be written as:
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The Slater determinant  can be obtained from the KSOs.  
Nuclear motion: Velocity Verlet algorithm；y g
Electron propagation:
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TDDFT Method
Electron capture probability is calculates as:

2

, 1 1 1( ) , , , , ( , , , ; )i j n n N N fT T

N
p b dr dr dr dr r r t b

i j
 

 
  
 

 
      

2
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Electron loss probability is calculates as:

, 1 1 1i j n n N N fT Tn i j    
 

Here i and j are the ionic states of the projectile before and after collision. N is 
the total number of electron on the target before collision n=i j is the number

1 1 1( ) , , , , ( , , , ; )q m m N N fT T
p b dr dr dr dr r r t b

m N q
     

   

the total number of electron on the target before collision, n=i-j is the number 
of electrons transferred to the projectile, and q is the degree of ionization.                            
• is the Slater determinant, T represents the spatial area 

d th j til d i th ti l t id it
);;,...,( 1 btrr fN




T

around the projectile and      is the spatial area outside  it.
A coordinate space translation technique is employed to focus our investigation 
on some certain space of interest such as the regions around the projectile or 
t ttarget. 
A absorbing complex potential added to Kohn-Sham potential to treat the 
ionization processes 
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The electron capture or electron loss cross section is determined by: 

2 ( )p b b db  



TDSE method

Pseudospectral method:  a discrete variable representation  for the 
radial coordinate, a two-dimensional Associated-Legendre-Function 
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representation for the angles coordinate

The second-order split-operator method used for the wave function:
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The electron capture or electron loss cross section is determined by:

 dbbpb )(*2
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Wavepacket     S-matrix    Cross section    (JCP 105, 6778 (1996))

MCTDH

Flux operator

C l b bi i lComplex absorbing potential

Excitation or transfer cross section



Hamiltonian (diatomic molecules)
MCTDH
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