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Radiative Recombination (RR)Dielectronic Recombination (DR)

γ
？ ？

Introduction
Photorecombination (PR)Photorecombination (PR)
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Introduction
Fano line 

profile



•Atomic structure and collision theory
Energy levels, transitions, autoionization
interference effect
QED
Polarization effect

•Astrophysical and fusion plasma
Charge state distribution balance
Radiation energy loss
Satellites for temperature diagnostics
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Motivation
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 Highly charged ions

 Monoenergetic 
electron beam

 Energy adjustable

 Atomic spectroscopy
Structure
Collision process

Electron Beam Ion trap (EBIT)

Introduction
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Ar, Xe, 
W(CO)6 gas

Data acquisition system

Experiment Setup on Shanghai-EBIT
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Recent experiments at Shanghai-EBIT

K-shell DR measurement for Ar  

KLL
KLM KLN,O,P…

K-shell DR measurement for Xe  
KLL DR measurement for Ba  

KLL DR measurement for W  

L-shell DR measurement for W  
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Result 

 KLL DR measurements for W ions

 L-shell DR measurements for W ions

 DR measurements for Ar and Xe ions



3D x-ray intensity spectrum
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180 hours



Excitation function

11

deficit excess

More tailored



KLL DR resonance strengths 
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B. Tu B. Tu et alet al. Physics of Plasmas 23, 053301 (2016). Physics of Plasmas 23, 053301 (2016)



2D x-ray intensity spectrum
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~ 500 eV



Interference effect
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[1s2s22p2
1/2]1/2 

to
[1s22s22p1/2]1/2 

Qmeas = -12.3(1.9)

Fano Line Shape



Interference effect
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Q Factors

B. Tu B. Tu et alet al. Phy Rev. A 93, 032707(2016). Phy Rev. A 93, 032707(2016)



Dual Fano and Lorentzian line profile 
properties of autoionizing states
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360 hours
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Dual Fano and Lorentzian line profile 
properties of autoionizing states
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B. Tu B. Tu et alet al. Phy Rev. A Rapid Communication . Phy Rev. A Rapid Communication 9191, 060502(R) (2015), 060502(R) (2015)

DC

R
adiation

Different paths of 
radiation (or excitation)
different line shapes

An autoionizing state can have both Fano and Lorentzian behaviorAn autoionizing state can have both Fano and Lorentzian behavior..

Dual Fano and Lorentzian line profile 
properties of autoionizing states



Dielectronic satellite x-ray spectra 
of the 2-1 transitions
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~ 500 eV
@60 keV

Dielectronic satellite x-ray spectra 
of the 2-1 transitions





Mean difference between our measurements and calculations ~0.05%

Middle States Final States Arci Armbpt
adasAic

1s2s2 1s2 2p1/2 8.38E+14 9.02E+14 3.07E+10

36 transitions: RCI and MBPT calculations, Open-ADAS in wavelength

Questionable data from transition rate comparison

Dielectronic satellite x-ray spectra 
of the 2-1 transitions
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Result 

 KLL DR measurements for W ions

 L-shell DR measurements for W ions

 DR measurements for Ar and Xe ions



150 hours

L-shell DR measurements for W ions 



5180~5250 eV

LMM DR excitation function



5180~5250 eV

Dielectronic Capture (DC)

4
3/2 0core(3 )d

3
3/2 5/2 4core(3 3 )d d

Metastable DR peak

Lifetime  ~143 years  (cal.)Lifetime  ~143 years  (cal.)

3
3/2 5/2 4(3 3 )core d d

Metastable state

4
3/2 0(3 )core dGround state

E4

M3

LMM DR excitation function



LMM DR resonance strengths 
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Ti* Extremely longTi* Extremely long--lived metastable statelived metastable state
Population ~45%Population ~45%
Electron energy 7.9 keVElectron energy 7.9 keV
Electron density 5Electron density 5××10101111 cmcm--33



Collisional Radiative(CR)-model calculation 
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3
3/2 5/2 4(3 3 )core d d

short-lived m-states (<1ms)

4
3/2 0(3 )core d

LongLong--lived metastable state be considered as a second ground lived metastable state be considered as a second ground 
collision excitation and decollision excitation and de--excitation, ionization, recombination excitation, ionization, recombination 
new transitions, resonances, indirect ionization processesnew transitions, resonances, indirect ionization processes

~30%

pop. ~45%pop. ~45%
predicted in predicted in 
DR meas.DR meas.

B. Tu B. Tu et alet al. submitted. submitted

Ee= 7.9 keV

Ti-like
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Result 

 KLL DR measurements for W ions

 L-shell DR measurements for W ions

 DR measurements for Ar and Xe ions



K-shell DR measurements for Ar ions 
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Data analysis
Ongoing…

By G. Xiong



K-shell DR measurements for Xe ions 
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KLL

KLM KLN,O,P…

DE

Data analysis
Ongoing…

By T. H. Xu
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§§ KLLKLL DR measurements for W ions DR measurements for W ions 
†† Determine total Determine total KLLKLL DR resonance strengths  DR resonance strengths  
†† Dual Fano and Lorentzian line profile propertiesDual Fano and Lorentzian line profile properties
†† Satellite xSatellite x--ray spectra of the 2ray spectra of the 2--1 transitions1 transitions
§§ LL--shell DR measurements for W ionsshell DR measurements for W ions
†† Determine total Determine total LMMLMM DR resonance strengthsDR resonance strengths
†† Observe an extremely longObserve an extremely long--lived metastable state of Tilived metastable state of Ti--

like W via DR experimentlike W via DR experiment
§§ DR measurements for Ar and Xe ionsDR measurements for Ar and Xe ions
†† Data analysis ongoingData analysis ongoing……

Summary
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Thank You

Your Attention !

for
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