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Charge exchange recombination spectroscopy (CXRS)

Illustration: NASA/CXC/M.Weiss

H + Aq+ → H+ + A(q-1)+* (nl) → A(q-1)+* (n'l') + hν 
n ≈ q0.75, e.g., for capture into H-like Fe25+ ion, n ≈ 11
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Applications of CXRS

▪ Spectral diagnostics of fusion plasmas heated by neutral beam (NB)

▪ Determination of ion storage times in ion traps and storage rings

▪ Astrophysical relevance such as solar wind charge exchange in comets and planetary 
atmospheres

C5+ 7-8 transition at 5291 Å

𝑇𝑖 = 1.7 × 108𝑀𝑖

∆λ𝐷

λ

2

L. A. Kluchnikov et al., Rev. Sci. Instr. 87, 053506 (2016) 6



100 keV/u H beam for 
diagnostics such as ion 
temperature, plasma 
rotation, He 
concentration

www.iter.org

ITER and the NBI

ITER is the largest international project aimed to demonstrate 
the  scientific and technical feasibility of fusion energy as future 
power source.

either 0.87 MeV H or 
1 MeV D beams for 
heating  

Neutral beam 
injectors  (NBI)

Divertor region
(Plasma facing 
components 
are made of 
tungsten) 

T ~ 150 -200  million °C
Cost > $20 billion
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▪ Plasma parameters:

 T = 20 keV (Ne-like W64+ is expected 
to be most abundant ion in the core

 of plasma)

 ne = 1014 cm-3

▪ H neutral beam of energies 100 
keV/u, 500 keV/u, 850 keV/u, and 
1000 keV/u.

CXRS of tungsten ions for ITER NB diagnostics
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Rate equations of collisional-radiative model
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Input
Atomic Data
Plasma 
parameters

Rates

Calculates IPL and 
remunerate energy levels 

Rate Matrix

IPL

𝒅𝑵(𝒕)

𝒅𝒕
= 𝑨(𝒕)𝑵(𝒕)

𝑛𝑒 𝜎𝑣 𝑓

Spectrum Doppler, Natural and Stark 
broadening

Print out

*Yu. Ralchenko and Y. Maron, JQSRT 71, 609 (2001), Dipti et al. J. Phys. B: At. Mol. Opt. Phys. 53, 115701 (2020). 
#M. F. Gu , Can J. Phys. 86, 675-689(2008).

Atomic Data (FAC#)

➢ Atomic structure

➢ Radiative decay rates (Photo 
excitation)

➢ Electron impact excitation 
(de-excitation) 

➢ Electron impact ionization  
(three body recombination)

➢ Photoionization (Radiative 
recombination)

➢ Autoionization rates 
(Dielectronic capture)

➢ Ionization potential lowering (IPL)
➢ Opacity

Plasma effects

Schematic diagram of NOMAD* Code
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▪ includes Si-like W60+ through the O-like W66+ ions and the ground state of N-like W67+ ion.

▪ Atomic structure has been calculated using relativistic configuration

For an L-shell ion      1s22s22pk (ground state configuration)
                       1s22s22pk-1nl (n ≤ 50)  
              1s22s2pknl (n ≤ 15)
                        1s22s22pk-23lnl' (n ≤ 5)

Total number of levels included in the model are about 48 000. 

Collisional-radiative Model
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n ≈ q0.75≈  22 

▪ nl-resolved CX cross sections were calculated using the classical trajectory Monte Carlo 
simulations by D. R. Schultz

Rate (CX) = novrσCX   (novr = 1015 cm-2s-1 - 1017 cm-2s-1)



n-resolved CX cross sections
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nl-resolved CX cross sections

13



Spectra in lower 
wavelength 0.1 nm to 
10 nm are not affected 
by CX.
Transitions 2-3, 3-3, 3-
4, 3-5

Te = 20 keV, ne= 1014 cm-3, novr = 1016 cm-2s-1

Simulated spectra in 0.1 nm to 1000 nm
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Simulated spectra…..
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Te = 20 keV, ne= 1014 cm-3, nov = 1016 cm-2s-1

Population distribution with and without CX for DNB
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He+: n=3-4 transitions at 468.8 nm
Be3+: n= 5-6 and n=6-8 transitions at 

465.9 nm and 468.6 nm

Lines of interest for CXRS for JET*

*N. C. Hawkes et al., Rev. Sci. Instrum. 89, 10D113 (2018)
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Visible CXRS diagnostic for ITER and other tokamaks

Dipti, D. R. Schultz, and Yu. Ralchenko, Plasma Phys. Control. Fusion 63, 115010 (2021)

CX cross sections are available in IAEA’s database: CollisionDB. 
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CollisionDB : Database of Plasma collisional processes

• Cross sections and rate coefficients for atomic and 
molecular collisional processes to support fusion and 
other areas of plasma research

• Evaluated data from IAEA’s old database ALADDIN.

• Data is described with rich metadata and provided in 
standardized format

• Data retrievable by search and identifier from a 
browser and through an API
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PyCollisionDB: API Library

• Python package for interacting with the CollisionDB API ; data exploration, data transformation, plotting, etc.  

>>> from pycollisiondb.pycollisiondb import PyCollision

Example:

>>> # Proton-impact ionization of H.
>>> query = {'reactants': ['H+', 'H 1s'],

'process_types': ['HIN'],
'data_type': 'cross section'}

>>> pycoll = PyCollision.get_datasets(query=query)

>>> # Datasets retrieved from the server as a dict keyed by pk ID.
>>> pycoll.datasets
{102737: D102737: H+ + H 1s → H+ + H+ + e-,
107356: D107356: H+ + H 1s → H+ + H+ + e-,
103103: D103103: H 1s + H+ → H+ + H+ + e-,
103104: D103104: H 1s + H+ → H+ + H+ + e-}

>>> # Energy is changed from eV.u-1 (default) to keV.u-1 and sigma from     
cm2 (default) to a02.
>>> # This accesses the pyqn library. 
>>> pycoll.convert_units({'E': 'keV.u-1', 'sigma': 'a02'}) 

>>> import matplotlib.pyplot as plt
>>> %matplotlib notebook
>>> fig, ax = plt.subplots()
>>> pycoll.plot_all_datasets(ax, label=('reaction', 'qid', 'refs', 'process_types'))
>>> plt.legend()

C. Hill, Dipti, and M. Haničinec, [To be published (2023)]
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Data evaluation: recommended collisional data for Be I
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Recommended collisional data for Be II: Overview of data
• Ground state:  1s22s 2S
• 1s2nl 2L (n ≤ 4; l ≤ n-1)

➢ R-matrix  (RM-14)
➢ R-matrix with pseudo states (RMPS-26, RMPS-49)
➢ Convergent-close-coupling  (CCC-54, CCC-64)
➢ K-matrix (KM-20)
➢ Time-dependent close-coupling
➢ Distorted-wave method
➢ …..

C. P. Balance et al. PRA 68, 062705 (2003)

RMPS-49
RM-14
CCC-54
TDCC

New calculations with CCC-84 for 1s2nl 2L (n ≤ 5; l ≤ n-1) by D. V. Fursa and his group

2s - 2p
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Atomic Structure calculations for Be II: line strengths (S)

Uncertainty ≈ 5 %
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Analytic fits for excitation

• Dipole-allowed (ΔL = ±1) : Ω 𝑥 =  𝐴0
2 ln 𝑥 +  𝐴1 +

𝐴2

𝑥
+ 

𝐴3

𝑥2 +
𝐴4

𝑥3 +
𝐴5

𝑥4

• Dipole-forbidden (ΔL ≠ ±1) : Ω 𝑥 =  𝐴0
2 +

𝐴1

𝑥
+ 

𝐴2

𝑥2 +
𝐴3

𝑥3 +
𝐴4

𝑥4

correct asymptotic behaviors
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Ionization

2S
2P

Dipti et al., [To be published (2023)]

Thank you for your attention !!!
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