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INTRODUCTION

- The aim of this presentation is to show and discuss the significant of some
resonant non-elastic processes in atom–Rydberg atom collisions in laboratory
and astrophysical plasmas.

- The processes of the (n – n’)- mixing in the symmetric case and the chemi-
ionization processes in both symmetric and non- symmetric cases are
included in the considerations.

- In this context the important results in connection with the mentioned resonant
non-elastic processes in stellar atmospheres are presented here. Also, the
directions of further research of such processes are discussed.



EXCITATION PROCESSES

THE (n – n’)- MIXING PROCESSES IN THE COLLISIONS OF 

RYDBERG ATOMS WITH GROUND- STATE PARENT ATOMS 
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THE CHEMI-IONIZATION PROCESSES IN SYMMETRIC AND 

NON-SYMMETRIC ATOM-RYDBERG ATOM COLLISIONS:
associative (ai) and Penning (pi) ionization

Symmetric case

Non-symmetric cases:          IB <  IA

weakly non-symmetric case:     IB << IA

Strongly non-symmetric case:   IA – IB ~ IB

(ai)

(ai)

(pi)

(pi)

THE CHEMI-RECOMBINATION PROCESSES ARE DEFINED AS THE 

INVERSE PROCESSES IN RESPECT TO THE PROCESSES  (1) - (4).



Schematic illustration of atom–Rydberg atom collisions 

and the resonant non-elastic processes on the base 

of the dipole resonant mechanism (DRM) 

εn - the energy of the Rydberg state with the given n

εk - the energy of the free electron 

U1(R) and U2(R) - adiabatic energies of the ground and first excited electronic states of the 

molecular ion (A2
+ or AB+)

R – internuclear distance



Illustration of the differences between symmetric 

and non-symmetric cases

Rni – the upper border of the chemi-ionization zone 

for the given n in the symmetric case.

In - the ionization potential of the Rydberg atom  A*(n)



Chemi-Ionization Processes in the Decay Approximation on the basis of DRM

The manner of application of the dipole resonant mechanism in the decay approximation according to [39] is characterized by several basic elements. 

As first it is assumed that the relative motion of the nuclei in   or  collisions is described by a classical trajectory characterized by the 

collision parameter ρ and the initial (collisional) energy E, under condition that

,  

where  is the mean radius of the atom , as it is illustrated by Fig. 1, and that the trajectories are considered which, for given  and , 

pass through the chemi-ionization zone, that is, the region

,  

where is the internuclear distance, and the boundary value  is determined by the ionization energy  of the atom  and the corresponding parameters 

of the ion-atom subsystem (  or ).

Within this approximation the ion-atom subsystem is described by means of the electronic states of the corresponding molecular ions,  

or , denoted here as  and , supposing that  , where  and  are the ionization potentials of the atoms  and , and that

, 

where  and  are the potential curves corresponding to the respective states  and . Here  is the ground electronic state of the molecular ion, or, in 

the general case, one from a group of states asymptotically correlated to the same state of the subsystem  or  at , to which the ground state

is correlated. 

Similarly to that, here  is the first excited electronic state of the molecular ion, or, in the general case, one from a group of excited states

asymptotically correlated to the same state of the subsystem  or  at , to which the first excited state is correlated.

In  the decay approximation the chemi-ionization processes are treated as a result of the transition

, 

of the complete system from an initial state   to a final state ,  which is caused by DRM. This event can be treated as a simultaneous transitions 

of the outer electron and of the ion-atom subsystem, namely:  and  respectively, which is also illustrated in Fig.1. 

It is assumed that transitions (16)  predominantly take place within narrow neighborhoods of the resonant points  which are the roots of the equation

, 

where  and  are the energies of the outer electron in the initial (bound) and the final (free) state,  and the splitting term is defined by  (15). 

During the collision the chemi-ionization process is described by the ionization rate W i;n(R), which implies that, for a given  the outer electron

passes to the free state with energy . In accordance with [39] the quantity  can be presented in the form 
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The symmetric case, without (n-n’)-mixing 



where   is the operator of the dipole momentum of the considered ion-atom subsystem, and  is the corresponding (bound-free) Gaunt factor (see [40]).

It is understood that the chemi-ionization process takes place within the interval , where   is the moment of the collision system's entrance into the 

reaction zone defined by the relation (14), where  is a root of the equation ,  - the moment of leaving the zone, and  is taken to be the moment when the 

collision system reaches the minimal internuclear distance . In accordance with [39] the probability  of the chemi-ionization process in an  or  collision 

with given  and  is expressed by , where  is the time,  - the probability of the collision system's entering the reaction zone just in the initial state , i.e.  in the

symmetric  in non-symmetric case, and  - the probability of this state's decay, which must satisfy the equation

with an initial condition

.                                                                                   

One can see that the solution of this equation can be presented in the form 

From here it follows that the probability of chemi-ionization for given  and , e.g.   is defined by relations

Than, taking that , where  is the internuclear radial velocity, we can presented   in the form

,    ( i 1 )

where   is given by Eq. (18) . 

After that, the cross-section  for the considered chemi-ionization process and the corresponding rate coefficient  can be presented by means the 

usual expressions 

( i 2 )          

where  is given by Eqs. (18)  and  (23),  the parameters   and  are determined by the behavior of the potential curve  and the splitting term, and is the 

corresponding distribution function over  at a given temperature , which depends on the considered conditions (a single beam, crossed beams, a cell) .
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The non-symmetric case, without (n-n’)-mixing 

In Eqs. (i1) and (i2) the upper boundary distance Ri; n  is replaced by         , 

where the value of          is determined by the behavior of the corresponding 

dipole matrix element  D12 . This behavior is illustrated on the example of 

the  ion HeNe+.    

;i nR

;i nR

X. J. Liu et ai. Phys Rev A. (2010)

It is taken in to account  the decay of the initial electronic state of the considered  

atom-Rydberg atom system in the region  of the internuclear distances  from  Ri; n to  

Řn;mix, where Řn;mix ,  is the upper boundary of the (n-n’)-mixing region with n’=n+1

The symmetric case with  (n-n’)-mixing



The (n-n’)-mixing: approximation of the quasi continuum
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The (n-n’) mixing rate coefficients: the case  A=H(1s)



The case A=He(1s2)



The (n-n’)-mixing processes in the solar photosphere (A=H)



The (n-n’)-mixing processes in the DB White dwarfs atmospheres (A=He)



The chemi-ionization/recombination  rate coefficients: the case  A=H(1s)

Chemi-ionization



Chemi-recombination



The chemi-ionization/recombination in the solar photosphere (A=H)

Chemi-ionization



Chemi-recombination



The chemi-ionization/recombination  rate coefficients: the case  A=He(1s2)

Chemi-ionization

Kci[*1010cm3/s]

T(K) n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10

7000 3.59 3.82 2.91 2.03 1.40 0.99 0.70 0.52

8000 4.57 4.43 3.19 2.20 1.49 1.05 0.75 0.54

9000 5.63 4.90 3.45 2.36 1.60 1.09 0.78 0.55

10000 6.48 5.36 3.70 2.46 1.63 1.13 0.80 0.58

11000 7.38 5.81 3.89 2.56 1.70 1.15 0.82 0.59

12000 8.24 6.17 4.09 2.66 1.77 1.18 0.83 0.60

13000 8.93 6.61 4.26 2.77 1.79 1.21 0.85 0.61

14000 9.66 6.95 4.43 2.86 1.86 1.25 0.87 0.62

15000 10.37 7.23 4.57 2.91 1.88 1.26 0.88 0.63

16000 11.12 7.53 4.71 3.00 1.93 1.28 0.89 0.64

17000 11.80 7.84 4.85 3.00 1.95 1.30 0.90 0.64

18000 12.41 7.99 4.95 3.06 1.97 1.32 0.90 0.64

19000 12.92 8.24 5.05 3.09 1.99 1.32 0.91 0.66

20000 13.58 8.40 5.15 3.12 2.01 1.35 0.92 0.66

21000 14.13 8.75 5.20 3.16 2.05 1.36 0.93 0.66

22000 14.57 8.93 5.31 3.22 2.05 1.36 0.94 0.67

23000 15.15 9.11 5.36 3.32 2.07 1.38 0.94 0.66

24000 15.47 9.29 5.46 3.35 2.09 1.38 0.95 0.68

25000 15.93 9.57 5.46 3.35 2.12 1.38 0.96 0.68

26000 16.25 9.87 5.52 3.38 2.14 1.39 0.96 0.68

27000 16.92 9.87 5.58 3.42 2.14 1.40 0.97 0.68

28000 17.08 9.96 5.63 3.45 2.16 1.42 0.97 0.68

29000 17.61 10.06 5.75 3.49 2.16 1.42 0.98 0.69

30000 17.79 10.06 5.75 3.52 2.18 1.43 1.00 0.70



Chemi-recombination

Kr[1030cm3/s]

n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10

7000 28.51 17.74 12.69 9.80 7.81 6.43 5.47 4.60

8000 22.24 14.13 10.22 7.89 6.50 5.30 4.50 3.87

9000 16.98 11.52 8.51 6.64 5.41 4.50 3.75 3.26

10000 13.84 9.69 7.40 5.71 4.60 3.83 3.23 2.80

11000 11.52 8.24 6.36 4.96 4.00 3.37 2.86 2.46

12000 9.91 7.17 5.53 4.41 3.55 2.99 2.49 2.14

13000 8.70 6.36 4.91 3.87 3.15 2.60 2.21 1.94

14000 7.64 5.71 4.36 3.48 2.86 2.36 1.98 1.74

15000 6.86 5.07 3.96 3.12 2.60 2.14 1.80 1.58

16000 6.16 4.65 3.59 2.86 2.38 1.94 1.65 1.42

17000 5.59 4.22 3.30 2.66 2.16 1.78 1.53 1.30

18000 5.07 3.83 3.06 2.41 2.00 1.65 1.42 1.22

19000 4.65 3.55 2.77 2.21 1.84 1.55 1.30 1.12

20000 4.32 3.30 2.60 2.07 1.70 1.42 1.21 1.04

21000 4.00 3.06 2.41 1.94 1.58 1.33 1.13 0.96

22000 3.71 2.83 2.28 1.80 1.50 1.25 1.06 0.90

23000 3.40 2.68 2.14 1.69 1.41 1.17 0.98 0.85

24000 3.19 2.52 2.00 1.58 1.32 1.11 0.93 0.81

25000 3.06 2.36 1.86 1.48 1.23 1.03 0.87 0.76

26000 2.83 2.23 1.74 1.41 1.17 0.97 0.83 0.70

27000 2.71 2.12 1.65 1.34 1.10 0.92 0.78 0.67

28000 2.57 2.00 1.58 1.26 1.05 0.88 0.74 0.64

29000 2.41 1.92 1.50 1.22 1.00 0.84 0.71 0.60

30000 2.28 1.82 1.44 1.14 0.97 0.80 0.68 0.57



The chemi-ionization/recombination in the DB white dwarfs atmospheres (A=He)

Teff=12 000K Teff=14 000K

The comparing with the e-He*(n)  ionization and e-e-He+ (1s)  recombination  processes



Teff =12 000K Teff =14 000K

The comparing with the e-He+ (1s)  photo-recombination processes



The investigation of the chemi-ionization/recombination processes for the case 

A=H(1s) in M red dwarf atmosphere with Teff =3800K

(modeling by means PHOENIX code)

The influence on the hydrogen Rydberg state populations  

The parameter ξ

is the ratio of the 

hydrogen exited 

state populations 

without and with 

inclusion chemi-

ionization and 

chemi-

recombination 



The influence on the hydrogen spectral line shapes: 
with ci/cr

without ci/cr



The investigation of  the chemi-ionization processes in 

the laboratory conditions: Ne*+Ne, He*+He, He*+Ne 

The state dependence of associative ionization of the ns and nd Rydberg series of Ne 

atoms with 5 < n < 18 at thermal collision energies is investigated experimentally using a 

combination of synchrotron radiation and mass spectrometry in a single-beam experiment. 

The n dependence of the collisional and associative ionization of the Ne Rydberg atoms 

have been calculated using the dipole resonant mechanism, in particular the associative 

ionization rates for 5 < neff < 20 have been calculated for cell, single beam, and crossed 

beam conditions. Refinements of the theory implemented previously have been necessary 

in order to apply the theory to the collisions of rare gas atoms. The new experimental

results described here were obtained at the branch line of the gas phase photoemission 

beam line at the Italian synchrotron light source, Elettra.



O'Keeffe, P et al. (2012) Phys.Rev.A.

Ne*(n) + Ne

Experiment 2011-2012

Harth et al. 1986

300K



He*(n)+He

Rate coefficients: 300K

300 K

n K HeHe [cm3/s] 

3 8.08E-24

4 1.14E-19

5 5.00E-14

6 5.76E-13

7 1.99E-12

8 3.84E-12

9 5.43E-12

10 6.41E-12

11 6.80E-12

12 6.74E-12

13 6.38E-12

14 5.89E-12

15 5.33E-12

16 4.78E-12

17 4.25E-12

18 3.76E-12

19 3.32E-12

20 2.93E-12



Kea[Te]

[cm3/s] 

Krec[Te]

[cm6/s] 

n 300K 10000K 15000K 20000K 25000K 300K 10000K 15000K 20000K 25000K

3 5.14E-33 1.18E-07 2.32E-07 3.26E-07 4.00E-07 1.84E-25 5.09E-27 3.03E-27 2.07E-27 1.52E-27

4 2.27E-21 6.80E-07 9.98E-07 1.20E-06 1.34E-06 1.12E-24 2.42E-26 1.39E-26 9.25E-27 6.67E-27

5 8.01E-16 2.01E-06 2.54E-06 2.83E-06 2.99E-06 4.44E-24 7.83E-26 4.37E-26 2.85E-26 2.02E-26

6 1.05E-12 4.31E-06 5.00E-06 5.30E-06 5.42E-06 1.35E-23 2.00E-25 1.09E-25 6.96E-26 4.87E-26

7 9.45E-11 7.72E-06 8.43E-06 8.64E-06 8.64E-06 3.41E-23 4.33E-25 2.31E-25 1.46E-25 1.01E-25

8 1.99E-09 1.23E-05 1.29E-05 1.29E-05 1.27E-05 7.56E-23 8.36E-25 4.39E-25 2.73E-25 1.88E-25

9 1.77E-08 1.81E-05 1.84E-05 1.80E-05 1.75E-05 1.51E-22 1.48E-24 7.64E-25 4.71E-25 3.21E-25

10 9.09E-08 2.52E-05 2.49E-05 2.40E-05 2.31E-05 2.80E-22 2.45E-24 1.25E-24 7.62E-25 5.16E-25

The e-He*(n) ionization and e-e-He+ recombination 

rate coefficients 



X. J. Liu et al. Phys Rev A. (2010)

For B 2Σ :   min at Re=5.00756a.u. De = 0.02963eV

He*(n)+Ne



The chemi-ionization rate coefficients: 

He*(n)+Ne and He *(n)+ He

K He Ne

[cm3/s]

K He He

[cm3/s]

K He Ne

[cm3/s]

K He He

[cm3/s]

n 300 K 300 K 600 K 600 K

3 3.85E-10 8.08E-24 4.14E-10 4.01E-12

4 1.26E-10 1.14E-19 1.36E-10 4.88E-12

5 4.44E-11 5.00E-14 4.83E-11 5.25E-12

6 1.82E-11 5.76E-13 1.99E-11 2.71E-12

7 8.51E-12 1.99E-12 9.27E-12 4.93E-12

8 4.38E-12 3.84E-12 4.77E-12 6.53E-12

9 2.43E-12 5.43E-12 2.65E-12 7.28E-12

10 1.44E-12 6.41E-12 1.57E-12 7.36E-12



Temperature dependence of the ionization cross section. Our results together with other authors

The chemi-ionization cross sections:  He*(n)+Ne



The comparing of the chemi-ionization rate coefficients: 

Ne *(n)+ Ne, He *(n)+ He and He*(n)+Ne

300K



300K



Conclusions

- It is needed to continue with the experimental investigations of
the chemi-ionization processes in symmetric and non-symmetric
atom-Rydberg atom collisions in order to obtain new and more
precision data. Further improvement of the corresponding
theoretical methods.

- Further investigation of the chemi-ionization/recombination
processes in the plasmas of the stellar atmospheres by means the
relevant modeling code (PHOENIX) in order to study their
influence on the inner plasma kinetic.
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