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ABSTRACT
In this paper, the influence of chemi-ionization processes in H*(n 2 2)+ H(ls) collisions, as well as the influence
of inverse chemi-recombination processes on hydrogen atom excited-state populations in solar photosphere, are
compared with the influence of concurrent electron—atom and electron—ion ionization and recombination processes.
It has been found that the considered chemi-ionization/recombination processes dominate over the relevant
concurrent processes in almost the whole solar photosphere. Thus, it is shown that these processes and their

importance for the non-local thermodynamic equilibrium modeling of the solar atmosphere should be investigated
further.
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Sun

In order to improve the modeling of the solar photosphere, as well as to model atmospheres of
other similar and cooler stars where the main constituent is also hydrogen, it is necessary to
take into account the influence of all the relevant collisional processes on the excited-atom
populations in weakly ionized hydrogen plasmas.

Group of chemi-ionization atom collisional processes in weakly ionized layers of stellar
atmospheres (ionization degree less than 10°%) was studied. In order to demonstrate the
significance of these processes it was necessary to compare their efficiency, from the aspect of
their influence on the free electron and excited atom populations, with the efficiency of the
known concurrent processes of electron—atom impact ionization and etc.

We study

hydrogen in excited Rydberg state

H*(n)+ H(ls) = HJ +e, (1) in collision with hydrogen in ground state
we have asoc. ion.ization H,* and e

Associative chemi-ion.

v 2 possible channels
H*(n)+ H(ls) = H(ls)+ H" + e, (2)

Consequently, in this case the efficiency of the chemi-ionization processes has to be compared
with the efficiency of the processes

H*(n)+e = H" +2e, (3)



Let us emphasize the fact that here as the starting point we focus on the hydrogen case, since our main aim is to draw attention of astronomers to the processes (1)-(2), and to show that the
importance of these processes for non-local thermodynamic equilibrium (LTE) modeling of solar atmosphere should be investigated. For this purpose, it should be demonstrated that in the
solar photosphere the efficiency of these processes is greater than, or at least comparable to, the efficiency of processes (3) within those ranges of values of n > 2 and temperature T which
are relevant to the chosen solar atmosphere model.
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Fig. 6. Line profiles with (full) and without (dashed) inclusion of chemi-ionization Fig. 7. Line profiles with (full) and without (dashed) inclusion of chemi-ionization
and chemi-recombination processes for H, line and chemi-recombination processes for H; line.
Important thing: Besides all that is mentioned above, the fact that the processes (1)—(2) for the

solar photosphere is supported by the results obtained in Mihajlov et al. (2003a, 2007b), where these processes were included
ab initio in a non-LTE modeling of an M red dwarf atmosphere with the effective temperature T, = 3800 K, using
PHOENIX code (see Baron & Hauschildt 1998; Hauschildt et al. 1999; Short et al. 1999). A fact was established that
including even the chemi-ionization/recombination only for 4 < n < 8 generates significant changes (by up to 50%), at least
in the populations of hydrogen-atom excited states with 2 < n < 20, and if all these processes (with n > 2) are included, a
significant change (somewhere up to 2-3 times) is also generated on the free electron density Ne, and, as one of further
consequences, significant changes in hydrogen line profiles.

Idea: Keeping in mind that the compositions of the solar and the considered M red dwarf’s photospheres are
practically the same and the values of hydrogen-atom density, Ne, and T in these photospheres change within similar regions
(Fontenla et al. 2007; Vernazza et al. 1981; Mihajlov et al. 2007b), one can expect that the influence of processes (1)—(2) on
the hydrogen-atom excited states and free-electron populations in the solar atmosphere will be at least close to their
influence in that of the M red dwarf, and that these processes will be very important for weakly ionized layers of the solar
atmosphere.




The Considered Model of the Solar Photosphere

In accordance with the aim of this work, we consider here model C of solar atmosphere from Vernazza et al.
(1981) and Fontenla et al. (2007). Namely, this is a non-LTE model which is still actual (see Stix 2002), and it is
only for this model that all the quantities necessary for our calculations are available in tabular form as functions
of height (h) in solar photosphere. In Figure 1, plasma parameters for this model are shown. Fig
2. In Figure 2 are illustrated deviations of non-LTE populations of excited hydrogen atom states with2 <n <8 in
solar photosphere within the C model of Vernazza et al. (1981). One can see that these deviations are particularly
exist for n = 2. Around h =500 km N (H*(n = 2)) is one-half of the corresponding equilibrium density, and for h
larger than 1000 km it is around 10 times greater. These deviations rapidly decrease with an increase of n.
However, even for n = 8 this deviation is around 40% around h = 500 km, illustrating the importance of taking
into account the considered processes ab initio in the modeling of solar atmosphere

MIHAJLOV ET AL.

e 3 { 10000 n=2
i -g _'_/—7_
— i —
E \\ =

_ 1E14 _; : 1“‘. S - _\]E E.a_

2 E Y e} - 8000 ="

S = 1 S n3
s \ s 1|1/ e T N
E iR \ o N, 1 T =
= IE12 L A — n=4

z 3 | \ = /in—(

\ - R i
' e S——— =8
IE10 P e
3 T N.
E ~ T T T T
E e 0 500 1000 1500
158 | : : | : 4000 h tkmi

0

Figure 1. Basic plasma parameters, for the solar model of Vernazza et al. (1981),

as a function of height h.
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Figure 2. Parameter n(n) = N(H*)(n)/N'"“D(H*)(n), as a function of height /.
The index “eq” denotes that excited atom densities correspond to thermody-

namical equilibrium conditions for given T.



All theoretical data which are needed given in next part:

when one of the processes (1) and (2) is occurred, the ionization probabilities are obtained in the form

Ry Hutﬁldﬁ’) H*(n)+ H(ls) = Hy +e,
b

1 )
PJ:I.:‘J}(”’ 0, E) — E (1 —e JR{l rad

H*n)+ H(ls) = H(ls)+ H +e,

partial cross sections

Pmax (E) .
a o Pn, E)=2n f P;f"’j{n, o, E)pdp,
0

partial rate coefficients for the chemi-ionization processes (1) and (2) Schematic, steps.

'!‘I'I'Iiﬂ
Kg;“f”m.n:f a&P(n, E)f(v; T)dv,
I;

(a,b)
Y min fm

using partial rate coefficients for each channel we will
determine the total one

Finally, using partial rate coefficients K& (n, T), we will
determine the total one, namely,

Kin.T) =K@ 0, T)+ K (n, T), (19)



The values of the total chemi-ionization rate coefficients obtained in the described way, are presented in
Table 1 . This table cover the regions 2 < n < 8 and 4000 K < T < 10000 K. we can analyze importance of
ch.ion. for solar photosphere (see Fig. Vernazza)

n_
Table 1
Calculated Values of Coefficient K (cm? s=!) as a Function of n and T
T(K) n
2 3 4 5 6 7 8

4000 0.150E—11 0.619E—09 0.126E—08 0.576E—09 0.554E—09 0.463E—09 0.366E—09
4250 0.202E—11 0.549E—09 0.106E—08 0.617E—-09 0.583E—09 0.482E—09 0.378E-09
4500 0.260E—11 0.501E—09 0.900E—09 0.656E—09 0.611E—09 0.500E—09 0.389E—09
4750 0.324E—11 0.488E—09 0.833E—09 0.694E—09 0.637E—-09 0.517E-09 0.400E-09
5000 0.403E—11 0.495E—09 0.815E—09 0.730E—09 0.662E—09 0.533E—09 0.410E—-09
5250 0.504E—11 0.501E—09 0.800E—09 0.765E—09 0.686E—09 0.548E—09 0.420E—09
5500 0.623E—11 0.500E—09 0.782E—09 0.799E—09 0.709E—09 0.563E—09 0.428E—09
5750 0.756E—11 0.493E—09 0.764E—09 0.832E—09 0.731E—09 0.576E—09 0.437E—-09
6000 0.909E—11 0.490E—09 0.757E—09 0.864E—09 0.752E—-09 0.589E—09 0.445E-09
6250 0.108E—10 0.502E—09 0.766E—09 0.895E—09 0.772E—09 0.602E—09 0.453E—09
6500 0.128E—10 0.519E-09 0.783E—09 0.924E—-09 0.791E—-09 0.613E-09 0.460E-09
7000 0.175E—10 0.540E—09 0.808E—09 0.981E—09 0.827E—-09 0.635E—09 0473E-09
7500 0.232E—10 0.574E—09 0.848E—09 0.103E—08 0.860E—09 0.655E—09 0.485E—00
8000 0.300E—10 0.609E—09 0.891E—09 0.108E—08 0.892E—09 0.674E—09 0.497E-09
8500 0.380E—10 0.650E—09 0.939E—09 0.113E—08 0.920E—09 0.691E—09 0.507E—-09
9000 0.470E—10 0.688E—09 0.986E—09 0.118E-08 0.948E—09 0.707E-09 0.516E-09
9500 0.574E—10 0.733E—-09 0.104E—08 0.122E—-08 0.973E—-09 0.722E—-09 0.525E—-09

10000 0.689E—10 0.787E—09 0.109E—08 0.126E—08 0.997E—09 0.736E—09 0.533E—09




Relative contribution of partial chemi-ionization processes for given n and T with respect
to the ch.-ion. total one are characterized by the corresponding branch coefficients

K§"(n, T)

Xi':.‘lf*'b}[n, T) =

Kitn,T) =K@, T)+ K (n, T), relative contributions of the associative ionization
Table 3
Calculated Values of Coefficient X@ = K" /K = K{{-f’/!{'{-r asa
H*(H} n H{ ls) = H2+ +e. Function of n and T
T(K) n
2 3 4 5 6 7 8

H*n)+ H(ls)= H(ls)+ H + e, -
4000 0.998 0.955 0.877 0.507 0.408 0.335 0.281

4250 0.969 0.934 0.827 0.484 0.388 0.318 0.266
4500 0.924 0.907 0.765 0.463 0.371 0.303 0.254
4750 0.872 0.881 0.709 0.443 0.354 0.289 0.242
5000 0.819 0.857 0.664 0.425 0.339 0.277 0.231
5250 0.769 0.831 0.619 0.408 0.325 0.265 0.221
5500 0.721 0.800 0.568 0.393 0.312 0.254 0212
5750 0.673 0.764 0.515 0.378 0.300 0.244 0.203
when T increases X decreases i.e. 6000 0627 0728 0466 0364 0288 0235 0.19

- ; - 6250 0.585 0.699 0430  0.351 0.278 0.226 0.188
rate coefficient for asoc. ion. (1) X 6500 0546  0.672 0.399 0.339 0.268 0.218 0.182

smaller comparing to process (2) as 7000 0474 0610 0336 0317 0250 0204  0.169
is expected. 7500 0414 0558 0289 0297 0235 0190  0.158
v 8000 0363 0510 0250 0280 0221 0179  0.149

8500 0.321 0.469 0.220 0.264 0.208 0.169 0.141
0000 0.287 0.429 0.193 0.250 0.197 0.160 0.133
0500 0.258 0.398 0.174 0.237 0.187 0.151 0.126
10000 0.234 0.376 0.160 0.225 0.177 0.144 0.120




Comparison of Fluxes of the Considered Processes and concurrent

I;(n, T) is the total flux caused by the chemi-ionization processes (1, 2)

H*(n)+ H(ls) = H(ls)+ H  + e,
fci{_nj T)= Kci{”-. T) - NHNI-.

* +
H*(n)+ H(ls) = H; +e,
where Ny, N,. N;, and N, are, respectively, the densities of the

ground and excited states of a hydrogen atom, of ion H*, and
of free electron in the considered plasma with given T.

and l,..,(n, T), be the fluxes caused by the concurrent ionization processes

Ij;ca{ﬂ._ T} — KCH{”-. T} . N”Ng. H*{H} + € — H+ + 2(?..

Using these expressions, we first calculate quantities Fi (n, T ) which characterize the
relative efficiency of partial chemi-ionization processes (1, 2) together and the impact
electron—atom ionization (3) in the considered plasma.

Fi(n,T)= RATIO

[Cj(II.Tl B Kci{”-. T) N/N
[i.ea(n, T) a Kea(n, T) ’ €1

impact ionization rate coefficients K.,(n, T ) are taken from
Vriens & Smeets (1980).



Ii(n, T) . Ki(n,T) N‘/Ng

Fin,T) = - -
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In Figure 3, the behavior of the quantities F; .,(n, T ) for 2 <n < 8 as functions
of height h is shown, according to the data (N, ground state dencity, Ne, and T)
from Vernazza et al. (1981) for solar photosphere. One can see that the
efficiency of the considered chemi-ionization processes in comparison with the
electron—atom impact ionization is dominant for 2 < n < 6 and becomes
comparable for n =7 and 8.



in order to compare the relative influence of the chemi-ionization processes (1) and (2) together to that of the
Impact electron—atom ionization process (5) on the whole block of the excited hydrogen atom states with

2 <n <8, we will calculate quantity F; .., ¢(T ), given by

4

summing _E\
8 \
_ Li(n, T) o
F;enn s(T) = ZS”_Q c
Zn:z Ia’:ca[”. T)

XS L Ka(n,T)-N,
Z:Srzz Keo(n, T)- N,

: N/Ne,
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Figure 4. Behavior of the quantity Fj..,(2: 8) given by Equation (29), as a
function of height h.

In Figure 4, the behavior of the quantity F; ..., ¢(T ) as functions of height h is shown according to

the same data from Vernazza et al. (1981). As one can see, the real influence of the chemi-ionization
processes on the total populations of states with 2 <n <8 remains dominant with respect to the concurrent
electron—-atom impact ionization processes almost in the whole photosphere (50 km <h <750 km).

This means that the chemi-ionization processes influence the radiative properties of the whole solar

atmosphere in the optical region.




Main result. From ApJS few years ago 2011

The obtained results demonstrate the fact that the considered chemi-ionization processes have a very
significant influence on the optical properties of the solar photosphere in comparison with the
concurrent electron—atom impact ionization processes.

Thus, it is shown that the importance of these processes for non-LTE modeling of solar atmosphere
should be necessarily investigated.

End of the first part for solar atmospheres




WD atmospheres

Present the investigation of symmetrical chemi-ionization processes of the helium atom in weakly
ionized layers of helium-rich DB white dwarfs.

He*(n) + He = Hej + e, (1a)

He*(n) + He = He + He' + e, (1b)

symmetrical chemi-ionization processes have been considered in domains of principal quantum numbers n > 3
and temperatures 12 000 K < T <30 000 K

Results showed that these processes can be dominant ionization mechanisms in helium-rich DB white dwarf atmosphere layers for log g =7 and 8 and T«
< 20000 K and have to be implemented in relevant models of weakly ionized helium plasmas

The influence of examined processes is determined by comparison with other relevant ionization processes,
electron-Rydberg atom impact ionization

He*(n) +e = He* +e+e, (2)



Theory

total chemi-ionization rate coefficients as sum of partial (1a) and (1b).

K:m']{n: T)= Kf[“-l[n: T) + K:h] (n; T)

(&P) denote part. fluxes due to processes (1a)—(2b), respectively.

', T) = K“(n. T) - N(He) - N(He*(n)) ,

i ]

1" (n; T) = K" (n,T)- N(He) - N(He*(n)) ,

where N(He) and N(He*(n)) denote He(1s2) atom and He*(n) Rydberg atom
(n=3) densities, and K2(n; T) and K*(n; T) denote rate coefficients of
processes (1a) and (1b).

We have the total chemi-ionization fluxes [

I““n; T)=19%; T)+1Pn; T),
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Parameter X which describe the relative importance of the particular
channel (“a” and “b”’) of the considered processes.
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FiG. 3.—Same as in Fig. 1 but for the parameter .\’,(::)(n. T). characterizing the relative importance of the particular channel (*“a™ and “b ") for the
chemi-ionization and chemi-recombination processes.



Other, concurrent ionization processes

electron-excited atom impact ionization (eq. [2])  He*(n) +e = He* +e+e. )

flux
[“V(n, T) = o'*“(n, T) - N(He* (n)) - N(e) ,

o’(n.T) the ionization and rate coefficients determined by semiempirical
expressions from Vriens & Smeets (1980).

The relative importance of chemi-ionization (eqgs. [1a]- [1b]) processes in comparison
with electron-excited atom impact ionization (eq. [3]), processes is characterized by
parameters F; (@) defined as ratios of the corresponding fluxes:

where 7j¢ denotes He atom and free electron densities ratio

| " N(He)
{axh) ; — ) Kl:mr:'. . ..E; |::' — .
L7 (n,T) I-;E_‘”rj{n. ) =" (n, T) i T, N(e)

![J.'L:'.I [j[, -I--:I {'I;ELI“]'::}I. I-J

]

FY(n.T) =
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from the papers we published few years ago

Conclusion : _ .
in ApJS and Baltic Astr. 2011 is

The influence of the chemi-ionization (eqgs. [1a]-[1b]) processes must be taken into
account for the ab initio modeling of helium-rich DB white dwarf atmospheres, for
log g = 7 and 8 and T < 20 000 K, since they would influence the basic structure of
the atmosphere model. These results and similar ones for hydrogen solar plasma
clearly proved the importance of the symmetrical chemi-ionization processes in
weakly ionized layers of stellar atmospheres.

End of the first part for WD atmospheres




Next: further investigation with mixing (excitation processes )

In our previous research has been notice that such inelastic processes in atom Rydberg-atom collisions, as chemi-
ionization and (n-n‘) mixing, should be considered together.

In this context will be considered the influence of the (n-n')-mixing during a symmetric atom Rydberg-atom collision
processes on the intensity of chemi-ionization process. It will be taken into account A + A*(n,l) collisional systems,
where the principal quantum number n >> 1, where A=H or He A*(n, ) + A — A+ A*(, 1),

For the first time theoretically to describe together with 1 rate coeff.
Real influence of atom-Rydberg atom processes (chi+mix) in stellar atm.

It will be demonstrated that the inclusion of (n-n") mixing in the calculation, influences significantly on the
values of chemi-ionization rate coefficients ( ), particularly in the lower part of the block of the Rydberg

states.

Two groups of inelastic processes in slow atom- Rydberg atom collisions, namely: chemi-ionization processes, including the processes of associative ionization
and the processes of so called (n-n')-mixing, were for a longer time examined and discussed in literature. Let us note that concerning the processes of chemi-
ionization, symmetrical as well as non-symmetrical atom-Rydberg atom collisions have been considered, while the (n-n')- mixing processes have been
considered only in the case of symmetrical collisions.

We note that several unsolved problems remained concerning the mentioned processes, connected with the fact that theoretical investigations and
interpretation of existing experimental results have been based on the semi-classical approximation. However, as the principal problem we see the fact that
the processes of chemi-ionization and (n-n")-mixing in symmetrical atom-Rydberg atom collisions have been up to now considered independently, in spite
that one considers that as the ones as well the others are conditioned by the same mechanism?. We have in view here the so called dipole resonant
mechanism, described several times in literature and discussed in details in Mihajlov et al. (2012).




chemi-ionization processes

A*(n, )+ A— A+ At 4+ ¢ (1a)
A*(n )+ A= AT + ¢ (1b)

and (n-n")-mixing processes, i.e. excitation-deexcitation
processes

A*(n, )+ A — A+ A*(n', ), (2)

where A and A*(n.I) denote atoms in the ground and in
a highly excited (Rydberg) state with the given princi-
pal and otrbital quantum numbers n and [, At and & -
atomic ion in the ground state and free electron, and A3
molecular ion in the ground state. These processes are
illustrated in Fig 1la and Fig 1b.

In this work we will investigate the influence of processes (2) on the processes of chemi-ionization
(1a) and (1b).

Here, as first is described for this purpose, the way of inclusion of process (2) in the procedure of
calculation of rate coefficients of the chemi-ionization processes (1a,b).

Their values are determined _ characteristic for the in the
case A = H(1s) and A= He(1s?) in the case of atmosphere of

Than, the determined here values of these rate coefficients, are compared with the rate coefficients
of the same chemi-ionization processes, determined also for the Solar photosphere and DB WD
atm. in the previous articles Mihajlov et al. (2003, 2011a, 2011b), but without inclusion of (n-n')-
mixing processes. We draw attention that, as a difference from this previous article, chemi-
ionization rate coefficients are here without the simplification of the expression for Gaunt factor,




Expressions now comparing to Mihajlov et al. (2003;2011) and

Besides, here, as a difference from Mihajlov et al. (2003; 2011a; 2011b), the average chemi-ionization
rate coefficient for a given n is obtained as a result of the corresponding averaging of partial chemi-
ionization rate coefficients for every | where 0 < /< n-1. | orbital quantum number and n principal g.n




2. THE THEORY Kia(n; I; T) and Ky(n; 1; T) are partial rate coefficients of processes
2.1. General formulas (1a) and (1b) (+pre-ionization), separately determined for given n, |
and T, where T is temperature of the considered plasma,

A" +A—> A+ A7 +é K,(n; I; T) is the partial rate coefficient of processes (1a) and
A) A+ A= 4; +€ (1b)(+ pre-ionization) together, namely Ki(n; I; T) = K,(n; I; T)
+ pre-ionization + Ky, (n; I; T) for givenn, land T.
A# / J A * roqf ; n—1
A'(n, ) + A= A+ AN, T), average tot. rate coefficient for Kin(T) = — - 321+ 1) Ky (n, T),
la and 1b
A*(n,l) + A= AJ +€ average rate coefficient for associative ionizati
B N
) + pre-ionization Partial rate coefficients K
A"‘(n._, ,!} + A3 A+ A (n’, 1“)‘ on the basis of sta

o0
Kup(n, I;T) = [ ow(n,l; E) (

Hred

o1(n,I; B) and oq,(n, [; £) are the corresponding cross sections

P1imax
oi(n,l; B) = 2?1'/ Py(n,l; p; E)pdp,
0

Pib;max
ow(n, L E) = Q?Tf Piy(n, L p; E)pdp
0



Probability

mix. chemi-ion. 1a+1b

Pi(n.l:p; E) =

b | —

 Preep 1, L pr EY) - pii(n, L p; E), for A) probabil. for process. (1a+1b)+pre-ioniz.

Puo(n, L pi E) = = - preep(n s p E) - piao(n, s p; E) for B) probabil. for process. (1b)+pre-ioniz.

Lo | =

chemi-ion. 1b

Probability of ionization decay

Due to the chemi-ionization
pir(n, L p; E) = 1.0 — exp(—2¢;:1),
pistp(n, 1 pr E) = exp(—giz2) - [1.0 — exp(—24izas)],

where the quantities ¢;.1, ¢i.2 and ¢;.,¢ are given as

R
it Win, [ R)
Jizas — 4i;1 — 4i;2,  {i;1 = dR,
. ! & ! ./RU rad(E )
(
(

1 /Rm Wi(n,I; B) .
2 . Rlb;?na.:c ﬂ.d E "D )




Probability of pre-ionization decay

Due to the mixing process.

one can notice that the basic difference, in comparison with previous papers, represents direct taking into
account of the effect of decay of the initial electronic state of the considered atom-Rydberg atom system,
due to the possibility of execution of excitation processes (2) with rn' > n.

/ Partial pre-ionization probability
Pkeep(nt, L pi E) = H ( oS

Pp:keep (10, 13 pi ),

p=1

Ppikeep(n, L p; E) = exp(—zp),

To = /RP “--'ﬂ.:.-n._|_p(?'3.1 . R)
e . vrad(E, p, R) |

Ryintpti—sn



Results:

Total values of the rate coefficients of chemi-ionization processes (+pre-ionozation) K, (n;T) within the

range 3 < n <14 are presented in Tab. 1. Bearing in mind the main application, of here obtained results, on

the photosphere and lower chromosphere of the Sun, calculations of these rate coefficients were performed
here for temperatures 4000 K < 7'< 10000 K.

n
—_—>
Hydrogen Table 1
Calculated Values of Coefficient K., (T)(cm® s=') as a function of n and T'.
n
T 3 1 0 [ i 5 I 10 11 12 13 11
4000 7.ITE-1Z 15IE-10 3358E-10 428E-10 398E-10 330E-10 261E-10 206E-10 1.63E-10 1.28E-10 1.02E-10 B14E-11
4250  9.01E-12 1.63E-10 3.88E-10 452E-10 4.15E-10 342E-10 269E-10 2.11E-10 1.66E-10 1.31E-10 1.04E-10 8.28E-11
4500 1.11E-11  1.72E-10 4.16E-10 4.76E-10 4.32E-10 3.53E-10 2.76E-10 2.16E-10 1.70E-10 1.33E-10 1.06E-10 8.40E-11
4750 1.33E-11 1.83E-10 443E-10 498E-10 448E-10 3.63E-10 283E-10 220E-10 1.73E-10 1.35E-10 1.07E-10 851E-11
5000 1.53E-11 1.96E-10 4.7T1E-10 520E-10 4.63E-10 3.72E-10 289E-10 2.24E-10 1.76E-10 1.38E-10 1.09E-10 B8.62E-11
5250 1.73E-11 212E-10 4.98E-10 542E-10 4.77E-10 3.81E-10 295E-10 2.28E-10 1.78E-10 1.40E-10 1.10E-10 8.73E-11
5500  1.96E-11 231E-10 5.26E-10 5.63E-10 4.90E-10 3.89E-10 3.01E-10 2.31E-10 1.80E-10 1.41E-10 1.11E-10 8.84E-11
5750 2.30E-11 2.51E-10 5.53E-10 5.83E-10 5.03E-10 3.96E-10 3.06E-10 2.35E-10 1.82E-10 143E-10 1.13E-10 B8.94E-11
6000 281E-11 271E-10 5.79E-10 6.03E-10 5.15E-10 4.04E-10 3.11E-10 2.38E-10 1.84E-10 1.44E-10 1.14E-10 9.03E-11
6250  3.53E-11  291E-10 6.03E-10 6.21E-10 5.26E-10 4.11E-10 3.16E-10 241E-10 1.86E-10 146E-10 1.15E-10 9.12E-11
6500  4.37E-11 3.11E-10 6.26E-10 6.39E-10 5.37E-10 417E-10 3.20E-10 244F-10 1.88E-10 147E-10 1.16E-10 9.19E-11
7000 6.01E-11 3.50E-10 6.70E-10 6.72E-10 559E-10 4.30E-10 3.28E-10 2.50E-10 192E-10 149E-10 1.18E-10 9.33E-11
7500 T7.08E-11 3.90E-10 7.13E-10 7.03E-10 5.80E-10 443E-10 3.36E-10 255E-10 1.95E-10 1.51E-10 1.20E-10 9.46E-11
8000 T.O91E-11  4.31E-10 7.54E-10 7.31E-10 599E-10 4.55E-10 3.44E-10 260E-10 1.98E-10 1.54E-10 1.21E-10 9.57E-11
8500 B.91E-11 471E-10 7.93E-10 7A5TE-10 6.14E-10 4.65E-10 3.51E-10 264E-10 2.01E-10 1.56E-10 1.22E-10 9.66E-11
9000 9.91E-11 513E-10 B.27TE-10 7T.82E-10 6.27E-10 4.74E-10 3.56E-10 2.68E-10 2.04E-10 1.58E-10 1.23E-10 9.74E-11
9500 1.06E-10 5.56E-10 857E-10 B.06E-10 6.40E-10 4.82E-10 361E-10 2.72E-10 2.06E-10 1.59E-10 1.25E-10 9.82E-11
10000 1.07E-10 6.03E-10 8.82E-10 B830E-10 6.55E-10 4.90E-10 3.66E-10 2.75E-10 208E-10 1.61E-10 1.26E-10 9.91E-11

The processes (1b) are characterized in this paper via the corresponding branch coefficient
Xip:n(T) given as

when T increases X decreases i.e.
rate coefficient for asoc. ion. (1)
is smaller comparing to process

(2) asis expected.

Table 2
Calculated Values of The Branch Coefficient X;.,, as a function
of n and T

0543 0519 0421 0320 0.265

0.497 047!

0.467 0431 0395 0301 0232
0.473 0427 0370 0284 0.223
0.467 0.419 0347 0269 02135
0.442 0411 0328 0254 0.208
0.397 0403 0310 0242 0.201
0.349 0.380 0204 0229 0197
0.308 0.360 0.279 0218 0.194
0.263 0.327 0.254 0.198 0.187
0.223 0292 0234 0.190 0.180
0.199 0.263 0.216 0.183 0.173
0.198 0.243 0194 0178 0.169
0.198 0.225 0175 0173 0.165

0.201  0.210

0.1 . .16
0.218 0.196 0.155 0.161 0.156

In accordance with the above said rate coefficients are
determined here by adding on of the probability of the
decay of the initial state of the collisional system in
pre-ionization zone with Rydberg electron transitions
from state |n > to state |n+p >, where I<p<5.



Helium n

v

Table 3
Calculated Values of Coefficient Ky.,,(T)(cm® s™1) as a function of n and T. Helium case.

i

T 3 1 3 ] ki 8 ] 10 11 12 13 14 15

7000  LB4E-11  8.33E-11  LB3E-10  143E-10  L15E-10 &.78E-11  6.50E-11  4.95E-11  3.78E-11  2.02E-11  227E-11  LBIE-11  L45E-11
8000  2.10E-11 1.11E-10 1L70E-10 1.59E-10 1.23E-10 9.25E-11 6.90E-11 5.13E-11 3.93E-11 3.03E-11 2.34E-11  1.85E-11 1.48E-11
10000 3.36E-11  LTSE-10  2.06E-10 L76E-10 1.35E-10 LOOE-10 T.33E-11  54BE-11  4.11E-11  316E-11  244E-11 10O2E-11  L53E-11
T 12000 4.74E-11  2.11E-10  2.41E-10  1.83E-10 1.45E-10 LOGE-10 T.69E-11 5.68E-11 4.26E-11 3.26E-11  251E-11 1.08E-11 L5TE-11

14000 6.75E-11  2.44E-10  2.64E-10  2.08E-10 L53E-10  LI1E-10 T.O0E-11  58TE-11  4.30E-11  3.3E-11  257E-11  2.02E-11  LGOE-11
16000 8.A5TE-11  2.71E-10 2.87E-10  2.18E-10 1.50E-10 LI14E-10  8.23E-11  6.03E-11  44TE-11  3.42E-11  2.61E-11  2.06E-11  1.63E-11
v 18000 0.83E-11  2.80E-10  L.05E-10  2.30E-10 1.65E-10 LITE-10 842E-11  6.1BE-11  4.57E-11  3.46E-11  266E-11  2.08E-11  L6SE-11
20000 1.13E-10 3.02E-10  3.21E-10  2.39E-10  L1.70E-10 L20E-10 8.62E-11 6.24E-11 4.64E-11  3.52E-11  269E-11 211E.11  L6TE-11
22000 1.29E-10 3ATE-10  L30E-10  247E-10  LT4E-10  L23E-10  B.77E-11  6.34E-11  4.71E-11  3BGE-11 272E-11  213E-11  LGOE-11
24000 1.49E-10  3.33E-10  3.36E-10 2.54E-10 1.78E-10 1.25E-10 8.87E-11 6.42E-11  4.76E-11 3.60E-11  2.75E-11 2.15E-11  LTOE-11

Table 4
Calculated Values of The Branch Coefficient X1;.,, as a function
of n and T. Helium case.

T 3 1 9 6 T 8 9 10 11 12 13 14 15
7000 0472 0379 0304 0250 0216 0193 0173 0.154 0.132 0116 0.103 0.097 0.089
8000 0424 0342 0273 0226 0195 0175 0.155 0.138 0118 0104 0.093 0.087 0.080

As expected 10000 0338 0276 0221 0.186 0161 0144 0.127 0.112 0.096 0.085 0.077 0.072 0.066
12000 0.269 0221 0181 0156 0135 0120 0.106 0.093 0081 0072 0.066 0.061 0.057
14000 0.215 0179 0.151 0133 0116 0102 0.090 0.079 0070 0.063 0.058 0.054 0.050
16000 0176 0149 0129 0115 0100 0.088 0.078 0.069 0062 0056 0.051 0.048 0.045
18000 0.150 0.129 0.113 0101 0.088 0.078 0.068 0.061 0.055 0.050 0.046 0.043 0.040
20000 0.132 0115 0101 0.09 0078 0070 0.061 0.056 0.050 0.045 0.041 0.039 0.036
22000 0.119 0105 0.002 0082 0071 0.064 0.055 0.051 0.045 0.041 0.037 0.035 0.032
24000 0.107 0.095 0.084 0075 0.066 0.058 0.051 0.046 0.041 0.037 0.034 0.031 0.029




To make it possible to estimate the significance of the
changes, introduced here, of this method of determining
the rate coefficients of the considered chemi-ionization
processes in relation to the method from Mihajlov et
al. (2011), here are determined not only values of sum- S000K
mary rate coefficient K;.,,(T'), but also the values of rate 11} & Janey of & {1987
coefficient K} (T') which one obtains if one takes that (2011} & Liban aL.a

: - {2011} X

DPreep(n. l; p; E) = 0, where preep(n. [; p; E) is the totals K, ¥ -K_ i g X
probability of the preionization decay is given with Eqs. :

(13) - (15). All mentioned quantities are presented in Fig
2 for the case of T = 5000 K. Lets draw attention that
in relation to the previous work of Mihajlov et al. (2011)
in this figure are presented not only the summary rate
coefficients, determined on the basis of dipole resonance
mechanism for 3 < n < 8 but also and rate coefficients
determined there on the basis of data from Janev et al.
(1987) for n = 3 and 4, from Urbain et al. (1991) for
n = 2. One can notice from this figure that there are
noticeable differences between the values of the rate co-
efficients determined in Mihajlov et al. (2011) and values
K: . (T), while the differences in relation to the rate co-
efficients K;,,(T') are very large for n < 6 and decrease
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chemi-ionization processes (1a) and (1b) with the data from Mihajlov et al.
(201 1a).
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Fluxes generated in atom-Rydberg-atom and electron—excited-
atom impact ionization are denoted by I3*(T; A*) and I5(T; A%)
and given by the expressions

IF(T; A") = K,(n, T; A")N(A")N(A), (26)

I(T; A%) = a5(n, T3 A" )N(A*)N (@), @n

where A* = H*(n) or He*(n), the rate coefficient K (n, T; A%)

T T T T v T T is given by equation (10) and the ionization rate coefficient
0 200 400 600 800 1200 a?(n, T; A*) is determined by means of semi-empirical expres-
h[km] sions from Vriens & Smeets (1980).

Figure 5. Parameter F;[n, T:H"*(n)] as a function of the height h. for
principal quantum numbers n = 3-8, for a model of the solar photosphere
(Vernazza, Avrett & Loeser 1981); the wider bold lines denote present
calculations, and the fainter lines denote calculations from Mihajlov et al.

The relative importance of the chemi-ionization processes in
comparison with electron—excited-atom impact ionization can be
characterized by parameters F,(n, T) defined as F,(n,T)=
INT; A%/ ISN(T; A®). According to equations (26) and (27) we
have

- . Kin,T:A*) N(A
(2003a). Fa(n. T:A") = = A 28)
aii(n, T; A*) Nie)
WD atm. (= 7= 12000k and Iogg =8l EpRp— — 22000
= ] - = - n=4 e
o} - n=5 -| 20000
o e 1 | It E - — -~ n=6
- n=7
b e DTN n=8 18000
n=9
| —— 4 18000
// 14000
' 2000
Figure 6. Parameter F;[n, T;He*(n)] as a function of the logarithm of
™~ 10000 Rosseland optical depth log (), for principal quantum numbers n = 3-10,
N with Tor = 12 000 K and log g = 8: the wider bold lines denote present
calculations, and the fainter lines denote calculation from Mihajlov et al.
% (2011a).




CONCLUSIONS

From the presented material, it is shown that the processes of (n —n’)-mixing (2) have considerable influence on the rates of chemi-
ionization processes (1).

Direct calculations have been performed, which show this influence on the quantitative level. The results obtained here are
presented in tabular form, where the values of total constants for rates of the processes (1), and also just the rates for the process of
associative ionization (1b) for the hydrogen and helium cases are presented. Tables cover the range of values of principal quantum
numbers of the Rydberg states of hydrogen and helium atoms from n = 3 to n = 15 and the temperature range from T = 4000 Kto T
=10000Kand T =7000 K to T =24 000 K respectively, so that they can be directly applied in connection with the modelling of
the photosphere and the lower chromosphere of the Sun and the atmosphere of DB white dwarfs.

» The obtained results (Figs. with F) show that the efficiency of the chemi-ionization processes, in spite of the influence of (n —

n’)-mixing processes (2) with n’>n in most parts of the photosphere of the Sun and most parts of white-dwarf atmospheres,
remains dominant or at least comparable to the efficiency of the concurrent processes.



For the future, or next steps

To calculate efficiency of chemi-ionization with pre-ionization in respect
to concurrent process for the sunspot atmosphere model.

To calculate for M red dwarfs atmosphere model with pre-ionization

00000000

H(A) A(A)

To get something like this



MOL-D

 The data presented here, soon can bee also access
through http://servo.aob.rs as web service and
database http://servo.aob.rs/mold.

* MOL-D database is a collection of cross-sections and
rate coefficients for specific collisional processes and
a web service within the Serbian Virtual Observatory
(SerVO) and the Virtual Atomic and Molecular Data
Center (VAMDC)

* Jevremovic, Vujcic, Sreckovic, Mihajlov, Dimitrijevic...


http://servo.aob.rs/
http://servo.aob.rs/mold

* Data needed for modeling stellar
atmospheres, Early universe chemistry ...
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Technical characteristics

| 1 3,
Specles — e SpeclesState
T

MOL-D is services compatible with VAMDC standards and

act as a VAMDC "nodes . They can be accessed by tools,

applications or libraries which comply to VAMDC interoperability requirements,

such as VAMDC portal query, Astrogrid VODesktop etc. VAMDC - compliant

tools allow for distributed queries across multiple VAMDC nodes via SOAP protocol for
web services, along with standardized VAMDC-TAP data access protocol

and XSAMS XML schema for data serialization and representation.

1 0.r
DataAxis R . Process - Source
a p-
Author
Radiative Colksional
Figure 4. UML static diagram with high level of abstraction for MOL-D and BEAMDE nodes

MOL-D are implemented on top of VAMDC NodeSoftware

in Django, a Python framework for web application development. They apply

custom-built data models which fit their specfic datasets. All-encompasing
VAMDC model would not offer optimal performance and would be

more complicated to maintain. In the process of a node development, custom "dictionaries'

(which map VAMDC reserved keywords to local models' attributes) are defined as
well as query translator
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