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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-
lonization 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.



THE (n—n”)- MIXING PROCESSES IN THE COLLISIONS OF
RYDBERG ATOMS WITH GROUND- STATE PARENT ATOMS

EXCITATION PROCESSES

A(N'=n+p)+A

A*(n)+A={ )
A+A (n'=n+p)

}, n>>1 p=>1

DEEXCITATION PROCESSES

A(N'=n-p)+A

A*(n)+A={ .
A+A(n'=n-p)

}, n-p>>1 p=>1



THE CHEMI-IONIZATION PROCESSES IN SYMMETRIC AND

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

Symmetric case

A*(n,l) + A — AT +¢; (1) @
A*(n.l) +A - A+AT + e (2) (@)
Non-symmetric cases: < |,

weakly non-symmetric case: I;<<I,
Strongly non-symmetric case: 1, — Iz~ I

A*(n,1) 4+ B — AB" + ¢: (3) (ai)
A*(n,l) +B — A +B" +e. (4)  (pi)

THE CHEMI-RECOMBINATION PROCESSES ARE DEFINED AS THE
INVERSE PROCESSES IN RESPECT TO THE PROCESSES (1) - (4).




Schematic illustration of atom—Rydberqg atom collisions
and the resonant non-elastic processes on the base
of the dipole resonant mechanism (DRM)

—

~

€, - the energy of the Rydberg state with the given n

€, - the energy of the free electron

U,(R) and U,(R) - adiabatic energies of the ground and first excited electronic states of the
molecular ion (A,* or AB*)

R - internuclear distance



Illustration of the differences between symmetric

and non-symmetric cases

non-sim

U,=U,-U, [eV]
~
1

Y T v T Y T ! T
R.
ni

R [a.u.]

R, — the upper border of the chemi-ionization zone
for the given n in the symmetric case.

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



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

The symmetric case, without (n-n’)-mixing

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 p and the initial (collisional) energy E, under condition that
p<<r ~n>
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
R< Ri;n )

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
U, (R)=U,(R)-U,(R) >0 :
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

|2,R>n, I >>|1L, R >k, 1"> ,
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
Ek =&~ &, = UlZ(R) )

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,.,(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




(R) \/_ = D122(R) G, D, R =<2,R|D(R)|LR>,
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

PulLE) 1 p B W, ROL STt

with an initial condition
pi;n (_t07 p’ E) = O

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

pi;n(t;pl E) =1_exp(|i;n(t;t0))i Ii;n(t;to) = ]Wln(R(t))dt

-1,
From here it follows that the probability of chemi-ionization for given and, e.g. is defined by relations

IO
Pa(p ) = pull—exp(l, ()], (L) = [Wi, (R())dt.
Than, taking that , where is the internuclear radial velocity, (i/ve can presented in the form
W, (R)IR
I:>i'n( ’ E) = pin [l—eXp(2 N =
: ’0 Rn.!-in rad (R,p, E)
where is given by Eq. (18) .

Il vrad<R;p,E>=J [E-U,(R)- E” (i1)

After that, the cross-section for the considered chemi-ionization process and the corresponding rate coefficient can be presented by means the
usual expressions
Phmax (Ern) 0
o-ci;n(E)= _[ Pi;n(pl E)Z”pdp Kci;n(T)= J VZE/luo-un(E) f(E’T)dE ( [ 2)

0 Emin (n)

where is given by Egs. (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) .



The non-symmetric case, without (n-n’)-mixing

~

In Egs. (i1) and (i2) the upper boundary distance R, ,, is replaced by Ri;n :
where the value of R. ., Is determined by the behavior of the corresponding
dipole matrix element D,, . This behavior is illustrated on the example of
the ion HeNe*.

u.)

dipole matrix elements (a

)

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

dipole matrix elements (a.u

4 ] 8
internuclear distance (a.u.)

The symmetric case with (n-n’)-mixing

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 R; ,
Rn mix» Where Rn mix» 1S the upper boundary of the (n-n’)-mixing region with n’ n+1



roximation of the quasi continuum

We introduce an initial Rydberg state of an outer electron [n) = |a, §,m} and blocks of
Eoydberg states [n7) == |a’, I, 07"} with fived quanivm numbers § and m', satisfying:

mtp e SRt P, (13}
where in the genernal case we have
mzpzl (14

Every block contaiming pr— p| + 1 discrete states comesponds to a block of continuous stales
charnnm:mdhyqnm:mu.um]:mn" ¥ and m', where »” is continuonsly changed from

n+p'|tom+ p'y, and energies gg |, satisfying

f‘ﬂl &._,uﬂ'lqlﬁ digim po— pp+ 1. (13}
I'___FII
s,
Fearlm o e i, M deg = Fim, 1, pr b e (16
I'_..HI

Here gm0, 00} is the dersily of continuove states [w", ', m"), foedld, m; 8, m) iz the
cecillator strength for [m, §,m} — |v*, I, m"} tansitions and §im, p1, pz)is the iotal cecillator
strength for the tramition of the outer electon from the |w, !, m) state o o given block
of Bydberg states. We will asume that c,- = —8p,/w"? in exder to have an sppropriste
distribution of continuous states, and

) dn® w7
e (' m) = i T 3Ry (17}
Pmuqnuﬁmtlﬂitfnﬂmrﬂmﬂhnpunmmﬁ:mmtnﬁ:frtHnmm
Fi—Fi=p1—p+l (18)
While in [18] we had pj = p1 and p'2 = p2 + 1, bere @) and p} are given o
Pil=pi—Ap,  pr=prél—ap,  OSApel, (19)

where it is msumed that Ap = Apie, Py, P2l

Let |2, Rim i, m} = |2, E)n, !, m) be tbe initial stabe of the system H*(n) + H in the
domain of intermuclear distances satisfying (5). The described resonant mechanism genemates.
transitions into the final siates |1, & n', F o'} = |1, &)|n', ', m') in the vicinity of the point
A = Rg.. Because theze transitions are tested as results of continuous decay of the initial
siate, the botal transition probability of the outer electron from the state [w, §, m) into the blocks
of Rydberg siates defined by equation {13} is identified with the tota] transition probability inbo
Blocks of continuous states. These are described in a quasi-static approximation, similarly v
the chemi-ionization processes in [4], and are characterized by the decay rape

W -—E|{n Lm: 2, R [Vl R, 2y P '), (2
Pt

Here |1, Ryp, " r, ul":l = |, R,...l”rl" i"llf:l, dipale interaction operator Wy is given by

uqlntm{ﬁ},nnd.ﬂ!_.-nthummﬂm tamce which satizfies:

Uziflee) = Ui Rgeed

= fmas, 21

where
Gyt g T g m:l

States |1, Byn', &' m' will be treated through matrix elements in (200, Mamely, we will
sesume that: the expression for element (m, I, e, 2, R[V2|l, B2 n®, ¥ m") con be cbinined
from the expression for element (n, I, m; 2, B [Va|1, Bon', ¥ m'} by substitating &' with =",
the squares of moduli of matrix elements ||:.r|..I.ul;i-..ﬁ|'lig|1,ﬂ;n".f,u|"}|!mbaw:l:il'bcn
[15] &=

[on, 0, ez 2, R V|1, Bom', ¥omE

- %ﬁit-,- — i gl ) PICL, B2, B (23)

Here m is the mass of electrons, and rg ond dp denobe the projectons of the cuter electron
radius ¥ and dipole momentum cperator & of the subsystem H* + H onbo the internuclear axds,
respectively. Using equation (20) we then have

0 zﬂ.‘l'l2
Wk = e 2l o mlrg (R0, Fum PN, RIEg|2, B m) (24)
P

The mext step in our model is 1o introduce the average decay rate Wy.o of the initial collisicnal
system H(m) + H, defined as:

Wow = _!E l:!.- (25)

TR lmdmpem -—EEHn O R O
Lm Pt
Assuming that & in the domain relevant for the process is several times larger than the atomic
urit lergth, we hawe [4, 12]

SRl
141, Blx|2, B[ = — (27

From equatione {171, (243, (26) and (27}, the average decay rate W . is
'
Wawr = %E‘,F-Ex.a-ni,-. (28)

where fi.ae is the average cecillator strength for e m — n® transidon, given by

Fuet = —:EE:’"ﬂ i29)
T '
£ = E-_rtw — |, o [rm | (R (300

The expression for fae is obiined by substiting »* with #* in the expression for fea

from [ 19]:
25 " 3
= s () e @y




n'=ee

. n"=n+p_+1-
I o R P 27 N pz ap

1 A parameter Sy (E, R0 ) iz caloulated from the equation:
trad (braan By Rz ) =0, (¥

and E..'.,(n;.rl”} = U0 ae). From equatore (22) and (34039 the differential rate
coefficient dE, - is writien as:

= £ Ui
K, (T - EEH Bens X, ) [.n*m;p[ 5 ]L . d&, (400
--------------------- where ay is the atonic unitlength, snd X, ) is
r 31 —H|§£|
K{Bne) = [I_rﬂ!:l-_ll (41}
3

["(3/2, 211 [Mix) being incomplete and complete gamma functions.
Kaetpyoasp: | Ta) dencies the botal rate coefficient of processes (1) for the tansitions of an

whede g, .. is the Gawnt factor. After substituting <, and ¢, into equation (28) with their cuter electron of the systens H(w) + H into all states. with the principsl quantum sumber 7'
expreszions, we have finally from domain (130, This is caloulated msing
Faat Ky (Ta) R (T 42
W —3;.'5."55-;.-'- (32 it i Ta 'Ivl_&‘p dE g (Tl i
A similor methed 1o this for coloulating Ky, e (7o) was applisd in calculating the
This expression is the same as the decay rate of the initial siste of the sysiem H* im) +H, in the coeficient of continuous absorption from a bleck of Rydberg states, the mite coefficient
came of chemi-icnization processes [4]. In domain a5 | a function g, s is slowly changing for electran—ion photo-recombination with free electron tnsition in a given blockof Rydberg
fior different n*, and we can mesume: states (see [21, 22]), and for eleciron-ion—atom recombination [1]. The oscillalor strength
was sssumed io be a continuous function of the prindpal quantum numbes
For = Ewaizaeps (33) T calculate the rate coefficient of processes (1) for fized n and ' = w4+ p, denated by
K,;...Pfr.],“wﬂll:lbl‘]lﬂ.t:
for m’ —ﬂp a;;n. -C.I'l'+l—.ﬁ.p Hmﬁl.tﬂ:ﬂmlm Eﬂmmﬂnﬂ.m[ﬂﬂ] K'lilﬁptrl:l-:‘ﬂﬂl'nﬂn(rl:ll 43
for processes (1) for w° = n, which are similar io chemi-ionization processes. However, the fox and
expression here is based on equation (31} applied for f ... FL=p=p
Further procedures for rate coefficients for processes (1) are the same as for chemi-
- . . . . . . Iﬂ.lfﬂ,lfp;tr]-z .l.n-pr] {"““
ionization processes (1), described in detwil in [5]. Because of this, only the main steps will s

be presented here. For rarsitions @ — (0", 0" +dn"), illustrated in figure 3, the differential

probability, diff il om and i ial Tate ienit are given by: for 1 pa =0 pa. From (335, (400, (42) and (43) it follows that Ky eep (700 con be writhen s

Bimaipi
KusneplTa) = — L 1 frime f X (R exp [“wm] H‘u!—- (45)
APy iﬂ-ﬁ" iy - T -L y 33 B Bl kT aj
ot g T (b, B, Bt as, whete Banin(m.m + 21 a0 R, m+ B} are calculaied from equations

LY - P, . _ - - —_
M,;,I(E}—Zx"‘; d Pyee b B, {35) G = R = Gl g = Ga. S(R = Broo) = Sasp-tip — 6as  (46)
G - L2 — LR 47y

A K gzn® (T == FrLiE(E) doye v EAE, (36) roura . - —
- —h| | i -———n | ———— | - 48
)f:'—-a» e () !-u-’iu:n[':ﬂl}”—"“:l n

Within the domain 4 < m < 10, the parameter Ap is practically constant, and we will assume
it value Ap = 0380 this comesponding tom = 5,
S -—

whiere b and E are the impact parameter and collisional energy, R is defined by equation
(213, and ©(E) = (2E j)"? is the mdisl velocity:

2 in—pi* b
Ud (8 B, Ryge ) = IE |:E -5 (x!;,. - %‘i)] I . 37 Kaa piTa) = K.-F,.tl‘.]—n.!— (_“E:'), i51)
L 't

i is the reduced mass of collisional particles, fr () is the Maxwell distibution funclion for
alomic temperalune Ty, normalized by the condition

fﬁ_(ﬂ}q"ﬁas -1 (38




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

Tuble 2. Excitation ruie cozfficients Ko qyp (70 0107 cm® s ™'y,
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The case A=He(1s?)

Eaciation raie coeficents Kupsp(Ta ) (10 e’ 571}
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l The ‘n-n’z-mixing grocesses in the solar ghotosghere ‘A:Hz I

i lam]

Fig. 3. The behavior of N, and M{1) in [cm™] as functions of heighs 5 Fig-5. The behavior of the parameter Fuap = (Kuavp © 11 e
within the considerad pant of the Solar atmosphere from model C of characterizing the relative efficiency of atom-atom and electron-siom
Vernarza o al, (1981) m—f}ﬂﬂumuahmhﬂhlﬂ!_hﬂru:inﬂ
# = 1-5. The atoen-atom rate coefficlent K, 5., i given by Egs. (10—
{12} and the parameter - by Eq. (14). The eloctron-siom rane coeffi-
CIENL iy g 15 L2ken Trom Vilens & Smeets (1900),

we compare the smdied collision processes only with other
relevant collision processes, omitting the radistive decay of
: 1 hydrogen Rydberg states. The radiative decay, which causes
f L the deviation from LTE in the comsidered part of the Solar
4 atmosphere, is already included in Vernazza's model, so that
the “optical part” of this model does not need to undergo any
changes. We show that the “collision part™ of Vernazza's model
heas b be changed by adding atomic collision processes | 1)-(8).
1000 The relative efficicncy of processes (7) and (8) in compari-
h i} son o process (6) is charscterized by the parameter Fooap(T)
Fig.4. The hehavior of the lemperatme T oand the pasame-
ter = NUIN, a5 functions of beight & wilhin the considered pant £ o7y = Mr;lmnmﬂ}lﬁmurﬂh' (s)
of the Solar astmosphere From model © of Vernazea ot al. {1981) Fpa g TINGUON, Qi T)

i
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where Nin) is the excited alom states population for given s, |
the parameter 7, is defined by Eq. (14), and duaep(Te) 15 the
rate coefficient for the electron-alom process (6) wken from
Vriens & Smeets (1930



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

3 The factor » 15 defined here by the relation
20000 - 4 10 n= N(1)/N, = (ionization degree)™!,
_ ] 2
< 16000 Jic S . . i . .
= | = and its behavior in the atmospheres of the considered DB white
12000 - y & dwarfs (which is very important for the studied processes) is pre-
I 310 sented in Fig. 1.
8000 . : . : . ' . ]
20000
i @
— 16000 — i
s =
= ' T
12000 - =
8000
logt !
e s i = — T_,=14000K
N0 g B b
E n=4
} n=5 3
= 100*; n=6
V3K “Nim)-N(I) ¥ K S Jeett
i 2 A+ ER AT R Lip= 1+ E n=8
Fo=SELM SRl M, az3 @)
2 pet Xnpap - Nint) - Ne Lp=1 Trasp .
E
and ]
(=) ::I—';';-]' Kﬂ-""P “Nim) - N(1) ::'_.;_::j - _ 10* T
PRlr - T v . nz4, (5) L [ — - T,,=12000K
2pm) agep - Nin)- Ny Yipel Tnn-p D - S ¢
107 ~ ' ' ) i}
where Nis), N(1). and N, are the local densities of all Rydberz I -
. . . . - . = = 3 1 n=6 - = e
helium atoms in the states with a given n = 3, of a helium atom S
in the ground state, and of free electrons. respectively: and the | -
products Ky gep - Nin) - N(1) and oy qup - Nin) - Ny are the partial 1
atom- and electron-Rydberg atom excitation/deexcitation fluxes. 1074
A 2 0 2

log t



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

Chemi-ionization
Calenlated Values of Coefficient K (c m” 51} as a Function of n and T
TiK) "
2 3 4 5 i 7 2

4000 0.150E—11 0.6 19E—09 0.126E—08 0.5T6E—0R 0.554E—107 0.463E—09 0.366E—09

250 0.202E-11 0. 5349E—019 0.1 6E—08 .61 TE-09 0.583E-079 0.482E-0% 03TEE-(R
4500 0.260E—11 0.501 E—01 0. 900E—019 0656E—09 .61 1E-09 O500E—0% 0.389E—-0%
4750 0.324E—11 0.488E—01 0.833E—00 0.694E—07 0.63TE-09 0517TE-0% 0.400E -7
5000 0403E-11 0.495E—01 0.815E—09 0.730E—0% 0.662E—09 0.533E-09 041 0E—%
5250 0.504E—11 0.501 E—01 0. 800E—019 0.T65E—0R2 O6E6E—09 0.548E—-0% 0.420E—0%
5500 0.623E-11 0. 500E—019 0.782E—019 0.799E—0% 0.TE-% 0563E—-09 0.428E—-%
5750 0.756E—11 0.493E—09 0.764E—009 0.832E—-07 0.731E-0% 05TeE—09 043 TE-(%
GO0 0.90ME-11 0.490E—019 0.75TE—09 0.864E—0F 0.752E-07 0589E—09 0.H45E-07

250 0.1 08E— 10 0.502E—049 0. 7Te6E—09 0.895E—0% 0.7T72E-079 0602E-0% 0.453E-0%
G500 0.128E—10 0.519E—019 0.783E—00 0.924E—0% 079 E-0f 0.613E-09 0.460E—09
TO00 0.175E-10 0. 540E—019 0. 80RE—019 098 E-0% 0.827E-0R 0.635E-09 0.473E-%
T500 0.232E-10 0.57T4E—01 0. 848E—01 0. 103E—-08 0.860E—09 0655E—-09 0.485E—-0%
BOO0 0.300E—10 0. 608E—019 0.89 1 E—01 0. 108E—08 0.892E—07 OG6T4E—09 0.49TE—-(7
BA00 0.380E-10 0.650E—09 0.939E—09 0113E-08 0.920E-09 069 E-0% O50TE-(R
0 04TIE—10 0.688E—01 0.986E—019 0.11BE—-08 0.948E—079 0.T07E—-% 0.516E-09
U500 0.574E—10 0.733E-00 0.1 (4E—08 0.122E-08 0.973E-09 0.722E-0% 0.525E-0%
| R0 0.689E—10 0.78TE—01 0.1 09E—08 0.126E—08 0.997E—0R9 0.736E—-09 0.533E-07




Chemi-recombination

Calculated Values of Recombination Coefficient K., (cm® s~ as a Function of » and T

TiE)

b

-

-
|

4

5

&

i

&

4000
4250
4500
4750
SO0
5250
3500
5750
GO0
G250
G500
T
7500
RO
BS00
Q00
Q500
| (X0

0.1 90E—27
130E-27
1.918E—28
.666E—28
0.506E—28
0.403E—28
1.33]E-28
0.275E—-28
1.233E-28
1.20]1E-28
.1 76E—28
.139E—28
0n.114E—-28
0.964E—29
.834E—-29
1.731E-29
.654E—29
(.390E—29

0.732B—-27
0.458E—27
0.306E-27

22IB-27
0.174E-27
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The chemi-ionization/recombination in the solar photosphere (A=H)

Chemi-ionization
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Figure X Behavior of the quantity F"'“t'.'[n] given by Equation {5, as a function

iea

of height h.

li(n,T)  Kuin, T)
Liean. T) Kaln, T)

Fiin,T) = - Ni N, (28)

which characterize the relative efficiency of partial chemi-
ionization processes (1, 2} together and the impact
electron—atom ionization {5) in the considered plasma. The total
chemi-ionization and recombination rate coefficients Kgin, T
are determined here by the method described in the previous sec-
tion, and impact ionization rate coefficlents Kyg(n, T) are taken
from Vriens & Smeets { 1980). In Figure 3, the behavior of the
quantities F; g5(m, T) for 2 £ n < 8 as functions of height f is
shown, according to the data (N, N, and T) from Vernazza et al.
(1981) for solar photosphere. One can see that the efficiency of
the considered chemi-lonization processes in comparison with
the electron—atom impact ionization s dominant for 2 < n £ 6
- and becomes comparable for n = 7 and 8.

However, in order to compare the relative influence of the
chemi-lonization processes (1) and (2) together to that of the

1000

|||.."'2:'5I:I

F
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4] 0 410 B0 Bla 1000

h[komn]

Figure 4. Behavior of the guantity F;..,(2. 8) given by Equation (29, as a
function of height f.

impact electron—atom ionization process (5) on the whole block
of the excited hydrogen atom states with 2 £ » £ 8, we will
calculate quantity F; g.2—s(T), given by

Yo, Litn, T)
E,S_g Foin, T)
_ Ef:: Kaln, T)- N,
Y Kein,T)-N,

Fea2-slT) =

NN, (29)

which can reflect the influence of the existing populations of
excited hydrogen atom states within a non-LTE model of the
solar atmosphere. In Figure 4, the behavior of the quantity
F; sa.2—al(T) as functions of height & 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



Chemi-recombination
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relative influence of chemi-
recombination processes (3) and (4) together and photo-

Then, in order to compare the relative influence of
chemi-recombination processes (3) and (4) together and
electron—electron—H* ion recombination process (6) on the
same block of excited hydrogen atom states with 2 £ n £ §,
we calculated quantity F, e 2-s(T ), given by

recombination electron—H* ion process (7). alse within
the block of the excited hydrogen atom states with 2 =
n = 8. For that sake we calculated quantity F,ppoa—ai(T)
given by

S lkin. Ty Yo Kun.T) N

Freei;a-a(T) =

Yoo leln T) Yo Kaln T) .

] - YN
o demin, T o Keailn, Ty N Fopha—alT) = =
Zn_z  eeil. ) Z:_z seil ) 30) Zﬁ=2 Lgnin.T) EE:: Kpin, T)
taking rate coefficients Kyin, T) also from Vriens & Smeets (31)

taking rate coefficients Kppi(n, T) from Sobel man { 1979). This
is necessary since in Mihajlov et al. (1997) only the states
4 = n = 8 were considered. Still, it was a natural expectation
that the inclusion of states with # = 2 and 3 will increase the
influence of photo-recombination electron—ion processes. The
behavior of quantity F, ph,2—s(T) as a function of h is shown
in Figure 6. One can see that here a domination of the chemi-
recombination processes with 2 £ n £ 8 over the electron—ion
photo-recombination  processes is confirmed (although to a
slightly lesser extent) in a significant part of the photosphere
(—50km = A = 600 km).

(1980). In Figure 5. the behavior of this quantity as a function
of height i is shown. One can see that the considered chemi-
recombination processes dominate with respect to the concur-
rent electron—electron—ion recombination processes within the
region 100 km = h < 650 km. Consequently, the considered
chemi-recombination processes are also very significant for the
optical properties of the solar photosphere.



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

Chemi-ionization

Kci[*10"°cm?/s]

T(K) n=3 n= n=5 n=6 n=7 n= n= 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

7000

8000

9000
10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000

n=3
28.51
22.24
16.98
13.84
11.52
9.91
8.70
7.64
6.86
6.16
5.59
5.07
4.65
4.32
4.00
3.71
3.40
3.19
3.06
2.83
2.71
2.57
2.41
2.28

n=4
17.74
14.13
11.52
9.69
8.24
7.17
6.36
5.71
5.07
4.65
4.22
3.83
3.55
3.30
3.06
2.83
2.68
2.52
2.36
2.23
2.12
2.00
1.92
1.82

n=5
12.69
10.22
8.51
7.40
6.36
5.53
4.91
4.36
3.96
3.59
3.30
3.06
2.77
2.60
2.41
2.28
2.14
2.00
1.86
1.74
1.65
1.58
1.50
1.44

Kr[10*%cm?/s]
n=6
9.80
7.89
6.64
5.71
4.96
4.41
3.87
3.48
3.12
2.86
2.66
2.41
2.21
2.07
1.94
1.80
1.69
1.58
1.48
1.41
1.34
1.26
1.22
1.14

n=7
7.81
6.50
5.41
4.60
4.00
3.55
3.15
2.86
2.60
2.38
2.16
2.00
1.84
1.70
1.58
1.50
1.41
1.32
1.23
1.17
1.10
1.05
1.00
0.97

n=8
6.43
5.30
4.50
3.83
3.37
2.99
2.60
2.36
2.14
1.94
1.78
1.65
1.55
1.42
1.33
1.25
1.17
1.11
1.03
0.97
0.92
0.88
0.84
0.80

n=9
5.47
4.50
3.75
3.23
2.86
2.49
2.21
1.98
1.80
1.65
1.53
1.42
1.30
1.21
1.13
1.06
0.98
0.93
0.87
0.83
0.78
0.74
0.71
0.68

n=10
4.60
3.87
3.26
2.80
2.46
2.14
1.94
1.74
1.58
1.42
1.30
1.22
1.12
1.04
0.96
0.90
0.85
0.81
0.76
0.70
0.67
0.64
0.60
0.57



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

The comparing with the e-He*(n) ionization and e-e-He* (1s) recombination processes
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From equations (11)-(12) and (20)-(23), it follows that

The relative importance of chemi-ionization (egs. [1a] these parameters can beshown in theform

[1b]) and chemi-recombination (egs. [2a]-{2b]) processes in b K, T) K, 1)
comparison with electron-excited atom impact ionzation Folin,T) = e =

. n : e, (24)
ol (m, T) al*n, T)

(eq. [3]), electron-electron-ion n:Lumbinaliun (eq. [4]) and
electron-ion  photorecombinati prog ‘W:a 15 o [ab) . N(He
characterized by parameters F Q.:l'&] ]I and Fl I: T, F;J"Lf""]{n, T)—K’ (n,7) - N(He) . (25)

o (1,7

defined as ratios of the corresponding Auxes:

where i denotes Heatom and free electron densities ratio

[ [
pd gy py B T) B T)
T 1Yo, Ty 10, T)

N(He)
Nie)

= (26)




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

e V00K T.=14 000K
le07 g T T T T T 1 T T 1 T T 1 UL T T T 1 T3 10000 g— T T T T T T T[T T T T[T T T T [TT 11 —— T T T3
N 7 I n=3 i
le+0f (- = L n=4 i
- - WE s E
- 4 . — n=h ]
R A e - R i
o n=§ T
o4l - E e - .
EOE : e F — E
ST i & r ;
i — n=3 4 oy i ]
Ei n=4 jﬁ,_,{
3 a5 3 L E
n -— n=h ] ]
L —- |1:‘:r _ -
‘;.d" - n=§ =
[ o == 1=y i
= — =l : E
lm 1 1 | L1 1 | | | I | | L1 1 | | | I | | | N I | | L1 1 | | L1 1 | ul L | Ll | R | I | I | L | L1 | L

=3 =4 =3 = .l 0 1

e

-5 4 3 2 - 0 ]

log(t)

e




The investigation of the chemi-ionization/recombination processes for the case
A=H(1s) in M red dwarf atmosphere with T4 =3800K
(modeling by means PHOENIX code)

The influence on the hydrogen Rydberg state populations
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The influence on the hydrogen spectral line shapes: with cifer
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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 < n.4 < 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.
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FIG. 7. (Color online) (a) Experimental data (symbols) for the
under single-beam (sb) conditions together with the calculated values (lines) for both the single-beam and cell conditions and (b) experimental
data (symbols) for the absolute associative ionization cross sections of the ns and nd Rydberg series of Ne under crossed beam (cb) conditions
taken from Ref. [ 10] together with the calculated values (lines) for crossed beam conditions.
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He>*(n)+He

Rate coefficients: 300K

300 K

K HeHe [cm3/s]
8.08E-24
1.14E-19
5.00E-14
5.76E-13
1.99E-12
3.84E-12
5.43E-12
6.41E-12
6.80E-12
6.74E-12
6.38E-12
5.89E-12
5.33E-12
4.78E-12
4.25E-12
3.76E-12
3.32E-12
2.93E-12
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The e-He'(n) ionization and e-e-He* recombination
rate coefficients

Kea[Te] Krec[Te]

[cm3/s] [cm&/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
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The chemi-ionization rate coefficients:
He*(n)+Ne and He *(n)+ He

KHeNe KHeHe KHeNe KHeHe

[cm3/s] [cm3/s] [cm3/s] [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




The chemi-ionization cross sections: He*(n)+Ne
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The comparing of the chemi-ionization rate coefficients:
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Conclusions

- It I1s 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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