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ABSTRACT

The influence of symmetrical chemi-ionization and chemi-recombination processes on the helium atom
Rydberg states’ population in weakly ionized layers of helium-rich DB white dwarfs has been investigated.
The ionization processes in He* (1) + He(152) collisions and their inverse recombination processes He; + e
and He(1s2) + He" + e have been considered in domains of principal quantum numbers n > 3 and tempera-
tures 12,000 K < T < 30,000 K. These processes have been treated within the frame of the semiclassical
theory developed earlier. Their contributions to the Rydberg state populations have been compared with
electron-electron-ion recombination, electron-excited atom ionization, and electron-ion photorecombina-
tion processes. Results showed that these processes can be dominant ionization/recombination mechanisms
in helium-rich DB white dwarf atmosphere layers for logg = 7 and 8 and Ty < 20,000 K and have to be
implemented in relevant models of weakly ionized helium plasmas.

Subject headings: atomic processes — stars: atmospheres — white dwarfs

1. INTRODUCTION

This work continues our investigations of the influence of
ion-atom collisional processes on the properties of weakly
ionized layers of helium-rich DB white dwarf atmospheres.
It has been demonstrated in Mihajlov & Dimitrijevic¢ (1992),
Mihajlov, Dimitrijevi¢, & Ignjatovi¢ (1994a), and Mihajlov
et al. (1995) that the processes of absorption and emission
of electromagnetic radiation due to He*(ls) and He(1s?)
collisions have a strong influence on the optical character-
istics of DB white dwarf atmospheric layers. In plasma
conditions, however, the ion-atom collisional complexes
intensively interact not only with the EM field but also with
charged particles, most importantly with free electrons.
Consequently, it was necessary to consider processes based
on e + He™ (1s) + He(1s2) collisions. Moreover, in a weakly
ionized plasma the collisional complexes similar to the ion-
atom one should be taken into account. These complexes
consist of atoms in ground and highly excited (Rydberg)
states and interact with an outer weakly bound electron of
the Rydberg atom. Therefore, in helium plasmas the
processes to be investigated are based on He(1s2) + He™ (n)
collisions, with He* (n) representing the helium atom in a
Rydberg state. The role of these complexes will be analyzed
in a manner similar to the role of ion-atom complexes in a
solar photosphere and lower chromosphere (Mihajlov et al.
1996, 1997b, 1999; Mihajlov, Ignjatovi¢, & Dimitrijevi¢
1998). We will consider the chemi-recombination processes
resulting from free electron scattering on the collisional
symmetrical ion-atom complexes and chemi-ionization
processes during symmetrical atom—Rydberg atom colli-
sions. The ionization/recombination processes with
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molecular ions in weakly bound rovibrational states will
also be included. Therefore, for weakly ionized helium
plasma of a DB white dwarf photosphere, the following
chemi-ionization processes,

He*(n) + He = Hej +e, (la)
He*(n) + He = He + H' + ¢, (1b)
and the corresponding chemi-recombination processes,
Hej + e = He*(n) + He, (2a)
He + He' + e = He®(n) + He , (2b)

are considered. He and He™ are in their ground states 1s2
and 1s, respectively, He™ (n) is the helium atom in the highly
excited (Rydberg) state with the principal quantum number
n>1, and Hej is the molecular ion in the weakly bound
rovibrational state belonging to its ground electronic state
(1%,). The main reasons for including (1a) and (2a) channels
with molecular ions are the same as in the case of hydrogen
plasmas, discussed in detail in Mihajlov & Ljepojevic (1982)
and Mihajlov, Ljepojevi¢, & Dimitrijevi¢ (1992).

The chemi-ionization (eqs. [la]-{1b]) and chemi-
recombination (eqs. [2a]-[2b]) processes are investigated as
mechanisms which may influence populations of helium
atom Rydberg states. We will assume that the principal
quantum number z > 3, as in Mihajlov et al. (1996, 1997a,
1999) and Djuri¢ & Mihajlov (2001). The influence of exam-
ined processes is determined by comparison with other rele-
vant ionization and recombination processes, namely,
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electron-Rydberg atom impact ionization,

He*(n) +e= He" +e+e, (3)
electron-electron-ion recombination,

He' +e+e= He*(n) +e, (4)
and electron-ion photorecombination,

He" + e = He™ (1) + €phot (5)

where ephor denotes the emitted photon energy. The previous
results for solar photosphere demonstrated that the influ-
ence of the chemi-ionization and chemi-recombination
processes on Rydberg atom states populations is important,
and in some layers even dominant in comparison with other
ionization and recombination processes (Mihajlov et al.
1997b, 1998). It was found that the radiative ion-atom colli-
sional processes are much more important for the helium-
rich DB white dwarf than the solar photosphere (Mihajlov
et al. 1994b, 1995). Taking into account these differences,
we can expect that the importance of the chemi-ionization
and chemi-recombination processes in the case of a helium-
rich DB white dwarf atmosphere will be considerably
greater than in the case of a solar photosphere.

2. THEORY
2.1. Chemi-Ionization/Recombination Processes

The importance of the chemi-recombination (egs. [la]-
[1b]) and chemi-ionization (eqs. [2a]-[2b]) processes in a
given plasma, relative to other recombination and ioniza-
tion processes, is determined by comparing corresponding
fluxes. This is performed under the standard assumption
that in photosphere plasmas 7, = T, = T, where T, and T,
are the electron and atom temperatures and 7 is their
common value. Under this assumption the deviation from
LTE in a given plasma is manifested through the departure
of the excited atom state populations from Boltzman’s dis-
tribution. The possible cause of such deviations from LTE
in the solar atmosphere is ongoing radiation (Vernazza,
Avrett, & Loser 1981; Mihajlov et al. 1997b). Therefore,
it is necessary to take into account all processes which
can influence the excited atom state populations, particu-
larly ionization /recombination processes (1) and (2).

Let I;”(n; T) and ;" (n; T) denote ionization and
recombination fluxes conditioning population and depop-
ulation of excited He™(n) atomic states due to processes
(1a)—(2b), respectively. By definition, we have

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

1P(n; T) = K" (n,T) - N(He) - N(He*(n)) . (6)
where N(He) and N(He*(n)) denote He(1s?) atom and
He*(n) Rydberg atom (n > 3) densities, and K,-(”)(n; T)

and K;”(n; T) denote rate coefficients of processes (la)
and (1b). We also have

1(n; T)=K{"(n,T) - N(He;) - N(e),
1 (n; T) = K”(n,T) - N(He) - N(He*) - N(e) , (7)
where N(He"), N(e), and N(He; ) denote He™ (1s) ion, free
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electron, and He; molecular ion (in weakly bound rovibra-
tional states) densities, and K ((,f) (n, T) and K" (n, T) denote
the rate coefficients of processes (2a) and (2b?. The rate coef-
ficient of process (2a) is denoted with de since this is a
process of dissociative recombination. Following our
method presented in Mihajlov et al. (1997a), flux I,(“> (n; T)
generated by chemi-recombination processes (eq. [2a]) is
expressed as

1(n; T) = K (n,T) - N(He) - N(He*) - N(e) , (8)

where K\ (n, T) is given by the expression

(a) _ @ N(He)N(He")] ™
K" (n,T)=K,;, (n,T)- [W} .09

We are interested in the total influence of processes (1a)
and (1b) on the depopulation, and the total influence of
processes (2a) and (2b) on the population of helium atom
excited states. Consequently, we will consider the total
chemi-ionization I[(“b) (n; T) and chemi-recombination
1) (n; T) fluxes, where

5 1) = 10 T) 4 17 T)

1 1
5 Ty =K T)+17(m; T) . (10)
From equations (6)—(8) it follows that these fluxes can be
expressed as

1“0, T) = K (n, T) - N(He) - N(He*(n)) , (11)

1 1

I (n, T) = K\ (n, T) - N(He) - N(He*) - N(e), (12)
where total chemi-ionization and chemi-recombination rate
coefficients K" (n; T) and K" (n, T) are similarly defined
as

K T) =K T)+ K" (n; T),

1
K (n,T) = K (n,T) + K (n, T) . (13)

The rate coefficient K\*) (n, T') is given by equation (9).

The rate coefficients of the processes (1a)—(2b) have been
determined by a method based on the semiclassical theory
developed for hydrogen and alkalis in Mihajlov & Janev
(1981), Mihajlov & Ljepojevic¢ (1982), and Mihajlov et al.
(1992). This theory is based on the mechanism of resonant
energy exchange within the electronic component of the
symmetrical atom—Rydberg atom system collision, intro-
duced in Smirnov & Mihajlov (1972), with more details to
be found in Janev & Mihajlov (1979, 1980). The semiclassi-
cal theory has been adapted for helium in Mihajlov et al.
(1996). The method used here is finalized and reviewed in
detail in Mihajlov et al. (1997a).

Within the frame of the method used here, chemi-ioniza-
tion rate coefficients K (n, T), K" (n, T), and K (n, T)
are determined directly, while chemi-recombination rate
coefficients K\* (n, T), K\" (n, T), and K\“”(n, T) are deter-
mined using the thermodynamical balance principle. For
example, a simple way to find the partial rate coefficient
K (n, T) given by equation (9) is by using the thermody-
namic balance principle and the partial chemi-ionization
rate coefficient K;“(n, T). The chemi-ionization and
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chemi-recombination processes are additionally character-
ized by the parameters X ab) (n,T)

ir;a,b
. 1“1y 1Y, T
)(i(r:z}z))b('/l7 T) = l(ub) (n’ ) = ’(ub) (n’ ) ’ (14)
’ Iz (7’1, T) II (l’l, T)

which describe the relative importance of the particular
channel (““a” and “b”) of the considered processes. From
equations (6)—(8), (11), (12), and (14), it follows that
K“n,T)
K (n, T)

(a)
b Ki (I’l, T)
Xis'(;la>(”’ T) =" -
K (n,T)

1

(15)

The procedure to obtain chemi-ionization and chemi-
recombination rate coefficients K.“”(n, T), K (n,T),
K“"(n,T), and K\’ (n,T) is described in detail in
Mihajlov et al. (1997a), and the final expressions are

R
(a.b) _2m 5, / " [—Uz(R)]
K: n,T) = —=n "ayv ex
o T) = g | exp
4
X X(a,b)(R7 T) R CSIR , (16)
)
R, "
(ab) _ 2 s, —Uy(R)| R4dR
K" (n,T) =" aOUO/Rmm exp[ T rak (17)
5/2 2
(ab) (2m)”" (heag)” 4 I,
K; ,T) = T n
(0, T) =255 (ka)3/2n exp| 1
R
! Unn(R)  Ui(R)
- ‘/Rmin exp|: kT kT
4
x X(a"b>(R, T)R ?R 7 (18)

)
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5/2 2
(ab) _ @m)7" (heay)” 4 1,
K ) = ey Pt
R
" U12(R) U](R)
x /Rmm CXP[ kT kT
. R*dR
x X@)(R,T) ral (19)
0

The variable I, denotes the ionization energy of He™(n)
atoms, Ujp(R) = Ux(R) — Ui (R), R is the internuclear dis-
tance, and U (R) and U(R) are the ground and first excited
electronic states of the molecular ion He; (see Gupta &
Madsen 1967). The upper integration limit R, is the largest
root of the equation: Uj»(R) = I, and its values for differ-
ent n can be found in Mihajlov et al. (1997a). The lower inte-
gration limit, Ry, =1, is determined empirically. The
functions X(@ (R, T) and X ®)(R, T') are defined by relations
XW(R,T) =~(3/2; —U(R)/KT)/T(3/2) if U(R) <0,
where 7(x; y) and TI'(x) are incomplete and complete
gamma functions, and X@(R,T) =0 if U;(R) >0, and
XO(R,T)=1-X@(R,T).

The total chemi-ionization and chemi-recombination rate
coefficients, K" (n, T) and K\’ (n, T), in the temperature
range 7000 K < 7' < 30,000 K and principal quantum
numbers n = 3-10, are shown in Figures 1 and 2. The curves
K (n=3,T) and K’ (n=4,T) in Figure 1 show an
intersection close to the lower limit (7000 K) of the consid-
ered temperature range. The intersection occurs because
processes (la)-(1b) have an energy threshold which
increases when n decreases. Because of this, when T
decreases every rate coeflicient Ki”b (n, T) decreases
faster than any other rate coefficient Kicab)(n/ ,T) with
n’ > n, and in domains of sufficiently low temperatures the
intersection of the curves occurs.
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F1G. 2.—Same as in Fig. | but for the total chemi-recombination rate coefficients KD (n, T)

The function X'

i (1, T) is shown in Figure 3. From this
figure and the definition of Xl(rag ) (n, T) it can be seen that the
values of both parameters, in the temperature range
7000 K < 7' < 30,000 K, are of the same order of magni-

tude. Consequently, in a given temperature domain the

contributions of “a’” and “ b’ channels of chemi-ionization
(egs. [la]-[1b]) and chemi-recombination (eqs. [2a]-[2b])
processes in the population/depopulation of helium atom
Rydberg states are comparable, which justifies the inclusion
of both the ““a” and “ b channels.
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chemi-ionization and chemi-recombination processes.
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2.2. Other Ionization/ Recombination Processes
Fluxes generated in electron-excited atom impact ioniza-
tion (eq. [3]) and electron-electron-ion recombination (eq.
[4]) processes are given by expressions
1“Un, T) = o/ (n, T) - N(He*(n)) - N(e),  (20)

1,(“’”(”, T) = a}(eez)(n’ T)-N(He')-N(e)-N(e), (21)

and the ionization and recombination rate coefficients
o (n, T) and o\ (n, T) are determined by semiempirical
expressions from Vriens & Smeets (1980).

Fluxes generated in electron-ion photorecombination
(eq. [5]) processes are given by the expression

I3 (n,T) = afg/(n, T) - N(He") - N(e) ,  (22)

and the photorecombination rate coefficients a(‘;z(n, T)
could be determined in accordance with Sobel’'man (1979).
However, these constants are determined here using rela-
tions found in our previous work on collisional ion-atom
radiative processes (Mihajlov, Dimitrijevi¢, & Ignjatovi¢
1993; Mihajlov et al. 1995).

3. RESULTS AND DISCUSSION

The relative importance of chemi-ionization (eqs. [la]-
[1b]) and chemi-recombination (eqs. [2a]-[2b]) processes in
comparison with electron-excited atom impact ionization
(eq. [3]), electron-electron-ion recombination (eq. [4]) and
electron-ion photorecombination (eq. [5]) processes is

characterized by parameters F,"”’(n,T) and Fpﬁr>(n, T),
defined as ratios of the corresponding fluxes:
) 1T 10, T)
ir (l/l, T) ~ 1(ea) T y(eei) ’
L (n,T) L™/ (nT)
(ab)
1b,ei I (l’l, T)
Fé;r >(”a T) = ’<€,>7 : (23)
Ly (n,T)

From equations (11)-(12) and (20)—(23), it follows that
these parameters can be shown in the form

(ab) (ab)
ab K™ (n,T) K (n, T)
EE )(I’l, T) = (ea) ( ’ ng = (eei)< ’ 77? ’ (24)
a7 (n,T) a (n, T)

K (n, T) - N(He)

ke (n, T) ’

F(abl’l‘) (n T) —

phr (25)

where 7¢ denotes He atom and free electron densities ratio

ne = ]\;\52? : (26)

In the case of the DB white dwarf photosphere, all param-
eters have been determined for 12,000 K < Ty <
30,000 K and logg = 7 and 8. The results presented are for
the temperature range 12,000 K < T < 24,000 K and
logg = 8. The value of log g is chosen following Mihajlov et
al. (1995), where the same DB white dwarf models have
been analyzed with respect to radiative ion-atom collisional
processes. The results for logg = 7 are qualitatively the
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same. For temperatures T > 24,000 K, electron-excited
atom impact ionization (eq. [3]) and electron-electron-ion
recombination processes (eq. [4]) are dominant. The proc-
esses considered here are compared via parameters
F\“(n,T) and Fpﬁf (n,T), and the corresponding results
are shown in Figures 4-7 and Figures 8-9, respectively.
These parameters are shown as functions of log 7, where 7 is
the Rosseland optical depth. Temperatures and atom and
electron densities needed to determine F,-,“b (n,T) and
F (ﬁ}r’)(n, T) for given 7 have been taken from Koester’s
(1p980) DB white dwarf models for given 7.y and logyg
values. Figures 4, 5, 6, and 7 are related to Ter = 12,000,
14,000, 16,000, and 18,000 K, while Figures 8 and 9 are
related to T = 12,000 and 24,000 K, respectively.

Our results show that for the lower temperatures the
chemi-ionization (egs. [la]-[1b]) and chemi-recombination
(egs. [2a]-[2b]) processes are absolutely dominant over
electron-excited atom ionization (eq. [3]) and electron-
electron-atom recombination (eq. [4]) processes, for
n=3,4, and 5 for almost all logT < 0 values. For n = 6,
7, and 8 and in the same log7 range, processes (1a)-(2b)
are comparable with processes (3) and (4). This is illus-
trated in Figures 4 and 5, where T = 12,000 and
14,000 K. With the increase of temperature the influence
of processes (la)-(2b) decreases, which is manifested by
the decrease of the Fﬁab)(n, T) values. For example,

Fl (n, T) values for n —3 and 4 decrease from ~102 for

Tor — 12,000 K and ~10 for Tur — 16,000 K, down to
~0.1 for Ty = 20,000 K and ~0.01 for T = 24,000 K.
This behavior indicates the effective temperature range
where it is particularly important to take into account
processes (la)—(2b) for correct calculations of excited
helium atom state populations.

It should be noted that the increase/decrease of popula-
tions with a principal quantum number n for considered
plasma conditions causes the population increase/decrease
of all states with a principal quantum number larger than n.
Consequently, the increase/decrease of the populations
with 3 < n < 8 due to chemi-ionization (eqs. [la]-[1b]) and
chemi-recombination (eqs. [2a]-[2b]) processes causes an
increase/decrease of all excited states’ populations with
n> 8, for the temperature and free electron density
corresponding to the given log 7.

Regarding the relative importance of chemi-
recombination (eqs. [2a]-{2b]) processes in comparison with
photorecombination (eq. [5]), our results show that proc-
esses (2a)-(2b) are dominant within the whole effective
temperature range 12,000 K < Ty < 30,000 K for n > 4
within the log T > —3 range. For n = 3 and 4 the processes
(la)—(2b) are dominant within the log T > —4 range. These
results are illustrated in Figures 8 and 9, with Ty = 12,000
and 24,000 K.

Functions Fl-(,fl ") and Féﬁ? have several shallow local mini-
mums,/maximums, mainly in the range log(7) € (-3, —2).
This behavior was notified and analyzed in detail with
respect to He™ + He radiative collisional processes in the
same plasma (I’Mihajlov et al. 1995). The local oscillations of
functions F,-(,,“ ) and F, fl}r’ are caused by the temperature
oscillations in helium-rich DB white dwarf plasma models,
defined in Koester (1980) and used in this paper. Relatively
small temperature fluctuations can produce the following
effects: (¢) pronounced oscillations in particles’ densities
because of the high ionization potential of helium atoms
and (b) changes in rate coefficient values for all ionization/
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Terr = 12,000 K and logg = 8.

recombination processes considered. This is shown in
Figures 4-9.

The presented results show a considerably greater
influence of the chemi-ionization (eqgs. [1a]-[1b]) and chemi-
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Fi1G. 5.—Same as in Fig. 4 but for Ter = 14,000 K
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(n, T) as a function of the logarithm of Rosseland optical depth log7, for principal quantum numbers n = 3—10, with

recombination (eqs. [2a]-[2b]) processes on populations of
highly excited atomic states in the case of a helium-rich DB
white dwarf atmosphere than in the case of the solar atmo-
sphere (Mihajlov et al. 1997b). The reason for this is much
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larger neutral atom densities in the DB white dwarf atmo- helium atoms than of hydrogen. Therefore, for the same
sphere than in the solar photosphere, which react with the pressures and temperatures (~10,000 K) the ionization
same densities of free electrons. This is the consequence of a degree of the helium plasma is several orders of magnitude
much higher (for almost 11 eV) ionization potential of lower than that of the hydrogen plasma.
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4. CONCLUSION

The influence of the chemi-ionization (eqs. [1a]-{1b]) and
chemi-recombination (eqs. [2a]-[2b]) processes shown in
this paper must be taken into account for the ab initio
modeling of helium-rich DB white dwarf atmospheres, for

logg = 7and 8 and T+ < 20,000 K, since they would influ-
ence the basic structure of the atmosphere model. These
results and similar ones for hydrogen solar plasma
(Mihajlov et al. 1997b) clearly proved the importance of the
symmetrical chemi-ionization and chemi-recombination
processes in weakly ionized layers of stellar atmospheres.
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F16. 9.—Same as in Fig. 8 but for Ter = 24,000 K
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Further investigations of these processes should be
performed by including them in sophisticated stellar
atmosphere models and corresponding computing codes.

This work is part of the projects “Radiation and
Transport Properties of the Non-ideal Laboratory and
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Tonospheric Plasma ™ (project no. 1466) and * Influence of
Collisional Processes on Astrophysical Plasma Lineshapes
(project no. GA 1195) and was supported by the Ministry of
Science, Technologies, and Development of Serbia.

REFERENCES

Djuri¢, Z., & Mihajlov, A. A. 2001, J. Quant. Spectrosc. Radiat. Transfer,
70, 285

Gupta, B. K., & Madsen, F. A. 1967, J. Chem. Phys., 47, 48

Janev, R. K., & Mihajlov, A. A. 1979, Phys. Rev., 20, 1890

. 1980, Phys. Rev., 21, 819

Koester, D. 1980, A&AS, 39, 401

Mihajlov, A. A., & Dimitrijevi¢, M. S. 1992, A&A, 256, 305

Mihajlov, A. A., Dimitrijevi¢, M. S., & Ignjatovi¢, Lj. 1993, A&AS, 276,

187
.1994a, A&A, 287, 1026

Mihajlov, A. A., Dimitrijevi¢, M. S., Ignjatovi¢, Lj., & Djuri¢, Z. 1994b,
A&AS, 103, 57

. 1995, ApJ, 454,420

Mihajlov, A. A., Dimitrijevi¢c, M. S., Ignjatovi¢, Lj. M., & Vasilijevic,
M. M. 1999, Astron. Astrophys. Trans., 18, 145

Mihajlov, A. A., Djuri¢, Z., & Dimitrijevic, M. S. 1996, J. Quant.
Spectrosc. Radiat. Transfer, 55, 141

Mihajlov, A. A., Djuri¢, Z., Dimitrijevi¢, M. S., & Ljepojevi¢, N. N. 1997a,
Phys. Scr., 56, 631

Mihajlov, A. A., Ignjatovi¢, Lj. M., & Dimitrijevi¢, M. S. 1998, Novyj cikl
aktivnosty Solnca, Trudy (Sankt Peterburg: Pulkovo), 52

Mihajlov, A. A., Ignjatovi¢, Lj. M., Vasilijevic, M. M., & Dimitrijevi¢,
M. S. 1997b, A&A, 324, 1206

Mihajlov, A. A., & Janev, R. K. 1981, J. Phys. B, 14, 1639

Mihajlov, A. A., & Ljepojevi¢, N. N. 1982, Proc. Symp. Phys. Ionized
Gases, Contributed Papers (Dubrovnik), 385

Mihajlov, A. A., Ljepojevi¢, N. N., & Dimitrijevic, M. S. 1992, J. Phys. B,
25,5121

Smirnov, V. A., & Mihajlov, A. A. 1971, Opt. Spectrosc., 30, 525

Sobel'man, I. 1. 1979, Atomic Spectra and Radiative Transitions (Berlin:
Springer), chap. 11

Vernazza,J. E., Avrett, E. H., & Loser, R. 1981, ApJS, 45, 635

Vriens, L., & Smeets, A. 1980, Phys. Rev. A, 22, 940



