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ABSTRACT

A new two step channel for the photoionization of hydrogen atoms in inter-
planetary space is proposed. Hydrogen atoms are excited by photons, then
decay to the metastable H(2S) state, where they can be photoionized. Com-
peting processes are considered, and the photoionization rate through the
proposed indirect chennel is calculated. This rate becomeg higher than
ghat of direct photoionization for the region closer than 0.4 a.u. to the
un.

INTRODUCTION

The ionization rate is one of the key parameters in models describing neut-
ral hydrogen atom populations inside of the heliosphere. The study of such
populations provides an opportunity to get information on global heliosphe-
ric structure, and to derive physical parameters of interplanetary dust and
interstellar gas, as well as planetary upper atmospheres and exospheres.
Two major processes are believed to determine the ionization rate of the
neutral atoms: i) ionization by solar photons, and ii) charge exchange

with solar wind ions.

The Sun radiates intense Lyman series hydrogen lines. After photoexcitati-
on to the state with the principal quantum number n>2, the hydrogen atom
may emit & photon and transfer not to the ground state, but to the meta-~
stable H(2S) state. It can be shown that both the direct excitation to the
metastable state and the ionization of excited atoms by collisions with
solar wind plaesma ions and electrons, can be neglected /1/. While being in
this metastable state, & hydrogen atom may be ionized by solar photons
with wavelength shorter than A= 3646 X (which are rather abundant in the
solar spectrum), This way of photoionization was never, to my knowledge,
taken into account earlier, and the aim of this work is to consider this
indirect channel of ionization of hydrogen atoms in interplanetary space.

EXCITATION TO METASTABLE STATE

Intensities of solar Lyman lines decrease rapidly with the increase of pho=-
ton energy, and, as will be shown, most of the indirect photoionization ef-
fect is due to the excitation ‘channel through the H(3P) state. The total
intensity of the solar Lyman-B8 ( A= 1025.7 ) line is E;= 6 1072 erg/(cm?s)
at Barth orbit /2/ (index "O" will correspond to value &t Barth orbit). To
assess the line width, let us assume that the same atoms that emit in Ly-
man-o (A= 1215.6 &) are respongible for the Lyman-p emission. The line
width is determined by the Doppler shifts due to velocities of individual
atoms, so that the ratio¥=4MA has to be consfant for both lines. For Ly-
men-e¢ , the line width is well known -AM=0.8 & (e.g. /3/), giving

Y= 6,5 109 PFor the hydrogen atom, one can calculate exactly the probabi-
lity of photoexcitation (e.g. /4/). Taking into account that the probabili-
ty of H(3P) state trensition to H(2S) is 0.118, one finally gbtains the ex~
citation rate to the H(2S) state B*S(R) = B25(Ro/R)*> , where = 4 1077 g4,
The similar_snalysis for solar Lyman-& line (= 972.5 &) with energy flux
Ey = 1.5 103 erg/(cn*s) /2/ shows that the excitation rate for H(2S

through the H(4P) state is 3.2 10 g~*at Earth orbit, which is much lower
than the rate through the H(3P) state. This channel can be therefore safe-
ly neglected, as can all other radiation channels.
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FATE OF METASTABLE ATOM

Let us consider now what may happen with a metastable hydrogen atom in in-
terplanetary space. First of all, without any external interactions this
atom will decay to ground state by emission of two photons at a rate of
$9=8.226 g5/, i.e. with the life time t4=0.12 s. Collisions with solar
wind plasma electrons and ions, as well as interactions with the solar pho-
tons, may lead to either ionization of the atom or to a transition to ano-
ther state which, in turn, may decay to the ground or a metastable state.
%lso% the decay of metastable atoms can be caused by the solar wind magne-
ic field.

It can be shown /1/ that the most important effect of the collisions with
solar wind protons and electrons is the transition from 2Sijstate to the
2Py/q or 2P3s; states which results in subsequent very fast (1.6 ns) emission
of a Lymen-o photon leaving the hydrogen atom in the ground 1S4/ state. The
solution of the problem of collisionally induced transitions to 2P states
of hydrogen atom was given in /6/. Calculatigns show that for solar wind _4_
plasma density ne=5 cm3 , Vsw=400 km/s and Te=10YK one.obtaines $9%2.9 108%
and §%P=3,5 10 's4 for H(2S) depopulation rates due to collisions with elec~
trons and protons of solar wind respectively. Alpha particles constitute
approximately 5% of solar wind number density, and the depopulation rate is
proportional to the square of the ion charge. Therefore, the total effect
of soler wind ions would be 20% more than presented by the value §4P,

A magnetic field is frozen into the solar wind plasma and moving relative
to the metastable atom, which would then feel the electric field. For small
electric fields, the H{25) decay time, te, is well known (e.g. /4/), and
tg>td everywhere in the solar wind /1/. Therefore the effect of a magnetic
field can be neglected.

Interaction with solar photons may result either in photoionization, inclu-
ding the channel of indirect photoionization of the present work, or in ex-
citation to higher levels of the atom with the subsequent transition to the
ground state. The solar spectrum is agsumed to be that of a blackbody with
temperature Tg=6000 K, We assume here, also, that the solar radiation in-
tensity is inversely proportional to the square of the distance from the
Sun without change of gpe tral rqQ erties. Then the photoionization rate of
H(2S) atoms would be § ﬁ(R): “P IgR%./R)2 and

3\:,pk=ﬁcje'(w) N,
w

-]
where Wo=5,16 1015 9'1 is the threshold circular frequgncy for the photoio=-
nization, ¢ is the velocity of the light,M= Io/(464 T¢), Io=1.39 108erg/
(cr 8) is the solar constant (radient flux density at 1 a.u.), 6sgis the
Stephan-Boltzman constent, () is the photoionization cross section, and
dN,, is the photon number density distribution as a function of temperature
Tg. For_the H(2S) state, the ionization threshold corresponds to wavelength
A=3646 &. This means that the major role in photoionization is played by
the photons from the bulk of the distribution, and not from the far wing
which is characterized by relatively large fluctuations in intensity. There-
fore the blackbody epproximation of the solar spectrum isg adequate for the
purpose., For the hydrogen atom, the photoionization cross section can be
calculatis exactly /7/, the value of M is equal to 0.47 1075, and one ob-
tains &2 =1,06 s'z
For the excitation of the metastable atom to the H(3P) state, the photon
wavelength is A=6562.8 & (Balmer Ho line). The solar irradiance in Hois a
Fraunhofer line with deep minimum down to 0.16 of the value of the gontinu-
um /8,9/. The continuum solar irradiance is equal to 1.6 10% erg/(enf s 1)
/10/. The spectral radiation density responsible for the excitation of
atoms depends then on the radial velocity of the atoms. For neutral hydro-
gen atoms originating in outgassing of interplanetary dust, the initial ra-
dial velocity is very smell since dust particles are moving with almost
circular orbits. The life time of atoms as neutrals is also small, which
does not allow gravitation and radiation forces to transform the initial
velocity to motion in radial direction. Therefore the spectral density for
excitation would correspond to the minimum of the Fraunhofer H« line. Foxr
interstellar hydrogen, the spectral density for excitation would be some-
what higher. We assume here that effective solar spectral irradiance is
0.2 of the level of continuum. The H(3P) state with the probability 0.118
returns back to the H(2S) state, and the depopulation rate by Balmer Ho
photons is then 1.51 s~4at Earth orbit. A similar aenalysis shows that the
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depopulation rate through the excitation to H(4P).state is 0.19 st at Earth
orbit, verifying that this channel is relatively insignificant. The depopu~-
lation rate decreases rapidly with the increase of ppincipal guantum number
of excited state, and the excitation to the states with n>4 w1ll_be neglgc-
ted, Then th% total depopulatige rate of H(2S) state by photoexcitation is
§4h (R) = §4M(Ro/R)* , Where 84#"=1,70 s7%, This value is much higher than
corresponding rates due to the interaction with solar wind plasma, and the
effect of the latter can be totally neglected.

PHOTOIONIZATION RATE AND DISCUSSION

Let us now summarize the most important processes for indirect photoioniza-~
tion channel: . 29
i) hydrogen atoms are excited to H(2S) state with the rate B (R);
ii) metasfable atoms are spontaneously depopulated to ground state by
two photon decay with the constant rate §¢;
iii) metastable atoms are depopulate% to ground state by interaction
with solar photons at a rate $4P(R); toh
iv) metastable stoms are ionized by solar photons at rate §Y(R).
The total photoionization rate,h_(R), through the indirect channel i1s then
bR = B[ Re)? st
Po ( R ) §9(R/R)2 + &3.°0 8‘:',’9"
It is more convenient to consider the dependence on distance from the Sun
not of the ionization rates, but the rates multiplied by (R/Ro¥ . For such
quantities, the radial dependence vanishes when the ionization rates are
inversely proportional to the square of the distance from the Sun, as is

the case for ionization rates due to both direct photoionization and charge
exchange on solar wind ions,
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Fig.1. Normalized (multiplied by (R/Ro)z) ionization rates
dependences on distance from the Sun. Dashed line - indirect two
step photoionization; solid lines - 1) due to charge exchange (at
equator), 2) due to charge exchange (at poles), 3) direct photo-
ionization.

The calculated dependence of {(R) = A(R) (R/R°)2 is shown in Figure 1. Also
shown are ionization rates corresponding to direct photoionization and
charge exchange with solar wind protons. The ionization rates due to charge
exchange is believed now to depend strongly on heliogrephic latitude, its
value at equator being twice as large as the value at solar poles /11/. At
distences from the Sun of R 1-2 a.u., the ionization rate through the pro-
posed two step channel is proportional to 1/R%, and at close approaches,
R¢0.5 a.u., to 1/R?, Here this effect is much more pronounced for neutral
hydrogen atoms within Earth orbit, and it vanishes at large distances. At
the distance of 1 a.u. from the Sun the proposed channel would add from 8%
to 13% to the accepted values of total ionization rates depending on the he-
liographic latitude. At the distance of 0.42 a.u. from the Sun its effect
is equal to the direct photoionization rate, and at closer approaches to
the Sun it will add up to 30% at the equator and 50% in polar regions to
the accepted values of total ionization rates of hydrogen atoms.

Although the considered effect seems to be too small to result in modificae-
tions of interstellar gas properties in Solar system, its influence on the
neutral hydrogen atoms outgassing from interplanetary dust grains seems to
be significant and must be teken into account. It should be noted that a
relatively stronger effect due to the proposed channel can be expected in
areas "protected" from solar wind, i.e. inside planetary magnetospheres,
particularly for Earth and Venus. It is also interesting to mention that,
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as estimations show /1/, approximately one hundredth of the sky background
far UV radiation is due to the two photon decay of metastable atoms in in-
terplanetary space,
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