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Abstract. The process of radiative charge exchange in H+ + H(1s) collisions at the intermediate ion-atom impact velocities are
treated in this work as a source of continuous EM emission in the UV and VUV range. The spectral intensity of this emission
is determined, within the semiclassical method developed in previous works, for the ion-atom impact energies (in the center
of mass reference frame) from 0.5 keV to 12.5 keV. The results obtained show that the spectral intensity of the examined
EM emission increases for several orders of magnitude when passing from the visible to the VUV range of wavelength, and
that the position of the maximum of this spectral intesity drifts with increase of collision energy from λ � 51 nm to λ � 18 nm.
These results imply that considered radiation processes may be of interest in astrophysics as a new sources of continuous
short-wave EM emission.
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1. Introduction

A long time ago it has been found that some processes of the ra-
diative charge exchange and photo-ionization in ion-atom col-
lisions could be important in astrophysical spectroscopic phe-
nomena. In Boggess (1959), the processes of radiative charge
exchange and photo-association in H+ + H(1s) collisions have
been treated as a source of continuous electromagnetic (EM)
emission in some nebulae with temperatures T ∼ 10 000 K.
Later, the influence of these processes were confirmed in
cases of Sun photosphere (T <∼ 6000 K) and some DA white
dwarfs (T <∼ 25 000 K). The corresponding results were pre-
sented in Mihajlov et al. (1993, 1994a) and Stancil (1994). The
processes of radiative charge exchange and photo-association
in He+(1s) + He(1s2) collisions have also been considered in
the case of the DB white dwarfs photosphere (T <∼ 50 000 K).
The results were presented in Mihajlov & Dimitrijevic (1992),
Stancil (1994) and Mihajlov et al. (1994b, 1995). The most
important result regarding the optical characteristics of these
stars’ photospheres is the processes’ contributions to the con-
tinuum emission/absorption in optical domain of EM spectra.
For example, the contribution is about 10% in the case of Sun
photosphere, and 10%–40% in the case of DB white dwarfs
photosphere at Teff <∼ 20 000 K, and it decreases as Teff in-
creases. Although these radiative collisions are much slower
than radiative electron-ion collisions in photo-recombination
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and bremsstrallung processes, their role becomes significant
and even dominant when the ionization degree in observed
astrophysical plasmas is less than 10−4. Because of this, the
processes of radiative charge exchange and photo-ionization in
He+(1s)+He(1s2) collisions have been taken into account in the
investigation of EM radiation transport in the DB white dwarfs
photosphere (Beauchamp et al. 1997).

The common feature of all mentioned astrophysical objects
is that the influence of their relative movement on radiative
ion-atom collision processes, important in plasmas with T ∼
10 000 K, can be neglected. The typical impact energy in these
processes is around 1 eV, which corresponds to collision veloc-
ity much less than v0 (atomic unit velocity, 2.188×108 cm s−1).
Hence the simple quasi-static approach can be used (Bates
1951).

However, there are some astrophysical object where the rel-
ative movement of their plasma greatly exceeds the thermal
velocities. The most significant example are the giant streams
of the hydrogen plasma (jets), ejected from the central parts
of active galaxies. The typical velocities of such jets can be
1000–2500 km s−1, as in the case of Akn 120 galaxy (Popovic
et al. 2001). Another characteristic example are streams of
weakly ionized hydrogen plasma (outflows), produced during
the creation of young stars (Eisloffel et al. 2000). The velocity
of these streams can be greater than 200 km s−1. Also, some
stars can release the outer layers of their atmospheres. Typical
example is the yellow hyper giant ρ-Cassiopeiae, with velocity
of weakly ionized layers around 100 km s−1 (Lobel et al. 2003).
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Another very interesting case is the formation of two nearly
spherically symmetrical layers of hydrogen plasma, an outer
(slow wind) and inner (fast wind), moving from the central
star with velocities of 20 km s−1 and 2000 km s−1, respectively
(Icke 2003, 1991; Kwok 1982). A great difference in velocities
results in strong interaction of these layers, which manifests in
non-thermal atom-ion collisions with typical impact velocities
at 100–1000 km s−1.

The atom-ion collisions at non-thermal impact velocities
can also be important in interactions of the solar wind or
comets’ tails with earth (and some other planet) atmosphere.
Since the particles’ velocities in solar’s wind are in domain
100–2000 km s−1, the protons and helium ions collide with
atoms and molecules in atmosphere with impact velocities at
∼1000 km s−1. The well known consequence of these interac-
tions, for example is aurora borealis in Earth’s atmosphere, and
some other consequences reported for example in Kharchenko
et al. (2003). However, the role of radiative ion-atom processes
has not yet been thoroughly taken into account. Thus, for UV
and VUV could be important the radiative charge exchange
processes of protons from the solar wind with oxigen atoms
(almost resonant case), as well as with nitrogen atoms in the
upper layers of Earth’s atmosphere. Similar example is the in-
teraction of the upper layers of Iovian atmosphere with streams
of weakly ionized plasma, produced by volcanic activities of
its satellite Io (Michael 2003; Michael & Bhardwaj 2000). The
obtained results suggest that the ion-atom collision processes
with impact velocities at 100 km s−1 can be important.

With regard to all these examples, our primary objective is
to show the influence of ion-atom collisions at impact veloci-
ties 100–2000 km s−1 in corresponding astrophysical plasmas.
These processes are sources of the UV and VUV electromag-
netic emission and are of interest in various diagnostics.

We will consider the following ion-atom collision
processes:

H+ + H→ ελ +


H + H+

H+ + H
(1)

in the middle range of above mentioned impact velocities. Here
H = H(1s) denotes a hydrogen atom in its ground state, and ελ
is the energy of the photon with the wavelenght λ. The main
problem in this case is the non-thermal impact velocity, so the
methods for solving similar problems with thermal collision
velocities cannot be used.

Two previous papers are of importance for us here, one by
Drukarev & Mihajlov (1974), another Ermolaev & Mihajlov
(1991) (henceforth referred to as E&M), where the process of
type (1) were treated in significantly different way than in the
papers mentioned above. In the first, a dynamical semiclassi-
cal theory of the process (1) was evolved, and in the second,
a method (based on this theory) was worked out for calculat-
ing spectral characteristics of a group of processes of that type
in the range of intermediate collision energies. In E&M this
method was tested just in the example of the process (1) at
impact energies of 10 keV, in the infra-red and visible region.
However, the results of later estimations (Mihajlov & Ermolaev
1998) showed that the intesity of the examined EM emission

at these impact energies should increase for several orders of
magnitude at transition from the visible into the VUV region.
In view of the fact that a proof of such results would imply
that the process (1) in the case of the intermediate H+ + H im-
pact energies may also be interesting in astrophysical aspect,
we have performed corresponding calculations of spectral in-
tensity of the EM emission generated in this process. Here we
present the results of the calculations of this spectral intensity
for wavelenghts from visible up to the soft X-ray region, which
refer to the H+ +H impact energies in the center of mass refer-
ence frame from 0.5 keV to 12.5 keV.

2. Theoretical remarks

Since above mentioned calculation has been done with help of
the method described in details in previous work (E&M), we
will briefly consider just its basic features. Quantum electrody-
namical theory, on which this method is based, was developed
for process (1) on a qualitative level (Drukarev & Mihajlov
1974), presuming that adiabatic and impact parameter approxi-
mation could be applied at the same time. Later (E&M), the-
ory has been extended to all processes A+ + A, where A is
an atom with only one or two s-electrons outside of closed
shells (A = H,He,Li etc.), A+ is its single positive ion, where
both A+ and A are in their ground states. The main assump-
tion of the theory is that electronic component of each such
a system could be described by superposition of two adiabatic
electronic states of corresponding molecular ion A+2 , the ground
and the first excited state, which exactly complete the group of
electronic states of A+2 which are adiabatically correlated with
electronic states of A+ + A system in separate limit, i.e. when
the internuclear distance R → ∞. These two molecular states
will be here denoted by |1,R〉 and |2,R〉, and the corresponding
molecular terms by U1(R) and U2(R), respectively. In order to
apply both adiabatic and impact-parameter approximation to-
gether, the processes of type (1) in E&M were treated under
conditions

v <∼ ve; A, ελ � E(v), (2)

where v is the impact velocity of atom A and ion A+, E(v) is the
corresponding impact energy of these particles in their center
of mass coordinate system, and ve; A is the orbital velocity of
s-electron in the outher shell of the atom A.

In agreement with the basic theory (E&M), the process (1)
have been considered as an result of one photon radiative tran-
sitions |2,R〉 → |1,R〉, caused by interaction of electronic sub-
system of A++A with the vacuum EM field. Cross-section den-
sity (per unit energy of photon) for such processes is

dσω(v)
dεω

= 2π
∫ ∞

0

dPω(ρ, v)
dεω

ρdρ, (3)

where εω denotes energy of photon with angular frequency ω,
ρ denotes impact-parameter, and dPω(ρ, v)/dεω – adequately
defined total probability density for emission of photon during
A+ + A collision with given v, ω and ρ. The applied procedure
for determination of probability density requires just that the
term splitting U12(R) and modulus of the corresponding dipole
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matrix element, i.e. D12(R), are known as functions of R. Here
we have in mind the quantities defined as

U12(R) = U2(R) − U1(R), D12(R) = |〈1; R|D|2; R〉|, (4)

where D is the operator of the total electronic dipole moment
of molecular ion A+2 . It has been important for us that this pro-
cedure allows formal application for all impact parameters, ve-
locities and photon energies.

One should draw attention that the above mentioned treat-
ment of processes of type (1) in the case of A+ + A system is
justifiable only in the range of R where U12(R) > 0. However,
it is well known that this condition, which is always satisfied
at large R (owing to definition of states |1,R〉 and |2,R〉), could
be unsatisfied in the range of relative small R. On example,
in the case of A = He, the terms U1(R) and U2(R), in accor-
dance with Gupta & Matsen (1967), are crossing when R is
close to 0.5a0, where a0 is the atomic length unit. The possi-
bility of such crossings causes that presented method could be
applied to above described ion-atom systems, just under a pre-
sumption that the range R < a0 gives neglectable account to
EM radiation. Due to conceptual reasons, this method in E&M
has been treated just in connection with infrared and visible
range, where the last presumption is always satisfied.

However, it follows from just mentioned that in the case
of A = H, when U12(R) > 0 is satisfied everywhere, the method
developed in E&M could be directly applied at once in infrared
and visible and in the range of smaller wavelenghts, until that
is in agreement with adiabatic and impact parameter approx-
imaton. Having all this in mind, we have applied the method
to calculation of spectral intensity of EM radiation generated
by process (1), taking into account condition (2). The spectral
intensity is defined by

S (λ, v) = ελ · v · dσλ(v)
dλ
, (5)

where dσλ(v)/dλ is the corresponding density of cross section
per unit of photon wavelenght. We would like to emphasize
that, owing to practical reasons, this definition is different from
the definition in E&M, where the spectral intensity was ex-
pressed in terms of dσω(v)/dεω. Namely, here we took into
account that, from applicative point of view, the definition of
spectral characteristics as functions of wavelenght is more suit-
able in UV (even close to the soft X-rays) region then the def-
inition where the photon enrgy is used. Besides, we have had
in mind that this difference can not disturb of application of
the method developed in E&M, because the density of cross
section dσλ(v)dλ in Eq. (5) could be taken in oblique

dσλ(v)
dλ

=

[
dσω(v)

dεω

]
A=H

·
∣∣∣∣∣dεωdλ

∣∣∣∣∣ , (6)

where [dσω(v)/dεω]A=H is the quantity given by Eq. (3) for A =
H, and ω = 2πc/λ, c being the speed of light.

3. Spectral intensity: Final expressions

Even though from Eqs. (5) and (6) follows that the spectral
intensity is obtained on the base of procedure in E&M, the final

expressions, with help of which S (λ, v) is determined here, are
different from the corresponding expressions in E&M in many
details. Because of that we thought it is necessary to write these
expression:

S (λ, v) =
2π2e2

3�2
·
∑

i=1,2 Ji(λ, v)

v λ4
, (7)

Ji(λ, v) = 2π

+∞∫
0

I2
i (ρ, λ, v) ρ dρ, (i = 1, 2), (8)

I1(ρ, λ, v)) =
+∞∫
−∞

2D12(R(x, ρ))
eR(x, ρ)

· U12(R(x, ρ)) · x sin (Φ(x, ρ)) dx, (9)

I2(ρ, λ, v) =
+∞∫
−∞

2D12(R(x, ρ))
eR(x, ρ)

· U12(R(x, ρ)) · ρ cos (Φ(x, ρ)) dx, (10)

Φ(x, ρ) =
1
�v

∫ x

0

[
ελ − U12(R(x′, ρ))

]
dx′. (11)

where variable x has introduced instead of the time t, with help
of relation t = x/v. In these expressions e and � are abso-
lute value of electron charge and Plank’s constant respectively,
ελ = 2π�c/λ, R(x, ρ) = (x2 + ρ2)1/2, and the quantities U12(R)
and D12(R) are defined by relations (4). The values of these
quantities, which have been treated as outer parameters of the-
ory, are obtained from Bates et al. (1954) Greenland (1982),
Ramaker & Peek (1972, 1973).

4. Results and discussion

Using Eqs. (5)–(11) we have done calculation of the spectral
intensity S (λ, v) for process (1), in the ranges: λ from �2 nm
to �453 nm, and velocity v from 0.2v0 to 1.0v0. Higher bor-
der of velocity range is caused by the first of conditions (2),
where the velocity ve; A for A = H is very close to v0. Higher
border of wavelenght range is chosen so that to prolong results
from E&M. Namely, the corresponding photon energy is closed
to 2.75 eV and, accordingly to that, a little bit smaller then up-
per bound of photon energies in the mentioned paper, which
was 0.107807 au, i.e. approximately 2.93 eV.

Results of our calculation are presented in Figs. 1–3. The
curves in these figures show the behaviour of the spectral in-
tensity S (λ, v), as a function of λ, for several values of v:

v = 0.2v0, 0.2828v0, 0.4472v0, 0.6325v0,

0.7746v0, 0.8944v0, 1.0v0.

Expanding of these curves to short wave ragion has been
restricted regarding to the second of conditions in Eq. (2).
To enumerated impact velocities correspond impact energies
from E(v) � 0.5 keV, for v = 0.2v0, to E(v) � 12.5 keV,
for v = 1.0v0. The values of S (λ, v) in Figs. 1–3 are given in
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Fig. 1. Spectral intensity S (λ, v) as a function of wavelength λ, in the
region λ ≤ 67.79 nm, for impact velocities v in the range 0.2v0 ≤ v ≤
1.0v0.

Fig. 2. Same as on the Fig. 1, but in the wavelength range 67.79 nm ≤
λ ≤ 140.363 nm.

Fig. 3. Same as on the Fig. 1, but in the wavelength range λ ≥
140.363 nm.

the unit J cm3 s−1 nm−1, in order to be easily compared with the
values from Mihajlov et al. (1993, 1994a) where the spectral in-
tensity of EM emission due to process (1) has been calculated
for weakly ionized layers in Solar atmosphere.

In E&M it was found that S (λ, v) in the velocity range wider
then here, uniformly increases when λ decreases, in infrared
and visible wavelenght range. Looking at the Figs. 1–3 one
can conclude that such behaviour of S (λ, v) continues trough
UV region, down to VUV region (λ < 52 nm), where the spec-
tral intensity riches its maximum. Appart of that, the position
of maximum moves when v increases towards to smaller λ,
from λ � 51.4 nm, at v = 0.2v0, to λ � 18.2 nm, at v = 1.0v0.

Presented figures demonstrate another feature of S (λ, v).
Namely, this quantity, as a function of v, changes its behaviour
when λ decreases. Thus, one can see from Fig. 3 that for λ >
215 nm the spectral intensity uniformely decreases when v in-
creases from 0.2v0 to 1.0v0. However, one can see in Figs. 2
and 3, that when λ decreases from 215 nm to 70 nm, the ten-
dency of increasing of S (λ, v) exists when v increases, at once
in lower and in higher part of considered region of impact ve-
locities. At last, Fig. 1 shows that S (λ, v) uniformely increases
when v increases for λ < 60 nm.

The described change in behaviour of S (λ, v) is caused
by the fact that, based on Eqs. (7)–(11), the impact veloc-
ity v influences to the spectral intensity in two ways. The
first one, direct way, by the factor 1/v which multiplies whole
right side of Eq. (7). The second one, indirect way, again
through 1/v, which multiplies the right side of Eq. (11).
Namely, through the phase Φ(x, ρ), are immediately expressed
the quantities I1(ρ, λ, v) and I2(ρ, λ, v) and, regarding to Eqs. (7)
and (8), the spectral intensity S (λ, v). Because of the structure
of these expressions, the impact velocity influences to S (λ, v)
primary on the first, direct way, in long wave region, and on the
second, indirect way, in the short wave region.

One should consider as the main result of this paper estab-
lishing of two facts. The first, in impact velocity range 0.2v0 ≤
v ≤ 1.0v0, the values of S (λ, v) increase more then 103 times
when wave lenght changes from λ > 450 nm (see Fig. 3),
to 18 nm < λ < 52 nm where they are maximal (see Fig. 1).
The other fact establishes by comparing values S (λ, v), pre-
sented in Fig. 1, with the values of the total spectral intensity of
EM emission determined by Mihajlov et al. (1993, 1994a). We
would like to remind that in these papers, together with pro-
cess (1), the process of photoassociation has been considered
as a source of EM emission from weakly ionized layers of the
solar atmosphere, and the total spectral intensity has been de-
fined as a sum of contributions of both processes. Here we have
in mind the photosphere and lower part of the chromosphere of
the Sun, where the temperature of plasma is between 4500 K
and 6000 K, and where the ionization degree is less then 0.001.
This comparison shows that the values of S (λ, v) in the region
18 nm < λ < 52 nm, are more than 104 times larger than the
values of the mentioned total spectral intensity in the region
365 nm ≤ λ ≤ 820 nm, where it is maximal (see Mihajlov et al.
1994a).

5. Conclusions

One may conclude on the base of the presented results that the
radiative process (1) for intermediate impact energies could be
of interest from astrophysical point of view, as a new source
of EM emission in the UV region and up to the X-rays region,
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with a conspicuous maximum in the VUV region. First of all,
we would like to emphasize the necessity of taking into account
the process (1), in situation of two weakly ionized hydrogen
plasma layers penetrating one into each other and moving with
respect to the other with macroscopic velocity ≈106 m/s, since
this process can very strongly affect the shape of the considered
continuous emission spectra in the UV, and especialy in the
VUV region. It is clear that all presented here could be applied
to the interaction of weakly ionized hydrogen plasma layers
with beams of intermediate energy hydrogen ions.

Presented results could be directly used when the relative
velocity of the radiation source with respect to the observer,
vr, is much smaller than the speed of light. Namely, our esti-
mations show that in the range 0 ≤ vr ≤ 0.01c the spectral
intensity changes for less than 1% due to Doppler effect. If the
source velocity increases up to 0.1c, the values of S (λ, v) might
change 10%–15%. This is due to the fact that the spectrum of
EM emission generated in the processes (1) at intermediate im-
pact energies is broad and does not contain sharp maxima and
minima. On the other hand, if the velocity of the source in-
creases ut to 0.1c, the values of spectral intensity would change
for 10% to 15% from the ones presented here, which would
in general require additional elaboration. However, one should
keep in mind that for practical purposes such an accuracy of
determination of the spectral intensity of EM emission is often
quite acceptable.

In addition to what has been said so far, we would like to
draw readers’ attention to the fact that the process (1) at inter-
mediate impact velocities may be of interest also from labo-
ratorical aspect. Namely, based on the results presented in this
paper it is clear that the process (1) could be used for diagnostic
purposes for probing hydrogen plasmas by ion or atom beams.
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