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Abstract

Hydrogen molecules may have considerably high density in edge regions of fusion devices so that clarifying their
behavior in edge plasmas is very important in understanding the phenomena near plasma facing materials. This paper
evaluated the energy distribution of the dissociated products of H, due to the electron induced excitation to the repulsive
state b’%, and the excitation to a’Z, followed by the radiative decay to the repulsive state b’%, under the framework of
Gryzinski approximation [M. Gryzinski, Phys. Rev. 138 (2A) (1965) A305, A322, A366]. The vibrational populations of
H, were considered in the calculation. The results show that the dissociated atoms from these channels are highly
distributed in the low energy range (<1 eV) while there is no significant distribution in the high energy range (>3 eV),
when H, molecules are vibrationally excited. The discussions were made on the influences to Ho profiles in the low
temperature plasmas [S. Tanaka, B.J. Xiao, K., Kobayashi , M. Morita, Plasma Phys. Control Fus. 42 (2000) 1091]. It is
shown that the contribution of the low energy atoms in ground state may not be the only contributions of the low energy
component in the observed Ha especially when HZ(XIZQ) +e — Hy(1so,nlA|' 1) — e + H(1s) + H(2s) reaction has
considerable reaction rates in the electron temperature around 10 eV. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogen molecules are desorbed from plasma fac-
ing materials when hydrogen ions or atoms impinge on
the targets, and also, they can be introduced by fueling
or puffing into edge plasmas. In the near wall region,
molecules can occupy large fraction of neutral particles
especially when the detachment or high recycling sce-
narios are selected for the divertor operation. In these
cases, the behavior of the molecules will have large in-
fluences on both the main and the edge plasma proper-
ties and behaviors.
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One of the important issues is the energy distri-
bution of the dissociated products of hydrogen mole-
cules. A very low energy component was observed in
the edge plasma region in the TEXTOR experiments
[3]. The energy distribution of the dissociated products
as well as the electron induced reaction rates is
strongly dependent on the vibrational population of
the molecules. In Section 2, we report our calculation
of the energy distribution of the dissociated atoms
under the framework of Gryzinski approximation. We
thus make a discussion on its influence to the Ho
profile near the plasma facing material surfaces in
Section 3.

2. The energy distribution of the dissociated atoms

The dissociation of molecules can take place via
various pathways among which the reaction
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e+ Hy(X) — e + H2(a’Z,, b’Z,, ¢*11,)

— e+ H(Is) + H(ls) (reaction A)
is the dominant process for the molecule dissociation in
the electron energy around 10 eV.

We firstly discuss the excitation to the repulsive state
b’%, (referred to X-b hereafter). We start from the
cross-sections. In the past 30 years, there were many
calculations and there were some experimental mea-
surement as well being performed for the cross-sections
of hydrogen molecular dissociation, i.e. [4,5] and the
referenced work therein. However, the complete data
sets dealing with the vibrationally excited H, have not
been available. Following Cacciatore [6,7] and Celiberto
[8], we adopt the Gryzinski method [1] and its extension
to molecules [9] in the calculation of the cross-sections.
The excitation to a triplet state is a spin change process,
which is optically forbidden. The collision can occur
when a mobile orbital electron receives enough energy to
be ejected from the molecule while the incident electron
has an appropriate energy left to become the orbital
electron. Under the incidence of electrons with energy
E., Gryzinski gave
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N, is the number of the equivalent electrons and U; the
ionization energy. The selection of U, which is the
minimum energy gain for an electron to be excited to the
level n and U,,; which is the energy to the next level
n+ 1, is a little ambiguous (see refs [8,9]) and arbitrary
for the molecules. Here we select U, as the energy dif-
ference between the dissociation limit Uy and U,, and
U, as the ionization energy of H; in the vth vibrational
level of the ground state ([8] used a little different
scheme).

The energy differential cross-section for the molecules
can be expressed by

d
d%D Gov Qexch ) (2)
where ¢,, is the Franck—Condon density, between vib-
rational level v in the Xstate and continuum energy level
U, in the repulsive state. It can be calculated by means of
the § function approximation [6-8].

o= (U >)”‘pwi<&p>, ®)

where ¥, is the vth vibrational wave function in ground
state and Ry, is the classical turning point of the repul-
sive state at energy level U,.

For the cross-section at electron energy E., it can be
calculated by the integration of Eq. (2) in the energy
interval accessible, which is in our selection, between the
dissociation limit Uy and the incident electron energy E.
plus the energy of vth vibrational level in the ground
state, U,. The integration range is a little different from
[8].

For the energy distribution (fys) of the dissociated
atoms, we assume when a molecule is projected to the
repulsive state at an energy level U, it is immediately
dissociated while the energy difference with the dissoci-
ation limit is equally shared by each atom. One can
have,

fdls (Ed7

V.(E.) is the velocity of electrons and N, is the vib-
rational distribution function. N, was assumed here as a
Maxwellian distribution characterized by so called vib-
rational temperature, Ty;,. It was shown in [10] by the
detailed consideration of the collision processes in mul-
ticusp plasmas, the vibrational distribution deviates
from the Maxwellian and has a plateau regime in the
middle vibrational levels. On the contrary, Fantz indi-
cated in [11] and [12] that the Maxwellian might be a
proper approximation for the vibrational distribution
from the spectroscopic measurements and a modified
collisional-radiative model calculation. In our recent
experimental studies, we measured the Fulcher transi-
tion of H, in different discharge conditions, it seems to
be that a dual Maxwellian fitting scheme gives a proper
interpretation to the measured vibrational bands [13].
We adopt here the Maxwellian distribution for the vib-
rational population of H, in the ground state. Our
evaluation of the vibrational distribution is underway.

When the incident electrons at a given energy distri-
bution, i.e. for a Maxwellian distribution, one find,

Jais(Eq, Te)

/“( szvv(dQD) )dEe,
Ean Uy=2E4+Uqy
(5)

where £ is the electron distribution function.

We use FCFRKR code [14,15] for the calculation of
the discrete wave functions and the molecular constants
are adopted from [16]. The cross-sections calculated for
the ground vibrational level are between the values re-
ported in [6] and [8] in which the same method was used



B. Xiao et al. | Journal of Nuclear Materials 290-293 (2001) 793-797 795

for the calculations and good agreements with the ex-
isting experimental results and theoretical calculations
were reported. The dependence of the cross-section on
the vibrational level and the electronic energy is close to
those reported in [6] and [8].

In Fig. 1(a), we reported the dependence of the en-
ergies of the dissociated products via the X-b transition
on the vibrational distribution. The curvature charac-
teristic of each curve is mainly due to the Franck-
Condon densities. It is shown that when the vibrational
temperature increases, namely, the molecules are vibta-
tionally excited, the distribution of the dissociated atoms
is shifted to the low energy part. When the vibrational
temperature reaches about 1 eV, there is a significant
distribution of dissociated atoms in the energy range less
than 1 eV. However, the distribution in the high energy
range (Eq > 3 eV), is relatively small. These phenomena
for E4 can be easily understood by examining Fig. 2.
When the molecules are at a higher vibrational level, the
classical turning point of the electronic ground state at
right side is shifted to longer inter atomic distance and
the inverse gradient of the repulsive state is large at the
same atomic separation. So the Franck—Condon density
is larger at a lower continuum energy level of the re-
pulsive state. Moreover, the dissociation energy is lower
for a higher vibrational level so that the cross-section is
higher when the impact electron energy is near the
threshold. So, when the molecules are vibrationally ex-
cited, the dissociated atoms from the X-b transition are
distributed highly in the low energy range. At higher
continuum levels, one can see the gradient of the re-
pulsive potential curve has larger value. So the overlap
of the wave functions is small and thus the probability of
the dissociated atoms in the high energy region is low.

In addition to the dissociation due to the direct ex-
citation to the repulsive state, the excitation to a*%, and
c*Tu states may have considerable contributions to the
dissociation. The a’%, state can be radiatively related
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Fig. 1. The energy distribution of the dissociated products. (a)
The dissociation from X-b, (b) from X-a-b, (¢) from both X-b
and X-a-b.

with the b*Z, state while the ¢*IT, state is not radiatively
related to the b’X, state but it has only 0.05 eV energy
difference with the state a’%,, so that c*I1, may be easily
transited to the state a’%, and then radiatively decay to
the b’X, state. We calculated here the cross-sections of
the reaction X — a again in the framework of Gryzinski
approximation. The cross-section of the excitation
X — a may be written as

Qi’lzi = qv,z;’ Qexch . (6)

¢..» 1s the Franck—Condon factor, where v and v' denote
the vibrational levels of the ground state and a32g, re-
spectively. The cross-section of X—a—b can be written as

v—a—b Ve b,y
058 e
de 0 X Agﬂ’

(7)

where 477, is the radiative transition probability of the
(a,v') state to the (b,v) state and 4, is the total irra-
diation rate of the (b,v) state. Assuming the a-b tran-
sition is the only transition and adopting the electronic
matrix moment has no dependence on the vibrational
levels, then Aﬁ;ﬁ, /Au s reduced to be ~ ¢ P (E, » — U\,)3.
The total cross-section and the energy distribution of the
dissociated products can be obtained in an analogous
way to the X-b transition.

Fig. 1(b) gives the energy distribution of the disso-
ciated atoms via X—a-b and Fig. 1(c) via both X-b and
X-a-b. Different from the X-b transition, one can see
that for the dissociation via the channel X—a-b even at
low vibrational temperature (0.1 eV), the dissociated
atoms are mostly distributed in low energy (<1 eV). One
can examine Eq. (7), the energy differential cross-section
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Fig. 2. The potential curves of the hydrogen molecules in X' Zg
and b’ states.
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has a cubic dependence on the energy difference between
a vibrational level of a’Z, and a continuum energy level
of b*Z,. This gives rise to more dissociated atoms from
X-—a-b to be distributed in low energy than those from
X-b.

3. Discussion

One would be interested in the contribution of the
dissociated atoms to the Ha profiles. Therefore, one can
apply the energy distribution of the dissociated atoms
directly to the explanation of the experimental spectra,
or to a modeling. However, through a DEGAS 2 [17]
modeling and the comparison with the experiment [18] it
was shown in [2] that in low temperature plasmas, i.e.,
plasmas in MAP device [18], H(2s) from the reaction
channel

Hy(X'Z)) +e — Hy(lso,nl2]' A)
— e+ H(Is) + H(2s) (reaction B)

has the dominant contribution to the observed Ha
spectra especially in the low energy range (<1 eV).

Here we show in Fig. 3, the contributions of Ha
emission from dissociation of two important channels.
One is reaction B indicated above. The other channel is
reaction A.

In the electron temperature of ~10 eV and vibra-
tional temperature of ~1 eV, the present calculation
shows the reaction rates of reaction A is ~6 x 10~ /cm?
which is lower than that in DEGAS 2 package (8-
9 x 107 /cm?®) and higher about a factor of 5 than that
used in [2] for reaction B. Ha contributions from H(1s)
and H(2s) from the reaction B differ by a factor of ~70.
So even if we assume the energy of the dissociated atoms
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Fig. 3. The contributions of the dissociated atoms to Ha.
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Fig. 4. The ratio of n = 3 populations due to the excitations of
H(1s) and H(2s).

from the reaction A has the same energy as that held by
the dissociated atoms (with the energy about 0.3 eV)
from the reaction B, the Ha, contributions from this
channel cannot exceed one tenth of that from reaction B.
So we conclude that the dissociation from reaction A
contributes insignificantly to Ho emission although it
has largest dissociation rates in low temperature and low
density plasmas.

The above discussion is valid in MAP plasmas
characterized by the electron temperature of ~10 eV
and the density of 3 x 10'! /cm?. In this case, suppressed
radiation of hydrogen atoms due to ionization is not
effective. However, when electron temperature becomes
higher to several 10 eVs and density becomes higher to
over than 10"/cm?, the Ho radiation due to the exci-
tation of unit H(1s) will be considerably high to a few
tenths of that due to unit H(2s) as one can see from
Fig. 4 which shows the ratio of the population of n =3
contributed from H(1s) to that from H(2s) when we use
a minor revised scheme [2] of Fujimoto’s C-R model
[19]. In this case, the energy distribution of the dissoci-
ated atoms in the ground state will be reflected signifi-
cantly on the Ha profiles.

4. Summary

We demonstrated the energy distribution of the dis-
sociated products through the excitation the b32g and
a’%, states in the framework of the Gryzinski approxi-
mation. It was shown that the energy of the dissociated
products of H, as well as the reaction rates has large
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dependence on the vibrational distribution of the H,
molecules. The dissociated products will be distributed
toward low energy when molecules are highly excited. So
these vibrational excited molecules may explain the low
energy atoms observed in some devices. However, the
contribution of Ha spectra especially in the low energy
range (<1 eV) cannot be just explained from the ground
state dissociated atoms at least in the cases where the
H(2s) has considerable production rates from the dis-
sociation of H,.

The full understanding of the energy distribution of
dissociation products requires the exact knowledge of
the vibrational distribution and electron energy distri-
bution. The other processes such as the dissociation
from the ionized hydrogen molecules and from the ex-
citation to the continuum part of stable states will be-
come important when the electron temperature is higher.
Certainly, the evaluation of the cross-sections for the
most important dissociation processes is also one of the
key issues. Our study of the vibrational excitation of
hydrogen molecules is in progress.
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