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Dissociative attachment and dissociation of molecular hydrogen and its

heavier isotopes by electron impact

Contribution to IAEA-CRP ("Atomic and Plasma- Wall Interaction Data for Fusion Reactor

Divertor Modelling") by J. M. Wadehra of Wayne State University.

In the resonance model, the physics of the process of dissociative electron attachment to a

molecule AB is described via the formation of a temporary bound state of the electron-molecule

system. The electron in this molecular anion state AB" (also called the resonance state) can

autodetach with a finite lifetime (related to the width, F, of the resonance), leaving behind a

vibrationally excited neutral molecule. On the other hand, if the lifetime of the resonance is long

enough, the anion AB' can dissociate into A + B", leading to the process of dissociative electron

attachment. Thus, in a schematic sense one has

e. + AB(v.) - j I ^

The final level with quantum number vf can be either discrete (corresponding to vibrational

excitation of the molecule) or could lie in the continuum (corresponding to dissociation of the

molecule).

A possible scenario of the resonance model is depicted in .Figure 1. Shown schematically in

this Figure are the potential curves of the neutral molecule AB (labeled Vo) and of the resonant

state AB" (labeled V"). The two potential curves cross at an internuclear separation R = Rs such

that, for R > Rs, the autodetachment of the electron is energetically not permitted and the

resonance turns into a stable bound state of AB". Rs is referred to as the stabilization radius.

Before the incident electron, with energy e, is captured, the nuclei are vibrating in the level (v,)

under the influence of the potential VO(R). After electron capture, the nuclei of the anion move

under the influence of V"(R). The probability of electron capture to form the resonant molecular

anion state depends on the intemuclear separation and this probability is maximum at an

internuclear separation (labeled Rc in the Figure and referred to as the capture radius) at which
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the energy separation between the two potential curves is equal to the energy of the incident

electron. If the potential curve V" is repulsive in nature, the nuclei in the anion state begin to

separate such that the electronic potential energy is converted into nuclear kinetic energy. Now,

if the autodetachment of the electron occurs at some specific internuclear separation, labeled R in

the Figure, the neutral molecule is left in a vibrationally excited level due to the gain in the

nuclear kinetic energy (indicated by a vertical dotted line in the Figure). The exact vibrationally

excited level (vf) achieved by the molecule depends on the gain in the kinetic energy of the

nuclei as well as on the relevant selection rules. Depending upon the lifetime of the resonance

the nuclei in the anion state may separate to an intemuclear separation larger than Rs beyond

which the autodetachment of the electron is energetically not possible and dissociative

attachment may occur resulting in the formation of a stable negative ion.

A few salient features of the resonance model are worth mentioning. First, the processes of

dissociative electron attachment and of vibrational excitation by electron impact are treated on an

equal footing so that the investigation of one of these processes leads, in a natural way, to the

information related to the other process. In fact, the optical theorem (which essentially is a

conservation of flux statement) relates the cross sections for these two processes within the

resonance model. Also, it is tacitly assumed that the transition between the resonant state and the

electronic state of the neutral molecule is a spontaneous one without any corresponding change

in the nuclear positions or velocities (a Franck-Condon transition). This local description of the

resonance model is valid when the energy of the incident electron is much larger than the spacing

of vibrational levels or when the incident electron energy is much above the threshold energy.

When the incident electron energy is sufficiently small such that these conditions are not met, a

proper description of the resonance model is a nonlocal one involving, in its mathematical

formulation, an integrodifferential equation with nonlocal complex potential.

Specifically, for molecular hydrogen (and its heavier isotopes) the lowest resonant state is

the Zu state of H" This is a shape resonance, with the X *E state of H~ as its parent, for

internuclear separations less than 3 a.u. The next higher resonant state is the I state of H" In
ft Z
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the present calculations we have used the local version of the resonance model and have

considered only the IL resonant state of H".

The relative masses of the six isotopes of molecular hydrogen range from 1 to 3 (in units of

the mass of H2). We have calculated cross sections for the dissociative electron attachment to all

six isotopes of H2. These cross sections are also fitted to useful analytical forms. These

attachment cross sections show quite significant isotope effect. We have also calculated a few

cross sections for the pure dissociation of three isotopes, namely, H2, HD and D2, by electron

impact. These dissociation cross sections do not exhibit any significant isotope dependence.

Figure 2 shows the cross sections for dissociative electron attachment to H2 which has its

initial vibrational level asv = 0 o r v = l o r v = 2. Note that the attachment cross section is

dramatically enhanced if the attaching molecule H2 is vibrationally excited. This strong

enhancement of the attachment cross section (and, therefore, the attachment rate) on increasing

the internal vibrational energy of the molecule is attributed to an increase in the range of

internuclear separations over which the electron capture can occur. This increase occurs because

of the larger amplitude of vibration for a vibrationally excited molecule. Also note that the cross

section shows its peak value at the threshold and it reduces rapidly as the incident electron

energy is increased above the threshold. Table 1 provides the threshold energy and the peak

value of the cross sections for dissociative electron attachment to vibrationally excited H^- v is

the initial vibrational quantum number of the vibrationally excited molecule.

Figures 3 through 7 show the cross sections for dissociative electron attachment to the

heavier isotopes HD, HT, D2, DT and T2 which have their initial vibrational levels ranging from

v = 0 to v = 3. Once again, note that the attachment cross sections are dramatically enhanced if

the attaching molecule is initially vibrationally excited. Also note that, once again, the cross

sections show their peak value at the threshold and they reduce rapidly as the incident electron

energy is increased above the threshold. However, the magnitude of the attachment cross

sections for heavier isotopes is much smaller than the magnitude of the corresponding cross

sections for H2; in fact, the attachment cross section systematically decreases as the isotope mass
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increases. It can be qualitatively understood by referring to the resonance model (see Figure 1).

The time taken for the separation of the nuclei to increase from the capture radius Rc to the

stabilization radius Rs is inversely proportional to M " (M is the reduced mass of the nuclei).

Thus, nuclei of D2, taking longer than the nuclei of H2 to separate out to Rs, experience a

stronger competition from electron autodetachment which, in turn, reduces the probability of

dissociative attachment. In Tables 2 through 6 are shown the threshold energy and the peak

value of the cross sections for dissociative electron attachment to vibrationally excited isotopes

HD, HT, D2, DT and T2. v is the initial vibrational quantum number of the vibrationally excited

molecule.

Since for all six isotopes of H2 the attachment cross sections show a peak at the threshold

and a rapid reduction in magnitude as the electron energy is increased above the threshold, it is

quite suggestive to fit the attachment cross sections just above the threshold by an expression of

the form:

a (E) = 0- exp [-(E - E )/E ]
DA peak th o

In order to see the validity and merit of this simple fit we show in Figures 8 through 13 the

ratio a/o . for H2 and its five heavier isotopes as a function of the electron energy above the

threshold. Since the attachment cross sections show their peak value at the threshold, the ratio

0/0 ^ has the value 1 at threshold and it rapidly decreases as the electron energy is increased

above the threshold for attachment. A least squares fit (labeled "Best fit") of all the data to an

expression of the form

a (E) = c exp [-(E - E )/E ]
DA peak th o

yields the value of the fitting parameter E . This parameter E has the value 0.45, 0.39, 0.36,
0 o

0.32, 0.30 and 0.28 for the six isotopes H2, HD, HT, D2, DT and T2, respectively.

Assuming a Maxwellian distribution for electron energies, the rate of electron attachment

can be written in the form of an analytical expression of the form
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-2 _ -li1/2
(Eh fJ"th

~ a , exp - ——m J peak V

where <E) = 3 kT/2 and T is the electron temperature. This analytical expression can be

conveniently used to obtain the attachment rates since a , , E , , and E are provided, in the
peak th o

present work, for all six isotopes of H2.

Finally, Figures 14 through 16 show resonant contributions to the cross sections for pure

dissociation of H2, HD and D2 by electron impact for various initial vibrational levels of the

molecule. Note that in this case, unlike the dissociative electron attachment case, the cross

sections neither show any noticeable isotope effect nor are enhanced significantly upon initial

vibrational excitation of the molecule.
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