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Low-energy e-H2 scattering: Separation of dissociative attachment and dissociation channels
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Electron impact dissociation and dissociative attachment~DA! via the 2Su
1 shape resonance ine-H2 colli-

sions is treated by the quasiclassical version of the nonlocal resonance theory. Optical theorem is applied to
analyze all the energetically accessible channels. Collisionally induced dissociation and dissociative attachment
cross sections for vibrationally or rotationally excited H2 molecule are presented in the electron energy range
up to 5 eV. It is shown that the DA cross sections we published recently@Phys. Rev. A61, 052705~2000!# in
fact represent the sum of the cross sections for the DA and dissociation processes in the energy range above the
dissociation threshold.
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Inelastic processes in low-energye-H2 scattering are
dominated by the2Su

1 shape resonance. While vibration
excitation of the H2 molecule has been studied by a varie
of theoretical methods@1–4#, the breakup processes, i.e., t
dissociative attachment~DA! and electron impact dissocia
tion processes have been investigated mostly through r
nance approaches@5–9#. In fact, the resonant contribution t
the electron impact dissociation of H2 was studied theoreti
cally only by Atems and Wadehra@10#, who employed a
semiempirical local theory and discretization of the vib
tional continuum. DA cross sections obtained from differe
theories are in general close to each other, and close to a
able experimental data, for collision processes involving
H2 molecule in its ground state@4,7#. Regarding processe
involving vibrationally or rotationally excited targets, how
ever, our understanding is still quite limited both theore
cally and experimentally@11#.

In a recent paper@12#, we calculated the DA cross sectio
for vibrationally and rotationally excited H2 and HF mol-
ecules in the energy range from 0 to 6 eV within the fram
work of the nonlocal resonance theory. Our calculation w
based onab initio description of the fixed nuclei resonanc
@13# and quasiclassical treatment of the nuclear dynam
@14#. Equations used in Ref.@12#, when applied in the energ
range above the dissociation threshold, gives only a sum
the dissociation and DA cross sections@12#. In this brief
report we consider the breakup processes above the thre
in more detail and calculate the DA and dissociation cr
sections separately.

The dissociative attachment cross section via a tempo
negative ion resonance can be obtained by examining
asymptotic behavior of the negative ion wave functio
Within the framework of the quasiclassical nonlocal res
nance theory, Kalin and Kazansky derived the following e
pression for DA to an initial statev i at total energyE @15#:

sv i

DA~E!5
p

ki
2A2M

ub̃~D0!u2Re t~D0!, ~1!
1050-2947/2000/63~1!/014703~4!/$15.00 63 0147
o-

-
t
il-

e

-

-
s

s

of

old
s

ry
he
.
-
-

hereki
2 is the energy of the incident electron,t(D0) is the

reduced time of nuclear vibration, andb̃(D0) is proportional
to the expansion coefficient of the negative ion wave fu
tion over the rovibrational eigenstates of the neutral m
eculeb(D0). Explicit definition ofb̃(D0), b(D0) andt(D0)
can be found in Ref.@15#. For inclusion of rotational motion
these quantities should be evaluated with account of the
trifugal term in the energy functions of the molecule and i
@12#. The angular momentum for the nuclear motion is a
sumed to be a constant during the DA process.

Equation ~1! was derived with the implicit assumptio
that all the flux associated with nuclear motion in the co
tinuum goes into the dissociative attachment channel. Th
indeed the case when the dissociation channel is ener
cally forbidden. When the energy is above the dissociat
limit of the neutral molecule, however, the dissociation cha
nel is open, and the fluxes in the dissociation and disso
tion attachment channels need to be separated. Subsequ
the DA cross section should be calculated according to

sv i

DA5
p

ki
2A2M

ub̃~E!u2Re t~E!, ~2!

where all the quantities are now taken at total energyE in-
stead of the dissociation thresholdD0. Equation~1! includes
the contribution from the dissociation reaction and thus gi
the sum of the dissociation and dissociative attachment c
sections.

The differential in energy cross section for dissociation
statev i with final energy of nuclear motionm can be calcu-
lated quasiclassically as follows:

dsv i

diss

dm
5

2p3

ki
2

G~m!ub~m!u2, ~3!

whereG(m) is the partial resonance width at energym.
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From the optical theorem, the following relation betwe
the vibrational excitation, dissociative attachment and dis
ciation cross sections can be obtained@15#:

sv i

DA1(
v f

sv i

VE~v f !1sv i

diss5
2p2

ki
2

Im @b~ev i
!V~E,v i !#,

~4!

in which ev i
is the vibrational energy for statev i , V(E,v i) is

the coupling amplitude between the diabatic state and
continuum state,b(ev i

)V(E,v i) is the elastic scattering am

plitude for initial statev i as given by the quasiclassical no
local theory.

The DA cross section and dissociation cross section
thus be calculated in a consistent way through Eqs.~2! and
~3!. Upon calculation of the elastic scattering amplitude a
all the vibrational excitation cross section for an given init
state, optical theorem in low energye-H2 scattering can be
checked using Eq.~4!.

FIG. 1. Dissociative attachment cross sections from Eq.~1!
~solid curves! and from the optical theorem~dotted curves!. The
dissociation cross sections are shown as dashed curves.
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Figure 1 compares the dissociative attachment cross
tions given by Eq.~1! and by the optical theorem. In order t
obtain the DA cross section from Eq.~4!, we calculate the
cross sections for dissociation and vibrationl excitation~and
deexcitation forv i54) to all the 16 vibrational states of H2

and subtract them from the imaginary part of the elastic s
tering amplitude. The resultant DA cross section agrees w
with the DA cross section from Eq.~1! for v i50. For v i

54, the agreement at higher energies is poorer. We sh
point out that in the electron energy range above 4 eV,
DA cross section forv i54 is 5 or 6 orders of magnitude
smaller than the elastic cross section, and actually is e
much smaller than the dissociation cross section, as is s
from Fig. 1. Therefore evaluation of the DA cross secti
from Eq. ~4! requires high accuracy in the calculation of th
cross sections for all processes, especially in the nume
integration of the differential dissociation cross section. F
highly excited states, the difference between the DA and
total dissociation cross sections at high energies is even
ger, and the present comparison becomes numerically in
sible.

Figure 2 gives the cross section spectral density for
v i54 state at electron energy 4 eV. The continuum part
the spectral density~with energy of nuclear motion more
than 4.75 eV! is the differential dissociation cross sectio
the discrete part of the spectral density is defined as the r
of the vibrational excitation~or deexcitation! cross section to
the energy interval occupied by this state@16#. The cross
section spectral density joins smoothly in the vicinity of t
dissociation threshold, which indicates the consistency
tween the treatment of the vibrational excitation and dis
ciation in the present theory.

In Fig. 3 and Fig. 4, we present the DA cross sections
vibrational states of H2 up to v i59 and several rotationally
excited states of the vibrational ground state. The cross
tions do not show any plateau type structure of Fig. 1 a
Fig. 4 of Ref.@12# and their dependence on energy is close
exponential decrease. From comparison between Eqs.~1!
and~2!, it can be seen that the structure in Ref.@12# is simply
e
4

FIG. 2. Cross section spectral density for th
v i54 initial state and incident electron energy
eV.
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the effect of the contribution from the dissociation cross s
tion. The cross sections in@12# for the HF molecule do no
exhibit this type of structure because the dissociation cr
section for the states studied were all negligible in the wh
energy range. Therefore, although the state selected c
sections for H2 presented in@12# should be separated int
DA and dissociation components, the results for HF rep
sent basically the DA cross sections. By the same reason
the temperature averaged DA cross section for H2 calculated
in Ref. @12# was almost unaffected by the dissociation cha
nel, since at the temperature studied (T51400 K) the main
contribution to the cross section is from the low-lying vibr
tional states, for which the dissociation cross section is r
tively small.

Figure 5 gives the electron impact dissociation cross s
tion for different vibrational states of H2 through the2Su

1

shape resonance. Our cross sections for the vibrationally
cited statesv i53,6,9 all agree quite well with the results o
Atems and Wadehra@10# in both the shape and the magn
tude. For the ground state, however, our cross sectio
about one order of magnitude larger than that of Atems
Wadehra, which probably is another indication that the lo

FIG. 3. Dissociative attachment cross sections for various vib
tional states of H2.

FIG. 4. Dissociative attachment cross sections for various r
tional states of H2 with v i50. From bottom to top the curves co
respond toJ50, 5, 10, 15, and 20.
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theory works well for excited states but fails for the grou
states@17,18#.

In Fig. 6, we show the dissociation cross section for d
ferent rotational states of the vibrational ground state of H2.
It is interesting to note that for thev i50, J520 state, the
dissociation cross section is about one order of magnit
smaller than that for thev i55, J50 state, which has abou
the same internal energy. As was observed for the DA cr
sections@12,19#, the enhancement of the dissociation cro
sections is smaller due to rotational motion than due to
brational motion at the same internal energy.

The drastic enhancement of the threshold DA cross s
tion with higher initial energy of the target molecule can

-

a-

FIG. 5. Dissociation cross sections for various vibrational sta
of H2.

FIG. 6. Dissociation cross sections for various rotational sta
of H2 with v i50. From bottom to top the curves correspond toJ
50, 5, 10, 15, and 20.
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attributed to the increase in the negative-ion survival pr
ability @20,21#, which affects the cross sections exponentia
for dissociating processes governed by a short-lived re
nance. Quasiclassically, the negative ion survival probab
is determined by the velocity of relative nuclear motion a
also the distance between the Franck-Condon point and
stabilization point. With increasingv i , the Franck-Condon
point indeed moves toward the stabilization point for a giv
total energy@13#. Although the rotational excitation shifts th
Franck-Condon point equally for the same internal energy
is less efficient in enhancing the DA cross section beca
the relative motion of the nuclei is slowed down by the r
tational barrier@21#. The same behavior of the state depe
dence of the resonant dissociation cross section is expe
since the dissociation process is also affected by a nega
ion survival probability with the only difference that th
negative ion should survive until the point at which the ele
tron autodetachment with formation of the dissociating st
occurs.

We should point out now that the present study treats o
the 2Su

1 resonance in the electron energy range up to 5
. B

-
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For higher incident energies, the effect of the2Sg
1 resonance

on the DA and dissociation cross sections becomes m
important@10,22#. When the electron energy exceeds 10 e
the dissociation process proceeds predominantly via di
excitation of the3Su

1 electronic state of H2 rather than any
temporary negative ion states@10,23#.

In conclusion, we have performed anab initio calculation
of the elastic and inelastic processes in low energye-H2

scattering via the2Su
1 shape resonance using the quasicl

sical approximation for nuclear dynamics. We have sho
that the cross sections presented in Ref.@12# are in fact the
sum of the cross sections for dissociative attachment
dissociation. The DA and dissociation cross section
present here for excited H2 molecule is consistent with the
optical theorem and analysis of the dependence of the c
section on the final state energy of the nuclear motion.
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