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Transitions between excited electronic states of H2 molecules by electron impact
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We present theoretical integral and differential cross sections for transitions produced by electron collision
with an excited H2 molecule (c3Pu and a3Sg

(1)) obtained with the Schwinger multichannel method in a
four-state approximation. We also present the transition rates obtained with these cross sections. The results
indicate the importance of these scattering processes in modeling H2 discharge.@S1050-2947~98!02210-0#

PACS number~s!: 34.80.Bm, 34.80.Gs, 34.80.Nz
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I. INTRODUCTION

In the last 10 years, theoretical studies of electro
molecule collision process have made important progr
Presently we have several methods@1–3# able to study the
electron-molecule with all the complexity of the many-bo
problem. The use of pseudopotentials has opened up the
sibility of studying molecules with hundreds of electro
@4,5#. There is strong motivation to study the electro
molecule collision problem. It is interesting from the man
body point of view~control of approximations! but also their
results can be used in many applied problems. For insta
processes based on cold plasmas are crucial steps to fab
tion of electronic devices. In these low-temperature plasm
the collision processes between electron and molecules
a key role in the formation and destruction of the vario
plasma species. Applications of plasma processing have
developed largely empirically, partially due to the lack of
detailed understanding of the fundamental atomic and
lecular collision processes in such a system@6#.

Studies of electron-excited molecule collision are rare,
spite many applications@6–8#. Almost all studies@9# are re-
lated to experimental or theoretical aspects of the disso
tive attachment processes of H2 and CO. There is one stud
on the superelastic collision of electrons with vibrationa
excited N2 @10# and another for O2 on the a1Dg→b1Sg

1

electronic transition@11#. Even for atoms the number o
studies involving collision of electrons against electronica
excited targets is very small@12#.

Recently two publications, Celibertoet al. @13# and Sar-
tori et al. @14#, addressed the problem of calculatin
electron–excited-state molecule cross sections. There
several motivations to study electron-excited molecule co
sions. For instance, the present analysis of plasma trans
coefficient does not include the presence of excited~vibra-
tionally or electronically! states. In recent work, Capitel
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et al. @15# have show the importance of the electron-excit
molecule cross section to determine electron energy distr
tion function of H2 plasma.@16#

In this paper we use the Schwinger multichannel meth
@2# to calculate cross section and transition rates related w
the electron collision with excited H2 molecules. The calcu-
lation is performed in a four-state approximation and o
study includes the following transitions: a3Sg

(1)

→a3Sg
(1) , a3Sg

(1)→b3Sg
(1) , a3Sg

(1)→c3Pu and c3Pu

→a3Sg
(1) , c3Pu→b3Sg

(1) , c3Pu→c3Pu . The majority
of the H2 molecule excited states is short lived. As a res
the population of these excited states is small and scatte
processes from these states are not important. Our choic
the excited states was driven by the metastability ofc3Pu

@17,18# and quasimetastability ofa3Sg
(1) @19#. The c3Pu(v

50, K50) is located at 29 635 cm21 below the ionization
limit and the a3Sg

(1)(v50, K50) is located at
29 344 cm21 below the ionization. Although these tw
states are close in energy, they have different equilibri
positions. In a glow discharge Catherinotet al. @19# mea-
sured aa3Sg

(1)(v50, J52) population as high as 5% of th
total. They attributed this population enhancement as du
energy transfer collision with thec3Pu . Such high excited
state population should have important contributions to
derstanding the plasma stationary properties.

In our previous publication@14# we have presented inte
gral cross sections for electron collision with a H2 molecule
in the c3Pu state. In this paper, we present further inform
tion about these collisions processes and a similar study
transitions out of the (a3Sg

(1)) state. In addition to differen-
tial cross sections~DCS!, we also present calculated trans
tion rates for processes starting at an excited state. Our t
sitions rates are several orders of magnitude larger than t
obtained with the molecule in the ground state.

Our paper develops as follows. In Sec. II we present
sential features of the SMC method and how it is used in
case of transition between excited states. In Sec. III
present the basis set used and the results. We close our p
by discussing possible effects in modeling discharge en
ronments due to the present calculated transition rates.
2857 © 1998 The American Physical Society
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FIG. 1. Electronic transition integrated cross sections of an excited H2 molecule for thea3Sg →a3Sg
(1) , a3Sg→c3Pu , a3Sg

→b3Su
(1) , anda3Sg→X1Sg

(1) transitions. Open squares: target description of type 1 forRH-H51.4a0 ; closed circles: target description o
type 1 forRH-H51.96a0 ; open triangles: target description of type 2 forRH-H51.96a0 . For target descriptions, see text.
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II. THEORY

We summarize the development of the SMC method@2#
as follows. The Hamiltonian for the collision system can
written as

H5HN1TN111V5H01V, ~1!

whereHN is the target Hamiltonian,TN11 is the kinetic en-
ergy operator for the continuum electron, andV is the poten-
tial between the continuum electron and the target. In
formalism a variational stable expression for the scatter
amplitude is given by

f kW f k
W

i
52

1

2p( ^SkW f
uVucm&@d21#mn̂ cnuVuSkW i

&, ~2!

wheredmn is given by

dmn5^cmuA~1 !ucn& ~3!

andA(1) is

A~1 !5
1

2
~PV1VP!2VGP

~6 !V1
1

NF Ĥ2
N

2
~ĤP1PĤ!G .

~4!
is
g

In these equationsSkW i
is a product of a target state and

plane wave,Cm is an (N11)-electron Slater determinant~or
combination of them! in which the variational trial function
is expanded,Ĥ is the total energy minus the full Hamiltonia
of the system,N is the total number of electrons in the targ
P is a projector onto the open electronic target states,
GP

(1) is the Green’s function projected on thisP space.
The scattering problem of an electron and an excited m

ecule is similar to the electron-open-shell molecule scatte
@20#. In particular the spin problem can be simplified in t
same way. The scattering amplitude can be written as

f mi ,Mi ;mf ,M f
~ i→ f !5 (

S,MS

Cmi Mi MS

1/2SiS Cmf M f MS

1/2SfS f ~2S11!~ i→ f !,

~5!

whereCm1 m2 m3

S1 S2 S3 are Clebsch-Gordan coefficients (mi , Mi)

and (mf , M f) are the initial and the final spin componen
of the continuum electron and the molecule.i and f are the
state quantum numbers other then the spin components
collision between unpolarized target and electron the c
sections is

ds~ i→ f !

dV
5

1

2~2Si11!

kf

ki
(

S
~2S11!u f ~2S11!~ i→ f !u2.

~6!
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III. STATES, BASIS SET, AND RESULTS

A. States and basis set

Our calculations have been carried out within the fram
work of the fixed-nuclei and Frank-Condon approximatio
In the SMC method the expansion basis set is formed
~N11!-particle Slater determinants,Cm , constructed from a
chosen set of target states~these states are multiplied by a s
of one-particle virtual orbitals and each product is made
tisymmetric!. A subset of the target states defines the leve
coupling of the electronic states through the projector P
this calculation bothP and Cm include the ground state
X1Sg

(1) , thec3Pu , thea3Sg
(1) , and theb3Su

(1) states. Our
choice of states was driven by our goal, to study the elec
collision with H2 molecule ata3Sg

(1) and thec3Pu states.
One criterion to choose states in strong coupling calculati
is the description of the static polarizability@21# of the initial
state of the target. In our case, we are interested in the e
tron scattering process out of triplet states so we inclu
only one singlet state, the ground stateX1Sg

(1) . The other

FIG. 2. Electronic transition cross sections of an excited2
molecule: closed squares,a3Sg→a3Sg

(1) ; open circles,a3Sg

→b3Su
(1) ; closed triangles,a3Sg→c3Pu ; open diamonds,a3Sg

→X1Sg
(1) ; plusses,X1Sg

(1)→c3Pu ; stars, experimental total cros
sections out of theX1Sg

(1) state of Srivastavaet al.; asterisk, ex-
perimental total cross sections out of theX1Sg

(1) state of Linder
et al. We used target description~see text! of type 2 for RH-H

51.96a0 .
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state present is theb3Su
(1) , chosen by its optical coupling

with a3Sg
(1) . The a3Sg

(1) and thec3Pu states are optically
coupled and are initial states in this work. Experimental
sults for static polarizability are limited for the ground sta
of atomic species@22# and as far as we know it has not bee
determined for our excited states. However, we expect th
large part is included becausea3Sg

(1) and c3Pu are very
close in energy and this amplifies their importance for
static polarization. The inclusion ofb3Su

(1) is also important
because it is a dissociative state and a source of fast H at

Our basis set is made of 6s6p1d @23# Cartesian Gaussian
functions on each atom of H. This set of functions is used
perform several SCF calculations. The minimum of the p
tential energy curve is in general different for each molecu
state. For H2 the internuclear separation at this minimum
1.96a0 for c3Pu , 1.868a0 for thea3Sg

(1) , and 1.4a0 for the
X1Sg

(1) state @24#. To assess the influence of internucle
separation on the fixed-nuclei calculated cross sections
perform bound state calculations for each internuclear
tances. Target states were obtained in following ways: t
B1 is obtained by converging the self-consistent-field~SCF!
wave function of theX1Sg

(1) at the ground-state equilibrium
separation. Then we diagonalize theVN21 potential to obtain
the improved virtual orbitals~IVO! @25#. TypesB1a andB1c
are obtained with the same procedure but with the inter
clear separation of thea3Sg

(1) andc3Pu respectively. Type
B1cm , is obtained by converging the SCF wave function
the c3Pu (B1cm) using the internuclear separation for th
excited state. Then we calculate the triplet coupled IVO
with the 1sg orbital. Type (B1am) SCF is obtained with the
a3Sg

(1) , and calculating the triplet coupled IVO’s with the
sg orbital of the ‘‘a’’ state kept frozen.

Table I shows the vertical excitation energies~out of the
X1Sg

(1)) to the upper states using these basis. For comp
son we also include experimental excitation energies@24#.
There are highly accurate theoretical calculation for the
tential energy curves of all states included in our calculat
(X1Sg

(1) , b3Su
(1) , and a3Sg

(1) by Kolos and Wolniewicz
@26,27#, and thec3Pu by Bwowne@28#!. However, we use
much simpler descriptions of the target states~Hartree-Fock
level! and, as we will see, slight differences in these desc
tions give similar scattering results,
State B1 (eV) B1a (eV) B1am (eV) B1c (eV) B1cm (eV) Expt ~eV!

a3(g
(1) 12.029 10.515 8.939 10.271 8.948 11.98

c3Pu 12.310 10.578 9.028 10.301 8.971i 11.96
b3(u

(1) 9.978 6.481 5.337 5.868 4.919
get
the
er-
B. Results and discussion

In Fig. 1 we present results of calculated integral cro
sections for the four possible transitions out of thea3Sg

(1)

state. For each excited state we used three different app
mations for the target wave functions:B1 ,B1a , andB1am for
s

xi-

the excitation froma3Sg
(1) and B1 ,B1c , and B1cm for the

excitation fromc3Pu . Similar to our previousc3Pu calcu-
lations, the results show little dependence on the tar
wave-function approximation. These results suggest that
effect of the internuclear separation and the choice of diff
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2860 PRA 58SARTORI, da PAIXÃO, AND LIMA
ent V(N21) potential does not produce important effects
the calculated integral cross sections. In Figure 2 we pre
integral cross sections for excitation out thea3Sg

(1) with the
basisB1am . For comparison we also include experimen
cross sections@29,30# for transitions out of theX1Sg

(1) state.
Elastic cross section of thea3Sg

(1) are significantly larger
than that of the ground state.

In Figs. 3, 4, and 5 we present calculated differential cr
sections~DCS! for processes out of thea3Sg

(1) at incident
electron energies of 2, 5, 10, and 20 eV. They include

FIG. 3. Differential cross sections for elastica3Pu→a3Pu for
the three descriptions of target.

FIG. 4. Differential cross sections fora3Sg
(1)→c3Pu for the

three descriptions of target.
nt

l

s

e

a3Sg
(1)→a3Sg

(1) , a3Sg
(1)→c3Pu , and a3Sg

(1)→b3Su
(1)

transitions, respectively. For DCS, the effect of the intern
clear distance andVN21 potential depends on the transitio
For the elastica3Sg

(1)→a3Sg
(1) transition, as the inciden

energy increases the behavior of the cross sections at s
scattering angles (<60) becomes almost identical for all ap
proximations. We attribute the differences seen at small
ergies and small scattering angles to polarization effects.
calculation includes only two optically coupled states w
3Sg

(1) , so only a fraction of the polarizability is included
For atoms Christophorou and Illenbergeri@12# have shown
the correlation between total cross section and the static
larizability. The differences in the large angular region c
be attributed to short-range potentials as the exchange in
action. We use a frozen core description of the molecu
target and as a result our short-range correlation co
throughCm . The use of different internuclear distances a
molecular states should affect the exchange interaction
polarization description, especially at low energies. For
a3Sg

(1)→b3Su
(1) anda3Sg

(1)→c3Pu transitions, the differ-
ences are more pronounced than those in the elastic case
the small angular region these differences can be attribu
to the fact that each basis furnishes a different oscilla
strength~long range interaction! for each transition.

In Figs. 6 and 7 we show calculated DCS for transitio
c3Pu→c3Pu andc3Pu→b3Su

(1) with basisB1c andB1cm .
Our elastic result displays little dependence with the basis
except at 10 eV. The superelastic transitionc3Pu→b3Su

(1)

also shows little dependence with the the chosen basis. C
pared with previous case, the calculation for this transition
much less sensitive. This may be related to the fact that th
states are not optically connected. Our results show tha
general, the elastic transitions are much less sensitive to
choice of basis sets, which probably is due to the ov
whelming influence of the one-body potential. On the oth
hand, transitions between different states depend on the
ture of the transition~if it is dipole allowed or not, if is
mainly due to exchange interactions or not, or if it is sen
tive to polarization effects!.

Our results show that transitions between excited mole
lar states have a larger cross section when compared
ground-state elastic cross section. In addition, the excita
energy between excited states is smaller than those betw
ground and excited states. As a result for a given elect
energy distribution there will be many more electrons able
perform transitions out of the excited state than out of
ground state. We can say that excited-state–to-excited s
transitions probe the low-energy electron distribution fun
tion, which can not affect the ground-state—excited-st
transitions. However, all this can be expressed throug
quantity called transition rate defined as

Ki→ f~T!5S 2

m D 1/2E s i→ f~E!AE f~E!dE, ~7!

where we assume a Maxwellian distributionf (E) for the
electrons ands i→ f(E) is the integrated cross section for th
transitioni→ f .

Figures 8 and 9 show our calculated transition rates. H
we can see the combined effect of larger cross-section
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FIG. 5. Differential cross sections fora3Sg
(1)→b3Su

(1) for the three descriptions of target.
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lower excitation energy producing transition rates betwe
excited states orders of magnitude larger than those co
sponding to ground to excited states. The net effect is e
more important at lower temperatures where the low-ene
part of the electron distribution function is more importa
At these temperatures the excitation energy (Eex) plays a

FIG. 6. Differential cross sections forc3Pu→c3Pu for the basis
representationB1c ~open squares! andB1cm ~closed circles!.
n
e-
n
y

.

crucial role. The integral forKi→ f(T) is performed only to
those electrons with energyE>Eex. Eex for ground to ex-
cited state is of the order of 12 eV, for excitation out of t
c3Pu and a3Sg

(1) , Eex is either very small
(c3Pu↔a3Sg

(1)), or null ~for elastic scattering and supe
elastic transition!. As a result only a very small fraction o

FIG. 7. Differential cross sections forc3Pu→b3Su
(1) for the

basis representationB1c ~open squares! andB1cm ~closed circles!.
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the electrons are energy allowed to produce excitation ou
the ground state but almost all electrons can produce
other transitions.

The calculated transition rates suggest important p
cesses in a H2 discharge. For example, thec3Pu is a meta-
stable state with 1-ms lifetime, then it has a transition pr
ability of 103 s21. In a collisional-radiative model@31#,
electron depopulation of this state will be important wh
ne Ki→ f is of the same order of magnitude@13#. Our calcu-
lated transition rates indicate that this will occur for electr
density of 1010 cm23. For the a3Sg

(1) with a lifetime of
1028 s, the required electron density is of 1015 cm23.

IV. CONCLUSION

We calculated differential and integrated cross sect
and the corresponding transition rates. Our results sug

FIG. 8. Transition rates for excitation from thea3Sg
(1)

→X1Sg
(1) ~closed squares!; a3Sg

(1)→a3Sg
(1) ~open circles!;

a3Sg
(1)→b3Su

(1) ~closed triangles!; a3Sg
(1)→c3Pu ~crosses!.
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the importance of electron collision with an excited molecu
at electron densities greater than 1010 cm23. The lack of
experimental and other theoretical results limit further co
parison with our results. However, our results support furt
analysis on the lines suggested by Capitelli@15# on the im-
portance of excited states on the electron energy distribu
function as well as inclusion of these processes on fut
analysis of transport coefficients.
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