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Transitions between excited electronic states of fJimolecules by electron impact

Claudio S. Sartof
Universidade Paulista, Unip, 13083-970 Campinasp aulo, Brazil
and Faculdade Nossa Senhora do Patrie) 13300-460 Itu, Sa Paulo, Brazil

Fernando J. da Paighand Marco A. P. Lima
Instituto de Fsica Gleb Wataghin, Universidade Estadual de Campinas, UNICAMP, 13083-970 Campioa®a®8a, Brazil
(Received 17 March 1998

We present theoretical integral and differential cross sections for transitions produced by electron collision
with an excited H molecule €¢%I1, and a325+)) 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 modejiniiseharge[S1050-294{©8)02210-0

PACS numbd(s): 34.80.Bm, 34.80.Gs, 34.80.Nz

I. INTRODUCTION et al. [15] have show the importance of the electron-excited
molecule cross section to determine electron energy distribu-

In the last 10 years, theoretical studies of electron—,[ion function of H, plasma[16]

molecule collision process have made important progress. : . .
In this paper we use the Schwinger multichannel method
Presently we have several methdds-3] able to study the . . :
[2] to calculate cross section and transition rates related with

electron-molecule with all the complexﬂy of the many-bodythe electron collision with excited Hmolecules. The calcu-
problem. The use of pseudopotentials has opened up the pgs-

sibility of studying molecules with hundreds of electrons ation |s.performed n a four—sf[ate appro>§|rnat|9n3 a(n+d) our
[4,5]. There is strong motivation to study the electron- studsy includes ~ the following transitions:a"x
. o : —ads(M, as (M pds(t @35 cq, and M1

molecule collision problem. It is interesting from the many- sl a9 aedd a9 5 u -t
body point of view(control of approximationsbut also their —& g *, ¢ Tl,—b"%4"", ¢’ll,—c’Il,. The majority
results can be used in many applied problems. For instanc€f the H, molecule excited states is short lived. As a result
processes based on cold plasmas are crucial steps to fabri¢d€ Population of these excited states is small and scattering
tion of electronic devices. In these low-temperature plasmadr0cesses from these states are not important. Our choice of
the collision processes between electron and molecules pld(€ €xcited states was driven bg t?f) metastabﬂng;o%ﬂiu
a key role in the formation and destruction of the various/17,18 and quasimetastability a2 "’ [19]. The c*II,(v
plasma species. Applications of plasma processing have beén0. K=0) is located at 29 635 cnt below the ionization
developed largely empirically, partially due to the lack of alimit and the a®s{")(v=0,K=0) is located at
detailed understanding of the fundamental atomic and mo29 344 cm* below the ionization. Although these two
lecular collision processes in such a sysiéh states are close in energy, they have different equilibrium

Studies of electron-excited molecule collision are rare, depositions. In a glow discharge Catherinet al. [19] mea-
spite many application6—8|. Almost all studie49] are re-  sured aa32é,+)(v=O,J=2) population as high as 5% of the
lated to experimental or theoretical aspects of the dissocidotal. They attributed this population enhancement as due to
tive attachment processes of nd CO. There is one study energy transfer collision with the®I1,. Such high excited
on the superelastic collision of electrons with vibrationally state population should have important contributions to un-
excited N [10] and another for © on the alAgﬁblzg derstanding the plasma stationary properties.

electronic transition[11]. Even for atoms the number of  In our previous publicatiofil4] we have presented inte-
studies involving collision of electrons against electronicallygral cross sections for electron collision with @ kholecule
excited targets is very smdiL2]. in the c3I1,, state. In this paper, we present further informa-

Recently two publications, Celibertet al. [13] and Sar- tion about these collisions processes and a similar study for
tori etal. [14], addressed the problem of calculating transitions out of thea(32((;)) state. In addition to differen-
electron—excited-state molecule cross sections. There atwl cross section$DCS), we also present calculated transi-
several motivations to study electron-excited molecule colli-tion rates for processes starting at an excited state. Our tran-
sions. For instance, the present analysis of plasma transpaitions rates are several orders of magnitude larger than those

coefficient does not include the presence of excitétdra-  obtained with the molecule in the ground state.

tionally or electronically states. In recent work, Capitelli Our paper develops as follows. In Sec. Il we present es-
sential features of the SMC method and how it is used in the
case of transition between excited states. In Sec. Il we
*Electronic address: claudio@ifi.unicamp.br present the basis set used and the results. We close our paper
"Electronic address: paixao@ifi.unicamp.br by discussing possible effects in modeling discharge envi-
*Electronic address: maplima@ifi.unicamp.br ronments due to the present calculated transition rates.
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FIG. 1. Electronic transition integrated cross sections of an excitednblecule for thea®s; —a®s("), a®s,—c%l,, a®s,
—>b3EE,*) , anda3Eg—>X12§) transitions. Open squares: target description of type Rfpg=1.4a,; closed circles: target description of
type 1 forRy.y=1.968,; open triangles: target description of type 2 fy,=1.96a,. For target descriptions, see text.

Il. THEORY In these equationSy, is a product of a target state and a

We summarize the development of the SMC metf@d ~Plane wavei, is an (N+1)-electron Slater determinafur
as follows. The Hamiltonian for the collision system can becombination of themin which the variational trial function
written as is expandedH is the total energy minus the full Hamiltonian
of the systemN is the total number of electrons in the target,
P is a projector onto the open electronic target states, and
H=Hn+Tni1+V=Ho+V, (1) G4 is the Green's function projected on tHsspace.
The scattering problem of an electron and an excited mol-
, L ) o ecule is similar to the electron-open-shell molecule scattering
whereHy is the target Hamiltoniany., is the kinetic en- 1>4] |n particular the spin problem can be simplified in the

ergy operator for the continuum electron, ands the poten-  game way. The scattering amplitude can be written as
tial between the continuum electron and the target. In this

formalism a variational stable expression for the scattering

amplitude is given by fm.’M.;meMf(in)zz C#ZMS; 1m/2’jff/I f2StD (1),
[ ! SMg i S oS (5)

1
fek =~ 522 (S VIvmld Ta(vnalVIS). @)

wherecitsnﬁz%ns are Clebsch-Gordan coefficient(, M;)
and (m;, M;y) are the initial and the final spin components

whered,,, is given by of the continuum electron and the moleculendf are the
state quantum numbers other then the spin components. For
= (Pl A ) ()  collision between unpolarized target and electron the cross
sections is
andA(Y) is
do(i—f 1 k
A(+)=%(PV+VP)—VG(§)V+% A- g(ﬂm PH)|. fm L 225+1) EfZS (28+1)[FES (i 1)[2

(4) (6
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10 e state present is the®S ("), chosen by its optical coupling
~ o5 with a®3{"). Thea®s{" and thec®ll, states are optically
g107 —A—dzoen, coupled and are initial states in this work. Experimental re-
2 10 :’:XEE Xz sults for static polarizability are limited for the ground state
S X Stivestavacral. of atomic specief22] and as far as we know it has not been
&1l Linder et al. determined for our excited states. However, we expect that a
g1 is | (+) 3
g large part is included becausaéEg and c’I1,, are very
210% a,, close in energy and this amplifies their importance for the
g 1 % %+++ static polarization. The inclusion &3 (") is also important
103 e i because it is a dissociative state and a source of fast H atoms.
" Our basis set is made o66pld [23] Cartesian Gaussian
0 5 10 15 20 25 30 35 functions on each atom of H. This set of functions is used to
Electron impact energy (eV) perform several SCF calculations. The minimum of the po-

tential energy curve is in general different for each molecular
state. For H the internuclear separation at this minimum is
1.96a, for ¢®I1,, 1.868, for thea®S ("), and 1.4 for the
X5{") state[24]. To assess the mfluence of internuclear
sectlons out of thé(12 *) state of Srivastavat al; asterisk, ex- separatlon on the fixed- nuc'?' calculated CI’_OSS sections .We
perimental total cross “sections out of thé= (") state of Linder perfarm bound state caiculations for each |n.ternuclea.r dis-
et al. We used target descriptiofsee text of type 2 for Ry ta”?es' Ta_lrget states were obtained in foII_owmg ways. type
—1.96,. B, is obtained by converging the self-consistent-fiekCH
wave function of thex*={") at the ground-state equilibrium
IIl. STATES, BASIS SET, AND RESULTS separation. Then we diagonalize tig_, potential to obtain
the improved virtual orbital$lVO) [25]. TypesB;, andB;,
are obtained with the same procedure but with the internu-
Our calculations have been carried out within the frame-clear separation of tha32g) andc®I1, respectively. Type
work of the fixed-nuclei and Frank-Condon approximation.B,.,, is obtained by converging the SCF wave function of
In the SMC method the expansion basis set is formed byhe c®I1, (B;.y) using the internuclear separation for this
(N+1)-particle Slater determinant¥,,,, constructed from a excited state. Then we calculate the triplet coupled IVO’s
chosen set of target statébese states are multiplied by a set with the 1o, orbital. Type B1,m) SCF is obtained with the
of one-particle virtual orbitals and each product is made ana33,(") and calculating the triplet coupled IVO’s with the 1
tisymmetrig. A subset of the target states defines the level oty orbital of the “a” state kept frozen.
coupling of the electronic states through the projector P. In °Table I shows the vertical excitation energiesit of the
this calculation bothP and \I’m include the ground State X12(+)) to the upper states usmg these basis. For Compan_
X'3{7), thec®l,, thea®s ("), and theb® (") states. Our son we also include experimental excitation enerd.
ch0|ce of states was dnven by our goal, to study the electrorhere are highly accurate theoretical calculation for the po-
collision with H, molecule ata32(+) and thec®Il, states. tential energy curves of all states included in our calculation
One criterion to choose states in strong coupling calculatlonsxlzg” . b*3(Y, anda®s{") by Kolos and Wolniewicz
is the description of the static polarizabilii®1] of the initial ~ [26,27), and thec®I1, by Bwowne[28]). However, we use
state of the target. In our case, we are interested in the elegauch simpler descriptions of the target stafdartree-Fock
tron scattering process out of triplet states so we includegevel) and, as we will see, slight differences in these descrip-
only one singlet state, the ground sta¢é2(+) The other tions give similar scattering results,

FIG. 2. Electronic transition cross sections of an excited H
molecule: closed squarea32 —>a32(”, open circles, aE
—b33("); closed trlanglesae’E —c Hu, open dlamondsa32
—>X12(*) pIussesX12(+)—>c3H stars, experimental total cross

A. States and basis set

State B: (eV) Bia (eV) Biam (eV) Bic (eV) Bicm (eV) Expt (eV)
a®s{") 12.029 10.515 8.939 10.271 8.948 11.98
¢, 12.310 10.578 9.028 10.301 8.971i 11.96
b3z (" 9.978 6.481 5.337 5.868 4.919

B. Results and discussion the excitation froma®3{") and B ,B;;, and By, for the

In Fig. 1 we present results of calculated integral crossexcitation fromc®II,. Similar to our previous®II, calcu-
sections for the four possible transitions out of m’é(g“ lations, the results show little dependence on the target
state. For each excited state we used three different approxivave-function approximation. These results suggest that the
mations for the target wave functior3; ,B,,, andB,,,,for  effect of the internuclear separation and the choice of differ-
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a’s{M-a® (", a®s{V—c,, and a®3{H—-b*3("
transitions, respectively. For DCS, the effect of the internu-
clear distance antfy_; potential depends on the transition.
For the elastica®s (" —a®s{") transition, as the incident
energy increases the behavior of the cross sections at small
scattering angles<t60) becomes almost identical for all ap-
proximations. We attribute the differences seen at small en-
ergies and small scattering angles to polarization effects. Our
calculation includes only two optically coupled states with
32&”, so only a fraction of the polarizability is included.
For atoms Christophorou and lllenberggt?2] have shown
the correlation between total cross section and the static po-
larizability. The differences in the large angular region can
be attributed to short-range potentials as the exchange inter-
action. We use a frozen core description of the molecular
target and as a result our short-range correlation comes
throughW¥,,,. The use of different internuclear distances and
molecular states should affect the exchange interaction and
polarization description, especially at low energies. For the
a®2{V—b*s (") anda’®s{"—c%I1, transitions, the differ-
ences are more pronounced than those in the elastic cases. In
the small angular region these differences can be attributed
to the fact that each basis furnishes a different oscillator
strength(long range interactignfor each transition.

In Figs. 6 and 7 we show calculated DCS for transitions

ent Viy_1) potential does not produce important effects onc’Il,—¢°II, and C?Huﬂba_zﬁﬂ with basisB;c andBycp.
the calculated integral cross sections. In Figure 2 we presefur elastic result displays little dependence with the basis set

integral cross sections for excitation out #i& (") with the

except at 10 eV. The superelastic transitail,— b3S (")

basisB;,,. For comparison we also include experimental also shows little dependence with the the chosen basis. Com-

cross sectionf29,3( for transitions out of th&*s (") state.
Elastic cross section of theszg” are significantly larger

than that of the ground state. . g e
In Figs. 3, 4, and 5 we present calculated differential CrOSgeneral, the elastic transitions are much less sensitive to the

sections(DCS) for processes out of tha®3 (") at incident
electron energies of 2, 5, 10, and 20 eV. They include th
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pared with previous case, the calculation for this transition is
much less sensitive. This may be related to the fact that these
states are not optically connected. Our results show that, in

choice of basis sets, which probably is due to the over-

helming influence of the one-body potential. On the other

and, transitions between different states depend on the na-
ture of the transition(if it is dipole allowed or not, if is
mainly due to exchange interactions or not, or if it is sensi-
tive to polarization effects

Our results show that transitions between excited molecu-

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

2

1/2
Ki—»f(T):<;> f O'i_,f(E)\/Ef(E)dE, 7

where we assume a Maxwellian distributid(E) for the
electrons andr;_,;(E) is the integrated cross section for the
transitioni —f.

Figures 8 and 9 show our calculated transition rates. Here
we can see the combined effect of larger cross-section and



PRA 58 TRANSITIONS BETWEEN EXCITED ELECTRONIC ... 2861

300 60

_ E=2eV E=5eV )
250+ 50- o
\n —o—B /
] o] /
a \ A —a—B aAA o 7
glso - * \u 30 ”\u/n>g\/\ “n n—g /
= 100 \“l k) a eee kB \n /

' Toe A1 20 Ao A
= ) /A - A g ATNS \ ‘//"
— 504 \‘w\. ata g A P D u\u//‘///
1 e tageaoy o] LN
o
S 0 20 40 60 80 100120140160180 0 20 40 60 80 100120140160180
O
9]

2 18 10
S E=10eV jl E=20eV
O 164 /n//: 1 gl
— a 9

%

8 12-—0‘.\ / /,b 6_\\ y /
[ g a0 =]
= .\ o \ \ / &7
<= 104 i
5 \w\ \}: n\u\ /.// 4_ X\\\ u/ A/ -~

8 \v\ ‘\\\ / ,0\‘ A n\ E/] Ek‘k ):{ ///. Wad
] X \E\n/;( g /WV\Y’:’/v i A N
6 a7 2 =) A
v v/ \\°>A> P~
4 R a—a>g4 »

0 20 40 60 80100120140160180 0 20 40 60 80 100120140160180
Scattering Angle (degrees)

FIG. 5. Differential cross sections ftar32g+)—>b32ﬁ+) for the three descriptions of target.

lower excitation energy producing transition rates betweercrucial role. The integral foK;_{(T) is performed only to
excited states orders of magnitude larger than those corrgéhose electrons with enerdy=E,,. Eg, for ground to ex-
sponding to ground to excited states. The net effect is eveoited state is of the order of 12 eV, for excitation out of the
more important at lower temperatures where the low-energg®[l, and a32(*), E., is either very small
part of the electron distribution function is more important. (c3[y,, Ha32(+)) or null (for elastic scattering and super-

At these temperatures the excitation ener@y,) plays a  glastic transmoin As a result only a very small fraction of
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the electrons are energy allowed to produce excitation out athe importance of electron collision with an excited molecule
the ground state but almost all electrons can produce thgt electron densities greater than'd@m~3. The lack of
other transitions. experimental and other theoretical results limit further com-
The calculated transition rates suggest important proparison with our results. However, our results support further
cesses in a pidischarge. For example, thll,, is a meta-  analysis on the lines suggested by Capiteh] on the im-
stable state with 1-ms lifetime, then it has a transition probygrance of excited states on the electron energy distribution

.y _l . . . B
ability of 10* s. In a collisional-radiative modef31],  fynction as well as inclusion of these processes on future
electron depopulation of this state will be important Whenanalysis of transport coefficients.

ne Ki_;s is of the same order of magnitud&3]. Our calcu-
lated transition rates indicate that this will occur for electron
density of 18° cm 3. For thea®s{" with a lifetime of

_ . . _ ACKNOWLEDGMENTS
10 8 s, the required electron density is of*¥0cm ™3,

This work was supported by the Brazilian agencies Con-
selho Nacional de Pesquisa e Desenvolvimento Giente
IV. CONCLUSION . ~ .
Tecnolmico (CNPg, Funda@o de Amparo a Pesquisa do
We calculated differential and integrated cross sectiorEstado de SaPaulo(FAPESR, e Financiadora de Estudos e
and the corresponding transition rates. Our results suggeBrojetos(FINEP).

[1] C. J. Gillan, O. Nagy, P. G. Burke, L. A. Morgan, and C. J. [11] R. I. Hall and S. Trajmar, J. Phys. & L293 (1975.

Noble, J. Phys. B0, 4585(1987. [12] See references in L. G. Christoforou and E. lllenberger, Phys.
[2] K. Takatsuka and V. McKoy, Phys. Rev. 24, 2473(1981. Lett. A173 78(1993.
[3] T. N. Rescigno, C. W. McCurdy, and B. I. Schneider, Phys.[13] R. Celiberto, M. Capitelli, N. Durante, and U. T. Lamanna,

[4] M. H. F. Bettega, M. A. P. Lima, and L. G. Ferreira, Phys. [14] C. S. Sartori, F. J. da Paizaand M. A. P. Lima, Phys. Rev. A

Rev. A47, 1111(1993. 55, 3243(1999).

; [15] M. Capitelli, G. Colonna, K. Hassouni, and A. Gicquel, Chem.
[5] '(I'l.gl\ééResmgno and C. W. McCurdy, J. Chem. Phi&4, 120 Phys. Lett.228 687 (1994.

[16] C. S. Sartori, F. J. da Pai®aM. A. P. Lima, J. Amorim, Jorge
[6] A. Garscadden, Z. Phys. P4, 97 (1992. L.S. Lino, and J. Loureiro, ifProceedings of the 13th Interna-
[7]1L. A. Pinnaduwage and L. G. Christoforou, Phys. Rev. Lett. tional Symposium on Plasma Chemistpl. |, edited by C.K.
70, 754 (1993. Wu (Peking University Press, Bieijing, China 199pp. 42—
[8] L. A. Pinnaduwage and L. G. Christoforou, J. Appl. Phy8, 47.
46 (1994). [17] H. Beutler, A. Deubner, and H. O. Junger, Z. Ph98, 181
[9] See, for example, M. Allan and S. F. Wong, Phys. Rev. Lett. (1935.

41, 1791(1978; J. M. Wadehra and J. N. Bardslepjd. 41, [18] G. Giusfredi, P. Minguzzi, F. Strumia, and M. Tonelli, Z.

1795(1978; S. J. Buckman, M. T. Elford, and D. S. Newman, Phys. A274, 279(1975.
J. Phys. B20, 5175(1987%; L. G. Christoforou, P. G. Datskos, [19] A. Catherinot, B. Dubreuil, and M. Gand, Phys. Rev.18
and J. G. Carter, Chem. Phys. Let86, 11 (1991). 1097(1978.

[10] P. D. Burrow and Paul Davidovits, Phys. Rev. L&1, 1789 [20] F. J. da Paixa, M. A. P. Lima, and V. McKoy, Phys. Rev.
(1968. Lett. 68, 1698(1992.



PRA 58 TRANSITIONS BETWEEN EXCITED ELECTRONIC ... 2863

[21] L. Castillejo, I. C. Percival, and M. J. Seaton, Proc. R. Soc.[26] W. Kolos and L. Woniewicz, J. Chem. Phy43, 2429

London, Ser. A254, 259 (1960. (1965.
[22] T. M. Miller and B. Bederson, Adv. At. Mol. Physl3 1  [27] W. Kolos and L. Woniewicz, J. Chem. Phy48, 3672
(1977. (1968.

[23] L. G. Ferreira(private communication The exponents were [28] J.C. Browne, J. Chem. Phy40, 43 (1964.

obtained in a similar way as in M. H. F. Bettega, A. P. P.[29] S. K. Srivastava, A. Chatujian, and S. Trajmar, J. Chem. Phys.
Natalense, M. A. P. Lima, and L. G. Ferreira, Int. J. Quantum 63, 2659(1975.

Chem.60, 821 (1996. , . [30] F. Linder and H. Schmidt, Z. Naturforsch. Teil 26, 1603
[24] K. P. Huber, and G. Herzberg;onstants of Diatomic Mol- (1979.
ecules(Van Nostrand Reinhold, New York, 1979 [31] Tarashi Fujimoto, J. Quant. Spectrosc. Radiat. Tra2if439

[25] W. A. Goddard Il and W. J. Hunt, Chem. Phys. Lettl, 464

(1974). (1979.



