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The method usd by Koike and Watanabe to describe negative molecular ion formtion is generali& for m&i- 
waves st2tes of the extra electron. The structure of the shape resonances in NC)-and NT is discussed. For the NO-- 
captured electron it is found that the dn.-wave component increases with,increasing resor1znE energy. 

I. Introduction 

Vibrational excitation by electron impact on di- 
atomic molecules is now well understood [l] . It has 
become clear that at low energies (04 eV) the shape 
resonances play a major role in this process, the cross 
section for direct excitation being one or two orders 
of magnitude lower than for excitation via compound 
states. 

Resonance scattering occurs through the entry of 
the projectile electron into the molecule X2 to form 
the compound state Xi, whereupon the nuclei start 
to move in the new potential, after a time the visiting 
electron is re-entitted, while the residual molecule is 
left in a distribution of vibrationally excited states. 
A powerful theoretical method for explaining the 
capturing’mechanism is the use of configuration in- 
teraction. [2] . Koike and Watanabe obtain &I this way 
a capturing cross section Formula (eq. (16) of ref. [3]) 
essentialIy equivalent to Breit-Wigner’s one level .for- 
mula. The evaluation of the transition matrix element. 
involved in eq. (16) was performed in the’molecular 
frame representatiqn, under the presumption that the 
trensition is a Landau-Zener type transition, which 
can occur at the crossing point betwe’en the adiabatic 
potentials of e i-X2 and $ systems. Their omission 
of the molecular rotation is‘a goo&approximation 1 
for.molecules which form a compound state with a ,, 
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short lifetime, as for NO, N2, CO, K,, but not For 
0,. The final formula of ref. [3] is the following 
energy integrated capturing cross section: 

ept = 279X--2 rg 

=- 

& faq- vtwni R=R ’ 
(1) 

C 

where r is the resonance width, k the wave number 
of the incident electron, ,U the reduced mass, er the 
energy separation between the vibrational energy 
levels of the neutral molecule, ,Q&) the vibrational 
wavefunction for the neutral molecule at the crossing 
point R,, Vf - V, the difference in the adiabatic po- 
tentials, g the spin correction factor arising from the 
discrepancy of the spin multiplicity between the in- 
cident channel and the compound state:g = 2(2S’+ l)/ 
(2s+ 1) (2S+.l), s, S, S’ being the spin momenta of the 
incident electron, the target molecule and the com- 
pound state, respectively. VaF is the adiabatic matrix 
element;depending on lj the 0rbita.I angular momen- 
tiim.quantum number of the captured electron and 
m the magnetic orbital quantum number. The genera< 
form of Vz is given by eq. (24)of ref. [3] and the 
calculation in that case was performed for I = 2, which 
is the only partial wave accepted by the Or ground 
state symmetry. 

we may genedize the vzd m&k ekment c&da- 
tion for the extmelectrqn in a mixture of different 
waves. In the molecular frame representation, after 
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where (Y is the electronic polarizability, al the mixing 
coefficient and { = (2,~$!?~])!~~, Efl being the adi- 
abaiic ektron afftity. Eaa and Eres (the inciqent 
energy) and implicitly. r and k are smail in our prob- 
lem and so’.tfie terms under the summation IX& gf 
iq. (2) are very small. Because they are positive too, 
we-may approximate the square of the sum in the 
modulus with a .sum of squares. 

It follows that substituting eq,. (2) into eq. (l),we 
obtain: : 

‘. 

x Ca, 
k21+! 55-21 

(3) 
~I+0 1*9~25-..(21+!)z’ 

We shall apply formula (3) to a long-lived shape 
resonance (NO-) and to NY which has a lifetime com- 

‘, parable to the vibration time. We have chosen these 
examples because both present some interesting fea- 
tures. 

2. Nitric oxide 

The structure of the shape resonance in NO- was 
discussed by Spence and Schulz [4], the spectro- 
scopic constants for NC are @ven by Herzberg [5], 
and the electronic pclarizabilit;, by Scharpen et al. 
[61- 

For the potential gradient [a( I$- J$)/&] R=R, 
determuration, the Morse function may be used: 

VCR-R,) -D,fl ~expbXR,-R)I~2, (4) 

where R is the internuclear separation,R, the equi- 
hbrium value,De the dissociation energy re.ferred to . . 
the rrLinirnum of the curve and 0 = ~,(27r*c&IJr).~/“, 
_we being the vibrational frequency. 

in atomic units,.the constants invoived in eq. (3) : 
:a@ ej:=.0.22 eV, Es ? 0.02 eV, LY = 22;15 a3 g =, 
.’ .:: :O’ ‘.. 
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Fig. 1. CalcSted width of the resonance levels u’ in NO- 
for diiferent pn-dx’mixtues represented by the mixing co- 
efficient 02. The expcrimcntal widths are given by ref. [4] 
(the triangks) and by ref. [ 1 I] (the crosses). 

3/2, Ixi(Rc)12 = l.l/aO and [a(q- v/M],=, = 
= 0.13 eVlan. 

C 

The lowest vacant orbital of the ground state of 
NO is a 3~17 type orbital (in united-molecule nota- 
tion) and the branching ratio’s observation [4] con- 
firm ;:he pn-state of,the extra electron. Bardsley and 
Read [7] ‘!rave pointed out that in resonance forma- 
tion znd decay the partial waves which are mixed are. 
~7; and dn waves, the p-wave component being more 
efficient. 

Fig. 1 presents our theoretical width for different 
mixtures of p?r and dn waves. Their magnitude, in 
agreement with the experimental width, confirm the 
vibrational structure of the shape resonance. The com- 
par&n of the theoretical and experimental resonance 
energ/‘(or ribrational quantum number) dependence 
indicates, interestingly, the increase of the d7 wave 
with.the increasing resonance energy (see the mixing 
c,oefficient ratio in table 1). This observation was al- 
.ready noted [7] for CO, which has a similar behaviour. 

Fo? the first and second quantum numbers, the 
expefimentally observed widths are almost entirely 
c&set1 by the instrumentai resolution. 

Using the exper&ental width one may calculate 
with eq. (3) the electron’capturing integrated cross 
section. The results are listed.in table 1; and indicate 
a slow decrease with increasing vibrational quantum’ 
numbqr. ., 
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.Table 1 
Electron c;pturing integratti c&s sections (ina; ev) and 

3 *edevr 
“iillll I 

mixing coefficient ratio a&11 for the u’ = 3-6 resonant vi- > 
0 \ 

brational levels of NO-. Resonant viir;ltioFal energy mw 
wedfrom the ground state of NO, is obtained from ref. [4]. 

LO 

Flrstline corresponds to the experimental width from ref. 
[4] and the second from ref. [ll] t 

\ 
\ 
\ 

0.5 \ \ 

” 4cs (eV Zgkz (a2, eV) a21a1 

‘1 
\ 

\ 
\ 

z.‘;‘- 
3 0.44 857 .o 

9.83 0.06 

-a\, 

R, R- ‘. e -y_ 

4 0.6 
9.6 0.33 

I.0 2.0 2.2 24 25 
-R [ KC.) 

8.5 0.14 

8.89 .0.61 Fig. 2. Calculated width versus resonance enerkv and inter- 
5 0.76 

8.27 0.37 nuclear separation in N;. The full line is the prkent result, 

7.71 1.10 
the dashed line from ref. [S] and the croszcs from ref. [9]. 

6 0.92 
7.2 0.67 

Our.results demonstrate that the autoionizing IeveIs 

3. Nitrogen 

The shape resonance in NT above 1.8 eV, ivith its 
lifetime comparable with the vibrational time, pre- 
setits an ambiguous behaviour, thus stimulating theo- 
retical interest. The ambiguity arises from the fact 
that if one presumes a vibrational structure of the 
shape resonance, as for NO- (i.e., the compound 

in NY are almost completely olerlapped, i.e., onIy 
the v = 0 level is separated by 51) meV from the other 
overlapping levels. This shape resonance structure 
may be an explanation for the dip observed by SchuLz 
(see fig. 6 in ref. [ 121) in representing the sum of the 
vibrational cross sections versus electron energy. 

The electron capturing integrated cross section is 
evaluated to be 53.6 0: eV for the I .89 eV ieve and 

state has enough the to vibrate several times before 
248 0: eV for the “continuum”., 

If the possibility of only one vibration is considered 
autoionizing), the peak positions in the energy de- before autoionization, the “boomerang”modeI [8] 
pendence of the vibrational excitation cross section necessarily includes the variation of the width I’ with 
are different for different exit channels. The peaks the internuclear separatio’n R. But as it was pointed 
shift to higher energies for higher vibrational states out by Krnuss and Mies [9]-, there is immediate cor- 
of the neutral molecule. Anyway, the manifestation relation between the R dependence and the resonance 
of a particular resonance may be quite different in energy dependence on the left of the NT-equilibrium 
different inelastic channels. The shape parameter [2] internuclear distance. Fig. 2 presents b&r depen- 
4, which indicates the difference between the peak 
position and the, resonance, energy, is proportional to 

dences. Our Ercs ‘+li2 dependence is in perfect agree- 
ment with the ab initio calculation of Krauss and 

the width. For very large widths as for NT, we expect Mies. 
to have an experimentally perceptible shift. 

The resuits represented in fig. 2 are obtained with 
eq. (3), with the use of the early shape resonance cal- References 
culations [8,9] ; and with Herzberg’s spectroscopic 
constants for N2. A remarkable agreement is obtained [l] G.1. Schulz, Rev. Mod. Phys. 4.5 (i973) 423. 
for the calculated .[a( J$- Q)/%?] h = 6eV/a, and [2] U. Fano, Phys. Rev. 1% (1961) 1866. 

Ix~(R,)~~ = 16.1/o, with the empulcal values of [3] P. Koike and T. Watanabe, J. Phys. Sot. Japan 34 

Hen&berg and Mnndl [IO]. The oth&constants are: (1973) 1022. 

q = 0.29 eV, Ed = -1.89 &V,cr = 23.4~3,. g =.2.and 
[4] D. Spenceand GJ. Schulz, Phys. Rev. X3 (1971) 1968. 

I = 2. The jesonance energies are considered to be the 
[S! C. Herzberg. The spe&a of diatomic molcc-&s (Van 

Nostrand, Princeton, 1950). 
peak energieS in the elastic scattering [ll j (04 u-, 0). [6) L.H. Scharpen, J.S. Musntcr and V.W. La&, J. Chem. 
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