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We present photoionization cross sections and asymmetry parameters for the 27 level of nitric oxide which
are obtained from the direct solution of the ¢ + NO™ collisional equations at the static-exchange level. These
cross sections differ significantly from those obtained previously using a moment theory approach [J. J.
Delaney, 1. H. Hillier, and V. R. Saunders, J. Phys. B 15, 1477 (1982)]. The calculated cross sections show a
broad nonresonant feature at a photon energy of 29 eV which is not as pronounced as observed

experimentally. The o shape resonance in our cross section occurs at 14 eV which is about 5 eV below the
feature in the measured cross sections attributed to this shape resonance. The probable role of autoionization

and vibrational averaging on these cross sections is also discussed.

INTRODUCTION

Theoretical studies of molecular photoionization,
which yield cross sections and photoelectron angular
distributions, can provide an important probe of mo-
lecular electronic structure and dynamics.! With the
tunable continuum provided by synchrotron radiation,
the spectral variation of these cross sections and angu-
lar distributions can now be studied over a wide con-
tinuous range of incident photon energy. Such data have
already shown that shape resonances play an important
role in molecular photoionization,?

Recently, the photoionization cross sections of nitric
oxide have been measured using both synchrotron ra-
diation® and the (e, 2¢) pseudophoton technique,.* The
measured cross sections for photoionization out of the 27
level show two resonantlike features at photon energies
of 19 and 29 eV with the feature at 29 eV being very
broad. This partial cross section has also been studied
recently by the Stieltjes—Tchebycheff moment theory
(STMT) approach® and by the continuum multiple-scat-
tering method (MSM).® In this paper, we present pho-
toionization cross sections and asymmetry parameters
for the 27 level of NO which are obtained from the di-
rect solution of the e + NO' collisional equations at the
static-exchange level. These cross sections differ sig-
nificantly from those obtained by the STMT approach;
in particular, the nonresonant 27 —47 and 27— k6 con-
tributions to this partial cross section do not show the
sharp structure seen in the STMT results® at photon
energies between 13 and 17 eV. Our calculated cross
sections also suggest that the broad feature at a photon
energy of 29 eV is nonresonant and arises from the en-
ergy dependence of the 27—~ k7 and 27 — k6 dipole matrix
elements. However, this feature is not as pronounced
in the calculated cross sections as is observed experi-
mentally and moreover, our cross sections are smaller
than the measured cross sections in this region. At
the equilibrium geometry our calculated cross sections
show a ¢ shape resonance around 14 eV which is about
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5 eV below the feature in the measured cross sections
which has been attributed to this shape resonance.*®
The implication and a probable explanation of this dif-
ference are discussed.

THEORY AND CALCULATIONAL DETAILS

The rotationally unresolved, fixed-nuclei photoioniza-
tion cross section is given by

47w
Ui,f(R) = 3

[ (Wi(r, R | ¥A(r,R)|?, (1)

where p is the dipole moment operator and w the photon
frequency. In Eq. (1), ¥,r,R) is the initial state of the
molecule and ¥,(r, R) the final ionized state. For

¥.(r, R) we use the ground state SCF wave function and
for the (N —1) bound electrons of ¥,(r, R) we use the
ground state SCF orbitals, i.e., the frozen-core ap-
proximation. The continuum orbital in ¥(r, R) for the
ejected electron is a solution of the one-particle Schro-
dinger equation with the static-exchange potential V_;

of the ion. The continuum orbital satisfies the equation
1 o2 kz
-2V +VN—1(r’R)"? wk(r,R):OJ (2)

where %%/2 is the kinetic energy of the ejected electron.

The partial wave component of J,, ,;,, then satisfies
the Lippmann—Schwinger equation

1[)1(2;:71 :¢k1m+(;é-) U"plg;v)n ’ (3)

where G5 is the Coulomb Green’s function with in-

coming-wave boundary conditions, ¢,,,, the regular
Coulomb function, and U=2V where V is the potential
of the molecular ion with the Coulomb component re-
moved. We have recently developed an iterative ap-
proach to the solution of the Lippmann-Schwinger equa-
tion which is based on the Schwinger variational princi-
ple.” Applications®® have shown that the method is a
very effective approach to electron-molecular ion col-
lisions at energies where partial wave coupling due to
nonspherical potentials and exchange effects are im-
portant, Details have been discussed elsewhere.” In
this approach, we first solve the Lippmann-Schwinger
equation by assuming an approximate separable form for
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the scattering potential U, i.e,,
Ur, r') = US(r, v') = 3_ ( |U] @) (U, (o, | U] 1), (4)
]

where the matrix (U‘l),, is the inverse of the matrix U;;
={a;|Ula,). The functions a; are initially chosen to be
discrete basis functions such as Cartesian or spherical
Gaussian functions. The solution of Eq. (3) for the po-
tential U® is simply

BEUT) = Dpym + 2; (|G Ul a) (D), Ul dpam) s (B)

where the matrix (D"),, is the inverse of the matrix

Dy;={a;|U-UG, Ul ay . (6)

The solutions ¢Sy} provide the initial estimates of the

photoionization cross sections which are, at this stage,
variationally stable. However, these functions yi7., are
solutions of the Lippmann—Schwinger equation for sep-
arable potential U°, and not for the actual scattering po
tential U. To obtain more accurate and, if necessary,
converged solutions of Eq. (3) we have developed a
method to iteratively improve the solutions of Eq. (5)
z,b,(l?,),l. The procedure contains criteria which allow one
to determine when the exact solutions of the scattering
problem have been obtained.!® Such solutions provide
increasingly accurate estimates of both the photoioniza -
tion cross section and photoelectron asymmetry param-
eters.

We have used this procedure to study the photoioniza-
tion out of the 27 level of NO at the static-exchange
frozen-core approximation.® The target wave function
was constructed from the same [5s, 3p, 1d] contracted
Cartesian Gaussian basis set as used in the STMT cal-
culations of Ref. 5. The SCF energy of NO at the
ground state equilibrium separation of 2.173 a.u. in
this basis is — 129.269 a.u. All matrix elements are
evaluated by a single-center expansion and the radial
integrals are computed by Simpson’s rule.'' To assure
convergence we truncated these expansions as follows:

(i) Maximum partial wave retained in the expansion
of the scattering function =1/, =20. (ii) Maximum par-
tial wave retained in the expansion of the scattering function
in the exchange matrix elements =[5, =20. (iii) Maxi-
mum partial wave retained in the expansion of 1/7, in
the direct potential (not including the nuclear terms)
= Amax =20. We always include 2x,,, terms in the ex-
pansion of the nuclear potential. (iv) Maximum partial
wave in the expansion of the 7/th occupied orbital in the
exchange matrix elements =i, These values of I3* are
chosen so that the orbitals are normalized to better than
0.99 and range from 20 for the 10 orbital to 10 for the
17 orbital.

This truncation of the partial wave expansions should
assure convergence of the calculated matrix elements
and cross sections, For example, reduction of the ex-
pansion parameters to I ,, =16, A, =16, 125 =16,
12*(10) =16, and I$*(17) =6 leads to changes of about 3%
in the eigenphase sum and less than 0.5 eV in the posi-
tion of the resonance. In the nonresonant regions this
error was considerably smaller, All radial integrands
were expanded on a grid of 800 points extending out to
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64 a.u. The smallest step size in this grid was 0,01
a.u,, which was used out to 2 a,u., and the largest step
size was 0,16 a,u,

The photoionization cross sections reported here were
calculated with continuum wave functions obtained after
one or two steps in the iterative procedure.!® In general
the cross sections obtained with the uniterated scatter-
ing functions, i.e., the »°) of Eq. (5) were accurate to
within 2% in the nonresonant regions and to within 15%
in the resonance region. The starting basis sets for
these calculations contained a total of 18 Gaussian func-
tions for the k¢ and k7 channels and 17 for the &6 chan-
nel.

RESULTS AND DISCUSSION

Figure 1 shows our calculated results for the 27— ko,
27— kn, and 27~ k6 components of the fixed-nuclei (R
=2.173 a.u.) photoionization cross sections for the 27
level of NO, The photon energy scale assumes an ion-
ization potential of 9.3 eV, The 27~ ko component of
the cross section is very clearly enhanced by a shape
resonance centered at about 5 eV of photoelectron ki-
netic energy. The calculated eigenphases show a very
strong mixing of the p and f waves in this region. These
results also show that the 27 = k7 and k0 cross sections
are nonshape resonant. Their enhancement around a
photon energy of 24 eV is due to the general energy de-
pendence of the dipole matrix elements for the 27 valence
level. The 27 -%7 and 0 components will hence be in-
sensitive to changes in the internuclear distance.

Figure 2 shows the 27— ko, kw, and k6 photoionization
cross sections of Delaney ef al.® using a six-point
Tchebycheff imaging procedure.'? A comparison of our
results in Fig. 1 with those of Fig. 2 show that our 27
- km and k8 cross sections do not show the sharp struc-
ture seen between 13 and 17 eV in the results of the
Tchebycheff imaging procedure.® Moreover, the general
shape of the k7 and k6 cross sections of the imaging pro-
cedure® is substantially different from those of the pres-
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FIG. 1. Components of the calculated photoionization cross
section for the 27 level of NO in the present work: (---) 27
—~ko, (—) 2m—Fkm, (——-) 27— E§.
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FIG. 2. Components of the calculated photoionization cross
section for the 27 level of NO, from Ref. 5, using the
Tchebycheff imaging technique: (---) 27 —ko, (—) 27— k=,
(=m—==) 27— k6.

ent calculations. We note that these calculations are
both done at the static-exchange level using the same
molecular ion potential. These results suggest that
the sharp structure in these k7 and k5 cross sections®
is spurious and may, in fact, be due to the inclusion of
insufficient or unconverged moments of the oscillator
strength distribution in these calculations, **

In Fig. 3 we compare our calculated 27 photoioniza-
tion cross sections with the experimental results ob-
tained by synchrotron radiation® and (e, 2¢)* measure-
ments. Figure 3 also includes the cross sections ob-
tained by the Tchebycheff imaging procedure® and the
continuum multiple scattering method.® The multiple
scattering cross sections are vibrationally averaged
while the other calculated results are for the nuclei
fixed at R=2.173 a,u.

The shape resonance feature is evident around 14 eV
in our calculated cross section. The experimental data’
extends only down to photon energies of 16 eV and,
moreover, shows a feature at around 18 eV which has
been attributed to the shape-resonant ¢ continuum.®®
The vibrationally averaged cross sections of the multi-
ple scattering method do show a weak resonant feature
around 19 eV. OQOur experience suggests that vibrational
averaging of the fixed-nuclei cross sections for the v=0
level will not shift the resonant feature from its present
position of 14 eV up to around 19 eV.'* As a quantitative
check we calculated the 27—~ ko fixed-nuclei cross sec-
tions at an internuclear distance of 2,003 a.u., the
equilibrium value of the ion. As expected, the reso-
nance feature was broadened and shifted to higher energy
(~19 eV) but its peak value was essentially unchanged.
Vibrational averaging of such cross sections will not
move the position of the resonance peak significantly
away from its value at the equilibrium internuclear dis-
tance of 2,173, Studies of the vibrationally resolved
photoionization cross sections down to 12 eV of photon
energy can help clarify the origin of these features.
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The role of autoionizing states in this region should also
be explored.

Our results show a very broad feature between 20 and
32 eV which is nonresonant and simply due to the de-
pendence of the 27— &7 and %0 dipole matrix elements on
photon energy. The calculated cross sections do not
adequately account for the broad resonancelike feature
observed experimentally around 29 eV. Vibrational
averaging is not expected to have any significant effect
on these nonresonant cross sections and a numerical
test carried out at R=2.003 a.u. confirmed this. We
also note that the cross sections obtained in this energy
region by the Tchebycheff imaging technique5 lie well
below the experimental values.® Moreover, this fea-
ture is also not seen in the continuum multiple scatter-
ing results.® These results suggest that the broad en-
hancement of the cross section around 28 eV could be
due to unresolved bands of autoionizing lines converging
to a higher ionic level. Vibrationally resolved studies
in this region are clearly needed.

In Fig. 4 we compare our calculated photoelectron
asymmetry parameters with the measured values. Al-
though the results account for the rise of these param-
eters with energy, the calculated values are too high.
Measurements of these parameters below 16 eV will
be useful in view of the predicted behavior between 10
and 16 eV.

CONCLUSIONS

The results of these studies show that the broad fea-
ture in the measured cross section for the 27 level of
NO around 29 eV is not due to a shape resonance and
that the possible role of autoionization in this region
should be examined. Our results also predict that the
shape resonance due to the ¢ continuum is located
around 14 eV which is about 5 eV below the feature in
the measured cross sections which has been attributed
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FIG. 3. A comparison of 27 photoionization cross sections in
NO: (=) present fixed-nuclei (R=2.173 a.u.) results, (---)
Tchebycheft imaging results of Delaney ef al. (Refl. 5), (—-—)

vibrationally averaged results of the continuum multiple scat-
tering model (Ref. 6), + synchrotron radiation measurements
of Rel. 3, © (¢,2¢) measurements of Rel. 4.
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FIG. 4. A comparison of asymmetry parameters for 27 photo-
ionization of NO: (—) present work using the fixed nuclei ap-
proximation, (---) vibrationally averaged results of the MSM
(Ref. 6), A synchrotron radiation experiments of Ref. 3.

to a shape resonance.®® We have also shown that the
sharp structure in the k7 and 26 components of the pho-
toionization cross sections between 13 and 17 eV seen
in the Tchebycheff imaging results® is spurious. Ex-
tension of the present measurements to photon energies
below 16 eV and vibrationally resolved studies of these
photoionization cross sections are clearly needed.

ACKNOWLEDGMENTS

This material is based upon work supported by the
National Science Foundation under Grant No. CHE80-

: Photoionization of nitric oxide 1363

40870, One of us (M.E.S.) acknowledges support of a
National Science Foundation Predoctoral Fellowship.
The research reported in this paper made use of the
Dreyfus-NSF Theoretical Chemistry Computer which
was funded through grants from the Camille and Henry
Dreyfus Foundation, the National Science Foundation
(Grant No. CHE78-20235), and the Sloan Fund of the
California Institute of Technology.

13. Berkowitz, Photoabsorption, Photoionization, and Photo-
electrvon Spectroscopy (Academic, New York, 1979).

’See, for example, J. B, West, A, C, Parr, B. E. Cole, D.
L. Ederer, R. Stockbauer, and J, L. Dehmer, J. Phys. B
13, L105 (1980).

3S. Southworth, C. M. Truesdale, P. H. Korbin, D. W.
Lindle, D. W. Brewer, and D. A, Shirley, J. Chem. Phys.
76, 143 (1982),

iC. E. Brion and K. H. Tan. J. Electron Spectrosc. Relat.
Phenom, 23, 1 (1981).

5J. J. Delaney, 1. H, Hillier, and V. R. Saunders, J. Phys.
B 15, 1477 (1982),

fS. Wallace, D. Dill, and J. L. Dehmer, J. Chem. Phys. 76,
1217 (1982),

'R. R. Lucchese and V. McKoy, Phys. Rev. A 24, 770 (1981).

®R. R. Lucchese, G. Raseev, and V. McKoy, Phys. Rev, A
25, 2572 (1982).

®R. R. Lucchese and V. McKoy, Phys. Rev. A 28, 1406 (1982).

1%R. R. Lucchese, D. K. Watson, and V, McKoy, Phys. Rev.
A 22, 421 (1980).

HR. R. Lucchese and V. McKoy, Phys. Rev. A 21, 112 (1980).

121, J. Delaney, V. R. Saunders, and I, H. Hillier, J. Phys.
B 14, 819 (1981).

13p, W, Langhoff, C. T. Corcoran, J. S, Sims, F. Weinhold,
and R. M. Glover, Phys. Rev. A 14, 1042 (1976).

4R, R, Lucchese and V. McKoy, Phys. Rev. A 26, 1406 (1982),

4. Chem. Phys., Vol. 78, No. 3, 1 August 1983

Downloaded 15 Feb 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



