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We present the results of applications of the iterative Schwinger variational method to obtain
photoionization cross sections and photoelectron angular distributions for ionization out of
the four outermost valence orbitals 1b3u, 1b3g, 3ag and 1b2u of ethylene for photon energies
ranging from near threshold to 30 eV. The observed resonance-like maxima in the cross
sections for ionization of the 1b3g and 3ag orbitals are reproduced in our calculations. The
disagreement between our cross sections and the experimental data for the 1b3u orbital below
17 eV is attributed to autoionization, which is not accounted for in our calculations.

I. Introduction

Although there is a considerable increasing interest

on the investigation of rotationally resolved photoion-

ization spectroscopy [1-4], conventional photoelectron

studies in molecules can still provide valuable insight

into the underlying photoionization dynamics, e.g., the

role of shape resonances in photoelectron spectra [5,6]

and of non-Franck-Condon vibrational distributions of

photoions [7,8]. On the theoretical point of view, calcu-

lations of photoionization spectra require quantitative

estimates of the photoelectron matrix elements which

accurately incorporate the angular momentumcoupling

present in molecular photoelectron wavefunctions.

In our previous studies we have derived these pho-

toionization matrix elements using Hartree-Fock photo-

electron orbitals obtained from a numerical solution of

the Lippmann-Schwinger equation using the Schwinger

variational iterative method (SVIM) (Ref. [9]). This

procedure has proven to be numerically robust and

capable of providing a quantitative description of the

photoionization dynamics in molecular systems stud-

ied to date [4]. Although this method was developped

in the early eighties and has been applied to stud-

ies of photoionization of linear systems [10-12], it still

constitutes one of a few tools for carrying out ab ini-

tio calculations of cross sections and asymmetry pa-

rameters for photoionization of nonlinear polyatomic

molecules. For the photoionization of such molecules,

even at the static-exchange (SE) level of approxima-

tion, the application of SVIM has been limited to two

systems [13,14]. The comparison between the calcu-

lated results in the exact SE level with the experimental

data would provide information on the role played by

important physical e�ects, e.g., multichannel coupling,

correlation-polarization e�ects, etc., not included in the

calculations. In addition, the SE calculation represents

the �rst step towards rotationally resolved photioiniza-

tion studies.

In this paper we present the results of a theoretical

study of photoionization of ethylene. Speci�cally, we

report vibrationally and rotationally unresolved pho-

toionization cross sections and photoelectron asymme-

try parameters for the 1b3u, 1b3g, 3ag and 1b2u valence

orbitals of ethylene. Over the years, photoionization of

C2H4 has been the subject of a few experimental and
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theoretical investigations. Partial photoionization cross

sections for several valence orbitals have been measured

by Grimm et al. [15] and by Brennan et al. [16], while

the photoelectron angular distributions were reported

by Meha�y et al. [17]. More recently, the photoion-

ization cross sections and asymmetry parameters for

the C1s orbital of ethylene were studied by Kilcoyne

et al. [18]. On the theoretical side, the partial cross

sections and asymmetry parameters for some valence

and inner-valence orbitals were both calculated only by

Grimm [19], using the continuum multiple-scattering

X� (CMSX�) method. The Stieltjes-Tchebyche� mo-

ment theory (STMT) method has been used by Galasso

[20] and Farren et al. [21] to study the photoionization

cross sections of C2H4, although the latter has reported

only the partial cross sections for the photoionization

of the 3ag orbital. However, it is well known that the

STMT is unable to provide the asymmetry parameters

of the photoelectrons. Therefore, the present work is

the �rst ab initio calculation of both partial cross sec-

tions and asymmetry parameters for several valence and

inner-valence orbitals of this molecule.

The paper is organized as follows. In the next sec-

tion we briey review the method used for obtaining the

photoelectron orbitals and matrix elements along with

some numerical details of the calculation. In section III

we present our calculated photoionization cross sections

and photoelectron asymmetry parameters and compare

them with selected experimental data and other avail-

able theoretical results. Finally, in section IV we sum-

marize our conclusions.

II. Theory and Calculation

Details of the procedure have been given elsewhere

[13,14] and only a few essential aspects will be discussed

here. The photoelectron angular distribution averaged

over molecular orientations is given by:

d�(L;V )

d
bk
=

�(L;V )

4�
[1 + �

(L;V )bk P2(cos�)]; (1)

where �(L;V ) is the total photoionization cross section,

obtained with the length (L) or velocity (V) form of

the dipole moment operator. For nonlinear molecules,

�(L;V ) is given by :
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4�2E
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where E is the photon energy, p is one of the irre-

ducible representations (IR) of the symmetry group

of the molecule and h distinguishes between di�erent

bases for the same IR corresponding to the same value

of l. The index � labels components of vectors belong-

ing to the same IR and v designates components of the

dipole moment operator.
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(L;V )bk is the asymmetry parameter and
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The bp�lhm are the expansion coe�cients of the symmetry-adapted functions in terms of the usual spherical harmonics

[22], while the Ip�
(L;V )

lhv appearing in Eqs. (2) and (3) are the partial-wave components of the dynamical coe�cients

I
(L;V )
~k;bn which can be written as [9]:
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respectively. In Eqs. (4) and (5), 	i is the tar-

get ground state wave function, 	(�)
~k

the �nal state

(incoming-wave normalized) wavefunction for the sys-

tem (ion plus photoelectron), bn a unit vector in the

direction of polarization of the radiation and ~k the pho-

toelectron momentum.

In the present study, 	i is a Hartree-Fock (HF)

wavefunction. The �nal state is described by a single

electronic con�guration in which the ionic core orbitals

are constrained to be identical to those of the initial

ground state. In this approximation, the photoelec-

tron orbital is a solution of the one-electron Schr�odinger

equation :

�
�
1

2
r2 + VN�1(~r; ~R) +

k2

2

�
�~k(~r) = 0; (6)

where VN�1 is the static-exchange potential of the

molecular ion and �~k(~r) satis�es appropriate boundary

conditions. To proceed, Eq. (6) is rewritten in an inte-

gral form, the Lippmann-Schwinger equation, which is

then solved using an iterative procedure based on the

Schwinger variational principle.

For the SCF calculation of the ground state we

used the standard [9s5p,3s] contracted Gaussian basis

of Dunning [23] augmented with three uncontracted s

functions (� = 0:0473, 0.0125 and 0.0045), three p func-

tions (� = 0:0365, 0.0125 and 0.0035), and one d func-

tion (� = 0:75), on the carbon nuclei and two p func-

tions (� = 0:5571 and 0.1296) on the hydrogens. At the

experimental equilibrium geometry of R(C�C) = 2:5133

a.u., R(C�H) = 2:0333 a.u., and �(H�C�H) = 116:6o,

this basis set gives an SCF energy of -78.05104 a.u..

This value compares well with the near-Hartree-Fock

limit of -78.0616 a.u. [24]. The resulting orbital en-

ergies are -11.23132, -11.22958, -1.03735, -0.79638, -

0.64629, -0.59183, -0.50945, and -0.37710 a.u. for the

1ag, 1b1u, 2ag, 2b1u, 1b2u, 3ag, 1b3g, and 1b3u orbitals,

respectively.

All matrix elements arising in the present calcu-

lations were evaluated using a single-center expansion

truncated at lmax = 14. All allowed h values (h � l)

for a given l were retained. Increasing lmax in these

expansions did not lead to any signi�cant change in the

resulting cross sections. The basis set used in the solu-

tion of Eq. (6) is given in Table 1. All cross sections

shown below were converged within 4 iterations.

III. Results and Discussion

Figures 1 to 4 show our calculated photoionization

cross sections and photoelectron angular distributions

for ionization of ground state of ethylene leading to the

X 2B3u (1b(�1)
3u ), A 2B3g (1b(�1)

3g ), B 2Ag (3a(�1)
g ) and

C 2B2u (1b
(�1)
2u ) ionic states, respectively. Discussion of

these results for each photoionization channel is pre-

sented separately below.

1. 1b3u (�C�C, I.P.=10.51 eV)

Figure (1a) shows the calculated photoionization

cross section for the 1b3u orbital of ethylene along with

the results of Grimm et al. [19] obtained using the con-

tinuummultiple-scatteringmethod (CMSX�) and some

selected data obtained from synchrotron radiation mea-

surements [15,16]. The individual contributions of the

kag; kb1g, and kb2g partial channels, with the length

form of the dipole operator, are also included in the

�gure. The di�erences between the dipole-length and

dipole-velocity cross sections, as seen in the �gure, are

known to be generally due to the neglect of electron

correlation in the wavefunction. Comparison between

the present results and experimental data above 17 eV

is encouraging. The structure seen around 12.5 and

14.5 eV in the experimental data is due to autoioniz-

ing resonances. Similar structures are observed in the

photoionization of 1�u orbital of C2H2 and have been

interpreted previously [25]. Since our present formula-

tion provides only the direct contribution to the pho-

toionization cross section, any e�ect arising from au-

tionization cannot be accounted for. A comparison of

our results with the calculated CMSX� cross sections

shows qualitative agreement. The CMSX� cross sec-

tions are in general smaller than our results at lower

energies. The main di�erence comes from the contribu-

tion of the kb2g channel which in the present calculation

is important near threshold, in contrast to the CMSX�

results. On the other hand, the STMT-RPA study of

Galasso [20] (not shown to avoid clutter in the �gure)

reported a resonance-like peak in the photoionization

cross sections at about 19 eV. This peak is neither seen

in the present and CMSX� studies nor observed in the

measured cross sections.
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Table I: Basis sets used in separable potential

Photoionization Center Type of Cartesian Exponents

Symmetry Gaussian Functiona

kag C s 8.0, 2.0, 0.5, 0.1, 0.02

z 4.0, 1.0, 0.25, 0.05, 0.01

H s 2.0, 0.5, 0.1, 0.02

z 4.0, 1.0, 0.25, 0.05

CM s 4.0, 1.0, 0.25, 0.05

kau C y 8.0, 2.0, 0.5, 0.12, 0.03

H y 4.0, 1.0, 0.25, 0.05, 0.01

kb1g C y 8.0, 2.0, 0.5, 0.12, 0.03

H y 4.0, 1.0, 0.25, 0.05, 0.01

kb1u C s 8.0, 2.0, 0.5, 0.1, 0.02

z 4.0, 1.0, 0.25, 0.05

H s 2.0, 0.5, 0.1, 0.02

z 4.0, 1.0, 0.25, 0.05

CM s 4.0, 1.0, 0.25, 0.05

kb2g C x 8.0, 2.0, 0.5, 0.12, 0.03

H x 4.0, 1.0, 0.25, 0.05, 0.01

kb2u C y 8.0, 2.0, 0.5, 0.12, 0.03

H y 4.0, 1.0, 0.25, 0.05, 0.01

CM y 4.0, 1.0, 0.25, 0.05, 0.01

kb3g C y 8.0, 2.0, 0.5, 0.12, 0.03

H y 4.0, 1.0, 0.25, 0.05, 0.01

kb3u C x 4.0, 1.0, 0.25, 0.05, 0.01

H s 2.0, 0.5, 0.1, 0.02

x 4.0, 1.0, 0.25, 0.05

CM x 4.0, 1.0, 0.25, 0.05

a Cartesian Gaussian basis functions are de�ned as ��;`;m;n;A(r) = N (x�Ax)`

(y �Ay)m(z �Az)n exp(��jr�Aj2), with N a normalization constant. CM

denotes the center of mass.
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In Fig. (1b) we compare the calculated photoelec-

tron angular distribution (�) with the corresponding

CMSX� results [19] and with the synchrotron data of

Meha�y et al. [17]. Agreement between the calculated

and measured results is in general good. The struc-

ture shown in the experimental data at lower energies

is again attributed to autionization and is not repro-

duced in the calculations.

Figure 1. (a) Photoionization cross sections for the
X 2

B3u(1b
�1
3u ) state of C2H

+

4 . Solid line (length) and long-
dashed line (velocity): present results; dashed line : results
of Grimm (Ref. [19]); circles and triangles: experimental re-
sults from Refs. [15] and [16], respectively; solid lines with
lables kb1g, kb2g , and kag : contributions of these channels
to cross section (see text). (b) Photoionization asymme-
try parameter for the X 2

B3u(1b
�1
3u ) state of C2H

+

4 . Solid
line (length) and long-dashed line (velocity): present re-
sults; dashed line: results of Grimm (Ref. [19); circles:
experimental results of Ref. [17].

2. 1b3g (�C�H, I.P.=12.85 eV)

Figure (2a) shows our calculated cross sections along

with the CMSX� results of Grimm [19] and the mea-

sured data of Grimm et al. [15] and Brennan et al. [16].

The broad maximum in the cross sections around 16 eV

is seen to arise from underlying resonance-like behavior

in the kb2u and kb1u channels. The calculated results,

mainly in dipole-velocity form, are in very good agree-

ment with the experimental data. The eigenphase sum

analysis of the partial channels does not support the

existence of resonances near threshold, in contrast with

the predictions of the STMT-RPA study of Galasso [20].

Indeed, the enhancements of the partial cross sections

around 15 eV (kb2u) and 17.5 eV (kb1u) arise from f

wave components of the photoelectron continuum. On

the other hand, the calculated CMSX� cross sections of

Grimm [19] show a continuous decrease from threshold.

Figure (2b) shows our calculated photoelectron an-

gular distributions along with the experimentally deter-

mined � values and the CMSX� results of Grimm [19].

Again, agreement between calculated and experimental

results is good.

Figure 2. Same as Fig. 1 for the A 2
B3g(1b

�1
3g ) state of

C2H
+

4 .

3. 3ag (�C�C, I.P.=14.66 eV)

Our calculated cross sections and photoelectron an-

gular distributions for photoionization of the 3ag orbital

of ethylene are shown in Figs. (3a) and (3b), respec-

tively, along with the experimental data of Grimm et al.

[15] and Brennan et al. [16] and the calculated results of

Grimm[19] and Farren et al. [21]. Here two broad max-
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ima (around 16 eV and 23 eV) can be seen in the kb2u

and kb1u photoionization channels, respectively. Thus,

the resulting 3a�1
g total cross sections also exhibit two

broad maxima, in qualitative agreement with the cal-

culated results of Farren et al. [21] and Grimm [19].

Again, for this photoionization channel, the enhance-

ment of these partial cross sections is related to the

energy dependence of the same (l = 3) components of

the photoelectron continuum. In contrast, the STMT-

RPA results of Galasso [20] (not shown) exhibit only

one maximum around 16 eV. Above 23 eV, the exper-

imental data lie between our dipole-length and dipole-

velocity results. Our calculated photoelectron angu-

lar distribution agrees qualitatively with experimental

data. Quantitatively, however, our calculated results

lie above the experimental data over the entire energy

range.

Figure 3. Same as Fig. 1 for the B 2
Ag(3a

�1
g ) state of C2H

+

4 .
Here the calculated results of Farren et al. [21] are shown
by the short-dashed line.

4. 1b2u (�C�H , I.P.=15.87 eV)

The photoionization cross sections for the 1b2u or-

bital of C2H4 are shown in Fig. (4a), along with exper-

imental results of Grimm et al. [15] and the calculated

CMSX� cross sections of Ref. [19]. There is a gen-

eral agreement between our dipole-velocity results and

the experimental data above 19 eV, as well as with the

CMSX� results over the entire energy range. However,

our dipole length cross sections lie systematically above

the measured data over the entire energy range. Near

threshold, a single experimental point at 18 eV shows a

sudden drop in the cross sections, in contrast with our

calculations. Unfortunately, due to the lack of addi-

tional data points in this energy region, no meaningful

conclusion can be drawn from this disagreement. In

Fig. (4b), we compare our photoelectron angular dis-

tributions with the experimental data and the CMSX�

results. The qualitative agreement between calculated

and experimental results is generally good, although

our calculated � lies above the measured values.

Figure 4. Same as Fig. 1 for the C 2
B2u(1b

�1
2u ) state of

C2H
+

4 .

IV. Concluding Remarks

We have reported cross sections and asymmetry pa-

rameters for the photoionization of the four outmost

valence orbitals of ethylene, both in length and veloc-

ity forms. Due to the lack of correlation in our SCF
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calculation, the cross sections in the length form dif-

fer from those in the velocity form. The velocity form

of these cross sections is generally in better agreement

with the available experimental results. Similar con-

clusions were also reported by Lucchese et al. [9] in

their study of the photoionization of the N2 molecule.

Indeed, the present study is the only that reports ab

initio results for both partial cross sections and asym-

metry parameters for photoionization of ethylene at the

exact SE level. The eventual disagreement of our SE

results and the experimental data could indicate that

the inclusion of important e�ects beyond the SE level

should be needed. On the other hand, a good agree-

ment of semiempirical SE results with experiments for

which the description in the SE approximation is ex-

pected to fail reveals that important physical e�ects

are being masked in the calculations.
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