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An investigation of distorted wave effects in�* like molecular
orbital by electron momentum spectroscopy
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Abstract

Sensitive images of orbital electron density for the ethane (C2H6) were investigated by using a newly developed electron momentum spectrometer
with a wide range of experimental impact energies. Some ‘turn up’ effects in the momentum distributions of the 1Eg and 3A1g orbitals were observed
at low and high momentum regions compared with plane wave impulse approximation calculations. Moreover, such discrepancies become smaller
with the increase in the impact electron energy. The distorted wave effects could be a reasonable explanation for these observed discrepancies.
While appropriate theoretical calculations using distorted wave in molecules could not be achieved at present.
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. Introduction

Electron momentum spectroscopy (EMS), also known as
inary (e, 2e) spectroscopy, is a kinematically complete ioniza-

ion process. As a powerful probe it can effectively image orbital
lectron density and provide direct information on the nature of
lectron transfer processes[1–4]. As such, EMS can provide new

nsights into understanding and predicting physical and chem-
cal behavior at the fundamental electronic level. Recently, a
igh performance (e, 2e) electron momentum spectrometer in

he symmetric noncoplanar geometry with simultaneous detec-
ion in energy and momentum has been developed at Tsinghua
niversity[5]. In this (e, 2e) electron impact ionization experi-
ent a novel double toroidal analyzer (DTA) and a pair of wedge

trip anode (WSA) position sensitive detectors (PSDs) with a
SB muti-parameters data-acquisition system[6] were used.
he typical energy and coincidence time resolution of 1.2 eV
nd 2 ns, theθ andφ angle resolution of±0.7◦ and±1.9◦ were
chieved with the EMS measurements of argon and helium[5].

With the EMS spectrometer performance improvements in
nergy and angle resolutions, detection sensitivity, coincidence

able experiments, such as the EMS studies in the more com
systems, cluster, self-ionization and excitation–ionization,
the dilute target systems, are feasible within a practical le
of time. Furthermore, the high performance measurement
wide range of impact electron energies in the present spec
eter has made it possible for the systematical investigatio
the distorted wave effects in molecules[4,7], which require a
wide range of experimental impact energies and is difficul
the previous EMS spectrometers[7].

In this work, the ‘turn up’ effects occurred at low and h
momentum region of momentum distributions in the ethan�*
like orbital were observed with the (e, 2e) reaction at the im
energies of 400, 600, 800, 1000, 1200 and 1600 eV. The im
of orbital electron density distributions were directly obtaine
using our new EMS spectrometer with simultaneous dete
in energy and momentum. The theoretical calculations were
ried out using the plane wave impulse approximation (PW
while the molecular distorted wave (DW) theory could no
achieved due to the multi-centre nature for molecule tar
which is another main motivation for the convincingly inve
gating the molecular distorted wave effects.
ounting rate and experimental stability, many fresh and valu-
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2. Experimental details and reaction theory

In our EMS experiment an incident electron of energyE0
causes the ionization of the target system and the scattered
368-2048/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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and ionized electrons are subsequently detected in coincidence
at the same kinetic energies and the same polar angles, i.e.
E1 ≈ E2, andθ1 = θ2 = 45◦. In this kinematic arrangement the
ionized electron essentially undergoes a clean ‘knock out’ col-
lision, and the distorted wave impulse approximation (DWIA)
and PWIA can provide a description of the collision, respectively
[3,8,9]. The (e, 2e) cross-section for randomly oriented targets is
given by:

σ(e,2e) = 2π4 �p1�p2

�p0
σMott

×
∫

dΩ
∣∣∣
〈
χ(−)(�p1)χ(−)(�p2)ΨN−1

f

∣∣∣ΨNi χ(+)(�p0)
〉∣∣∣2

(1)

within DWIA, or

σ(e,2e) = 2π4 �p1�p2

�p0
σMott ×

∫
dΩ

∣∣∣
〈

�pΨN−1
f

∣∣ΨNi
〉∣∣∣2 (2)

within PWIA. WhereσMott is the Mott scattering cross-section.∣∣∣ΨN−1
f

〉
and

∣∣ΨNi
〉

are the total electronic wave functions for

the final ion state and the target molecule ground (initial) state,
respectively. And�p0, �p1, �p2 and �p are the momentum for the
incident, the two outgoing and the target orbital (ionized) elec-
trons, respectively. The spherical averaging

∫
dΩ is due to the

r n of
t func
t
χ om-
i on

the electron waves are negligible, and the electron waves are
replaced by plane waves. The overlap of the ion and neutral
wave functions in Eq.(2) is known as Dyson orbital.

Within the PWIA, the target Hartree–Fock approximation
(THFA) [3,10] and target Kohn–Sham approximation (TKSA)
[10,11]have been proposed as a means of approximating Dyson
orbitals by Hartree–Fock (HF) or Kohn–Sham (KS) orbital.
Within these further approximations the (e, 2e) cross-sections
in Eq.(2) can be reduced to

σ(e,2e) ∝
∫

dΩ
∣∣ψj(p)

∣∣2 (3)

whereψj(p) is the one-electron momentum space canonical HF
or KS orbital wave function in the neutral initial state for thejth
electron which was ionized.

Theoretical momentum profiles of ethane were calculated
using the HF and density functional theory (DFT) methods.
Briefly, position–space wave functions of the molecules were
generated by using the Gaussian98 program and were subse-
quently converted to momentum profiles with the HEMS pro-
gram developed by Brion and his co-workers. To compare with
experiment all the theoretical profiles were convoluted with the
instrumental momentum resolutions according to the Gaussian
method[12].

3. Results and discussion

sity
f
p ment
w 0 eV

F xperim ula
D

andom orientation of gaseous targets. In DWIA the motio
he external electrons is represented by elastic-scattering
ions, calculated in a distorted potential.χ(−)(�p1), χ(−)(�p2) and
(+)(�p0) are distorted waves for the two outgoing and inc

ng electrons, respectively. In PWIA the distortion effects

ig. 1. The contour images of orbital electron densities for ethane. (a) E

FT method.
- The typical experimental image of orbital electron den
or ethane has been directly obtained and shown inFig. 1, com-
ared with the theoretical result. The experimental measure
as performed at impact electron energy of 1000 with 10

ental measurement at the impact-energy of 1000 eV and (b) PWIA calction with
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passing energy in the analyzer, as shown inFig. 1(a). And the
theoretical density distribution was calculated by using the DFT
method with the B3LYP functional inclusion of the instrumental
resolutions, as shown inFig. 1(b). The contour images represent
energy–momentum densities of valence electrons in ethane and
contain a wealth of information on relative intensities, momen-
tum distribution, symmetries of the states involved and satellite
structures. Our expected orbital electron momentum distribu-
tions and binding energy spectra can be directly obtained with
this image. From the intensity distribution along the binding
energy axis the binding energy spectrum is obtained at differ-
ent angleφ (i.e. electron momentum), which includes the 1Eg,
3A1g, 1Eu, 2A2u and 2A1g states, as well as the 2A1g satellite
states. The angleφ is the azimuthal angle difference between
the two outgoing electrons, and it is also equivalent to the target
orbital (ionized) electron momentump [3,5]. On the other hand,
the orbital electron density distribution can be obtained along
theφ angle axis at a given binding energies region (represent
specifically orbital).

Comparing the experimental orbital electron density image
(Fig. 1(a)) with the theoretical result (Fig. 1(b)) we can observe
somewhat discrepancy at the binding energy region of 1Eg and
3A1g orbitals. In order to more clearly investigate this discrep-
ancy the experimental and theoretical momentum distributions
for the 1Eg, 3A1g and the summed 1Eg and 3A1g orbitals have
been obtained, as shown inFig. 2. The theoretical momentum
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Fig. 2. The experimental and theoretical orbital electron momentum distribu-
tions for ethane of (a) 1Eg orbital, (b) 3A1g orbital and (c) the summed 1Eg

and 3A1g orbitals, obtained at an impact-energy of 1000 eV in EMS experiment,
compared with HF and DFT calculations.

800, 1000, 1200 and 1600 eV. The experimental impact-energy
dependence of the momentum distributions of the summed 1Eg
and 3A1g orbitals were obtained and shown inFig. 3 with the
theoretical calculations. The significant ‘turn up’ effects of the
(e, 2e) cross-sections compared with the theoretical calculations
have also been observed at these different impact electron ener-
gies, and more importantly such ‘turn up’ effects become smaller
with the increase in the impact electron energy of the (e, 2e)
reaction.

Further consideration of the relative phase in the position
space wave function contour image for the 1Eg and 3A1gorbitals,
as shown inFig. 4, indicates that the 1Eg orbital has strong�*
like character. It has been found[4,8,15]that such orbital usually
produce a “turn up” of the cross-section in the low momentum
region, and this behavior is similar to the low-p effect observed
istributions were calculated by using THFA and TKSA wit
WIA. For comparing with the experimental electron mom

um distributions, these theoretical profiles were convol
ith the instrumental resolutions (	θ =±0.7◦,	φ =±1.9◦, and
E = 1.2 eV) with a Gaussian method[12]. The significant “turn
p” effects of (e, 2e) cross-section between the experim
ata and all of the theoretical predictions of 1Eg orbital have
een observed in the low and high momentum region, as s

n Fig. 2(a). Similar “turn up” effect has also been observed
eng et al.[13] at one impact-energy of 1200 eV. Such “turn
ffects (shown asFig. 2(a)) are possibly due to “contaminatio

rom the neighboring 3A1gorbital, which shows an intense “s–
ype distribution as shown inFig. 2(b). However, this explana
ion could be negated from the comparison of the summedg
nd 3A1g orbitals momentum distributions between experim

al measurement and theoretical calculations shown inFig. 2(c).
here is still a significant “turn up” effect of (e, 2e) cross-sec

or the summed 1Eg and 3A1g orbitals, which could be subject
o some particular effects that the current theoretical treatm
ave not given full consideration, such as the distorted w
ffects.

The occurrence of distortion effects of 1Eg orbital at highe
omentum region can readily be understood since this re
f the electron momentum profile involves significant pene

ion by the incoming electron into the smallerr region, near t
he nucleus[3,9,14]. How distortion wave effects could ari
t low momentum (p) since such regions of the electron d
ity are normally considered to be located at largerr, i.e. far
rom the nuclei. In order to more convincingly investigate
turn up” effect the orbital electron densities of ethane h
een measured at different impact electron energies of 400
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Fig. 3. The experimental momentum distributions of the ethane 1Eg and 3A1g orbitals at the impact energies of 400, 600, 800, 1000, 1200 and 1600 eV compared
with the PWIA calculations.

in atomicnd orbitals EMS experiment[8,15]. This situation is
also probably the case for the 1Eg orbital of ethane. Theoret-
ical studies of atomic targets indicated that such effects innd
orbitals are due to breakdown of the PWIA caused by signif-
icant low momentum components near the nucleus which can
occur in orbitals of gerade symmetry forl ≥ 2. Distorted wave
calculations[8,15] in atomicnd orbitals have also theoretically
predicted that such effects will diminish with the increase of
impact electron energy, which is consistent with the experi-
mental investigations inFig. 3. Under thend atomic distorted
wave calculations and the experimental measurements at dif-
ferent impact energies it could be confirmed that the observed
‘turn up’ effects in the momentum distributions of 1Eg �* like
molecular orbital at low momentum region are due to the dis-
torted wave effect. Unfortunately, at present the distorted wave

calculations are only possible for atoms but not for molecules
due to the multi-centre nature. However, it could be somewhat
satisfied for us that the developments of molecular distorted
wave theory will benefit from the sensitive experimental mea-
surements of the�* like molecular orbital at a wide range of
different impact energies. Furthermore, it can be seen from the
1600 eV results of momentum distributions that the 1600 eV
impact-energy could be near to the high-energy limit of the
PWIA validity for the ethane 1Eg orbital. However, for the
ethylene 1B3g orbital [4] and the other studied targets of He
[16], H2 [17], 1,3-cyclohexadiene[18], glyoxal and biacetyl
[19] the validity range of the PWIA were very different. So
the energy limit for the impact-energy dependence effects and
the validity range of the PWIA could depend on the targets
[19].
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Fig. 4. Position space wave function topograph contour for the 1Eg and 3A1g orbitals showing that the 1Eg orbital has strong�* like character which is similar to
d-type atomic orbital with regard to symmetry.

4. Summary

In summary the study reported the impact-energy depen-
dence of the momentum distributions of the ethane 1Eg and
3A1g orbitals, measured at different impact energies of 400,
600, 800, 1000, 1200 and 1600 eV with our newly developed
EMS spectrometer. The significant ‘turn up’ effects of (e, 2e)
cross-sections in 1Eg and the summed 1Eg and 3A1g orbitals
were observed in the low and highp region compared with the
PWIA theory. Moreover, such observed ‘turn up’ effects become
smaller with the increase in the impact electron energy. It could
be confirmed that the observed ‘turn up’ effects are due to the
distorted wave effect of 1Eg �* like molecular orbital under the
further considerations of the 1Eg and 3A1g orbitals wave func-
tion character. Besides, the energy limit of the impact-energy
dependence effects could be sensitive to the studied targets and
orbitals.
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