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Asymmetric photoelectron momentum distribution of carbon monoxide
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The photoelectron momentum distribution (PMD) for the linear (in intensity) process of one-photon single
ionization of carbon monoxide is examined in the polarization plane for several orientations of the linear
polarization vector with respect to the molecular axis. For a pulse bandwidth broader than the energy gap between
the highest occupied molecular orbital (HOMO) and HOMO-1, the PMD is found to be mixed with HOMO and
HOMO-1 signatures because electrons are emitted from these initial orbitals. We show that the asymmetry of
the HOMO is strongly revealed in the PMD for any molecular orientation. The backward-forward asymmetry in
the PMD and the normalized asymmetry are used as probes of the degree of mixing.
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I. INTRODUCTION

A main goal of attosecond science is controlling electronic
motion in matter on its natural attosecond timescale, which
implies liberating electrons from atoms and molecules (the
building block of matter) with high asymmetry [1]. Although
the investigations and control of ultrafast electron dynamics
in molecules have huge potential to understand a large va-
riety of chemical processes [2], most proposals that employ
a single extreme ultraviolet (XUV) laser pulse in realizing
asymmetric angular distributions of electrons rely on interfer-
ence phenomena in atoms [3–11]. The strategy there consists
of using the laser pulse’s broad bandwidth—characteristic of a
few-cycle XUV isolated attosecond pulse [12–18]—to create
broad electron energy distributions for the nonlinear process
of above-threshold ionization (ATI) discovered in 1979 by
Pierre Agostini et al. [19], with strong interference happen-
ing between successive ATI peaks. Since the final states of
the photoelectrons created between ATI peaks have oppo-
site parity, such interferences lead inevitably to the so-called
forward-backward asymmetry in the angular distribution of
the photoelectron, controllable by the pulse carrier-envelope
phase (CEP) [3–11], or adjustable by electron-electron corre-
lation in correlated processes [9–11].

Due to the nonlinearity nature of these atomic processes
by a single laser pulse combined with major technologi-
cal challenges in producing intense enough ultrashort light
source with stabilized CEP in the XUV regime, the exper-
imental demonstration of the forecasted forward-backward
asymmetry effect produced by a single laser XUV pulse
is not yet a reality. While strides in improving the imper-
fections of the pulses from high-order harmonic generation
(HHG) [16–18,20–23] or free-electron laser (FEL) [24–28]
are being made, anisotropy in the photoelectron angular dis-
tribution has been demonstrated by coherent control using
more than one laser pulse [29–31]. In contrast to those pre-
vious works [29–31], here for a single XUV laser pulse we
show in this contribution that switching the atomic targets
to linear molecular ones but with large permanent electric
dipole moment appears to be a suitable way to mitigate the

nonlinearity problem by relaxing the constraints imposed on
the laser pulse properties in order to liberate electrons with
high asymmetry in a controllable and efficient manner from
a linear uncorrelated process, not a nonlinear and correlated
one.

It is well known in quantum chemistry that when two
atoms with large contrast in their electronegativities bond
together, the orbital energies of the most electronegative atom
downshift and the resulting molecular orbital possesses large
permanent electric dipole moment, e.g., in HF, NO, and CO.
In contrast to atoms, the origin of the backward-forward
asymmetry reported here and also discussed in Refs. [32–34]
in a heteronuclear diatomic molecule resides in the intrinsic
asymmetry property of the initial ionizing orbital, which turns
out to be directly mapped out in the momentum distribution
of the continuum electron created by one-photon absorption
transition.

The anisotropy in the photoelectron momentum distribu-
tion (PMD) of CO (a closed-shell molecule) has been studied
in the context of stereo Wigner time delay (SWTD) using
the streaking technique [32] or the RABBITT technique [33].
A recent study [34] on asymmetric PMD in NO (an open-
shell molecule) has looked at the effect of a shape resonance
and the photoionization time delay. The present work on
single-photon single ionization of the CO molecule by a
single-laser XUV pulse without any dissociation differs from
the previous studies [32–34] either in the number of pulses
used or the ionization channel. Of note is that the laser-
polarization-dependent PMD for the CO molecule computed
semiclassically by a single laser pulse employed a wavelength
of 532 nm, which requires a multiphoton absorption transi-
tion for single ionization [35]. The present work focuses on
linear polarization of a single few-cycle XUV laser pulse,
where the broad bandwidth nature of the ionizing laser pulse
is such that more than one molecular orbital is likely to be
ionized and the resulting energy spectra are thus expected to
be mixed or entangled. Disentangling contributions of elec-
trons emitted from different orbitals is a formidable task,
which is extremely important for the correct analysis of the
molecular imaging techniques including tomography imaging
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FIG. 1. (a) The asymmetric HOMO (5σ ) and (b) quasi-
symmetric HOMO-1 (1π ) of the CO molecule. The threshold
energies of the computed X 2�+ and A 2� doublet states are
14.98 eV and 17.68 eV, in good agreement with the experimental
data [46]. (c) The molecular orientation scheme used for our study,
where � is the angle between the molecular axis R||ẑ and the
polarization vector e. (d) The variation of the normalized backward-
forward asymmetry as a function of �.

of molecular orbitals [36], laser-induced electron diffraction
[37], time-resolved holography with photoelectrons [38], and
multichannel photoemission in strong-field ionization [39].
However, Boguslavskiy et al. [39] addressed this issue for ion-
ization of the two hydrocarbons n-butane and 1,3-butadiene.
They found that ionization from inner orbitals is predominant
in n-butane (minor in 1,3-butadiene) because of the small
(large over 2 eV) energy gap between HOMO and HOMO-1
in these two molecules. A natural marker to achieve this goal
was the absence of any fragmentation by HOMO ionization
[39]. Switching the targets from these two hydrocarbons to
the small CO molecule [with differently shaped outer and
inner orbitals shown in Figs. 1(a) and 1(b) and separated
by ∼3 eV] provides a unique possibility of exploring the
backward-forward asymmetry as another natural marker to
probe the degree of mixing between the HOMO and HOMO-1
ionization signal while the laser pulse electric field vector
rotates in the polarization plane.

Our finding is threefold: (1) for the molecular axis R
aligned along the light polarization vector e, the PMD exhibits
a strong backward-forward asymmetry, which is unequivo-
cally attributed to the asymmetric HOMO because of the
smaller HOMO-1 signal contribution. (2) Rotating the laser
polarization vector with respect to the molecular axis by an
angle � = (R̂, e) in Fig. 1(c) allows us to manipulate the
forward-backward asymmetry in the PMD while the changes
in shape and magnitude controlled by the m-mixing prob-
lem [40] are explored and monitored. (3) When integrating
the PMD over the photoelectron energy and polar angle in
the forward and backward semicircles, the large normalized
asymmetry from all contributing orbitals in Fig. 1(d) is weaker
only by 5% compared to the dominant HOMO contribution
for any molecular orientation, in concert with the findings in
Ref. [39] for larger hydrocarbon molecules.

The organization of the present paper is as follows. In
Sec. II, the details of the numerical laser experiment and the
calculations are summarized. In Sec. III, the results for the
PMD and their characteristic observations are given. Finally,
Sec. IV presents the major findings and the conclusions.

II. NUMERICAL METHODS

For the numerical experiment, we use a six-cycle sine-
squared laser pulse linearly polarized (with an intensity
of 1012 W/cm2 and a central carrier frequency ω = 20 eV
corresponding to a duration T = 1.25 fs) to study single-
photon single ionization of the fundamental and closed-shell
CO molecule with its moderate permanent electric dipole
moment:

hν + CO(X 1 +
�) → CO+(X 2 +

� /A 2
�) + e−(p). (1)

In contrast to the nonlinear ionization process in Ref. [39], the
process (1) is linear in intensity. Because the pulse bandwidth
	ω ≈ 1.44ω/n = 4.8 eV (where n = 6 cycles) is larger than
the energy gap 	E ≈ 3 eV between the asymmetric HOMO
and quasi symmetric HOMO-1 displayed in Figs. 1(a) and
1(b), this laser pulse interacts with these outer and inner or-
bitals of the ground electronic state (X 1�+) of the neutral
molecule, and then creates entangled CEP-independent en-
ergy spectra for the continuum photoelectron with momentum
p while the molecular ion states for these two channels are the
ground state X 2�+ or an excited state A 2�.

The PMD for the single ionization of the closed-shell
CO molecule is obtained by performing ab initio three-
dimensional (3D) calculations. As the first step, the quantum
chemical data of the CO molecule was obtained by running
a MOLPRO [41] calculation with the restricted Hartree-Fock
(RHF) method based on a correlation-consistent triple zeta
basis. The ground electronic configuration of the molecule
reads (1σ )2(2σ )2(3σ )2(4σ )2(1π )4(5σ )2. The frontier orbitals
including the HOMO and the HOMO-1 are displayed in
Figs. 1(a) and 1(b). In our present calculations, we have used a
complete-active-space (CAS) description of the CO molecule
where six electrons (1σ 22σ 23σ 2) are frozen in the ground
configuration. The remaining electrons are allowed to be in
the active space of seven orbitals, including the three occupied
4σ 21π45σ 2 orbitals and four unoccupied 2π06σ 07σ 03π0

orbitals. Ionizing an electron from 5σ (HOMO) and 1π

(HOMO-1) orbitals leaves the CO+ ion in the doublet states
X 2�+ and A 2�, respectively. Next, to obtain the PMD of
the ionized electron, we adopt the R-matrix method with
the inclusion of time dependence (RMT). The details of the
RMT method and its applications can be found elsewhere
[42–45]. Briefly, the ab initio fixed-nuclei RMT method solves
the time-dependent Schrödinger equation for multielectron
atoms, ions, and molecules in laser fields within the electric
dipole approximation. This is done by dividing the position
space into inner and outer regions. The boundary of the inner
and outer regions are marked by the R-matrix radius. The
inner region accounts for the short-range electron-electron
correlations, including exchange and Coulomb interactions,
while the outer region contains the ionized electron, which
interacts with the residual ion and the laser field. After prop-
agating the outer-region wave function to a sufficiently large
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FIG. 2. The PMDs when the laser polarization vector e is parallel
[(a),(c),(e)] and perpendicular [(b),(d),(f)] to the molecular axis R||ẑ,
which is directed from the carbon atom to the oxygen atom. The laser
is propagating along the x axis and the polarization vector lies on the
yz plane. In both cases, the contributions from all occupied orbitals in
the active space are shown in (a) and (b). The individual contributions
to the PMD from HOMO [(c),(d)] and HOMO-1 [(e),(f)] are also
shown.

distance (∼4000 a.u.), a Fourier transform is applied to the
radial wave function to obtain the PMD.

III. NUMERICAL RESULTS

Figure 2(a) shows the PMD obtained in the parallel config-
uration (� = 0), i.e., when the fixed-in-space CO is oriented
along the light’s polarization vector e. For the present RMT
calculations, we have included three target states correspond-
ing to ionizing an electron from 5σ (HOMO), 1π (HOMO-1),
and 4σ (HOMO-2) orbitals. As the main finding, one sees
that the PMD in Fig. 2(a) exhibits a strong backward-forward
asymmetry, which is the HOMO fingerprint, explained as
follows. For the present photon energy with its bandwidth, it
is possible that the HOMO-2 (21.92 eV) also contributes to
the ionization. However, the extremely small ionization signal
from HOMO-2 is significantly shadowed by the HOMO and
it is hardly visible in the overall PMD. Therefore, the indi-
vidual contributions to the PMD from HOMO and HOMO-1
are shown in Figs. 2(c) and 2(e), respectively. Remarkably,

the shapes of the electronic density in HOMO and HOMO-1
displayed in Figs. 1(a) and 1(b) are quite well reflected in the
PMDs in Figs. 2(c) and 2(e). However, as the HOMO-1 signal
is one order of magnitude smaller than the HOMO signal, their
mixing gives an asymmetric pattern [Fig. 2(a)] that coincides
essentially with the HOMO contribution shown in Fig. 2(c).

But where does the asymmetry feature come from in the
HOMO of CO and how does it build up in the continuum?
First, the oxygen atom in CO is more electronegative than the
carbon atom. Thus, the atomic 2s and 2p orbitals of O have
lower energies than that of C. Consequently, as the two atoms
bond, there is a favorable interaction between the oxygen’s
2pz(-15.85 eV) orbital and both carbon’s 2s(-19.43 eV) and
2pz(-10.66 eV) orbitals [47]. According to the energy differ-
ence, the contribution from carbon’s 2s orbital to the bonding
HOMO dominates (see, e.g., the Hartree-Fock-Roothaan cal-
culations for CO given in Table AB-41 of Ref. [48]). This will
then substantially deform the distribution of HOMO, shifting
it more toward the carbon atom, see Fig. 1(a).

The initial HOMO is expressed as a linear combination of
atomic s, p, d-type orbitals which are centered at the atom
locations. For our discussion of the selection rules, the angular
component of the initial orbital can be thought of as an ex-
pansion in a complete basis of the spherical harmonics which
are centered at the origin (center of mass). The partial waves
describing the continuum unbound electron can be deduced
according to the electric dipole selection rules and the symme-
try considerations discussed in the Appendix. The one-photon
transitions from different angular components of the HOMO
to the continuum occur according to electric dipole selection
rules to yield the PMD. In the following, we show this by
analyzing the partial contributions to the PMD from each of
these channels in which the ionized electron is coupled to the
residual ion. In the RMT approach, the final PMD is obtained
by [43]

W (p) =
∑

i

∣∣∣∣∣
∑

,lm

F̃

i,lm(|p|)Xlm(p̂)

∣∣∣∣∣
2

, (2)

where the summation i runs over all residual-ion states and

 runs over the irreducible representations of the point group
of the molecule [49], see Appendix. Here, only three nondis-
sociative states, X 2�+, A 2�, and B 2�+, of the ion CO+

are included in our numerical calculations, which are associ-
ated respectively with the ionization from HOMO, HOMO-1,
and HOMO-2. Here, l, m correspond to the electron contin-
uum angular momentum and its z projection in each channel
such that when the symmetry of the real spherical harmonic
Xl,m(p̂) is combined with the symmetry of the residual-ion
state, the overall symmetry of the molecule is recovered. The
coefficient F̃


i,lm(|p|) is the Fourier transform of the reduced
radial wave function in the outer region [42–45]. For the
parallel configuration where only HOMO is allowed in the
active space, we show in Fig. 3 the partial contributions from
the (l, m) = (1, 0), (2, 0), and (3, 0) channels to see how the
PMD in Fig. 2(c) builds up. Although other values of (l, m)
do contribute to the total PMD according to their symmetries,
the (1,0), (2,0), and (3,0) channels have the most significant
contributions. In Figs. 3(a)–3(c), the individual contributions
from the l = 1, 2, 3 channels (with m = 0) are then shown.
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FIG. 3. Buildup of the forward-backward asymmetry in the PMD
in Fig. 2(c) from the HOMO when the molecular axis R||ẑ is parallel
to the laser polarization vector e. The computed partial contributions
to the PMD are shown for (a) l = 1, (b) l = 2, and (c) l = 3.
Here, l is the angular momentum of the continuum electron. The
isotropic ring-like partial contribution from l = 0 (not shown) is at
least an order of magnitude smaller. Shown in (d), (e), and (f) are
the mixture between the partial contributions from l = 1, 2, l = 1, 3,
and l = 1, 2, 3, respectively. Note that m = 0 for all l values above
because the laser pulse is linearly polarized.

For example, the dipole-like PMD in Fig. 3(a) for the l = 1
channel has a symmetry character of a p0 partial wave. Simi-
larly, when l = 2 and l = 3, the twofold quadrupole-like and
hexapole-like PMDs in Figs. 3(b) and 3(c) resemble the sym-
metries of d0 and f 0 partial waves, respectively. According to
electric dipole selection rules, the bound-to-continuum one-
photon transitions s → p0 and d0 → p0 produce the partial
PMD in Fig. 3(a). Likewise, the partial PMDs in Figs. 3(b) and
3(c) are obtained by the one-photon transition p0 → d0 and
d0 → f 0, respectively. When the amplitudes for the partial
PMDs for p0 and d0 with comparable magnitudes are co-
herently mixed, because of their opposite parity the resulting
interference pattern displayed in Fig. 3(d) exhibits a strong
asymmetric character toward the carbon side. In contrast,
mixing the amplitudes for the partial PMDs for p0 and f 0

with the same parity and comparable magnitudes does not lead
to an asymmetric interferogram, but instead to a symmetric
interferogram, shown in Fig. 3(e). Finally, adding coherently

the f 0 amplitude to the p0 + d0 amplitude in Fig. 3(d) leads
to the asymmetric interferogram shown in Fig. 3(f). It is im-
portant that the transition p0 → s is allowed, but this isotropic
ring-like partial contribution (not shown) is at least an order
of magnitude smaller than the other partial contributions. The
little difference between the patterns in Fig. 3(f) and Fig. 2(c)
supports our claim. It also shows that the three ionization side
peaks or satellite peaks (located at θ = π/3, 0,−π/3) seen in
the forward direction in Fig. 2(c) stem from mixing the d0 and
f 0 amplitudes with identical parity, whereas the main peak in
the backward direction originates from mixing the p0 and d0

amplitudes with opposite parity. All these demonstrate that the
backward-forward asymmetry in the PMD [Fig. 2(c)] is due to
the interference among the p0, d0, and f 0 ionization channels
in HOMO.

For the antiparallel scheme (� = π ), the asymmetry in
the PMD flips and now peaks toward the oxygen side as
expected, see our RMT results in the Supplemental Material
[50]. Given the m-mixing problem [40] known to dramati-
cally transform the shape of the PMDs as e rotates, a natural
question then arises on whether the molecular orientation with
respect to the light polarization vector affects the asymmetry
in the PMD. Our results in Fig. 2(b) for the PMD when
including all the contributions (HOMO, HOMO-1, HOMO-2)
in the active space show that the backward-forward asym-
metry, stronger for the parallel configuration [Fig. 2(a)] at
θ = � = 0, disappears completely for the perpendicular con-
figuration [Fig. 2(b)] at θ = � = π/2. Moreover, in Fig. 2(b)
the patterns on the left and right sides with respect to light
polarization vector axis are symmetric, whereas the patterns
on the upper and lower semicircles with respect to the molec-
ular axis are not. The individual contributions to the PMD
from HOMO and HOMO-1 are shown in Figs. 2(d) and 2(f),
respectively. For this perpendicular configuration, we can see
that the contribution from HOMO-1 is larger than that from
HOMO. However, the contribution from HOMO is still sig-
nificant, leading to a stronger degree of mixing for � = π/2
than for � = 0. Because the final states of the system electron
with momentum p + photoion are different, the implication
is that the contributions to the PMD from the two molecular
orbitals add up incoherently when � = π/2.

For other molecular orientations, Ref. [50] shows a movie
for the evolution of the PMD as � changes from 0 to 2π

with small step corresponding to 26 snapshots, which can
be realized using impulsive alignment to control the angle �

[51,52]. The great sensitivity of the shape of the PMD to the
orientation angle � is clearly observed, which is due to the m-
mixing problem [40]. When � varies from 0 to π , the angles
for which the backward-forward asymmetry ceases to be a
good marker for the observable PMD because of the m-mixing
problem [40] are � ∈ [π/6, 5π/6]. However, an observable
transparent to the m-mixing problem which provides a rough
estimate on the degree of mixed spectra is the variation of
the normalized asymmetry A ≡ (W− − W+)/(W− + W+) as
a function of �, where W+ and W− refer to the energy-
and angular-integrated PMDs in the forward and backward
semicircles obtained at a fixed �. Figure 1(d) shows that
the normalized asymmetry either from the HOMO or from
all contributing orbitals is very large, ranging from 18% to
38%, which is comparable to what has been predicted for the
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correlated nonlinear process of single ionization of helium
where the residual ion remains in the n = 2 states [10].
Interestingly, the normalized asymmetry in Fig. 1(d) from
HOMO exceeds that from all contributions (HOMO, HOMO-
1, HOMO-2) by roughly 5%–6% regardless of the molecular
orientation, confirming the results seen in larger hydrocarbon
molecules [39] that ionization from the outer orbital domi-
nates over that from the inner orbital when their energy gap is
over 2 eV.

IV. SUMMARY AND CONCLUSIONS

In summary, we have deployed the ab initio RMT method
to investigate the backward-forward asymmetry through pho-
toionization of the CO molecule by a linearly polarized
XUV pulse. Because of the broad pulse bandwidth, elec-
trons are pulled out from the HOMO and HOMO-1, thus
leading to a mixed PMD. However, although there is no
interference between these two ionization channels because
the final states of the molecular ion are different, there are
strong interferences within each ionization channel. We used
the backward-forward asymmetry (inherent to the HOMO) in
the PMD and normalized asymmetry as probes of the degree
of mixed spectra, and found that the HOMO contribution is
dominant for any molecular orientation. Our investigations for
the molecular backward-forward asymmetry illustrated here
for the CO molecule (for which the permanent electric dipole
moment is moderate) can be extended to other molecules (e.g.,
HF) with larger permanent electric dipole moment.
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APPENDIX: SYMMETRY CONSIDERATIONS

The properties of the PMDs discussed above can be
explained by the symmetry arguments. The process of single-
photon ionization in the electric dipole approximation can be
explained by the probability amplitude within the fixed-nuclei
approximation (R = 1.128 a.u.),

A(p) = 〈
ψN−1(χN−1)φe

p(r)
∣∣μ|ψN (χN )〉, (A1)

where χN ≡ (r1, r2, ..., rN ; R), r ≡ rN , and N is the total
number of electrons in the neutral molecule. Here, μ is the
electric dipole operator, and ψN (χN ) and ψN−1(χN−1)φe

p(r)
are the single-determinant Hartree-Fock wave functions of
the initial and final states, respectively. The photoelectron is
described by the wave function φe

p(r), where p is its momen-
tum. We do not consider spin effects, therefore for simplicity
the spin variables are omitted. Note that all the quantities
appearing in Eq. (A1) are expressed in the molecular frame.
Often, the photoelectron wave function is expanded using

partial waves,

φe
p(r) =

√
2

π

∑
lm

il e−iηl (p)Y ∗
l,m(p̂)Yl,m(r̂)Rp,l (r), (A2)

where ηl (p) accounts for the partial wave phase shifts due to
Coulomb, exchange, and short-range interaction between the
photoelectron and the ionized molecule. Once this expansion
(A2) is substituted into Eq. (A1), the remaining radial integra-
tion can be simplified in terms of symmetry arguments. If we
use the irreducible representations 
(ψN ), 
(ψN−1), 
(φe

p),
and 
(μ) to characterize the symmetries of the neutral state,
ionic state, photoelectron, and the electric dipole operator,
respectively, then the probability amplitude A in Eq. (A1) is
nonvanishing only if the direct product 
(ψN−1) ⊗ 
(φe) ⊗

(μ) ⊗ 
(ψN ) contains the totally symmetric representation

s of the symmetry group [53], i.e.,


(ψN−1) ⊗ 

(
φe

p

) ⊗ 
(
μ) ⊗ 
(ψN ) ⊃ 
s. (A3)

In the RMT code, the C2v point group is used to de-
scribe the symmetry of the CO molecule instead of the
C∞v point group to which the actual symmetry of CO be-
longs. Therefore, in the terminology of the C2v group’s
irreducible representations [53] and taking the molecular axis
as the symmetry axis, 
(ψN ) = a1 for closed-shell neutral
molecules with C2v symmetry, and 
(ψN−1) = a1 if ionized
from HOMO or 
(ψN−1) = b1, b2 if ionized from HOMO-1.
When the polarization is parallel to the molecular axis (i.e.,
when the laboratory frame’s z axis coincides with the molec-
ular frame’s z axis, which is also the symmetry axis), then
the irreducible representation of the electric dipole operator
becomes 
(μz ) = a1. Hence, it is readily seen from Eq. (A3)
that 
(φe

p) = a1 if the ionization occurs from HOMO. This
corresponds to the partial waves (l, m) of the ejected electron
with a1 symmetry such as (0, 0), (1, 0), (2, 0), and (3,0) (as
shown in Fig. 3). Note that even if some partial waves are
allowed according to their irreducible representation in the
C2v group, these partial waves still have to satisfy the dipole
selection rules. The dipole- and symmetry-allowed partial
waves then interfere constructively or destructively (according
to their parities), producing the observed PMDs. The higher
partial waves l > 1 are possible if the angular components
of the initial wave function ψN contains spherical harmonics
with l � 1. And if the ionization occurs from HOMO-1 for
the same parallel configuration, then the partial waves for
the electron should possess either 
(φe

p) = b1 or 
(φe
p) = b2

symmetry. Now, when the polarization vector e is perpendic-
ular to the molecular axis, (in other words, the vector e is
parallel to the molecular frame’s x or y axis), then, in the per-
spective of the molecular frame, 
(μx ) = b1 or 
(μy) = b2.
Therefore, if the ionization occurs from HOMO and according
to Eq. (A3), we expect the partial waves of the electron to have
either 
(φe

p) = b1 or 
(φe
p) = b2 symmetry. If the ionization

occurs from HOMO-1 for the perpendicular configuration,
then it is again clear that the partial waves of the electron have

(φe

p) = a1 symmetry.
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