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Molecular Frame Photoelectron Emission in the Presence of Autoionizing Resonances
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We have measured the angular distribution of valence-shell photoelectrons excited by circularly
polarized light from fixed-in-space N2O molecules, near to and on top of resonances due to Rydberg
states embedded in the ionization continuum. The sign of the circular dichroism for ionization into the
N2O��B2�; �1���1� state is reversed on top of the lowest dominant resonances. Measured angular
distributions are well predicted by state-of-the-art multichannel configuration interaction calculations. The
change in sign of the circular dichroism at the peak of the resonance is the result of a rapid change in the
phases of resonant dipole matrix elements by a factor of 2� as the energy is scanned across the resonance.
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One of the fundamental features of quantum mechanics
is the superposition principle which can lead to quantum
interference effects. For states in the ionization continuum
of molecules the wave functions of physical scattering
states are necessarily complex valued. Measuring molecu-
lar frame photoelectron angular distributions (MFPADs)
induced by circularly polarized light gives the most com-
plete access to these phases [1–4]. These observables can
exhibit dramatic interference effects in the region of nar-
row resonances due to rapidly changing values of the
quantum phases.

In this study, we show the influence of such interference
effects on MFPADs in the resonant autoionization of
Rydberg states embedded in the continuum of the N2O
molecule. We report angular distribution of �1���1 valence
shell photoelectrons excited by circularly polarized light
from fixed-in-space N2O molecules in the 18–22 eV re-
gion where both direct ionization (DI) and resonant auto-
ionization (AI) of Rydberg states populate the B2��1���1

ionic state, leading to dissociative photoionization (DPI)
according to the reaction:

N 2O�X1��� � h�! N2O��B2�� � e

! NO��X1��; �� � N�2D� � e: (1)

Four Rydberg series converging to the C2�� electronic
state of N2O� were first observed in photoabsorption [5],
and assigned as np�, np�, nd�, and nd� by Lindholm
[6]. A fifth series close to the nd� series was assigned to
ns� by high resolution mass spectrometry [7]. The influ-
ence of these resonant states has been observed in other
competing decay processes such as neutral dissociation [8],
and ion-pair formation [9]. No theoretical description of
these autoionization processes has been previously given.

Taking advantage of the DPI process Eq. (1), we have
measured the MFPADs using the vector correlation ap-
proach combined with circularly polarized light [1]. In
the 18–22 eV explored energy region, two-dimensional
06=96(7)=073001(4)$23.00 07300
photoelectron spectroscopy [10], recording the electron
yield as a function of both electron and photon energy,
showed that the dominant contribution to autoionization
into the N2O��B2�� ionic state arises from the decay of
the two series assigned as nd� and ns�. We therefore
selected three photon energies [h� � 18:55, 19.25, and
19.56 eV [7,10] ] in order to probe AI on top of the most
prominent Rydberg states assigned as nd� (n � 3; 4; 5),
and a few other off-resonance values as a probe of DI at
neighboring photon energies (see inset of Fig. 3).

To our knowledge, these results represent the first case
where circular dichroism of electron emission in the mo-
lecular frame has been used as a probe of the excitation of
autoionizing states. Angle resolved photoelectron spectros-
copy for studying the dynamics of autoionization has been
applied in a few recent studies of vibrational autoionization
of Rydberg states of NO [11] and electronic autoionization
of O2 [12,13] and H2 [14] induced by linearly polarized
light. In the present study, experimental results, compared
with multichannel Schwinger configuration interaction
(MCSCI) calculations, demonstrate the sensitivity of the
MFPADs to the photoionization dynamics due to the pres-
ence of autoionizing resonances. They also suggest a re-
assignment of the dominant autoionizing Rydberg series in
this region.

The (VNO� , Ve, ê) vector correlation method consists
here of measuring for each DPI event the three components
of the VNO� ion fragment and Ve photoelectron nascent
velocity vectors, deduced from the arrival time and posi-
tion of both particles in the double velocity spectrometer
described in detail previously [15]. Briefly, the interaction
region is defined at the intersection of a supersonic mo-
lecular beam [16] and the circularly polarized light beam
delivered by SU5 undulator-based vacuum ultraviolet
beam line [17] at Super-ACO, operated in the two-bunch
mode. Ions and electrons are extracted from the interaction
region by a dc electric field E whose magnitude ensures a
4� collection of both particles, and guided to the two
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FIG. 1 (color online). The F11 function for DI Eq. (1) (a) and
the related cut of the MFPAD induced by LHC light (b) (see text)
at h� � 19:5 eV. Dots: experiment; full line: calculations;
dashed line: calculations corrected for bending. Theory and
experiment are normalized such that the total DI cross sections
are identical.
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position sensitive detectors through an intermediate region
where focusing lens sets are set to control the trajectories
[15]. The circular polarization rate s3=s0 of the light was
controlled to be higher than 0.95.

In a detailed study of reaction Eq. (1) using linearly
polarized light, and focused on DI [18], we have shown
how the DPI events can be conveniently selected using the
electron-ion kinetic-energy correlation. The angular analy-
sis established that DI into the B2� state corresponds to a
dominant perpendicular transition (�NO� � �0:2), and
suggested that a significant bending of the N2O molecule
occurs prior to dissociation of that ionic state.

For the data reported presently, the MFPADs are de-
duced from the analysis of the (VNO� ;Ve; ê) vector corre-
lation for the events selected as described in Ref. [18], after
a three angle fit of the I��; �e; �e� distribution, which can
be written as

I�1��; �e; �e� � F00��e� � 0:5F20��e�P2
0�cos��

� 0:5F21��e�P2
1�cos�� cos��e�

� 0:5F22��e�P2
2�cos�� cos�2�e�

� F11��e�P1
1�cos�� sin��e� (2)

for a left-handed circularly polarized light (helicity �1). �
is the polar angle of the molecular axis with respect to the
light propagation axis y, and ��e;�e� defines the electron
emission in the molecular frame. Such a general expression
has the great advantage of disentangling the photoioniza-
tion dynamics information by expressing the MFPADs for
any chosen orientation of the molecular axis with respect to
the light axis [1] in terms of five FLN��e� functions (four
functions for a linear polarization), where the dependence
on �e and � is through low order analytical functions. For
the (NO�, e) coincident events considered in Eq. (1), �e is
the polar angle with respect to the zMF N2O molecular axis
oriented with the O end in the positive direction, and �e �
0� corresponds to electron emission in the y > 0 (zMF; y)
half plane.

The F11 term in Eq. (2) is proportional to the molecular
frame circular dichroism in photoelectron angular distri-
bution (CDAD). The dimensionless CDAD, defined in
Eq. (3) for a molecule oriented perpendicular to the y
axis (� � 90�), and electron emission in the plane perpen-
dicular to y (�e � 90� and 270�), is obtained in an ex-
periment using the light of a single helicity (here �1), as
[19]

CDAD �
I�e�90�I�e�270

I�e�90�I�e�270
�

2F11

2F00�
1
2F20�3F22

: (3)

The FLN functions for Eq. (1) were computed using
nearly the same calculation as discussed in Ref. [18]. We
use the MCSCI method [20] in which the initial and final
bound state wave functions are described using configura-
tion interaction (CI) wave functions. The expansion of the
photoionized continuum state was restricted to the X2�,
07300
A2��, B2�, and C2�� ion states. The correction required
since Eq. (1) does not satisfy the axial recoil approximation
involves a recoil angle, i.e., the angle between the asymp-
totic velocity of the recoil fragments and the original
molecular axis, of �R � 30� [18]. It is included when
comparing the measured and computed MFPADs.

In Fig. 1(a) we display the newly measured F11 function
for the DI component of the DPI process described in
Eq. (1) at 19.5 eV photon energy; the other four FLN
functions have been reported previously in Ref. [18]. For
DI in the N2O��B2�� state, F11 varies smoothly as the
photon energy is scanned from the ionization threshold to
2 eV above threshold. The measured F11 function shows a
single positive oscillation for all nonresonant DI energies
explored. At the angle where the maximum amplitude of
F11 occurs, the measured CDAD parameter is �0:2. This
value is smaller than that measured recently in outer shell
[1,2,19] and inner shell [3] photoionization. In Fig. 1(b) we
plot the cut of the MFPAD in the polarization plane of
circularly polarized light of helicity �1, for a molecule
oriented perpendicular to the y axis. This polar angle
distribution, which is the most appropriate for visualization
of the circular dichroism, is simply obtained from the
general expression in Eq. (2) as

I�1;��90;�e�90=270 � F00 � 0:5F20 � 1:5F22 	 F11: (4)

The shape of the measured MFPAD is rather smooth;
however, the favored electron emission in the half plane
�e � 90� for Eq. (1) illustrates the positive circular
dichroism.

The first set of MCSCI calculations presented in
Fig. 1 (full line) corresponds to the calculated MFPADs
for DI in Eq. (1), as described above. F11 for DI into the
N2O��B2�� state shows pronounced oscillations,
smoothly evolving for the four explored nonresonant en-
ergies. The CDAD oscillates between 1 and�1 for Eq. (1),
indicating a strong MF circular dichroism. The second set
of computed F11 functions and MFPADs (dashed line)
takes into account the mean �R � 30� recoil angle [18].
Including this correction significantly decreases the appar-
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ent CDAD, leading to a very good agreement between the
measured and calculated F11 functions. The agreement is
less satisfactory at the level of the MFPAD: this is mainly
due to the difference between the measured and calculated
F22 functions at this energy discussed previously [18].

Figures 2(a)–2(e) display the five FLN functions mea-
sured for Eq. (1) on top of the lowest resonance at 18.55 eV
previously assigned as 3d�. Two features are clearly dif-
ferent from those observed for DI at neighbor energies.
(i) The negative sign of F11, also measured at 19.25 eV,
indicates that the positive CDAD which characterizes DI
into the B state (see Fig. 1) is reversed on top of the
resonance. (ii) The positive sign of F20 indicates a positive
asymmetry parameter �NO� � 0:45	 0:1, i.e., a dominant
parallel transition, although DI into the B state corresponds
to a dominant perpendicular transition [18]. A similar trend
is found at the corresponding Rydberg autoionization reso-
nances at 19.25 eV, and to a lesser extent at 19.56 eV, which
suggests that the resonant states in this series have a �
symmetry. The calculations also support the assignment of
the � character of the dominant Rydberg series in the sense
that the larger and broader resonant structures correspond
to � states, although the positions are shifted relative to
those found in the experiment. In order to compare the
computed and experimental MFPADs of the AI reso-
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FIG. 2 (color online). The FLN functions (a)–(e) and the
related cut of the MFPAD (f) induced by LHC light measured
at 18.55 eV for Eq. (1). Dots: experiments; thin line (red):
calculations; dashed line: calculations corrected for bending;
thick line (blue): calculations corrected for bending assuming
a w � 25 meV width. These data are normalized to the same
total cross section equal to 1: the absolute values are obtained by
scaling the y axis by 33.798 Mb (w � 0) and 23.011 Mb (w �
25 meV), respectively.
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nances, we have adjusted the energy of the resonances so
that their positions agree with the values determined ex-
perimentally and the Coulomb phase shift of the computed
matrix elements to the corresponding experimental photo-
electron kinetic energies. Since ionization occurs through
the B state, the same mean recoil angle of �R � 30� as for
DI is included in the calculation of the FLN functions;
finally, a bandwidth of 25 meV is introduced to account
for the measured energy width at the resonance peak. The
comparison between the measured FLN functions and those
computed for the � resonant state is quite satisfactory and
support this symmetry assignment. In particular the re-
versed CDAD is very well predicted; the main discrepan-
cies concern the F22 functions, as previously found for DI,
and the rise of the computed F00 and F20 as �e ! 180�.

The value of the F11 function results from the coherent
superposition of photoelectrons produced by light polar-
ized parallel and perpendicular to the molecular axis. Its
explicit expression is a sum of products of dipole matrix
elements for the parallel and perpendicular transitions. In
the region of an autoionization resonance, the phases of the
matrix elements from one of these symmetries will change
rapidly; for the system considered here these are the matrix
elements for parallel ionization. In general, in the region of
a narrow scattering resonance, the scattering phase shift
will rise, as a function of energy, by� radians. This change
in scattering phase will also change the phase of the dipole
matrix elements in photoionization, which leads to a rise of
� radians in the case of shape resonances [1]. However, in
the case of autoionization, there is an additional phase
change of � radians since the resonant part of the cross
section goes through zero in such a resonance [21]. The net
effect is that the matrix element phases change by even
multiples of � (i.e., 0, 	2�) as the energy passes through
an autoionization resonance. This energy dependence is
explicitly seen in the computed matrix elements in agree-
ment with the experimental results obtained before, on top
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FIG. 3 (color online). Evolution of the computed MFPAD for
the N2O molecule oriented perpendicular to the light propaga-
tion axis as shown, nearby and on top of the lowest � and �
resonances. The inset displays the computed photoionization
cross section for reaction (1), where the dark arrows indicate
the experimentally studied energies.
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of, and after the resonance. The dramatic change of F11 at
the peak of the autoionization resonance and the resump-
tion of the original form after the resonance is thus a
consequence of this rapid change in phase of the dipole
matrix elements. Figure 3 illustrates the drastic evolution
of the computed MFPADs along the lowest set of � and �
resonances in the 18.5 eV region for a molecule oriented
perpendicular to the axis of LHC polarized light.

In conclusion, we have reported experimental and theo-
retical MFPADs for photoionization of the N2O mole-
cule induced by circularly polarized light at photon
energies where both DI and AI of Rydberg states contribute
to the production of the B2� state of N2O�. These
MFPADs constitute a very sensitive probe of the AI
process: in particular, the positive CDAD for DI into the
B2� state is reversed on top of the lowest resonances.
This is due to the fact that the phase of dipole matrix
elements change by even multiples of � (i.e., 0, 	2�) as
the energy passes through the resonance. The MFPAD
results suggest that the dominant Rydberg series converg-
ing to the C state has � symmetry. The MCSCI calcula-
tions are in very good agreement with the measurements
for the dominant features; however, the energy width of the
measured resonant peaks as well as some features of the
MFPADs are not well predicted yet. Further experiments
are planned to probe the evolution of the MFPADs along
the � and � resonances, as displayed in Fig. 3 for the
calculations, using high energy resolution third generation
synchrotron radiation.
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