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Molecular frame photoemission is a very sensitive probe of the photoionization (PI) dynamics
of molecules. This paper reports a comparative study of non-resonant and resonant photoionization of D2 induced by VUV circularly polarized synchrotron radiation at SOLEIL at
the level of the molecular frame photoelectron angular distributions (MFPADs). We use the
vector correlation method which combines imaging and time-of-flight resolved electron-ion
coincidence techniques, and a generalized formalism for the expression of the I(χ, θe , φe )
MFPADs, where χ is the orientation of the molecular axis with respect to the light quantization axis and (θe , φe ) the electron emission direction in the molecular frame. Selected
MFPADs for a molecule aligned parallel or perpendicular to linearly polarized light, or perpendicular to the propagation axis of circularly polarized light, are presented for dissociative
photoionization (DPI) of D2 at two photon excitation energies, hν=19 eV, where direct PI
is the only channel opened, and hν=32.5 eV, i.e. in the region involving resonant excitation
of Q1 and Q2 doubly excited state series. We discuss in particular the properties of the circular dichroism characterizing photoemission in the molecular frame for direct and resonant
PI. In the latter case, a remarkable behavior is observed which may be attributed to the
interference occurring between undistinguishable autoionization decay channels.
Key words: Dissociative photoionization, Molecular frame photoemission, Circular dichroism in photoemission, Autoionization dynamics, Synchrotron radiation, Vector correlation

electronic correlation in the bound initial (neutral) and
final (ionic) states, as well as the dynamic correlation
induced between the scattered electron and the electrons of the target [3,4]. It is also a mean to probe
the structure of the ionization continuum of molecules
in terms of resonances: shape resonances and autoionizing states, which may lead to interesting interference
schemes due to the coherent superposition of resonant
and non-resonant (direct ionization) PI reactions [5,6].

I. INTRODUCTION

Photoionization (PI) of molecules is governed by the
coupling induced by the light field between the initial
neutral state of the molecule and the final state composed of the ionic state and the electron scattered in the
continuum, described by the dipole matrix elements.
The most complete access to these complex dipole matrix elements for a PI reaction, their magnitude and
relative phases, is to measure the angular distribution
of photoelectrons ejected from fixed-in-space molecules,
as was established theoretically about thirty years ago
[1]. Furthermore, the determination of the sign of the
phases requires the creation of a handedness in the
system achieved when the molecule is photoionized by
circularly polarized light [2]. Through the determination of the dipole matrix elements, the study of PI of
molecules enables a detailed description of the static

The first complete description of the photoionization of a molecule was demonstrated in two-color
resonance-induced multiphoton ionization (REMPI) of
the NO molecule aligned by resonant excitation of the
NO(A2 Σ+ ) state combining linearly [7] and left- or
right-handed circularly polarized light [8], where the
photoelectron angular distribution could be recorded in
the laboratory frame and assigned to a given orientation
of the aligned target molecule. The use of short intense
laser pulses to align molecules [9], which get ionized
after a controlled delay in field free conditions with a
XUV femtosecond pulse [10], opened recently new possibilities to measure molecular frame photoemission for
PI of molecules in the electronic ground state.
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In this work we use the vector correlation (VC)
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method [11-13] which corresponds to a third approach:
it takes advantage of dissociative photoionization (DPI)
reactions to measure the molecular frame photoelectron angular distributions (MFPADs) from an assembly of isotropically oriented molecules in the electronic
ground state, where ionization is induced by linearly or
circularly polarized light. In valence or inner-valence
shell excitation, dissociative ionization leads to the production of one singly charged ionic fragment, a neutral
fragment and the photoelectron, as:
AB + hν(ê) → AB+∗ + e → A+ + B∗ + e

(1)

The VC method consists of measuring the ejection velocity vectors of both the photoelectron and photoion
~ A+ , V
~e ) emitted in the same DPI event. The principle
(V
is similar to that of the cold-target recoil ion momentum spectroscopy (COLTRIMS) technique [14]. In the
axial recoil approximation [15], i.e. when dissociation
is much faster than the period of molecular rotation
(or bending for a polyatomic molecule), the recoil ve~A+ , is a signature of the
locity of the ion fragment, V
spatial orientation of the breaking chemical bond, and
corresponds to the molecular axis for a linear molecule.
~e , ê) vector correlation,
~ A+ , V
Therefore, measuring the (V
where ê represents the polarization axis of linearly polarized light P̂ or the propagation axis of circularly polarized light ~k, provides the generalized MFPAD. For
linear molecules the MFPAD is a function of three angles I(χ, θe , φe ), where χ is the polar angle which characterizes the orientation of the molecule with respect
to the polarization axis ê, and (θe , φe ) characterize the
emission direction of the photoelectron in the molecular frame. The use of circularly, or elliptically polarized
light, leads to the most complete information [16]. For
inner shell PI reactions, the ionic molecular state produced after the photoelectron ejection further decays
by Auger electron emission leading to double, triple or
multiple ionization of the target, as well as dissociation. The VC method extension consists there in mea~ A+ , V
~B+ , ..., V
~e , ê) vector correlation of the
suring the (V
ion fragments and photoelectron velocities [17].
The first relevant experimental results for gas phase
molecules based on an electron-ion fragment coincident
detection were obtained in valence shell ionization of O2
[18] and K-shell ionization of N2 [19], respectively, by
the angle-resolved photoelectron-photoion coincidence
technique (ARPEPICO) [20,21]. The introduction of
time and position sensitive detectors (PSD) for the coincidence detection of ions and/or electrons with a large
solid angle collection (4π in most cases), and the determination of their velocity vectors or momenta, has lead
to a series of results for inner shell (see [17,22-26] reference and therein)and outer shell [27-31] PI of simple
molecules. Most of these studies have been performed
using synchrotron radiation light sources, which offer
the advantage of tunability but also of a high repetition rate (1-10 MHz) favorable for the success of coinDOI:10.1088/1674-0068/22/02/178-186

179

cidence techniques. In recent years, the development
of kHz short pulse laser sources has opened new possibilities for these techniques [32-35] which can be referred to as coincident electron-ion tridimensional imaging, in comparison with the velocity map imaging methods [36] more widely developed in laser induced and
time-resolved molecular spectroscopy [37-39].
We illustrate the VC method by the report of new
measurements for PI of the simplest molecule D2 induced by VUV circularly polarized light, performed
recently at the synchrotron radiation facility SOLEIL
taking advantage of the third generation performance,
notably the limited time width of the light pulse
(∆t'50 ps) and the exotic polarizations available on
the DESIRS beamline [40]. At hν=19 eV direct PI occurs into the D2 + (X 2 Σ+
g ) ground state and its dissociative component [31]. At hν=32.5 eV resonant excitation of doubly excited states of D2 in the Q1 (2pσu , nlλ)
and Q2 (2pπu , nlλ) Rydberg series occurs: it has been
observed first by the study of the proton kinetic energy distribution (KED) experimentally [41] and characterized theoretically [3,42]. The ab initio calculations
showed that interference between the various ionization
and dissociation channels involved are responsible for
some structures in the KED spectra [42]. Furthermore,
for the studied PI reactions of D2 , autoionization and
dissociation occur on a time scale of few femtoseconds
involving a coupling between the electron and nuclear
motions [3]. For the following discussion in this paper, we refer to a representation of the H2 (D2 ) and
H2 + (D2 + ) electronic states as presented e.g. in Fig.1
of Ref.[31].
MFPADs in PI of H2 and/or D2 have been discussed
previously in the following conditions: (i) MPFPADs
for linearly polarized light parallel or perpendicular to
the molecular axis have been reported for direct PI into
the D2 + (X 2 Σ+
g , 1sσg ) ground state dissociative continuum at four photon energies 21.2, 23.1, 26.9, 40.8 eV
[43] and into the higher H2 + (2pσu ), H2 + (2sσg ) and
H2 + (2pπu ) excited states at energies above 40 eV [44];
(ii) MPFPADs for linearly polarized light perpendicular
to the molecular axis have been reported for resonant
PI of D2 at 33.25 eV photon energy and compared with
four body calculations [45]; (iii) we have previously reported MFPADs for any orientation of the H2 molecule
with respect to linearly polarized light at hν=20, 28,
and 32.5 eV [31]. The results (ii) and (iii) have demonstrated significant emission anisotropies featuring symmetry breaking of H2 dissociation with respect to the
electron direction. The MFPADs for a molecule oriented perpendicular to the linear polarization axis, measured as a function of the kinetic energy release (KER)
of the fragments, were very well predicted by four body
ab initio calculations at hν=33.25 eV [45]. Finally we
have reported preliminary results for resonant PI of D2
at 32.5 eV induced by circularly polarized light at super ACO compared with the four body calculations of
Martin et al. [46].
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Here we focus on the comparison of the MFPADs,
in particular the circular dichroism effect in the molecular frame, obtained for the first time for direct ionization at 19 eV, and resonant PI at 32.5 eV. First we
describe briefly the experimental set-up, then we report
results in terms of electron-ion kinetic energy correlation for non-resonant and resonant PI of D2 . Finally
it is dedicated to the molecular frame photoemission
results: we recall the unified formalism for the determination of the MFPADs and we report the MFPADs
characterizing non-resonant and resonant PI for a selected KER value. When resonant PI is induced by
circularly polarized light, the KER region where significant emission anisotropies are observed for PI induced
by linearly polarized light, also gives rise to a strong
circular dichroism effect in the molecular frame [47].
The circular dichroism strongly depends on the kinetic
energy release (KER) of the atomic fragments [47,48].

II. EXPERIMENTS

The double velocity spectrometer [49], schematized
in Fig.1, equipped with two delay-line position sensitive detectors (PSDs: DLD40 Roentdek) [50], combines
time-of-flight-resolved ion-electron coincidence detection and imaging techniques. The interaction region
is located at the center of the spectrometer and defined
as the intersection of the supersonic molecular jet of D2
provided by the SAPHIRS set-up [51] and the circularly polarized synchrotron radiation light delivered by
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the undulator-based VUV beamline DESIRS [40] at the
synchrotron radiation facility SOLEIL. For these experiments, SOLEIL was operated in the eight-bunch mode
(period T =140 ns, pulse width δt=50 ps). Ions and
electrons were extracted from the interaction region by
a DC uniform electric field and guided to their respective PSD through an intermediate region where two focusing electrostatic lens sets (ΛA+ and Λe ) are applied.
The extraction field of 15 and 150 V/cm used for the two
measurements at hν'19 and 32.5 eV, respectively, combined with the focusing lenses ensured a 4π collection
of singly charged ions and electrons of kinetic energy up
to 1.3 eV (15 V/cm) and 12 eV (150 V/cm). For each
(D+ , eph ) coincident event the three components of the
~D ion fragment and V
~e photoelectron emission velocity
V
vectors are deduced from the time-of-flight (TOF) and
impact position of the particles on the PSDs. The signal
detected on the front multi-channel plate of the electron
detector is used as a common start for a 8 independent
channel time-to-digital converter (CTN-TDC [52], encoding resolution 250 ps) and a time-to-amplitude converter (TAC). The TAC is stopped by the electronic signal synchronous with the SOLEIL light pulse, providing
the electron time of flight (TOFelec) with a coding resolution of 25 ps on the 100 ns scale. Four channels of
the CTN-TDC are dedicated to the time signals from
the ends of the two delay lines of the electron detector
leading to the electron position, and the four others to
those of the ion detector providing the ion position and
time of flight (TOFion) [49]. Typical values of TOFelec and TOFion are in the range of 10-50 ns and few
µs, respectively. When studying inner shell PI of simple molecules, where Auger decay taking place after the
PI reaction leads to double or multiple ionization of
the target, one benefits from the large multihit capability per channel of the CTN-TDC [52] to record the
~ A+ , V
~B+ , ..., V
~e , ê) correlations.
(V

e

MCP

Electron PSD

FIG. 1 Scheme of the electron-ion velocity spectrometer
and the acquisition set-up. Electrons and ions are extracted
from the interaction region by a DC uniform electric field.
Electrostatic lenses Λe and ΛA+ located outside the extraction region, adjusted for each extraction field, create a nonuniform field which focuses the electron and ion trajectories
and ensure a 4π collection of electrons and ion fragments for
the studied processes. For each particle the time of flight T
and the position (x, y) on the PSD are measured. The acquisition scheme is briefly described in the text.
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The kinetic energy correlation diagram (KECD) is
the bidimensional histogram of the (D+ , e) coincident
events, derived from the analysis of the magnitude of
~ D+ , V
~e ) vectors. The distribution of events is repthe (V
resented as a function of the Ee electron energy (ordinate) and the ED+ kinetic energy (or KER of the
atomic fragments with KER=ED+ +ED '2ED+ ) (abscissa). The (ED+ , Ee ) KECDs presented in Fig.2 correspond to PI of D2 at hν=19 and 32.5 eV in the conditions described in section II. At these photon energies, the L1 ground state dissociation limit (D+ + D(1s))
which lies at εD =18.076 eV above the D2 (X 1 Σ+
g , v=0)
reference, fixed as the origin in potential energy, is the
single DPI channel opened: it is represented on the
KECD as a diagonal line of slope–2 which intersects
the Ee and ED+ axes, at given values deduced from the
c
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FIG. 2 (ED+ , Ee ) KECDs of the (D+ , e) events for (a)
hν=19 eV, extraction field 15 V/cm, intensity scale runs
from white (lowest intensity) to black (highest intensity) in
linear scale with contour lines at 75%, 50%, 25%, and 5% of
the maximum value; (b) hν=32.5 eV, the extraction field of
150 V/cm ensures a 4π collection of electrons Ee ≤12 eV and
ions ED+ ≤10 eV, contour lines spaced by 10% of the maximum value. The dotted diagonal line of slope –2 corresponds
to the ground state dissociation limit D+ +D(1s)+e. In (b),
the intensity of the KECD region (B and C) is multiplied
by a factor 2.5 with respect to peak A.
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used at 19 eV a smaller extraction field.
The KECD obtained for a photon energy hν=32.5 eV
shown in Fig.2(b) displays a more complex structure.
In addition to the direct ionization process into the
D2 + (X 2 Σ+
g ) ground state already identified at hν=19
eV, which corresponds here to the peak localized for
the highest electron energies (A: 13≤Ee ≤14.5 eV) and
smallest ED+ values, a quasi-continuous structure extends along the L1 dissociation limit with two maxima
for (B: Ee '6.5 eV, ED+ '4 eV) and (C: Ee '1 eV, ED+ '
6.7 eV), as found previously for H2 [31]. Here again the
improvement in energy resolution is significant, notably
taking into account that the present experiment used a
larger extraction field (150 V/cm) than the previous
one (100 V/cm) in order to optimize the angular collection of energetic ions and electrons. Absorption of a
photon hν=32.5 eV brings the system about resonance
with the repulsive D2 + (2 Σ+
u , 2pσu ) first excited state in
the FC region, opening a second direct ionization channel, namely PI into the D2 + (2 Σ+
u , 2pσu ) state which is
also correlated to the (D+ +D(1s)) ground state limit
at large internuclear distances. This direct PI process
produces photoelectrons near threshold, whereas most
of the energy is transferred into kinetic energy of the nuclei, contributing to the peak C in the KECD. The other
structures along L1 must be assigned to the population of doubly excited states of the Q1 and/or Q2 series
which may autoionize during the dissociation process
producing electrons of intermediate energies. The comparison between experimental results and four-body calculations [45] has shown that these structures arise from
the interference between resonant PI involving the population of doubly excited states, in particular the lowest
1
states of the two Q series, Q1 (1 Σ+
u (1)) and Q2 ( Πu (1))
(Eq.(3) and (4)), and non-resonant direct PI into the
D2 + (X 2 Σ+
g ) ground state (Eq.(2)).
1 +
D2 (X 1 Σ+
g ) + hν(ê) → D2 (Q1 ( Σu )) →

energy conservation: hν–εD =Ee +2ED+ .
The KECD for a photon energy of hν=19 eV shown in
Fig.2(a) has similar characteristics to the one reported
previously for PI of H2 at an energy of 20 eV measured
using this set-up at super ACO [31]: the (D+ ,e) coincident events display a limited energy distribution, along
the L1 diagonal, which corresponds to direct ionization into the dissociative component of the D2 + (X 2 Σ+
g)
ground state (see discussion and Ref.[31]).
+
2 +
D2 (X 1 Σ+
g ) + hν(ê) → D2 (X Σg ) + e →

D+ + D(1s) + e

(3)

1
D2 (X 1 Σ+
g ) + hν(ê) → D2 (Q2 ( Πu )) →
+
2 +
2 +
D+
2 (X Σg or Σu ) + e → D + D(1s) + e (4)

The MFPADs for ionization with circularly polarized
light are probed in detail as a function of the KER of
the reaction, along the L1 dissociation limit [48]. In
the next section we compare MFPADs corresponding
to direct ionization (Eq.(2)) at 19 eV and resonant PI
for a selected KER value at 32.5 eV.

(2)

The energy resolution is improved for two reasons:
(i) the third generation synchrotron radiation facility
SOLEIL is characterized by a reduced time width of
the light pulse (50 ps instead of 800 ps at Super ACO),
then the temporal resolution for the electron TOF is
presently limited by the jitter of the electronics; (ii) we
DOI:10.1088/1674-0068/22/02/178-186

+
2 +
D+
2 (X Σg ) + e → D + D(1s) + e

IV. MOLECULAR FRAME PHOTOEMISSION IN DPI
OF D2
A. General form of the MFPADs

In order to derive the MFPADs for selected processes
in the KECDs, we use the general formalism developed
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earlier in the dipole approximation for one-photon photoionization of a linear molecule induced by linearly [12]
or circularly [16] polarized light. For circularly polarized light in the most recent experiments performed at
SOLEIL, the general expression of the I(χ, θe , φe ) MFPAD, writes according to Eq.(5):
I (m) (χ, θe , φe ) = F00 (θe ) + F11 (θe )P11 (cos χ) sin(φe ) −
1
F20 (θe )P20 (cos χ) −
2
1
F21 (θe )P21 (cos χ) cos(φe ) −
2
1
F22 (θe )P22 (cos χ) cos(2φe )
(5)
2
for an helicity +1 (left hand circularly polarized light,
LHC). All the dynamical information about the PI reaction is contained in the five one dimensional FLN (θe )
functions, the dependence in terms of the molecular axis
orientation χ with respect to the light propagation axis
~k and the photoelectron azimuthal emission angle in
the molecular frame φe being expressed by simple geometrical functions as shown. The PLM (cos χ) are the
associated Legendre polynomials (we use the convention which omits the Condon-Shortley phase). The expansion of the FLN (θe ) functions in terms of Legendre
polynomials gives access to the partial wave dependent
complex dipole matrix elements, their magnitude and
phase, for the parallel and perpendicular components
of the PI transition [12,16]. Determination of the sign
of the relative phases of the dipole matrix elements requires the creation of a handedness in the system, which
stands in the term F11 (θe )P11 (cos χ) sin(φe ) in Eq.(5) for
circularly (or elliptically) polarized light.
The five F00 (θe ), F11 (θe ), F20 (θe ), F21 (θe ), and
F22 (θe ) functions for a process selected in the KECD are
extracted from the analysis of all the coincident events
recorded with a 4π collection by performing a LegendreFourier analysis in (χ, φe ) of the I (m) (χ, θe , φe ) distribution, according to the analytical expansion in Eq.(2).
Their determination enables reconstruction of the MFPADs for any orientation χ of the molecular axis with
respect to the propagation axis of circularly polarized
light ~k using Eq.(2), or with respect to the polarization
axis P̂ of linearly polarized light using e.g. Eq.(6) in
Ref.[12].

D. Dowek et al.

given in Eq.(5):
I(χ=0) (θe ) = F00 (θe ) + F20 (θe )
I(χ=90) (θe , φe ) = F00 (θe ) − 0.5F20 (θe ) +
3F22 (θe ) cos(2φe )
I+1(χ=90) (θe , φe ) = F00 (θe ) + 0.25F20 (θe ) +
F11 (θe ) sin(φe ) +
1.5F22 (θe ) cos(2φe )
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The molecular axis is aligned parallel (χ = 0◦ ), or
perpendicular (χ=90◦ ) to the axis of linearly polarized
light, and the molecular axis is perpendicular (χ=90◦ )
to the propagation axis of circularly polarized light of
+1 helicity (LHC). The I (m) (χ, θe , φe ) expressions are

(7)

Figure 3 presents the FLN (θe ) functions measured for
direct ionization of D2 (Eq.(2)) at hν=19 eV induced
by circularly polarized light, as described above. The
four F00 (θe ), F20 (θe ), F21 (θe ), and F22 (θe ) functions display simple oscillations; they are very similar to those
obtained for direct PI of H2 at hν=20 eV induced by
linearly polarized light [31]. They are also in remarkable agreement with the FLN functions computed for
ionization of a 1sσ orbital, making simplifying assumptions in the theoretical description of the PI process
(see Fig.2 in Ref.[1]). The MFPADs correspond to a
p partial wave, aligned parallel to the axis of linearly
polarized light P̂ for any direction of the molecular axis
with respect to P̂ , also consistent with the MFPADs reported for linearly polarized light for direct PI into the
H2 + (X 2 Σ+
g ) ground state dissociative continuum at the
four photon energies 21.2, 23.1, 26.9, and 40.8 eV [43].
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B. MFPADs for resonant and non-resonant PI
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FIG. 3 Measured FLN (θe ) functions and CDAD parameter for direct PI of D2 at hν=19 eV (dots) deduced from
an experiment with LCH polarized light; the five FLN (θe )
functions are given in arbitrary but relative consistent units
and the dimensionless CDAD ranges between –1 and 1 (see
text and Eq.(9)). The continuous line is a fit of the measured FLN (θe ) functions based on a Legendre polynomial
expansion.
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FIG. 4 MFPADs for direct PI of D2 at hν=19 eV (a,b,c) and resonant PI of D2 at hν=32.5 eV (d,e,f and g,h,i). The
molecular axis is vertical with the D+ on top and the light quantization axis is indicated in the figure. The plots represent
the cuts of the I(χ=0) (θe ) and I(χ=90) (θe , φe ) for a molecule aligned parallel or perpendicular to linear polarization, and
I+1(χ=90) (θe , φe ) for a molecule aligned perpendicular to the propagation axis of LHC circularly polarized light in the plane
(φe =0◦ and φe =180◦ ) (a, b, d, e) and (φe =90◦ and φe =270◦ ) (c, f), respectively. The continuous line is obtained from a fit
of the measured FLN (θe ) functions using a Legendre polynomial expansion. The label R indicates the radius of the circle in
relative scale. The corresponding I(θe , φe ) MFPADs are presented in (g, h, i) for hν=32.5 eV.

For simplicity of the figure, we plot here the cuts of the
MFPAD distributions in the plane which contains the
molecular axis and the linear polarization axis obtained
from Eqs.(6)-(8) where φe =0◦ . We restrict the presentation of the data to the χ=0◦ (Fig.4(a)) and χ=90◦
(Fig.4(b)) orientations of the D2 molecular axis which
show the dominant contribution of a pσu and a pπu partial waves in the continuum electronic wave function,
respectively.
The associated electron and ion asymmetry parameters amount to βe '1.9±0.05 and βD+ '0.2±0.05 consistent with the evolution displayed by previous measurements in the same energy range [43]. The weak ion fragment βD+ parameter corresponds to a rather isotropic
distribution of the molecular axes after VUV photon
absorption, i.e. a comparable weight for the parallel
DOI:10.1088/1674-0068/22/02/178-186

(∆Λ=0) and the perpendicular (∆Λ=±1) transitions,
whereas the βe value close to 2 is the signature of the
electron distribution aligned parallel to the polarization
axis which is consistent with the found MFPADs and
very similar to PI of the He atom.
The F11 (θe ) function characterizing the circular
dichroism is measured for the first time. It displays
a double oscillation similar to F21 , although it is found
to be negative then positive at small and at large polar angles θe , respectively. We note here that the simple model [3] predicts that F21 =0 for PI of the 1s orbital. F11 displays the inversion symmetry with respect
to θe =90◦ expected for homonuclear molecules [47], the
consequence being that the integral over θe is about
zero. We also display in Fig.3 the dimensionless circular dichroism in angular distribution (CDAD) paramec
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ter. The CDAD quantifies the photoemission left-right
asymmetry for a molecule aligned perpendicular to the
propagation axis of circularly polarized light, maximum
in the plane perpendicular to ~k (φe =90◦ /270◦ ) as described by the sin(φe ) dependence in Eqs.(6)-(8). The
CDAD is simply derived as a function of the FLN (θe )
functions as follows [16,47]:
I+1 − I−1
I+1 + I−1
= CDAD(χ=90,h=+1)
I90 − I270
=
I90 + I270
2F11
=
2F00 + 0.5F20 + 3F22

CDAD(χ=90,φe =90) =

(9)

where the +1 or –1 index indicates the helicity of the
light. For direct ionization to the D2 + (X 2 Σ+
g ) ground
state the CDAD oscillates between the –0.16 and +0.16
extremum values. The corresponding MFPAD is represented in Fig.4(c) for an incident light of +1 helicity:
we plot the cut of the I+1(χ=90) (θe , φe ) MFPAD distribution for a molecule aligned perpendicular to the
~k light propagation axis, in the plane which contains
the molecular axis and perpendicular to the ~k axis, obtained from Eq.(8) with φe =90◦ (electron scattering on
the left side), and φe =270◦ (electron scattering on the
right side). We observe a preferred photoemission on
the right side (φe =270◦ ) for the 0◦ ≤θe ≤90◦ polar angles and on the left side (φe =90◦ ) for the 90◦ ≤θe ≤180◦
polar angles reflecting the F11 variation.
For resonant PI at hν=32.5 eV, we discuss directly
the results in terms of the MFPADs shown in Fig.4 (d),
(e), (f), for the same geometries as for direct ionization.
Here we selected a KER value of ED+ =4.5 eV (bandwidth of 0.5 eV), which corresponds to the largest value
of the measured ion fragment asymmetry parameter:
βD+ '1±0.05. We also present in Fig.4 (g), (h), (i) the
complete MFPADs which illustrate in addition the azimuthal dependence of the MFPAD, when the molecular
axis is not parallel to the light quantization axis. The
dominant contribution of the parallel transition must be
attributed to the DPI of a Q state of Σ symmetry (e.g.
the Q1 (1 Σ+
u (1)) state), while the smaller contribution of
the perpendicular transition reflects DPI of a Q state of
Π symmetry discussed in detail in Ref.[45], notably that
from the Q2 (1 Πu (1)) state. The shape of the MFPAD
for an orientation of the molecular axis perpendicular
to linearly polarized light is very different from the pπu
partial wave observed for direct PI, and involves dπg
and/or fπu partial waves. It is characterized by the
FW-BW emission anisotropies attributed to the interference between the two channels described by Eq.(4)
involving autoionization of the D2 (Q2 (1 Πu )) state into
+ 2 +
the D2 + (X 2 Σ+
g ) and D2 ( Σu ) ionic cores [45]. We
also note the FW-BW emission asymmetry for a molecular axis orientation parallel to the polarization axis,
where σ partial waves contribute, which could a priDOI:10.1088/1674-0068/22/02/178-186

ori be assigned to autoionization from the Q1 (1 Σ+
u (1))
state involving both u and g ionization continua. Such
a scheme implies a representation of dissociative ionization beyond the Born-Oppenheimer description of the
potential energy curves of D2 and D2 + electronic states,
since the Q1 states lie below the D2 + (2 Σ+
u ) state in the
B–O representation (e.g. Fig.1 of Ref.[31]). The assignment of such an interference scheme will be further
discussed in the frame of a detailed comparison of the
experimental results with the four body calculations of
Martin et al. [48]. Finally we emphasize here the remarkable characteristics of the circular dichroism effect
seen on Fig.4(f): the MFPAD for incident circularly
polarized light of +1 helicity shows that the CDAD (or
F11 (θe )) does not display the inversion symmetry expected for PI of homonuclear molecules [47]. Indeed,
photoemission is favoured on the right side of the molecular axis (φe =270◦ ) for any θe polar angle, resulting
in a negative integral circular dichroism effect supporting the preliminary results obtained at super ACO [46].
The CDAD can be interpreted then as another sensitive
signature of interference between undistinguishable DPI
channels. The theoretical analysis is in progress.

V. CONCLUSION

In this paper, we have presented the main features
of the vector correlation method and illustrated its
properties for the study of photoionization of small
molecules. We have reported recent experimental
results for two PI reactions of the D2 molecule induced
by circularly polarized light on the new synchrotron
radiation facility at SOLEIL, probing direct PI at
hν=19 eV and resonant PI at hν=32.5 eV. The typical
observables consist of the electron-ion KECDs and the
Iχ (θe , φe ) MFPADs for any orientation of the molecular
axis with respect to the polarization axis of linearly
polarized light or the propagation axis of circularly
polarized light. For resonant PI, significant emission
asymmetries in the MFPADs are the fingerprints of
interferences between autoionization channels involving
ionic molecular states of different u and g symmetries,
involving also interference between resonant and nonresonant PI. The CDAD for resonant PI at hν=32.5
eV demonstrates a violation of the inversion symmetry
with respect to θe =90◦ that characterizes MF circular
dichroism in PI of homonuclear molecules, as observed
for direct ionization at hν=19 eV. The interpretation
of this feature [48] in terms of interference between the
Q2 1Πu (1) state decay channels involving the (X 2 Σ+
g,
+
1sσg ) and (2 Σ+
u , 2pσu ) D2 states, in the KER regions
where both channels contribute relies on a detailed
comparison of the present experimental results with
four body ab initio calculations [45]. Experiments
in progress also involve multiphoton PI of molecules
induced by kHz femtosecond laser sources.
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