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Molecular frame photoemission by a comb of elliptical high-order
harmonics: a sensitive probe of both photodynamics and
harmonic complete polarization state
K. Veyrinas,a,† V. Gruson,b,‡ S. J. Weber,b,* L. Barreau,b T. Ruchon,b J.-F. Hergott,b J.-C. Houver,a R. R.
Lucchese,c P. Salières,b and D. Doweka
Due to the intimate anisotropic interaction between an XUV light field and a molecule resulting in photoionization (PI),
molecular frame photoelectron angular distributions (MFPADs) are most sensitive probes of both electronic/nuclear
dynamics and the polarization state of the ionizing light field. Consequently, they encode the complex dipole matrix
elements describing the dynamics of the PI transition, as well as the three normalized Stokes parameters s1 , s2 , s3
characterizing the complete polarization state of the light, operating as molecular polarimetry. The remarkable
development of advanced light sources delivering attosecond XUV pulses opens the perspective to visualize the primary
steps of photochemical dynamics in time-resolved studies, at the natural attosecond to few femtosecond time-scales of
electron dynamics and fast nuclear motion. It is thus timely to investigate the feasibility of measurement of MFPADs when
PI is induced e.g., by an attosecond pulse train (APT) corresponding to a comb of discrete high-order harmonics. In the
work presented here, we report MFPAD studies based on coincident electron-ion 3D momentum imaging in the context of
ultrafast molecular dynamics investigated at the PLFA facility (CEA-SLIC), with two perspectives: i) using APTs generated in
atoms/molecules as a source for MFPAD-resolved PI studies, and ii) taking advantage of molecular polarimetry to perform
a complete polarization analysis of the harmonic emission of molecules, a major challenge of high harmonic spectroscopy.
Recent results illustrating both aspects are reported for APTs generated in unaligned SF 6 molecules by an elliptically
polarized infrared driving field. The observed fingerprints of the elliptically polarized harmonics include the first direct
determination of the complete s1 , s2 , s3 Stokes vector, equivalent to (ψ, ε, P), the orientation and the signed ellipticity of
the polarization ellipse, and the degree of polarization P. They are compared to -so far- incomplete results of XUV optical
polarimetry. We finally discuss the comparison between the outcomes of photoionization and high harmonic spectroscopy
for the description of molecular photodynamics.

1. Introduction
Photoionization (PI) is one of the basic processes that allows direct investigation of molecular structure and dynamics; therefore
it is often used as a probe of the relaxation of transient excited molecular states involved in gas-phase photochemical dynamics.
Resulting from the intimate anisotropic interaction between the light field and a molecule, molecular frame photoelectron
angular distributions (MFPADs) are the most sensitive observables of the electronic/nuclear photodynamics induced by
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photoionization, and they simultaneously encode the polarization state of the ionizing light. Consequently, the determination of
MFPADs gives access to the complex dipole matrix elements describing the photoionization transition, as well as to the three
normalized Stokes parameters
ability to derive

s1 , s2 , s3 1 characterizing the complete polarization state of the ionizing light. In particular, the

s3 , whose sign reflects the light helicity, is a result of the circular dichroism in the molecular frame, i.e., the

difference in photoemission when the molecule is exposed to left- or right-handed circularly polarized light. In this work we
discuss two ways that the MFPADs can be combined with the use of ultrafast XUV/VUV pulses to contribute to the tool box of
Ultrafast Imaging of Photochemical Dynamics.
MFPADs can be accessed using different techniques2,3, such as photoelectron spectroscopy (PES) applied to rotationally resolved
excited molecules or to laser-aligned and oriented molecules, or electron-ion coincidence momentum spectroscopy. In the work
presented here we use the latter approach, taking advantage of dissociative photoionization (DPI) of small molecules induced by
XUV radiation to determine fully differential MFPADs. On the one hand, this method has provided a wealth of results on the
photoionization dynamics following inner-valence shell4–6 or inner-shell7–10 ionization of linear molecules or small polyatomic
systems most often induced by synchrotron radiation, whose high repetition rate is well appropriate for coincidence
measurements, i.e., in the weak field regime. On the other hand, the use of MFPADs as a probe of the complete polarization
state of the ionizing light, known as molecular polarimetry (MP) 11, has been benchmarked recently by comparing data relying on
coincident electron-ion 3D momentum spectroscopy and on VUV optical polarimetry12 available on the DESIRS beamline (SOLEIL)
which delivers fully controlled VUV elliptically polarized light 13. This development participates in a substantial effort performed,
in particular in the XUV and X-ray domains at large scale facilities such as synchrotrons 12,14 and free electron lasers15,16, to
characterize and control the polarization state of the light source, a key parameter for a number of experiments addressing
fundamental topics such as chiral properties of matter17,18, ranging from biomolecules to magnetic materials. To our knowledge,
with the use of optical polarimeters including a dephazer element, the MP method is the only in situ approach providing the full
determination of the ( s1 , s2 , s3 ) Stokes vector, equivalent to that of ( ,  , P ) , the orientation and signed ellipticity of the
polarization ellipse, and the degree of polarization P . In particular, for partially polarized light, the MP method enables us to
extract the light helicity

s3

separately from the degree of unpolarized light s4  1  P (sometimes considered as a fourth Stokes

parameter1). One clear advantage of the method11 is its validity across the whole VUV to X-ray range that offers a broad
tunability for applications.
The remarkable development of advanced light sources delivering ultrafast XUV pulses has created unprecedented possibilities
to address and possibly visualize the primary steps of photochemical dynamics in time-resolved studies of ultrafast processes at
the natural time-scale of electron dynamics and fast nuclear motion, ranging from attoseconds to a few femtoseconds. Among
these ultrafast sources stand out free electron lasers (FELs), as well as secondary XUV sources based on high-order harmonic
generation (HHG), resulting from the non-linear interaction between an intense infrared radiation and a gas medium 19.
Ultrashort coherent XUV pulses may serve two types of application schemes: i) an “external probing” scheme in time-resolved
pump-probe PI experiments with controllable delay at the subfemtosecond scale 20–27, and ii) a “self-probing” scheme in the case
of HHG, where the three-step generation process (strong field tunnel ionization, laser driven electronic wave-packet motion, and
recollision of the returning electron leading to photorecombination)28,29 probes the system on the time scale of half a laser cycle,
a technique now referred to as high harmonic spectroscopy (HHS) 30–35. In both approaches the molecular frame (MF)
observables are a unifying concept for characterizing photochemical dynamics via the snapshot mapping of the electronic
density, either in photoemission or by molecular orbital tomography with femto to attosecond temporal resolution. For both
approaches too, the occurrence of specific situations where symmetry breaking in the generation process results in the
production of elliptically polarized coherent sub-femtosecond pulses has been emphasized in recent experiments, e.g., HHG
emission from aligned molecules36,37 or induced by an elliptical IR laser38, or HHG driven by a two-color field involving photons of
opposite helicity39. This context motivates the development of methods for a complete characterization of the harmonic
polarization state providing i) sources with optimized ellipticities for time-resolved investigations of dichroisms and ii) access to
the complex induced dipole vector and insight into the interactions occurring during the HHG process, in particular the dynamics
of the electron-parent ion recombination.
In the work presented here, we report MFPAD studies based on electron-ion coincident 3D momentum spectroscopy in the
context of attosecond molecular dynamics conducted at SLIC facility of CEA-Saclay, with the two perspectives addressed above:
on the one hand, using the generated APT as a light source for PI of target systems characterized at the MFPAD level40–42, and on
the other hand, taking advantage of MFPAD-resolved PI of simple molecules, to perform a polarization analysis of the HHG
emission in high harmonic spectroscopy.
(i) We demonstrate the measurement of complete MFPADs in dissociative photoionization of a chosen molecular target by an
attosecond pulse train: this constitutes the first step towards the study of subfemtosecond time-resolved electron/nuclear
dynamics in molecules where the reaction launched by the APT is either photoionization, or relaxation of a neutral excited state
probed by photoionization, in different pump -probe schemes43.

2 | J. Name., 2016, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins
Journal Name

ARTICLE

(ii) We use the molecular polarimetry to determine the complete polarization state of harmonics generated in SF6 molecules by
an elliptically polarized infrared (IR) field. SF6 features a polyatomic molecule where it was found that strong field ionization
involves contributions from multiple electronic channels, while the recombination step is influenced by resonant transitions due
to the presence of autoionizing states and shape resonances44 trapping the recolliding electron for typically hundreds of
attoseconds before recombination to the ground state occurs. Our MP results are compared with data from optical polarimetry
(OP) in the conditions of the MP study.
The paper is organized as follows. In order to ensure a self-contained content, we remind in section 2 the general expression of
the MFPAD for PI of linear molecules induced by elliptically polarized light, and the subsequent key steps for the extraction of (i)
the dynamical parameters of the PI reaction and (ii) the Stokes parameters, providing the grounds for MP. Section 3 describes
the experimental methodology, where dissociative photoionization of small molecules induced by an attosecond pulse train is
analyzed using 3D-momentum spectroscopy. In section 4, we report the first complete measurements of MFPADs in PI from an
incident APT. In section 5, we apply the MP method to the complete characterization of the polarization state of the HH comb
produced in SF6 gas by an elliptically polarized driving laser. Conclusions and perspectives are given in section 6.

2. MFPADs induced by elliptically polarized light: Methodology for molecular polarimetry
The molecular polarimetry method, previously described 11 relies on remarkable properties of molecular frame photoelectron
angular distributions (MFPADs) induced by elliptically polarized light45,46 as obtained in the study of dissociative photoionization
(DPI) for primarily linear molecules using electron-ion coincident 3D momentum spectroscopy.
Briefly, for DPI of a molecule AB producing an ion fragment A+ and a photoelectron, MFPADs are determined from the correlated
ion fragment recoil velocity VA+ and photoelectron velocity Ve measured for each DPI coincident event (A+,e)47,48.

AB + h ( s1, s2 , s3 )  AB+ + e  A+ + B + e (1)
The extension to inner-shell ionization where PI is followed by Auger decay is straightforward49. For one-photon PI of a linear
molecule, the general expression of the MFPAD in the dipole approximation is a function of three angles, I (e , e ,  ) , for a
linear50 and circular45 polarization of the ionizing light, while it is function of an additional angle, I (e , e ,  ,  ) , in the general
case where PI is induced by elliptically polarized light 11,46. ( e , e ) represent the polar and azimuthal electron emission direction
in the molecular frame (MF) and (  ,  ) the polar and azimuthal ion fragment emission direction in the field frame (FF) or

laboratory frame (LF), as schematized in Figure 1(a). In LF, the zLF reference axis for the (  ) polar dependence is parallel to the
k propagation axis of the ionizing light, with xLF being the reference axis in the polarization plane for the

( )

azimuthal

dependence. In MF, zMF, parallel to the ion fragment recoil velocity, i.e., along the molecular axis in the axial recoil
approximation, and xMF, unitary vector in the plane containing zLF and zMF, are the reference axes for the ( e ) and (e ) polar
and azimuthal dependence, respectively. The MP method relies, on the one hand, on the strong dependence of the MFPADs
induced by linearly polarized light upon the molecular axis orientation relative to the light polarization axis, and, on the other
hand, on the circular dichroism in the MF frame51 which reflects the different responses of the system when exposed to left
(LHC) and right handed circularly (RHC) polarized light, respectively. When PI is induced by elliptically polarized light described by
the three Stokes parameters s1 , s2 , s3 , defined in the LF1, this information is encapsulated in the following analytical form11,46:
 1

1
I (e , e ,  ,  )  F00 (e )  F20 e    P20  cos    t1   P22  cos   
4
 2

 1 1


3
 F21 e      t1    P21  cos   cos e   t2   P11  cos   sin e  
2
2
2


 



 1

 F22 e     P22  cos    t1   (2  P20  cos  ) cos  2e   3t2   P10  cos   sin  2e  (2)

  2

 s3 F11 e  P11  cos   sin e 
with

t1    s1 cos  2   s2 sin  2 

t2    s1 sin  2   s2 cos  2 
This expression is a generalization of the one describing the MFPAD for circularly polarized light 46, where t1

 

and t2

 

average to zero and s3  1 for LHC polarization.
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Considering equation (2) several conclusions are drawn, which will be used in the following sections:

(i) For any (unknown) polarization of the ionizing light, the four F00 ( e ), F20  e  , F21  e  , F22  e  functions can be determined
from the Fourier analysis of the I ( e , e ,  ) measured distribution, ignoring the

( )

MFPADs for any orientation

 

dependence, therefore providing the

of the molecular axis relative to the axis of linearly polarized light 50. Their (l,λ) partial wave

expansion in a Legendre polynomial basis, where l is the angular momentum of the electron in a one center description of the
scattering process and the quantum number λ is its projection on the molecular axis, gives access to the complex transition
dipole moments describing the parallel and perpendicular PI transitions, and the amplitude of their relative phases. Knowing the
sign of these relative phases requires the determination of the F11 ( e ) function, which appears as the mixed product

s3 x F11 ( e ) in the MFPAD expression (Eq.2), as discussed below. Access to these complex transition dipole moments is of high
value for the advanced study of the photoemission dynamics.
(ii) The

s1

I (  , )

s2

and

Stokes parameters describing the linear component of the polarization are extracted by a fitting of the

angular distribution of the ion fragments after integration of the I (e , e ,  ,  ) angular distribution in ( e ) and (e ) :





 cos   1  t1   (3)
2
2

The asymmetry parameter of the ion fragment distribution  is obtained from the (  )
0

I (  ,  )  C P0

while the Fourier analysis in

s1

extracting



 cos   1 





t1    

( )



0

P2

0

can be performed in the projections on P0

dependence after integration in

( ) ,

 cos   and P20  cos   , providing two ways for

and s2 , as illustrated in Figure 1 (a,b,c):




Proj00 ( )  C 1 


2






s1 cos  2  

s2 sin  2  and Proj20 ( )  C ' 1  s1 cos  2   s2 sin  2 

2

(4)

We note that a similar form describes the angular distribution of the photoelectrons in the FF, involving the asymmetry

θe

k
xMF

(c)

zMF
VA+ (χ,γ)
χ
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Fig. 1 (a) Schematic of the relevant angles: ( e , e ) represent the polar and azimuthal electron emission direction in the
molecular frame (MF) and

I (  , )

(  , )

the polar and azimuthal ion fragment emission direction in the laboratory frame (LF). (b)

bidimensional histogram of the (N+,e) events showing the ion fragment polar and azimuthal dependence, for the

studied polarization state S at h = 23.65 eV; the 1D plots show (c) the
according to Eqs. (4), providing two determinations of the normalized
orientation angle

( )

( )

s1, s2

dependence (d) and (e) the

( )

dependences

Stokes parameters, i.e., the polarization ellipse

(see Figure 2). The example shown leads to s1  0.05  0.01 and s2  0.87  0.01 corresponding to an

orientation   133.2  0.3 .

(iii) As for the F11 ( e ) function which characterizes the circular dichroism in the MF, and the

s3

Stokes parameter which

features the helicity of the ionizing radiation, they appear as the product s3 x F11 ( e ) in the expression of the MFPAD
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I (e , e ,  ,  ) . This implies that determination of F11 ( e ) requires an independent measurement with a known s3 helicity, or a
calculation. Vice versa, if F11 ( e ) is known independently, the s3 Stokes parameter is determined from the MFPAD. It is worth
noticing that the MF circular dichroism constitutes the dephasing element of molecular polarimetry. It is also featured by the
dimensionless CDAD (circular dichroism in electron angular distribution) parameter, proportional to F11 ( e ) , which characterizes
the MF left-right emission asymmetry in the polarization plane (ϕe = 90° or 270°) when the molecular axis is perpendicular to the
light propagation axis (χ = 90°)51.
The MP method has been benchmarked using the prototype NO DPI reaction corresponding to ionization of the 4 inner-valence
molecular orbital of the NO(X, 2) molecule (Eq. 5), previously studied11,45,47, which possesses fingerprint properties to act as an
efficient “polarimeter”, and is very well adapted to measure the polarization state of HHs composing an APT, as discussed in
section 4.


1

 3

NO( , 4 5 1 2 )  h  NO ( c , (4 ) )  e  N ( P)  O( P)  e
2

2

2

4

1

3

3

(5)

Reaction (5) is the dominant DPI process for the studied XUV photon energies due to a strong shape resonance centered around


3

30 eV. Dissociation of the NO ( c  ) state is prompt relative to the rotational period and satisfies the conditions of axial recoil as
validated by the detailed comparison of measured and computed angular anisotropies 45,47. Both the asymmetry parameter

N



characterizing the ion fragment emission anisotropy and the MF circular dichroism parameters take significant values (  N  1


and CDAD ranging between 0.5 and 1), which corresponds to favorable conditions for the extraction of the

s1, s2 , s3

Stokes

parameters.
Selecting as an example a polarization state, labelled S, similar to those reported in ref.11 for a photon energy h = 23.65 eV,
Figure 1 displays the key features for the extraction of
summarizes the extraction of

s1

s2 , while Figure 2 illustrates the MF circular dichroism and

and

s3 leading to the full polarization ellipse.
0.14

(a)
N

Intensity (Megabarn)

(b)

O

(c)

0.12
0.1



0.08
0.06
0.04
0.02

(d)

0

0

45
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135

180

Polar angle  (deg)
e

Fig. 2 Illustration of the MF circular dichroism at h = 23.65 eV measured on the DESIRS beamline using circularly polarized
light45: 3D I 90 ( e , e ) MFPADs for   90 induced by (a) RHC ( s3  1 , helicity -1) and (b) LHC ( s3  1 , helicity +1)
polarized light, (c) Extraction of the

s3

Stokes parameter for the S polarization state: the measured  s3 x F11 ( e ) function is

shown (blue: dots and Legendre polynomial line fit); the s3  0.35  0.01 value is obtained here as the ratio between the blue
curve and the reference F11 function (red), corresponding to an ellipticity

  0.2  0.01 . (d) Full polarization ellipse for the S

state, resulting from the measured s1 , s2 , s3 parameters.
Beside the three Stokes parameters, the polarization state can also be characterized by the parameters of the polarization ellipse
which describes the polarized component of the light i.e., the orientation ( ) and ellipticity ( ) 1, and the degree of
polarization P. The ( ,  , P ) quantities are related to the normalized s1 , s2 , s3 Stokes parameters as follows:

tan 2 

s2

,   tan 

with sin 2  

s1

s3
s1  s2  s3
2

2

2

and

P

s1  s2  s3
2

2

2

s4  1  s12  s22  s32  1  P represents the degree of unpolarized light.
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For later comparison with OP, we note that incomplete optical measurements relying on the Malus law such as those described
in section 3 lead to the determination of the two Stokes parameters

unpolarised components. One gets only an “upper bound ellipticity”

 ub

with sin 2  ub  s3ub , s3ub

the ellipse orientation

( )

and

s12  s22 , but do not provide information on the circular and the

the amplitude of the linear component of the polarization

 ub  tan ub

( s1, s2 ) , equivalent to

 1  s12  s22

and

( ub )

defined as:

 ub  0

coincides with the absolute value of the ellipticity for fully polarized light P  1,

 ub   .

As for the HHG emission, due to the absence of practical XUV dephasing elements, only incomplete optical polarimetry
measurements have been performed up to now, assuming a totally polarized light (P=1), thus leading to a possible over estimate
of the ellipticity. We point out that the Stokes parameters, as well as the parameters of the polarization ellipse and degree of
polarization, are quantities averaged in time and space: they provide an effective description of a temporally and spatially
variable field - such as the harmonic field - as the sum of a steadily polarized and unpolarized parts.

3. Combining 3D-momentum spectrometry with APT generation: experimental methodology
We now turn to the combination of the 3D-momentum spectrometry with APT generation. The experiments have been
conducted on the PLFA beamline at SLIC facility of CEA Saclay52. A schematic of the setup is shown in Figure 3. The infrared laser
delivers pulses at 800 nm with up to 8mJ energy, 50 fs pulse duration at 1 kHz repetition rate. For the SF 6 experiment (Fig. 2a),
linearly polarized pulses of about 1mJ are made elliptically polarized through a quarter wave plate whose rotation  determines
the signed fundamental ellipticity

 fun

 tan( ) as well as the direction of the main axis of the ellipse. The IR beam is focused

with a 85-cm lens into an effusive gas jet of SF6 molecules under vacuum. It is then filtered out of the generated harmonics with
a 200-nm aluminum foil (not shown). The harmonics are then refocused in the ion-electron coincidence 3D momentum
spectrometer CIEL52 using a 11.5° grazing incidence angle, 22x6 cm size 60-cm focal length toroidal gold mirror. A special care has
been taken to characterize the transmission of the polarized harmonics by the toroidal mirror: its action has been calibrated
using the MP method, providing

s1, s2 , s3

Stokes parameters for a series of known linear polarizations of the incident

harmonics, that is probing the complex reflectivity for the s and p components for the four studied harmonic energies using
Mueller matrix formalism, as briefly discussed in the data analysis of the measured Stokes parameters.
A motorized gold mirror can be inserted upstream from the toroidal mirror. It intersects the light beam at 45° and directs the
beam toward a second gold 45°-incidence mirror and an XUV spectrometer (composed of variable groove spacing grating, microchannel plates and phosphor screen detector). This allows monitoring directly HHG in order to optimize efficiency and beam
steering, but also to perform Optical Polarimetry, i.e., Malus' law type polarization analysis using the two 45° reflections as an
analyzer. Indeed, the difference of reflectivity between the s and p polarization components amounts to a factor 20 in the 15th25th harmonic spectral range (23.25-38.75 eV). Instead of turning the analyzer, we use the property that HHG is a field-driven
process, the polarization of which in an isotropic target gas is determined by the driving laser. We thus rotate continuously the
laser polarization ellipse by an angle 𝜃 using a half-wave-plate inserted before the focusing lens, and record the HHG yield 𝐼𝑞 (𝜃)
for the different harmonic orders q on the spectrometer. For a perfect analyzer, this would give the following dependence, also
called Malus’ law:
1
𝐼𝑞 (𝜃) = [𝑆0 + 𝑆1 cos(2𝜃) + 𝑆2 sin(2𝜃)] (6)
2

The fit of the HHG yield variation with a Malus law taking into account the imperfect analyzer provides the values of the two
normalized Stokes parameters: 𝑠1 = 𝑆1 /𝑆0 and 𝑠2 = 𝑆2 /𝑆0 , from which one gets the direction of the harmonic ellipse ( ) , and
an upper bound for the magnitude of the ellipticity

 ub

(see section 2). Indeed, this incomplete OP cannot disentangle the

circular part of the polarization (measured by 𝑠3 ) from the unpolarized part. Performing a complete OP would require measuring
in addition the variation of the HHG yield 𝐼𝑞 (𝜃) in presence of a dephasing element, like an XUV quarter-wave plate which is not
yet available, or using the dephasing induced by reflection on metallic mirror, that comes along with a strong signal attenuation.
In most of the published work except for few studies 53,54 the harmonic emission was considered to be fully polarized, so that it
was assumed that

 ub  

.
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Fig. 3 Schematic of the experimental set-up combining the HHG PLFA beamline and the electron-ion 3D-momentum
spectrometer.
The XUV light beam directed into the CIEL 3D momentum spectrometer induces PI of the gas target, here mainly NO molecular
and He atomic targets, produced by a two skimmer supersonic expansion. The supersonic jet and ultrahigh vacuum chambers
originate from a previous version of the COLTRIMS type apparatus 55,56 which combines electric and magnetic fields to guide ions
and electrons. The advanced version of the spectrometer based on the two delay line time and position sensitive detectors (DLD
PSDs RoentDek), including an electrostatic focusing lens for the ion trajectories 48, ensures a 4 collection of both particles, for
the studied DPI processes. An eight-channel time-to-digital converter is used to encode the DLD time signals, providing the
position for each particle of the (A+,e) coincident events as well as the ion time of flight (TOF), while the electron TOF is encoded
using a synchronized time to amplitude converter.
One issue for the present measurements was the 1 kHz repetition rate of the laser, which restricts to about 50 c/s the overall
coincidence count rate. This imposed few hours of stability for each measurement on the NO target. The subsequent statistics
for these measurements is discussed in the next sections. This situation has motivated complementary measurements relying on
PI of the He target which are not discussed here.

4. MFPADs for PI induced by an attosecond pulse train (APT)
In this section we report the first I ( e , e ,  ) complete MFPADs subsequent to the interaction of an APT with a molecular target,
based on the (VA+, Ve) vector correlation analysis of dissociative photoionization processes. Building on the experience in
femtochemistry57, two strategies have prevailed so far in the few studies of MFPADs in PI of simple molecular targets by
attosecond pulses. The first one relies on the impulsive alignment of small molecules such as O 2, N2, CO, CO2 using a nearinfrared laser and taking advantage of the periodical revival of the rotational wave packet to ionize the molecules at the
maximum of field-free alignment or anti-alignment with a properly delayed APT 40. The energy and I ( e ) angular distributions of
the photoelectrons were obtained after processing an Abel inversion of the images recorded by Velocity Map Imaging (VMI) and
could be assigned to the parallel and perpendicular transitions for the different ionic channels and photon energies in the
harmonic comb. Secondly, despite HHG sources usually having rather low repetition rate (1-10 kHz), they allow 3D momentum
electron-ion coincidence spectroscopy: first complete measurements of I ( e , e ,  ) MFPADs were demonstrated in dissociative
photoionization of H2 and D2 induced by spectrally filtered single high harmonic, following resonant excitation of doubly excited
auto-ionizing states41, and traced as a function of the kinetic energy release of the atomic fragments. This prototypical reaction
features a dynamical interplay between the electronic and nuclear motions at the 1-5 femtosecond time scale, giving rise to
quantum interferences between distinct reaction pathways and remarkable symmetry breakings, and it stands as a model
process for state of the art calculations 58,59. A related study, based on a similar electron-ion coincidence technique and using a
broad band APT, focused on the dependence of photoelectron emission asymmetries in the MF which also illustrates nicely
those symmetry breakings42.
The present study is illustrated by DPI of NO molecules as motivated earlier, and more specifically on the prototype reaction
(Eq.5). We use for the ionizing radiation the APT generated by SF 6 molecules driven by elliptically polarized IR laser, the
polarization state of which will be characterized using the MP technique in Section 5. Inner-valence ionization of molecules
usually involves several DPI processes corresponding to PI into distinct molecular ionic states and dissociation channels, each
“reaction pathway” being assigned by the intermediate ionic state and the populated dissociation channel. The first step in the
analysis of the (A+,e) DPI coincident events consists of disentangling the reaction pathways, based on the resolving power of the
electron-ion kinetic energy correlation (KEC) featured in KEC diagrams (KECDs)47,60, and relying on the total energy conservation
( h   D  E e  KER ) , where  D is the asymptotic potential energy at the dissociation limit,  e and KER are the
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photoelectron energy and the kinetic energy release of the two heavy atomic/molecular fragments, respectively. Typical KECDs
are displayed in Figure 4(a,b) for one-photon PI corresponding to DPI of the NO molecule induced by (a) a one-photon-energy
pulse at SOLEIL, here h = 23.65 eV as discussed above and (b) an APT produced by HHG from the SF 6 gas. In Figure 4(a) three DPI

3
1
processes are identified, which correspond (I) to PI into the first NO ( c , (4 ) ) ionic state followed by dissociation into the
 3
3

1
1

1 
1
N ( P)  O( P)  e limit and has the largest intensity, and (II) and (III) to PI into the NO ( B , (4 ) ) and NO ( B '  , (1 ) )
 3
3
 1
3
ionic states dissociating into the N ( P)  O( P)  e limit (II) and the two close lying ones N ( D)  O( P)  e and/or
 3
1
N ( P)  O( D)  e (III)47.
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e

Fig. 4 KECDs characterizing DPI of NO induced by (a) synchrotron radiation at h = 23.65 eV (b) an APT generated on the SF6 gas
medium; (c) Photoelectron spectrum reflecting the HHG spectrum (H15 to H25) convoluted with the PI cross section for Eq.5 (4
collection of electrons and ions) extracted from the KECD shown in (b) after the 0.25 eV  E N   0.55 eV ion-fragment energy
selection.
The KECD presented in Figure 4(b) for DPI induced by the APT shows well resolved peaks corresponding to the same

E N   0.4 eV ion fragment energy and different E e electron energies, separated by 3.1 eV, i.e., the energy difference between
two successive odd harmonics in the APT. These structures are assigned to the dominant DPI process (Eq.5) produced by the


3

harmonics comb, with energies larger than the ionization potential of NO into the NO ( c , v  0) ionic state IP = 21.7 eV,
namely from harmonic H15 up to H25 in the present experiment. Such a KECD reflects the superposition of as many one-photonenergy KECDs as there are contributing HHs in the APT. To ensure a valid interpretation of the KECD assigned to the APT, as well
as to provide reference data for the MF circular dichroism at the H15-H23 photon energies, we have performed a series of
complementary experiments on the DESIRS beamline at SOLEIL synchrotron using circularly polarized light at the same
energies61,62. These results establish that there is no significant overlap between the resolved structures assigned to DPI into the


3

NO ( c  ) ionic state, and other DPI processes that might result in comparable (E N  , E e ) positions in the KECD, so a proper
selection of the processes enable us to proceed to the MFPAD analysis for each harmonic. The reason why weaker processes (II)
and (III) resolved in Figure 4(a), or the other DPI processes induced at the higher photon energies, do not provide any significant
contribution in Figure 4(b) is, first, the intrinsically weak probability of process (III) and, second, the significant discrimination of
processes leading to more energetic N+ fragments at the extraction field chosen for the HHG experiment to ensure a 4
collection of process (I) (Eq.5). Furthermore, scrutiny of the one photon energy KECDs ensures that a unique selection of reaction
(Eq.5) induced by the APT is achieved when the 0.25 eV  E N   0.55 eV ion fragment selection is performed. As a result, in the
photoelectron spectrum displayed in Figure 4(c) corresponding to this selection, the resolved peaks reflect PI of NO into the


3

NO ( c  ) ionic state for each of the HHs composing the APT: it features directly the HHG spectrum for harmonics H15 and
higher, convoluted by the total photoionization cross section corresponding to Eq.5. Experimental and/or theoretical PI cross
sections can be used as reference to restore the original HHG spectrum63,64.
Figure 5 displays I ( e , e ,  ) complete MFPADs, subsequent to the interaction of an APT with the NO molecular target, derived
from the measured I ( e , e ,  ,  ) angular distribution for selected processes in the KECD, after integration on the  angle. Here
the APT was generated in SF6 gas by an elliptically polarized IR laser

 fun  0.2 ,

the elliptical polarization of the HHs being

unknown at this level. Selecting as an example the peak assigned to PI by the H17 harmonic, at photon energy h = 26.35 eV, the
complete MFPAD is determined by the extraction of the five FLN ( e ) functions implemented in (Eq. 2). The four

F00 ( e ), F20  e  , F21  e  , F22  e  are displayed in Figure 5(a) providing the I ( e , e ) MFPAD for any orientation of the
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molecular axis relative to the axis of linearly polarized light, shown in Figure 5(b) for three meaningful orientations   0, 90
featuring the parallel and perpendicular transitions, and   45 , where a coherent superposition between parallel and
perpendicular orientations occurs. In Figure 5(a) the FLN ( e ) functions are compared with those measured at SOLEIL at photon
energy h = 26.35 eV. Despite the rather low statistics in the HHG measurements at the 1 kHz laser rep-rate, reflected by the
statistical error bars (e.g. here 3000 events in the selection), the comparison shows that the main characteristics of the MFPADs
are fairly well determined. This is a striking demonstration of the potential of the FLN -based data analysis methodology, since all
events collected for a given process are used to generate the MFPAD for each selected orientation of the molecule. The 3D plots
of the I ( e , e ) MFPADs for the selected orientations illustrate remarkably well the partial wave expansion different for the
parallel and perpendicular transitions resulting from the linear combinations of F00  e  and F20  e  , and including the
azimuthal dependence described by the F21  e  and F22  e  as soon as the cylindrical symmetry is broken ( 
Expanding the FLN

 0 ).

functions in Legendre polynomials enables us to extract the complex dipole matrix elements for the PI

transition. Extraction of the F11  e  function multiplied by the

s3

Stokes parameter, completing the dipole matrix elements, is

conveniently presented in the next section where the MP method is applied.
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Fig. 5 (a) Measured F00 ( e ), F20  e  , F21  e  , F22  e  functions for DPI induced by the harmonic H17 of the APT (blue dots, and
Legendre polynomial line fit), compared with the FLN ( e ) measured at SOLEIL at h = 26.35 eV (red line); both measurements
are normalized to the corresponding MCSCI computed cross section for reaction Eq.5, such that the total cross sections


F





 are identical; (b) I ( e , e ) MFPADs for three meaningful orientations   0, 90 featuring the parallel

00 ( e ) sin( e ) d e

0

and perpendicular transitions, and   45 involving their coherent superposition. The emission diagram in the MF results from
the interference of the lλ partial waves building up the electronic wave function in the continuum for the parallel and
perpendicular transitions, described by the complex dipole matrix elements. The 3D plots are based on the Legendre polynomial
fit of the FLN functions.
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As an illustration of the PI dynamics in this region, Figure 6 displays the evolution of the parallel transition with the HH order,


3

scanning the photon excitation energy across the * shape resonance of the NO ( c  ) ionization channel45,64, very well
predicted by multichannel Schwinger configuration interaction method (MCSCI) when the effects of the dynamic electronic
correlation, i.e., the correlated motion of the photoelectron and electrons of the target are included45,50. The dominance of the f
partial wave and the  increase of the phases of the matrix elements can therefore be discussed in this context where significant
interchannel coupling occurs. At the maximum of the shape resonance, around 30 eV, i.e. H19, it leads to a strong electron
emission anisotropy, favoring electron ejection along the molecular axis in the direction of the O end of the NO molecule.

H17

H15

H19

H21

N

O

Fig. 6 Evolution of the I ( e ) MFPAD for the

  0

orientation, featuring the parallel transition, across the energy region


scanned by the H15-H21 harmonics, corresponding to the shape resonance of the NO ( c ) ionic state. The 3D plots are based
3

on the Legendre polynomial fit of the measured FLN functions (see Fig. 5).
These results open perspectives for time-resolved MFPAD studies at the attosecond time scale, with the goal to probe the
evolution of e.g., the electronic density in a transient excited molecular state through photoionization. At the same time, the fast
and striking evolution of the MFPAD along the shape resonance shown in Fig.6 illustrates the important role of the PI dynamics,
i.e., here the influence of the electron-ion scattering process including dynamic electronic correlation.

5. Molecular polarimetry: an in situ tool for polarization analysis in high-order harmonic spectroscopy
(HHS)
High-harmonic spectroscopy of unaligned SF6 molecules38,44,65 pertains to recent experimental and theoretical studies aiming at
the extension of this ultrafast metrology to polyatomic molecules 32,66–70, with a focus on the role of non-adiabatic multi-electron
dynamics and coherent superposition of multiple channels. Different HHS methods were combined to characterize HHG from the
SF6 generation medium44, among which the investigation of the spectral dependence of the parameters describing the
polarization ellipse of the XUV harmonics. Optical polarimetry measurements based on the Malus’ law, in terms of the ellipse
orientation and the upper bound ellipticity
to H17 for an ellipticity

 fun  0.2

 ub , showed unprecedented values ranging between 0.8 and 0.6 for harmonics H13

of the 800 nm driving laser38. The produced elliptically polarized HHG source was

subsequently used to measure photoelectron circular dichroism (PECD) 71 on chiral molecules38, i.e., to characterize the electron
emission forward/backward asymmetry along the propagation direction of the light. Such measurements should provide the

s3

Stokes parameter, if the PECD is calibrated independently and if the contribution of each HH can be resolved in the
photoelectron spectra.
We applied the MP method to the analysis of the APT generated in SF 6 by an elliptically polarized driving IR laser, with the goal of
probing the complete polarization state of each HH composing the APT, expressed in terms of the s1 , s2 , s3 Stokes parameters,
or the ( ,  , P ) quantities characterizing the polarization ellipse and the degree of polarization P. The analysis of the measured

I (  ,  ) histograms and the s3 x F11 ( e ) functions for the four DPI processes induced by the H15-H21 major harmonics proceeds
along the lines described in section 2.
For the extraction of the

s3

Stokes parameters, we rely on the reference F11 ( e ) functions which were measured on the

DESIRS beamline at SOLEIL at the same photon energies 62, and are well predicted by MCSCI calculations45: for each harmonic, the

s3

value is obtained as the ratio between the s3 x F11 ( e ) curve and the reference F11 ( e ) function at the corresponding

photon energy. s1 and
illustrated in Figure 1.

s2

are derived from the analysis of the I (  ,  ) histograms for each harmonic according to the method
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However one additional step has to be included in the data analysis, which accounts for the modification of the polarization state
of the HHGs which is likely to be introduced by optical elements, in particular the toroidal gold mirror which focuses the XUV
pulses at the center of the COLTRIMS spectrometer. As mentioned in the experimental section, the action of this mirror has been
characterized using the MP method, providing

s1, s2 , s3

Stokes for a series of known orientations of the incident linearly

polarized XUV field (i.e., that of the infrared laser), and modeled with a designed Mueller matrix which includes transmission
parameters for the four relevant harmonics. The other optical element crossed by the XUV pulses is the metallic Al filter which
has a flat response in the region of interest and should not influence the polarization state. In the data reported in the following
the Mueller formalism was used to determine the complete polarization state for each harmonic in terms of the normalized
Stokes vector upstream from the mirror, based on that directly measured after transmission by the mirror.
Figure 7 illustrates the extraction of the s3 Stokes parameters for the four harmonics downstream from the mirror: the MFPADs
display significant right-left asymmetries which demonstrate that large positive s3 values are obtained, in particular for H15 and
H17.
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(   90) orientation of the molecular axis relative to the propagation axis of the APT

 0.23 of the driving IR laser, for the H15 to H21 harmonics: the significant right-left emission anisotropies

reflect the HH dependent

s3

Stokes parameter and F11 function (b) Cuts of the MFPADs in the polarization plane (ϕe = 90° or

270°) displaying the largest CDAD anisotropy (c)

s3 x F11 ( e )

for H17 (blue dots and Legendre polynomial fit line) compared to

the reference F11 function at h = 26.35 eV (red line): the s3  0.76  0.05 value is obtained as the ratio between the blue curve
and the reference F11 function (red); the measured values downstream from the mirror are shown at the bottom of the figure,
with ±0.05 error bars,

while the values upstream from the mirror amount to

s3  0.78, 0.77, 0.51, and 0.22 ( 0.05) ,

respectively, using the Mueller formalism (see text).
Stokes parameter, in particular s3  0.8  0.05 for H15 and H17, demonstrate
unambiguously the large degree of polarization and the quasi-circular character of the polarization state for these harmonics,
corresponding to a positive ellipticity   0.70  0.06 . For H19 and H21 the sign remains positive while the magnitude of the
ellipticity decreases.
The large values determined for the

s3

In Figure 8 we present the results obtained with the MP method for two
(which we would rather attribute to

( )

 fun

 0.23 and

 fun

( ) ,

 fun

values of opposite sign close to

 fun  0.2

 0.17 in the MP measurement), in terms of the polarization

P . Figure 8 also includes the
results of optical polarimetry based on Malus’ law obtained at SLIC-PLFA in terms of the orientation ( ) and the upper bound
ellipse parameters, orientation

value

and ellipticity

as well as the degree of polarization

 ub .
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 fun

Second row: OP (d) Orientation of the polarization ellipse

relative to the reference direction of the driving IR laser (b)

 0.23 (blue dots) and  fun  0.17 (red dots).

( )

a negative sign to facilitate the visualization of the result), for

relative to that of the driving IR laser (e)

 fun

 0.2 (blue dots) and

 fun

 ub (affecting artificially

 0.2 (red dots).

The orientation displayed in Fig. 8(a) as a function of the harmonic order, derived from the values of
increases from about 5° to 40° from H15 to H17 for
observed for

 fun

 fun

s1

and

s2 , strongly

 0.23 , and then remains rather stable. A quasi-symmetric behavior is

 0.17 . The main trend is in good agreement with the variation shown by the PLFA-OP results in Fig. 8(d),

displaying smaller error bars than the MP ones for statistical issues inherent to the present MP experiment. It compares fairly
well with the previous OP measurements of ( ) reported by Ferré et al.38,44, although we do not observe in the MP and PLFAOP data the reported sign change of the orientation angle between H15 et H17: this might be attributed to the “quasi-circular”
polarization at such HH energies, where the ellipse orientation nearly vanishes leading to larger uncertainties in its
determination, or to the high sensitivity of the polarization characteristics to the generation conditions, e.g. a different detuning
from resonances in this energy region. As noted above, measuring

s3 , in addition to s1

and

s2 , provides an unambiguous

  0.70  0.06 for H15
  0.31  0.03 and   0.12  0.04 for H19 and H21, for  fun  0.23 . This demonstrates that the large  ub

determination of the ellipticity of each HH, including its sign, ranging here from

and H17 down to
found for H15 and

H17 in OP reported by Ferré et al.38,44 , and presently measured at SLIC-PLFA, is indeed due to the high degree of ellipticity of the
polarization and not to a significant depolarization for these HHs.
The polarization degree shows, for the case

 fun

 0.23 , some deviation from the maximum value of 1 for the resonant

harmonics 15 and 17, although with big error bars. The case

 fun

 0.17 does not show this trend, which could possibly be

s1 and s2 , in particular for H17. A higher repetition rate in future experiments
will allow increasing the statistics and thus reducing these error bars in order to reach final conclusion on the presence of
depolarization in this case.
These polarization characteristics are providing insight into the complex interactions occurring during the HHG process in the SF6
molecule. It was proposed44 that the first step, i.e., strong field ionization involves contributions from multiple electronic
channels, while the recombination step is influenced by resonant transitions due to the presence of autoionizing states and
shape resonances trapping the recolliding electron for typically hundreds of attoseconds before recombination to the ground
state occurs. The specific behavior observed for H15 and H17 was related to the presence of the 5t1u  t2g shape resonance in
the A channel that dominates the harmonic emission in this spectral range, as shown by complex Kohn computations of valence
PI total cross sections involving strong intercoupling effects 72. The influence of resonances was then investigated using 2D-TDSE
simulations for Ar atoms (see the supplementary information of 38), and it was found that they result in a structuring of the
returning electron wavepacket and an increase of the perpendicular component of the dipole in the radiative recombination step
due to an unprecision in the determination of

of the HHG process. The high

 ub

values (assimilated to ( ) ) measured in SF6 were then attributed to such an effect induced by

5t1u  t2g shape resonance. The reported MP measurements prove that the harmonic emission is indeed highly elliptical, which
strengthens the proposed interpretation in terms of resonance. Furthermore, some degree of depolarization is expected in such

12 | J. Name., 2016, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins
Journal Name

ARTICLE

a case, because the polarization characteristics should be highly dependent on the detuning from the resonance, inducing
spectral variations inside the harmonic bandwidth38. This calls for more precise MP measurements using a high repetition rate
laser. With the direct determination of the signed ellipticity and of the degree of polarization, these results complement those
obtained previously for SF6 and demonstrate the potential of the MP method to access the complete state of polarization of the
HHs composing an APT. The interpretation of the striking fingerprints of the

 fun

and harmonic order dependent polarization

state of the HHs composing the APT generated on SF 6 molecules, in particular the large ellipticities and strong variation of the
ellipse orientation in the H13-H17 range, calls for additional theoretical studies.

6. Conclusion
In the work presented we have reported MFPAD studies based on coincident electron-ion 3D momentum imaging in the context
of ultrafast molecular dynamics investigated at the SLIC facility of CEA-Saclay, with two perspectives, namely i) using APT
generated in atoms/molecules as a source for PI studies performed at the level of MFPADs, and ii) taking advantage of MFPADresolved PI of simple molecules to perform a polarization analysis of the HHG emission in molecules, a major challenge of high
harmonic spectroscopy.
The ability to measure I ( e , e ,  ) complete MFPADs induced by an APT opens perspectives for two-color pump-probe timeresolved MFPAD studies at the attosecond time scale, with the goal to probe the evolution of e.g., the electronic density in a
transient excited molecular state through photoionization. Entangled with the intrinsic properties of the ionized molecular
orbital, the PI dynamics at play during the electron-ion scattering process has major impact on MFPAD. This points to the need
for a thorough description of the PI processes, as aimed by different ab initio theoretical approaches.
This direction calls for extensions of the FLN based method for extraction of the MFPADs to a two(multi)- photon PI process
(pump-probe) on the one hand, as well as to non-linear small polyatomic molecules, providing then recoil frame photoelectron
angular distributions (RFPADs), on the other hand. This type of extension was discussed recently for e.g., the description of DPI
of the NO2 molecule induced by one-photon73 and multi-photon74 absorption. The vibrational dynamics at conical intersections,
electronic correlations and quantum interferences, or isomerization reactions, are e.g., some of the key processes which can be
advantageously studied at the detailed level of time-resolved RFPADs both experimentally and theoretically in small model
molecular systems43.
In this work, the MP method has been applied to the complete determination of the polarization state of the harmonic comb in
APTs generated in SF6 molecules by an elliptically polarized driving field. We have investigated two other cases where symmetry
breaking in the generation process results in the production of elliptically polarized harmonics, well identified in recent
literature, namely HHG driven by two color counter rotating circularly polarized fields in Ar atoms, and HHG driven by linearly
polarized light in aligned N2 molecules [in preparation]. One outcome and issue of these first results is the evaluation of
depolarization of the generated HHs, in particular in the study of HHG from aligned molecules. It raises interesting questions on
the different possible origins of depolarization53,54, which will be addressed in future work.
Both above perspectives (i) and (ii) will be pursued, taking advantage of the current development of high repetition rate (> 1 kHz)
HHG sources for future experiments, such as the 10 kHz FAB10 ATTOLAB source, allowing a significant increase of the statistics.
Finally, the investigation of MFPADs or RFPADs induced by an APT contributes to the ongoing comparison between PI and HHS
studies, i.e., the complementary insights on photoinitiated ultrafast electronic and nuclear dynamics in molecules which can be
extracted from the two approaches, respectively. In PI, the I ( e , e ,  ) MFPAD describing photoelectron emission at the
microscopic level gives the most complete access to the partial wave resolved complex dipole matrix elements, at each photon
energy. On the other hand, in a gas medium HHS observables build up coherently from the microscopic to the macroscopic level,
under condition of phase-matching between the nonlinear polarization and the harmonic field.
Gathering theoretical concepts relevant for HHG and PI, the quantitative rescattering theory (QRS) for linear aligned
molecules75,76 and unaligned polyatomic molecules66 provides an illustrative theoretical framework for the description of the
HHG process, where the photorecombination step is considered as time-reversed PI. Strengthening the fruitful combination of
thorough MFPAD-PI and HHS studies, both in experiments and theory, should provide more insight into the specificities of the
strong-field driven dynamics in HHG beyond the QRS theory (see 77 and references therein).
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