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Complete determination of the state of elliptically polarized light by electron-ion vector correlations
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We propose a method, molecular polarimetry, applicable to an extended VUV–x-ray range, allowing us
to determine the complete state of elliptically polarized light, including the challenging disentanglement of
the circular and unpolarized components. It relies on the determination of the molecular frame photoelectron
angular distributions derived from electron-ion velocity vector correlations in dissociative photoionization of
simple molecules. The high accuracy of the full set of Stokes parameters determination has been established by
comparison with data obtained in parallel with a VUV optical polarimeter used as a benchmark.
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I. INTRODUCTION

As a vectorial property of light, polarization is able to reveal
fundamental geometrical and symmetry properties of matter.
Circularly polarized light (CPL) defines a three-dimensional
(3D) orientation in space so that it is sensitive to both intrinsic
molecular chirality [1,2] and extrinsic chirality where the
handedness is achieved by the combined system of photon
and molecule [3–5]. The latter is illustrated, e.g., by the
circular dichroism in the angular distribution (CDAD), which
measures the variation of the molecular frame photoelectron
angular distributions (MFPADs) of an achiral molecule when
exposed to left- or right-handed CPL [6–11]. Reciprocally,
matter may probe the polarization of incident light. The
simplest example is that of PADs of atoms in photoionization
(PI) induced by linearly polarized light which presents an
anisotropy, encapsulated in the asymmetry parameter βe,
whose intensity scales with the degree of polarization ([12]
and references therein). This was confirmed by Takahashi et al.
[13], who probed the linearly polarized components of light,
by measuring the PADs using a velocity imaging analyzer in
the PI of He, and provided a direct comparison with an optical
method based on a single rotating multilayer polarizer.

With the unprecedented performance of novel VUV and
x-ray sources, such as high harmonic generation (HHG),
free-electron lasers (FELs), or third generation synchrotron
radiation (SR), more experiments relying on light-matter
interaction call for an accurate knowledge of the polarization
state of the incident or emitted light in order to understand and
normalize CD data [14], as well as to optimize the production
of CPL and unravel possible distortions due to the light
generation process itself or to the optics used to shape the
beam [15,16].

There is therefore a crucial need for in situ polarimetry
providing an accurate full polarization ellipse determination.
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This is usually achieved by optical methods using sophisticated
in vacuo polarimeters based upon reflections on mirrors
in the VUV range [17] or reflections and transmission on
multilayers in soft–x-ray range dedicated ellipsometers [18],
providing the normalized Stokes parameters (s1, s2, s3) which
characterize the linear (s1, s2) and circular (s3) polarized
intensities [19]. However, such polarimeters operate in general
only at a few selected wavelengths [20], so that their use
appears limited especially as realization and characteriza-
tion [21] of optics in such ranges are very challenging.
Another method consists of transforming short-wavelength
radiation into UV-visible radiation using, e.g., resonance
absorption in the VUV range and subsequent fluorescence
[22,23].

Several alternative polarimetry techniques are based upon
the measurement of the intensity of various types of CD on
a reference sample. This is for instance the case of x-ray
magnetic CD (XMCD) which can provide quite accurate
values of s3, and only s3, [24] at a few selected photon energies
in the soft–x-ray range corresponding to absorption edges of
the considered material.

Nonoptical methods aiming at the determination of the full
polarization ellipse, and especially the challenging disentan-
glement of the circular and unpolarized components, require
to set a handedness in the probe system and to measure a CD
effect. In one-photon PI of atoms or achiral molecules, it is
achievable if three noncoplanar vectors can be defined. In the
pioneering scheme of Lörch et al. [25] addressing PI of atoms,
an angle-resolved photoelectron–Auger-electron coincidence
setup allowed them to extract all Stokes parameters for
partially polarized soft–x-ray light. This method, restricted
to inner-shell ionization involving Auger decay, requires a
precise knowledge of the PI matrix elements including their
relative phases. A recent theoretical study predicting a CD
in photoelectron spectra structured by the sidebands in IR
laser-assisted XUV short-pulse PI of atoms [26], also pointed
out that this effect could be used for measuring circular
polarization of x rays.
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In this paper, we present an original molecular polarimetry
(MP) method relying on dissociative photoionization (DPI)
of simple molecules valid over the whole range from VUV
to x-ray wavelengths [27,28]. It is based upon the analysis
of the (Vi+, Ve, k) noncoplanar vector correlation, where
Vi+ and Ve are the coincident electron-ion velocity vectors
and k is the light propagation axis. By comparison with data
obtained in parallel using an in situ insertable VUV optical
polarimeter [29], we show that indeed a molecule is able to
accurately disclose the full polarization ellipse and absolute
rate of polarization of an incoming photon, even in the case of
a general elliptical polarization.

II. EXPERIMENTAL METHOD

The polarization state of the light is described by
the four normalized Stokes parameters (s1,s2,s3,s4) [19].√

s2
1 + s2

2 + s2
3 and s4 = 1 −

√
s2

1 + s2
2 + s2

3 represent the in-
tensity of the polarized and unpolarized components respec-
tively.

Experiments were performed on the DESIRS VUV beam-
line at SOLEIL [30], equipped with a variable polarization
undulator able to produce any tailored polarization ellipse, and
using the vector correlation (VC) method [31], which consists
of measuring in coincidence the emission velocity vectors of
the ion fragment and the photoelectron resulting from each
single DPI event. Briefly, the interaction region located at
the center of the VC double velocity spectrometer [32,33]
is defined by the intersection between a supersonic molecular
beam and the elliptically polarized SR (k propagation vector
along the y axis; see Fig. 1).

Ions and electrons are guided to their respective time and
position sensitive detectors by a dc electric field E coupled to
a set of focusing electrostatic lenses, such that a 4π collection
of both particles is ensured. The Vi+ ion fragment and Ve
electron vectors are derived from their impact positions and
time of flights. Note that this 3D electron-ion imaging requires
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FIG. 1. (Color online) Scheme of the experimental setup includ-
ing the optical VUV polarimeter and the VC spectrometer acting
as molecular polarimeter (a). Sketch of the Vi+(χ ,γ ) and Ve(θe,φe)
velocity vectors and emission angles in the laboratory (ion) and
molecular frame (electron), respectively (b).

that the SR is operated in the temporal structure mode of
SOLEIL (147-ns period, 50-ps pulse width), although more
limited information is obtained using the quasi-cw multibunch
mode as discussed below.

Just upstream from the VC setup, with no optics in between,
sits the insertable in situ VUV optical polarimeter [29].
It is based upon two co-axially rotating elements, acting
respectively as a dephazer and an analyzer by reflexions on
a prism and a flat mirror. The measurement of the modulated
transmitted flux as a function of the two azimuthal angles
of the rotating elements provides the four Stokes parameters
without any prior knowledge of the optical properties of the
polarimeter. The optical polarimetry (OP) measurements were
made, in vacuo, just before the VC measurements, which
were carried out by simply removing the prisms from the
beam.

III. RESULTS

We demonstrate the MP method by studying the benchmark
DPI reaction of the NO molecule induced at a photon excitation
energy of hν = 23.65 eV:

NO(X 2	) + hv(ê) → NO+(c 3	) + e

→ N+(3P ) + O(3P ) + e, (1)

leading to ion fragment and photoelectron kinetic energies of
�0.4 eV and �1.9 eV respectively [31,33]. This process was
chosen because (i) the dominant parallel character (
� =
0) of the electric dipole transition (1) results in a significant
N+ emission anisotropy characterized by an asymmetry
parameter βN+ � 1 [31]; (ii) the CDAD is significant [10].
The (N+,e) coincident events attributed to reaction (1) are
selected using the electron-ion kinetic-energy correlation
diagram (KECD) derived from the scalar analysis of the
(VN+, Ve, k) vector correlation [31]. Figure 2(a) displays
three 2D histograms of these events as a function of the Vxi

and Vzi components of the N+ velocity in the polarization
plane perpendicular to the propagation axis k, obtained for
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FIG. 2. (Color online) (Vxi , Vzi) 2D histograms of the (N+,e)
events for reaction (1) for three selected polarization states of the light
(see text) (a) and corresponding (Ex , Ez) normalized polarization
ellipses retrieved by optical (OP: blue) and molecular (MP: red)
polarimetry (b).
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three selected polarization states of the incident light. They
reveal unambiguously the direction of the main axis of the
polarization ellipse along the z axis, tilted at 45° relative to the z

axis, or the circular (or totally unpolarized) character of the
polarization.

Beyond this first qualitative evidence of polarization prop-
erties, the determination of the Stokes parameters relies on
the analysis of the I (θe, φe, χ , γ ) MFPAD whose general
expression for ionizing elliptically polarized light is written as
[10,28]:

I (θe,φe,χ,γ ) = F00(θe) + F20(θe)

[
−1

2
P 0

2 (cos χ) + t1(γ )Q+
0 (χ )

]

+F21(θe)

{[
−1

2
P 1

2 (cos χ ) + t1(γ )Q+
1 (χ )

]
cos(φe) + t2(γ )Q−

1 (χ ) sin(φe)

}

+F22(θe)

{[
−1

2
P 2

2 (cos χ ) + t1(γ )Q+
2 (χ )

]
cos(2φe) + t2(γ )Q−

2 (χ ) sin(2φe)

}
− s3F11(θe)P 1

1 (cos χ) sin(φe)

with t1(γ ) = s1 cos(2γ ) − s2 sin(2γ )

t2(γ ) = s1 sin(2γ ) + s2 cos(2γ ) and

Q±
N (χ ) = 3

(2 − N )!
{(−1)N [cos(χ/2)]2+N [sin(χ/2)]2−N ± [cos(χ/2)]2−N [sin(χ/2)]2+N }. (2)

Here the angles (θe, φe) and (χ , γ ) define the emission direction
of the photoelectron in the molecular frame and of the ion in
the laboratory frame, respectively, as sketched in Fig. 1. The
five one-dimensional FLN (θe) functions are expressed in terms
of the dipole matrix elements of the PI reaction [10], and P N

L

are the Legendre polynomials.
The evaluation of the Stokes parameters proceeds in two

steps. First, after summing over the photoelectron emission
angles, the I (θe, φe, χ , γ ) angular distribution (2) reduces into
the I (χ , γ ) ion fragment angular distribution in the laboratory
frame given in Eq. (3):

I (χ,γ )

= C

(
1 + βN+

[
−1

2
P 0

2 (cos χ ) + 1

4
t1(γ )P 2

2 (cos χ )

])
. (3)

Such 2D histograms are displayed in Fig. 3 for the three
polarizations involved in Fig. 2(a). The Fourier analysis of the
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FIG. 3. (Color online) I (χ , γ ) histograms of the events for the
three polarization states of the light described in the text (a) and
corresponding I (γ ) N+ ion fragment azimuthal angle distributions,
corresponding to the projection of the I (χ , γ ) distributions onto the
vertical axis; the phase shifts observed in the azimuthal dependence
of the intensity distribution reflect different sets of s1 and s2 Stokes
parameters (b).

two projections of this histogram enables us to determine the
s1 and s2 Stokes parameters and the corresponding statistical
error bars, provided that the βN+ asymmetry parameter also
determined in the analysis is nonzero.

If we now progress in the analysis of Eq. (2) we note that,
ignoring the γ ion fragment azimuthal dependence, the I (θe,
φe, χ ) distribution is formally identical to the general form of
the MFPAD for PI of a linear molecule induced by circularly
polarized light [10,34], except for the circular dichroism term
F11 which is here multiplied by the Stokes parameter s3.
Therefore, the product s3·F11 is the measured mixed quantity
and the determination of the s3 Stokes parameter relative to the
circularly polarized part of the light requires the knowledge of
the F11 function for the studied process, from an independent
experiment or calculation. For simplicity we choose here to
present the results in terms of the dimensionless CDAD(θe)
function (4), proportional to F11, which characterizes the MF
photoemission in the polarization half plane (φe = 90°) when
the molecular axis is perpendicular to the light propagation axis
(χ = 90°). In this plane, it is defined as the relative variation
of the I (θe, φe = 90°, χ = 90°) MFPAD when the helicity
h of the light is changed from +1 (left-handed CPL) to −1
(right-handed CPL) [35]:

CDAD(θe) = I+1 − I−1

I+1 + I−1

= 2F11(θe)

2F00(θe) + 1
2F20(θe) + 3F22(θe)

. (4)

CDAD(θe) can also be obtained from the left-right emission
asymmetry in the polarization plane (φe = 90° or 270°),
I90−I270
I90+I270

, for a pure CPL (h = +1). In the case of an elliptically
polarized light characterized by a s3 Stokes parameter, this
quantity is equal to −s3·CDAD(θe). Figure 4 displays a
comparison between the CDAD measured in an experiment
performed with pure left-handed CPL (s3 = −1, used as
a reference), the product −s3·CDAD corresponding to the
unknown polarization named “Elliptic 1” in Table I and com-
puted CDAD based on multichannel Schwinger configuration
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FIG. 4. (Color online) Measured reference CDAD for reaction
(1) using pure left-handed CPL with s3 =−1 (violet dots), −s3·CDAD
measured for the “Elliptic 1” polarization in Table I (red dots), and
MCSCI computed CDAD convoluted with the apparatus function
(green dashed line). The violet and red lines are derived from a
Legendre polynomial fit of the measured FLN functions [36] which
also provides the statistical error bars.

interaction calculations [10], convoluted with the apparatus
function. The value of the unknown s3 parameter, here s3 �
−0.36, is readily deduced by fitting the measured −s3·CDAD
by the reference CDAD. Although experiment and theory are
in quite good qualitative agreement, we note that using the
calculation as a reference here would not provide such a precise
determination of s3.

Table I displays the Stokes parameters measured using the
MP and the optical methods, with the s4 component is given
by s4 = 1 −

√
s2

1 + s2
2 + s2

3 . The corresponding polarization
ellipses for various polarization states of the incoming light
are displayed in Fig. 2(b). Both expressions of the results
show that the outcome of the MP method is in very good
agreement, especially regarding the s3 parameter, with the
results obtained using the in situ VUV optical polarimeter,
even in the case of a small intentionally produced unpolarized
contribution (Elliptic 2).

We estimate the absolute error bars of the optical polarime-
try method to be as low as 0.01, as deduced from the quality
of the least-squares fit to the data, including the dispersion on
the photon signal measurements and systematic errors which
would deviate experimental points from the ideal behavior
such as co-axiality of the rotating motions of the polarimeter
[29] and error bars on the polarimeter optical constants. Such
error bars appear to be realistic considering the high s1 values

of ±0.99 as measured in the most trivial cases of pure linear
polarization (horizontal and vertical) very close to the expected
±0.99 to ±1.00 values [30]. As for the molecular polarimetry
method, the precision in the determination of the Stokes
parameters results from two components due to statistical and
systematic errors, the latter being defined as the influence of
the apparatus function onto the measured FLN functions and
CDAD. Typical statistical error bars for the data reported in
Table I, each measurement corresponding to the acquisition of
about 105 (N+,e) events for the studied process in 40 min, are
of the order of 0.02. The comparison of the Stokes parameters
MP values with those obtained by the optical method indicates
that systematic errors must be negligible in present conditions.
More generally, minimizing systematic errors in the design of a
specific instrument for polarimetry metrological purposes can
be optimized based on Monte Carlo simulation of the particle
trajectories for a given geometry of the spectrometer, taking
into account the characteristics of the interaction region and
the temporal and spatial resolutions of the detection system.

At other photon energies in the VUV range, the method
is readily applicable if one selects a target molecule for
which DPI is an opened channel, producing photoelectron of
kinetic energy in the 0–15-eV range allowing for a complete
MFPAD determination. This energy maximal value depends
on the scheme of the spectrometer, and would be larger if
one uses, e.g., detectors of larger diameter, or a COLTRIMS
setup: this is to be considered when building up a prototype
dedicated instrument. In the x-ray regime where inner-shell
ionization occurs, DPI strongly dominates so that the only
issue is to select a target which contains atoms with inner-shell
photoionization thresholds leading to the production of several
eV photoelectrons [27].

Finally, it is worth discussing the outcome of the MP
method when the synchrotron is run in the “multibunch
mode” which precludes measuring the photoelectron Vze

component. This causes a loss in electron energy resolution
and prevents the access to the complete MFPAD. Based
on the achieved information for each coincident DPI event,
consisting of the five (Vxi , Vyi , Vzi , Vxe, Vye) quantities, one
can still operate a relevant selection of processes satisfying the
condition of a nonzero ion fragment asymmetry parameter.
The corresponding I (χ , γ ) histogram enables extraction of
the s1 and s2 Stokes parameters. Note that ion fragment 3D
momentum imaging which provides the I (χ , γ ) histogram can
also be achieved in noncoincidence experiments, i.e., ignoring
the electron detection. The magnitude of the s3 parameter, in
such restricted conditions, can then be obtained when the light
is fully polarized, i.e., s4 = 0.

TABLE I. Stokes parameters determined by (left) molecular polarimetry and (right) the VUV optical polarimeter. Multi-B refers to a
measurement recorded using the “multibunch mode”: in this case the magnitude of s3 can be deduced from s1 and s2, assuming that s4 is equal
to 0 (see text).

s1 s2 s3 s4 s1 s2 s3 s4

Vertical −0.97 −0.03 0.00 0.03 −0.97 −0.02 0.00 0.03
Pure CPL −0.07 0.02 −0.99 0.01 0.00 0.07 −0.99 0.01
Elliptic 1 −0.02 −0.90 −0.36 0.03 −0.04 −0.90 −0.35 0.04
Elliptic 2 −0.01 −0.86 −0.32 0.08 −0.03 −0.90 −0.30 0.05
Multi-B 0.06 0.94 ±0.33 0.14 0.94 −0.32 0
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IV. CONCLUSION

In conclusion, we have reported and validated, by compar-
ing with data obtained with an optical polarimeter used as a
benchmark, an original MP method based on the analysis of
MF photoemission in a DPI reaction, which encapsulates the
full polarization state of the incoming photon. Indeed, both
methods give access to the relative phase of the incoming light
components either with the dephazer optical element, or via
the determination of the F11/CDAD dynamical parameters and
comparison with a pure CPL reference in MP. This approach
possesses three very attractive features: Giving access to the
full polarization ellipse allows the complete disentanglement
of s3 and s4. Second, since an increasing number of imaging
devices are equipping end stations of SR or HHG and FELs
short-wavelength sources, it becomes more accessible and
easier to implement. Finally, this method is completely tunable
and universal since it can be applied to any wavelength range,
selecting adequately relevant ionization thresholds. Several
applications of the MP method are foreseen, such as setting up

dedicated apparatus to characterize VUV and x-ray sources
(SR, FELs, and HHG) and control the stability of their
polarization properties [16], or address physical issues where
the light polarization state is a fingerprint of, e.g., symmetry
breaking in the generating medium [15].
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