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Angular streaking in strong field ionization of chiral molecules
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We report on a chiral observable upon ionization of a chiral molecule (methyloxirane) by a strong elliptically
polarized laser field: a rotation of the photoelectron momentum distribution, which is enantiosensitive and
forward/backward asymmetric. We explain this forward/backward asymmetric rotation of the count maxima
to be equivalent to a dependence of the photoelectron circular dichroism on the electron emission angle in the

plane of polarization.
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I. INTRODUCTION

The interaction between chiral molecules and chiral light
leads to qualitatively novel symmetry properties in the pho-
toelectron distribution, which do not exist for achiral species.
Photoelectron circular dichroism (PECD) is a prominent ex-
ample which is an enantiomer-dependent asymmetry of the
electron emission probability with respect to the light propa-
gation direction. PECD has proven its potential as a sensitive
analysis method in chemistry and pharmacy [1-3]. PECD is
also a versatile tool for studying photoionization dynamics
[4]. PECD mostly originates from the interaction of the pho-
toelectron with the chiral potential of the ion (see Ref. [5]
for the role of intermediate states). This makes it particularly
intriguing to extend our understanding of PECD towards the
strong field (tunneling) regime where electron wave packets
are commonly modeled to be driven by the strong light field
after they exit the classical forbidden region (tunnel). Here the
laser pulse imparts a vectorial momentum onto the electron,
which is given by the vector potential at the birth time of the
photoelectron wave packet. It is not at all obvious what the
role of a chiral potential will be in this case.

In this paper, we study the interplay between angular
streaking and the chiral potential. We show that a characteris-
tic change of the so-called “attoclock angle” depends on the
enantiomer and elucidate how this is connected to PECD.

A benefit of using circularly polarized light in the tunneling
regime is that the momentum imparted by the laser field on the
emitted particle maps the time of ionization within the laser
pulse onto the particle’s emission angle. This establishes an
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ultrafast clock where the rotating electric field vector acts as
clockwork and the electron momentum vector serves as the
hand of the clock. This concept of angular streaking [6,7]
has been used to time single [8] and double tunnel ionization
[9] and to study time correlations between ionization and
dissociation [10]. The interpretation of the measured emission
angle requires a reference, i.e., a zero of the angle. For a
molecular process, the molecular axis can serve this purpose.
For double ionization one of the two emitted electrons can
be taken as a reference. For single ionization by elliptically
polarized light, the major axis of the polarization ellipse is
a natural reference. The emission angle ¢ in the polarization
plane encodes a combination of the birth time and the initial
momentum of the wave packet [11] as well as its interaction
with the ionic potential. It is this coordinate in which we
search for a chiral signature.

II. EXPERIMENTAL METHOD

A symmetric cold target recoil ion momentum spec-
troscopy [12] spectrometer was built consisting of two iden-
tical arms (21 cm acceleration length and E = 119 V/cm
electric field). Both sides of the spectrometer were equipped
with a detector [Photonis multichannel plate (MCP); open
area ratio (OAR) specified 60%, slightly used, electron de-
tector]/Hamamatsu MCP (OAR specified 90%, recoil detector
[13]), and a second MCP for further amplification followed by
a hexagonal delay-line anode [14] for position decoding. The
main chamber was baked for 1 wk at 90 °C, resulting in a
residual gas pressure without a gas jet of 1 x 107'9 mbar. The
ionization of the methyloxirane molecules was induced by
focusing a short, intense, laser pulse (f = 60 mm, 8 mm beam
diameter, 40 fs, central wavelength 800 nm, 0.3 W), generated
by a Ti:sapphire regenerative amplifier (KMLabs, Wyvern
500), resulting in a peak intensity of 1.3 x 10'* W/cm? onto
the supersonic gas jet. The laser intensity was obtained by
setting our quarter-wave plates to produce circular polarized
light using the same pulse energy. There we measured the
mean transversal electron momentum pe;, mean = v pa, + P,
and assumed that this corresponds to the vector potential
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FIG. 1. Single ionization of methyloxirane by elliptically polarized laser pulse with a field ratio of % = 0.7. (a) shows a projection of
the electron momentum distribution onto the plane of polarization (z,y) in Cartesian coordinates. The gray shaded area (p,, > 0) is excluded
from the Gaussian fit presented in (b). Attoclock angle of the count maximum @ (per, &) for a given p,, and & = +/ pgy + 52 pf’,z , extracted
as shift of the Gaussian fit for each cut in p,, and £. The parameter s modifies the transformation into elliptical coordinates and was chosen
such that the mean value of £ is independent of ¢. Data for the R enantiomer is displayed in cyan, and for the S enantiomer in red. The cut in
£ (0.48 < & < 0.58, gray shaded area) is displayed in (c). The error bars reflect the standard error of the shift in the Gaussian fit. The green

shaded area in (a) indicates the selection in ¢, used in Fig. 3.

E,/wp, [15]. From this, the peak intensity for ¢ = 0.7 was
calculated. With the ionization potential of 10.25 eV [16]
(methyloxirane), this results in a Keldysh parameter of y =
0.8. Switching the helicity of the light with a motorized
A/4-wave plate every 3 min ensured identical experimental
conditions for left- and right-handed elliptically polarized
light. The jet was produced by expanding methyloxirane with
its vapor pressure at room temperature (~588 mbar) through a
nozzle of 30 um diameter into vacuum. Left- and right-handed
circular polarization were set via the minimum count rate.
The ellipticity for LEP/REP (left-/right-handed elliptical po-
larization) and thus the relation between E 1, the electric field
strength of the minor axis, and E2, the electric field strength
of the major axis, was calculated from the position of the wave
plates. The photoelectrons were measured in coincidence with
the singly charged parent ions as the fragmentation channel
strongly influences the PECD signal in the strong field regime
[17].

III. ENANTIOSENSITIVE ROTATION OF THE
PHOTOELECTRON MOMENTUM DISTRIBUTION

We singly ionize enantiopure methyloxirane (Sigma-
Aldrich) by a 40-fs laser pulse with a central wavelength
of 800 nm and a peak intensity of 1.3 x 10'*W/cm?. By
measuring the photoelectrons in coincidence with the singly
charged parent ion we select mainly ionization from the
highest occupied molecular orbital [2]. Figure 1(a) shows
the electron momentum distribution in the polarization plane
(Pey, Pez)- The two maxima in the distribution correspond to
ionization at the opposite peaks of the laser electric field.

For the following we use elliptical coordinates where § =
VPl +sp;, is the radial momentum in the polarization
plane and p,, is the momentum component along the light
propagation. The coordinates p,, and p,., were rotated such

that the direction of the major axis of the laser polariza-
tion lies in the p,, direction. The value s = 0.82 was deter-
mined so that the mean value in & was independent of ¢; =
atan2(pey, pe;) + @1,0. We examine the angle of the distribu-
tion maxima @max(Pex, £). In order to quantify it, we perform
Gaussian fits for different pairs of p,., and £ (i.e., along
ellipses in the p,,-p. plane in Cartesian coordinates) to obtain
@max for the count maximum. Figure 1(b) displays @max(Pexs £)
for elliptical polarized light with counterclockwise rotating
electrical field (LEP) and the two enantiomers. The first
distinctive feature, which is common to both enantiomers, is
the strong dependence of ¢max on p... We observe that the
angle varies about 40° over the displayed range of p,,. This
striking effect is universal to strong field ionization. We have
observed this effect in other experiments on achiral molecules
as well as on atoms under different laser field intensities. This
rotation as a function of p,, is a direct consequence of the
ionic Coulomb potential onto the escaping electron. The final
momentum component p,, is not created by the laser field
but results from the initial momentum at the tunnel exit as
no laser field component is present in the x direction. The
electrons with large p,, escape the vicinity of the ion more
rapidly and thus experience less interaction with the Coulomb
potential. Therefore, with increasing |p.,|, the direction of
the final electron momentum in ¢ approaches the direction
of the laser’s vector potential, while for p., = 0 the influence
of the Coulomb field on the trajectory maximizes and @p,x
differs from the angle predicted by the vector potential.

More intriguing is the more subtle effect, that the position
of pmax depends on the enantiomer, on &, and on the sign of
Pex as shown in Fig. 1(b) where the red and green surfaces
show @nax for the § and R enantiomers, respectively. For
each enantiomer @, is forward/backward asymmetric and
displays a strong dependence on £. Moreover, the enantiomers
show to some extent the mirror-symmetric behavior in p,,.
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FIG. 2. Discussion of the Gaussian fits for different coordinate systems. Attoclock angles for given p,, and & are extracted from the
three-dimensional electron distribution of LEP for a field ratio of % = 0.7. Data for the R enantiomer is displayed in cyan, and for the S
enantiomer in red. (2) @max(Per, &), fitted along circles as a function of p,, and & = v/ pﬁv + pﬁz . (b) @max(Pexs &), fitted along ellipses as
indicated in variant 1. (¢) @max(pex, &), fitted along ellipses as indicated in variant 2. (d)—(f) display cuts in £ (0.48 < & < 0.58) from (a)—(c),
respectively. The error bars reflect the standard error of the mean of the Gaussian fit.

Thus, for elliptically polarized light the angular position of the
electron momentum distribution maxima represents a strong
chiral signal.

IV. DETAILS FOR THE COORDINATE
TRANSFORMATION

First, we would like to state that there are fundamental
problems in choosing the right coordinate system. While the
Coulomb interaction as a central force is spherically symmet-
ric, the elliptically polarized light follows an elliptical symme-
try and PECD is described as forward/backward asymmetry
in the light propagation direction. Thus, there is no coordinate
system that respects all symmetries. Based on the description
of PECD, we limit our further considerations to cylindrical
coordinates and elliptical coordinates with the direction of
light propagation as the third dimension.

The main contribution to the final electron momentum
originates from the negative vector potential of the electric
laser field, which, after the ionization process, accelerates the
electron even if it is far away from the remaining ion. For
elliptically polarized light, the electron distribution is thus
centered around the ellipse, which describes the negative vec-
tor potential. In order to observe shifts of the count maxima
on this ellipse, each cut in p,, must therefore be subdivided
not onto circles but on elliptical paths. Introducing the value
s = 0.82, we modify the usual transformation from p,, and
Pe; (the final electron momenta in the plane of polarization) to
@; and &;, examining two possibilities:

Variant 1: The radius is stretched depending on ¢, and the
angle in the polarization plane is preserved.

@1 = atan2(pey, pe;) + @10

& =,/p3+ PZZ\/Sin (@1)” + s2cos(¢1)’.

Variant 2: The main axes of the ellipse are stretched. Here
the angle is not preserved.

Q2 = atanz(peys SPez) + ©2.0,
& = \/ps, + 7P, .

¢1.0 = 40° was chosen such that the twofold PECDy;, pattern
is nicely displayed in Fig. 4.

The comparison between the Gaussian fits in cylinder
coordinates and the two described variants for the elliptic
coordinates shows, however, that the properties discussed in
the main text do not depend qualitatively on the choice of
the coordinates (see Fig. 2). These are the forward/backward
and enantiosensitive asymmetric difference of the rotation of
the count maxima and the sign change at about £ = 0.4 a.u,,
which can also be seen in the PECDy;, map in Fig. 4(a).

It should be noted that when calculating the normalized dif-
ferences as displayed in Figs. 3 and 4, many systematic errors
such as a nonuniform detection efficiency of the MCP (e.g., a
“hole” in the detector or different angles of incidence relative
to the MCP pores [13]) do not influence the final result, as
they are normalized element by element. This is not the case
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FIG. 3. PECD in the strong field regime with elliptically polarized light. (a) Distribution of the linear electron momenta in strong field
ionization as a function of p,,, the momentum collinear to the propagation direction of the light, and & = v/ pfy + 52 pﬁz , the component
transversal to this direction for a selection in ¢ as indicated in Fig. 1. (b) Normalized difference of (a) between the distribution of the R and the
S enantiomer for LEP. The contour lines are the same as plotted in (a). (c) PECDy, calculated as the linear fit from cuts in &.

for the Gaussian fits performed in Figs. 1 and 2. However,
systematic errors are also less pronounced here, if the focus
lies on the difference between the enantiomers. Presumably,
this is the main reason for the systematic errors in Fig. 1(b)
(especially at larger &) or Fig. 1(c), where the expected sym-
metry @max.R(Pex) = @max.s(—Pex) 18 not perfectly satisfied,
while the difference between both enantiomers generates a
clear signal [colored areas in Fig. 1(c)].

V. ¢-DEPENDENT PHOTOELECTRON
CIRCULAR DICHROISM

In the next paragraphs, we connect this enantiospecific
rotation of the momentum distribution to the more established
quantity of PECD. In the strong field regime, the electron
momentum distributions maximize in the polarization plane
[Fig. 3(a)]. Hence, the forward/backward asymmetry quanti-
fied by PECD becomes visible as a small shift of the electron
momenta distribution parallel to p... PECD(¢, p., &) is de-
fined as the normalized difference of the number of ionization
events between the R and S enantiomer [Ng(@, p.., §) and
Ns(@, pex, £)] at a given p,,, &, and ¢ for a given helicity of
the light.

Nr(®, pexs §) — Ns(@, Pex, &)
NR((pv Pex ‘i:) + Ns(% Pex ‘i:)

For circularly polarized light, PECD is independent of ¢,
and switching the enantiomer is equivalent to inverting the
helicity of light, thus the definition of PECD as the normalized
difference between ionization yields for the two helicities is
equivalent to the definition for PECD as given in Eq. (1). This
is not the case for elliptically polarized light and we use the
definition (1) throughout this paper.

Figure 3(a) shows the electron momentum distribution in
DPex and & where ¢ is integrated over the region indicated
by the green shaded area in Fig. 1. Figure 3(b) shows the

PECD(¢, pex, §) =

ey

PECD for the data displayed in (a), which reaches values of
up to about 10% and displays a strong dependence on &. To
characterize the forward/backward asymmetry of the PECD
in ¢ and & coordinates, the slope of the linear fit of the p,,
dependence of the PECD is used [Fig. 3(c)].

dlinear fit [PECD(@, pex, £)]
apex '

PECDyin (@, §) = 2

This parameter is similar to the forward/backward asym-
metry of PECD known from the single- and multiphoton
ionization experiments [18]. The main difference, however,
is that here we do not integrate photoelectron momentum
distribution over forward and backward hemispheres, which
would result in a single asymmetry parameter, but define the
forward/backward photoelectron asymmetry for every point
in the polarization plane.

To connect PECD to angular streaking (¢max) as discussed
above, we examine the dependence of PECDy;, on the streak-
ing angle ¢ in Fig. 4. The contour lines in Fig. 4(a) correspond
to the density of ionization events from Fig. 1 (LEP) in
elliptical coordinates. The color coding shows the correspond-
ing PECDy;, (€,9). Lineouts of these data at 0.48 a.u. < & <
0.58 a.u. around the maximum of the count rate are shown
in Fig. 4(b). Both the contour lines for the counts and the
PECDy;,(€,¢) show the twofold symmetry that is expected for
elliptically polarized light.

Clearly, the angle of the maximum value of PECDy;, does
not coincide with the angle where the maximum of the
momentum distribution resides. Figure 4(c) shows the same
dependences for a clockwise rotating laser field.

This finding has two important consequences. Firstly, the
symmetries of PECD known for ionization by circularly polar-
ized light do not hold anymore. For circularly polarized light
the electron forward/backward asymmetry reverses symmet-
rically upon mirroring either the molecule or reversing the
helicity of the light [19]. With elliptical light the symmetry
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FIG. 4. PECD dependency on ¢ for elliptically polarized light.
A PECDy, [Egs. (1) and (2)] for LEP for a field ratio of % =0.7
in elliptical coordinates. Thick contour lines indicate the count rates
that enter the normalized difference. The PECDy, shows a strong
dependency on the angle ¢. The 180° symmetry of the PECDy,
is a consequence of the twofold symmetry of the elliptical light.
Please note the sign change in PECDy;, at about £ = 0.4 a.u., which
reflects the asymmetry inversion in @y, in Fig. 1(b) also at about
& = 0.4 a.u. The second interesting feature is that the minimum and
maximum values of PECDy;, do not appear at the same angle in
the polarization plane as the maximum count rates. (b) Lineout of
data in (a) for 0.48 a.u. < & < 0.58 a.u. [gray shaded area (a)]. The
dashed blue line at ¢, indicates the position of the major axis of
the laser polarization. (c) —PECDy;, for REP gating on 0.48 a.u. <
& < 0.58 a.u. Note that while for LEP the maximum of the PECDy;,
is shifted towards larger values in @, for REP the maximum of the
—PECDy;, is shifted towards smaller values in ¢.

of PECD, upon inversion of the light helicity and not the
enantiomer as in Eq. (1), is given by

PECD}" (¢ — ¢o) = —PECDRF[—(¢p — 9)].  (3)
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FIG. 5. Electron momentum distribution in the polarization
plane (pey-p..) for p,, = 0.1 £0.03 a.u. measured with elliptically
polarized light % = 0.7. Areas in ¢, in which the electron density
is shifted in the direction of light propagation direction by the ¢-
dependent PECDy;, are marked with a red +, and where the electron
density is shifted in opposite direction are marked with a blue —.
Investigating the plane of polarization for a cut in light propagation
direction (p,, > 0 a.u.), the maxima of the electron distribution
appear closer to the areas marked with the red 4+ compared to a
scenario in which PECDy;, does not depend on ¢. This rotation of the
maxima of the electron density is indicated with the black arrows.

Here REP and LEP refer to right- or left-hand sense of
rotation of the electric field vector. ¢y is the angle of the
major axis of the electric field in the laboratory frame and
@ is the laboratory angle of the electron in the polarization
plane. For circularly polarized light, ¢ is arbitrary and Eq. (3)
leads to the known symmetry that for PECD inverting the
helicity is the same as exchanging the enantiomer. The sec-
ond consequence is that PECD goes along with the enan-
tiomer specific rotation of the count rate maxima shown in
Fig. 1.

VI. CONNECTING THE ¢-DEPENDENT PECD AND THE
CHIRAL SIGNATURE ON THE STREAKING ANGLE ¢

Figure 5 shows the electron distribution in the plane of po-
larization (p.y-p.;) for a cut in the light propagation direction
with p,, = 0.1 £0.03 a.u. As can be seen in Fig. 4(a), the
maxima of |[PECDy,| do not coincide with the maxima of
the electron density. In Fig. 5 the location of these PECDy;,
extrema are shown by the red plus and blue minus signs,
corresponding to positive and negative values of PECDy;y.

Regions in the p,,-p.. plane for momenta in the direction of
light propagation (p,, > 0) with a positive (negative) PECDy;,
give rise to a slight increase (decrease) in the electron den-
sity. Consequently, the maximum of the electron density in
the direction of the positive PECDy;, appears shifted/rotated
(visualized by the black arrows). Due to the symmetry of
the PECD, when the sign of the momentum component
in the light propagation direction (p., > 0) changes, in the
Dey-Dez Plane the increase and decrease of electron den-
sity interchanges. The resulting displacement/rotation of the
electron density caused thereby takes place in the opposite
direction. Hence, the properties of the enantiosensitive and
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forward/backward asymmetric rotation of the electron density
as discussed in Fig. 1 are reproduced with this consideration
with the ¢-dependent PECD, whose extrema do not coincide
with the maxima of the electron density. If the extrema
of the ¢-dependent PECD would coincide with the maxima
of the electron density, the result would be an increase or
decrease of the width of the electron density in ¢, but not a
rotation.

This chiral effect on angular streaking and the for-
ward/backward shift encoded in PECD offer two different per-
spectives on the same phenomenon. Chiral molecules break
the forward/backward symmetry of electron emission by el-
liptical light. The corresponding complex three-dimensional
momentum distributions show rotated maxima as well as
forward/backward asymmetries.

VII. CONCLUSION

In this paper, we investigate the forward/backward asym-
metric and enantiosensitive rotation of the photoelectron mo-
mentum distribution as a new chiral signal becoming accessi-
ble for elliptically polarized light upon strong field ionization.

If the rotational symmetry of circularly polarized light is
broken by adding a linear component, it makes a difference
whether the helicity of the ionizing light or the handedness of
the molecule is inverted in a PECD measurement. This is a
new aspect of PECD in elliptical light.

Elliptically polarized light leads to much richer chiral
signals than circularly polarized light. This can be an asset
if one aims for chiral recognition (compare Comby et al. [3]).
It allows one to combine attosecond angular streaking with
an enantiosensitive signal. Integrating over p,, the rotation
angle of the count maximum can serve as a phase (or a time
marker) for the ionization event. In these cases, the streaking
angle is independent of the enantiomer. A difference of the
rotation angle between the forward and backward values of
Dex Proves enantiomeric excess in the sample at the time of
electron ejection. This can be applied, e.g., in pump-probe
experiments where the observed streaking angle can serve
as a subcycle time stamp [10] and the same signal can be
used to test the chirality of the sample at the time of the
pump step. The time evolution of the chirality can then be
traced with a probe technique such as Coulomb explosion
imaging [20].
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