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Xavier Barcons Planas ,1 Andrés Ordoniez ,1 Maciej Lewenstein ,1’2 and Andrew S. Maxwell

1.3

YICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology,
08860 Castelldefels (Barcelona), Spain
’ICREA, Passeig de Lluis Companys 23, 08010 Barcelona, Spain
3Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark

® (Received 3 March 2022; revised 30 July 2022; accepted 25 October 2022; published 29 November 2022)

Ultrafast imaging of molecular chirality is a key step toward the dream of imaging and interpreting
electronic dynamics in complex and biologically relevant molecules. Here, we propose a new ultrafast
chiral phenomenon exploiting recent advances in electron optics allowing access to the orbital angular
momentum of free electrons. We show that strong-field ionization of a chiral target with a few-cycle
linearly polarized 800 nm laser pulse yields photoelectron vortices, whose chirality reveals that of the
target, and we discuss the mechanism underlying this phenomenon. Our Letter opens new perspectives in

recollision-based chiral imaging.
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A major goal motivating research in ultrafast science
[1,2] is to image and understand electron dynamics in
complex systems, such as biologically relevant molecules
[3]. However, except for the simplest molecules, interpre-
tation of ultrafast measurements in terms of molecular
structure remains extremely challenging [4,5]. Since chi-
rality is both a common and a key structural property of
biological molecules [6], the ultrafast imaging of molecular
chirality has become a natural objective of ultrafast science
during the past decade [7-11]. The current progress in this
direction [12] has invariably relied on the Archimedes
screw principle: a chiral structure, here the molecular
potential, converts the electron rotation induced by the
electric field into a linear electron current perpendicular to
the rotation plane.

Motivated by progress in the generation and measure-
ment of free-electron vortices [13—18]—free electrons with
a helical phase front carrying orbital angular momentum
(OAM)—here we propose an alternative and more direct
approach to ultrafast imaging of molecular chirality, which
does not rely on rotating electric fields. We propose to
transfer chirality from the molecule and its initial electronic
state directly into the photoelectron wave packet with the
help of an intense ultrashort linearly polarized IR laser
pulse. The strong laser electric field lowers the barrier of the
binding potential for a brief period of time, during which
the electron is released and accelerated away from the
molecular ion. During this process, the chiral shape of the
initial electron wave function is imprinted in the three-
dimensional phase structure of the released electron wave
packet and can be recovered via electron-OAM measure-
ments [see Fig. 1(a)].

The helicity of the electron vortex is given by the
projection of its linear momentum p on its OAM [.

0031-9007/22/129(23)/233201(7)

233201-1

Since this helicity is determined by the chirality of the
initial wave function, photoelectrons propagating in oppo-
site directions have opposite OAM [see Fig. 1(a)]. We call
this effect photoelectron vortex dichroism (PEVD) and
quantify it by direct integration of the time-dependent
Schrédinger equation for a simple chiral target. Our
numerical results show that PEVD is a very promising
candidate for monitoring chiral dynamics with subfemto-
second time resolution.

In the following we assume that the fixed nuclei approxi-
mation holds and that the vibrational degree of freedom
plays a secondary role [19-21]. As usual in strong-field
1onization, we will focus on the electronic wave function at
the level of the single-active-electron approximation and
considering molecular orientation as a parameter.

To describe strong-field ionization from our chiral target,
we first employ the plane-wave-momentum transition
amplitude,

M(ply©) = lim {yp(0|U(r.10) 2°(0)). (1)

=00

where |y¢) is the chiral initial state of the target, the
superscript € = £ indicates the enantiomer, U(t,t;) =
T exp| I dtH(7)] is the time evolution operator (with 7
being the time-ordering operator) corresponding to the
Hamiltonian f(7) = p?/2 + V(#) + r|E(z) in the single-
active-electron and electric-dipole approximation, and |y,)
describes a continuum state with asymptotic momentum p.
Atomic units are used throughout, unless stated otherwise.

For the sake of both simplicity in the numerical imple-
mentation and clarity in the interpretation of the numerical
results, we take the initial state to be the helical orbital

© 2022 American Physical Society
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FIG. 1. (a) Photoionization of a chiral target with linearly polarized light produces photoelectron vortices with a helicity that encodes
the handedness of the target, thus carrying opposite OAM in opposite propagation directions. The target orbital at the origin shows
isosurfaces y*(7) = 41073 a.u. [Eq. (2)]. (b) Standard photoelectron spectrum [Eq. (1)] resulting from strong-field ionization of a
perfectly aligned chiral target |y*) [Eq. (2)] as a function of the momentum perpendicular and parallel to the laser field. (c) OAM-
resolved photoelectron spectra [Eq. (5)] for OAM [, = +1 (left) and [, = —1 (right). (d) Difference of the OAM-resolved spectra
normalized by their average [Eq. (7)] for momenta such that (|M7,|* +|MZ,|?)/2 is at least 2% of the maximum of (b). All spectra
(b)—(d) are in atomic units and were obtained for a peak intensity I = 10'* W/cm? (U » = 0.22 a.u.), carrier frequency @ = 0.057 a.u.
(4 =800 nm), N = 2 cycles [Eq. (6)], and ionization potential /, = 0.579 a.u. of argon. All results were averaged over the carrier-
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envelope phase § and over orientations of the target corresponding to rotations of Eq. (2) around z.

shown in Fig. 1(a), which is given by a superposition of
hydrogenic states according to [22,23]

) )

%) N

(2)
with

i[4fm) + sgn(em)|4d,,)
¥ :

Here, |n¢,,) denotes the hydrogenic state with principal,
orbital, and magnetic quantum numbers n, £, and m,
respectively. Orbitals with similar helical shapes are
common among chiral allenes [24,25], an important type
of compound in organic chemistry [24,26].

We use an effective charge Z = 4, /21, to fix the ioni-
zation potential of |y¢) to that of argon /,=0.579a.u., a
well-studied target in strong-field ionization. The enantiom-
ers |y") and | y~) are related to each other by reflection in the
xz plane. The decomposition of |y¢) into its azimuthal
angular momentum components |y¢,__,) in Eq. (3) reveals
an enantiosensitive correlation [27] between the sign of m
(rotation around z) and the relative phase between the d and f
components (motion or asymmetry along z) in | y%,). Such a
correlation between rotation and motion along the rotation

Xm) =

(3)

axis is not a peculiarity of these states, but rather a
quintessential feature of chiral objects (e.g., a corkscrew).
As we discuss below, this general feature is at the heart
of PEVD.

In order to model the photoelectron OAM in strong-field
ionization we will expand the transition amplitude in terms
of vortex states with a well-defined OAM [,; these take the
form [13]

yy, (r) o Jy (pury)etPretmii, (4)
where J; (p 7, ) is the Bessel function of the first kind and
(ri.r.¢,)and (p . p|. ¢,) are the cylindrical coordinates
of r and p, respectively. The OAM-resolved transition
amplitude, in terms of the transition amplitude [Eq. (1)],
yields

ilr Va .
M, (p,polx®) = 2—/ dppe=" % M (p|x°)
T )z
= il"'M(P|)(?,,)|¢,)=o (5)
The final line exploits the conservation of azimuthal angular
momentum, when using a linear field aligned as in Fig. 1(a),
so that the photoelectron OAM will only include contribu-
tions from the bound state with m = [,.. In the following, we
use the shorthand notation M= M(p|, p_|r‘) for the
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plane-wave amplitude and M{ =M, (py, p.|x°) for the
OAM-resolved amplitude.

We will employ a two-cycle laser field linearly polarized
along the z axis; see Fig. 1(a). PEVD also occurs for longer
pulses, but the interpretation is simplest for short pulses,
where recollision of the electron with the parent ion is
suppressed. The electric field is given by E(r) = —0,A(7)
and the vector potential can be written as

A(1) = Aysin® <%> cos (wr + 6)é.. (6)

Here, Ay = 2,/U,, where U, is the ponderomotive energy,
o the laser frequency, N the number of laser cycles, and §
the carrier-envelope phase (CEP). In order to avoid asym-
metries in the angular distributions resulting from the laser
field, all results will be averaged over the CEP é.

We use QPROP to compute the OAM-resolved momen-
tum distribution via Eq. (5). QPrOP [28] enables the
efficient simulation of a single active electron bound in
a spherically symmetric potential, interacting with an
intense laser field. As previously stated, we utilize a
Coulomb potential with an effective charge Z = 4,/21,,
so that the binding energy is equal to —1I,,.

In Fig. 1, we demonstrate the enantiosensitive asymme-
try present in PEVD. Figure 1(a) summarizes the key
finding of this Letter, namely that photoionization of a
chiral target with linearly polarized light yields photo-
electron vortices whose helicity encodes the handedness of
the chiral target. In terms of OAM, this means that
photoelectrons emitted in opposite directions carry oppo-
site OAM. This effect is quantified in the remaining panels,
which display CEP-averaged momentum distributions,
computed using QPROP for an aligned [29] target [yT).
For the sake of comparison, Fig. 1(b) shows the usual
plane-wave photoelectron momentum distribution [see
Eq. (1)]. The signal, which is mostly located near the
polarization axis, is completely symmetric with respect
to p| and is not enantiosensitive. Figure 1(c) shows the
OAM-resolved momentum distribution [Eq. (5)] for OAM
I, =+1(M%,|» and [, = —1 (|MZ,]?), respectively. Now
the emission displays an OAM-dependent asymmetry with
respect to p, such that photoelectrons with positive
(negative) OAM are emitted preferentially in the negative
(positive) p direction.

To quantify this OAM dependence we proceed as usual
in other chiro-optical techniques and define PEVD as the
difference between the signals corresponding to opposite
OAM normalized by their average,

Lz el L O e 7 el L P

PEVD; =2 = .
PUTIM P, P T IMS P+ M

(7)

The second equality, which explicitly shows the enantio-
sensitive character of this measure (PEVD,‘”“ = —PEVDZ_),

follows from the property [M~{ |> = |M{ |, which we have
verified in our calculations and is required by symmetry.
Indeed, mirror reflection of the setup shown in Fig. 1(a), in
the xz plane, inverts the enantiomer as well as the OAM of
each vortex. In Fig. 1(d) we can see that PEVD;r reaches
values approaching the theoretical extremes of +£200%,
showing that it is an extremely sensitive measure of
molecular chirality. Note that (i) we made no attempt to
maximize this value by tweaking the initial wave function
and (i1) an actual molecular electronic state will contain, in
general, several m components, leading to several [, values
of the photoelectron OAM, and thus to several PEVD]
distributions, i.e., multiple enantiosensitive observables.
The p|| asymmetry in Fig. 1(c) derives from conservation
of OAM, which enforces that only the bound-state com-
ponent |y;,) [Eq. (3)] with m = [, contributes to photo-
electrons with OAM [, [Eq. (5)]. The z asymmetry of this
single-OAM component |;(f> is imprinted on the photo-

electron vortex momentum distribution |M;"|>. Because of
v

the chiral correlation between rotation around z and motion
or asymmetry along z in |y4,), the z asymmetry of | ;(Z} is
opposite for opposite values of [, [Eq. (3)], and thus |M,+ |?
and |Mj1,. |> display opposite asymmetries with respect
to D

While virtually perfect molecular alignment is possible [30]
and we expect PEVD to be maximal in this case, we consider
also PEVD for a modest degree of alignment. The inclusion of
different orientations leads to contributions of orbitals with
m € [-3,3], and correspondingly, /,€[-3,3]. For more
details on orientation averaging, see the Supplemental
Material [31]. The orientation-averaged CEP-averaged
momentum distributions calculated with QPROP are shown
in Fig. 2. The distribution P(8)=3cos*(f3) leads to target
orientation such that (cos?(f))=0.6, which is routinely
achievable in experiments by an alignment prepulse [32].
Note that s the angle between the z axes of the molecular and
laboratory frames [33]. As before, in Fig. 2(a) we plot the
plane-wave momentum distribution, which remains symmet-
ric, but is now averaged over molecular orientations, intro-
ducing orbitals with additional m values, in particular
m = 0, that leads to a strong signal along the p| axis. In
Figs. 2(b) and 2(d), the OAM-resolved momentum distribu-
tion is plotted for [, = £1 and [, = %2, respectively.
Figure 2(b) is equivalent to Fig. 1(c): the partial alignment
leads to some reduction in the asymmetry, such that
|(PEVD])|, Fig. 2(c), peaks at 50%. On the other hand, the
higher OAM [, = +2 in Fig. 2(d) allows for a larger
asymmetry, as the initial state |y5 ) exhibits even more bias
in the momentum distribution, enabling |(PEVD} )| ~ 120%
to be achieved in Fig. 2(e). The signal of (| ML, |?) is lower than
that of (|M,|?), but a sizable region in momentum is larger
than 2% of the peak of (|M*|?), and thus could be reasonably
measured. We donotplot (| M |*) or (| ML;|?) as they are both
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FIG. 2. Photoelectron spectra as in Fig. 1 but for a partially aligned chiral target with a distribution of orientations given by
P(B) = 3cos*(B) ({cos? B) = 0.6); see the Supplemental Material [31] for details.

symmetric and not enantiosensitive, which is because the
photoelectron will derive from a single symmetrical s and f
state, respectively.

Like most chiral effects [11,14,34-38], we expect PEVD
to occur even for randomly oriented samples. However,
reproducing such behavior with photoelectrons requires
including the effect of the anisotropy of the molecular
potential on the continuum states, which can be interpreted
as a higher-order contribution to the continuum states (see,
e.g., Ref. [39]).

We have also confirmed that the enantiosensitive asym-
metry may be replicated by the strong-field approximation
(SFA); see Supplemental Material for details [31]. The SFA
uses an intuitive quantum orbit formalism; see, e.g.,
Refs. [40-42]. Within the SFA the asymmetry can also
be partially attributed to interference between wave packets
that tunnel ionize from either side of the target. For the
short pulses used here such interference does not play a
role, but it is relevant for longer laser pulses, where it may
allow for holographic chiral imaging. In Fig. 1 of the
Supplemental Material [31] we show PEVD for a ten-cycle
pulse, where rich features due to recollision can be
observed. The detailed mechanisms behind these features
could be investigated by a “Coulomb-corrected” quantum-
orbit model such as the Coulomb quantum-orbit strong-
field approximation [43-45].

In summary, we have showcased the newly discovered
effect—photoelectron vortex dichroism, which leads to a
large asymmetry in the orbital-angular-momentum-resolved
photoelectron momentum distributions for a chiral target
subjected to a strong linearly polarized laser field. This
asymmetry is the manifestation of a laser-assisted transfer
of chirality from the bound orbital to the photoelectron
vortex wave packet, which provides an intrinsically chiral

observable. The emergence of PEVD reflects the fact that
chiral molecules are a natural source of electron vortices that
relies neither on the spin angular momentum of the photon
nor on the net OAM of the initial state. The high enantio-
sensitivity of PEVD was demonstrated numerically using
the time-dependent Schrodinger equation solver QPROP
[28], for aligned and partially aligned targets. The enantio-
sensitivity of the OAM asymmetry in PEVD is most clearly
visible after averaging out the CEP asymmetry induced by
the laser pulse and provides a robust experimental observ-
able. Similarly to other chiral effects such as photoelectron
circular dichroism [46], we expect PEVD to occur also in
randomly oriented samples and furthermore to be a “uni-
versal” effect occurring across all photoionization regimes.
In contrast to most electric-dipole chiral effects [47],
which rely on circular [49] or on combinations of several
linearly polarized fields [11,37,38,50], PEVD relies only on
a single beam of linearly polarized light, which is possible
thanks to the chiral character of the observable—the OAM
helicity [51]. This is an important experimental advantage,
in particular when using (broadband and short-wavelength)
attosecond pulses, where we also expect PEVD to occur and
where the polarization control required by other chiral
effects is complicated by lossy and dispersive optics [53].
More importantly, in the strong-field regime linearly polar-
ized light allows for recollision, which leads to processes
such as high-harmonic generation [54], high-order above-
threshold ionization [41], nonsequential double ionization
[55,56], laser-induced electron diffraction [57], and photo-
electron holography [58]. Thus, PEVD sets the stage for the
study of the role of the electron OAM and the opportunities it
offers in recollision-based ultrafast chiral imaging.
Another key aspect of PEVD is that while the spin
angular momentum of the photon is strictly limited to —1
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and 1, the OAM of the photoelectron is limited only by the
complexity of the initial wave function and can take any
integer value, thus yielding a rich array of enantiosensitive
observables.

To observe PEVD in experiment requires, in the simplest
case, the counting of photoelectrons traveling in one direc-
tion along the laser field polarization axis and measurement
of the OAM (and thus the associated helicity). A lot of
activity in the field of electron optics has resulted in an
increasing variety of methods (inspired by their analogs in
optics) for the measurement of the OAM of an electron wave.
These range from simply diffracting the electron wave
through a knife edge [59], to mode conversion with astig-
matic lenses [60], and very effective state-of-the-art OAM
sorting using conformal mapping [61,62], among others (see
Refs. [13,63] for reviews). This variety of methods has built
upon the electron optics found in transmission electron
microscopes (TEMs), and thus we propose to observe
PEVD by using chiral molecules as a laser-triggered electron
source [64] in a TEM already fitted with an OAM meas-
urement stage (see Supplemental Material for details [31]).

The data and plotting scripts for all figures used in this
manuscript is freely available on a Zenodo database [65].
The code written for this manuscript has been made open
source and is available as a release on Zenodo [66] and the
repository is on GitHub [67].
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