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Abstract: Characterizing chiral is highly important for applications in the pharmaceutical
industry, as well as in the study of dynamical chemical and biological systems. However, this
task has remained challenging, especially due to the ongoing increasing complexity and size
of the molecular structure of drugs and active compounds. In particular, large molecules with
many active chiral centers are today ubiquitous, but remain difficult to structurally analyze due
to their high number of stereoisomers. Here we theoretically explore the sensitivity of high
harmonic generation (HHG) to the chiral of molecules with a varying number of active chiral
centers. We find that HHG driven by bi-chromatic non-collinear lasers is a sensitive probe for the
stereo-configuration of a chiral molecule. We first show through calculations (from benchmark
chiral molecules with up to three chiral centers) that the HHG spectrum is imprinted with
information about the handedness of each chiral center in the driven molecule. Next, we show
that using both classical- and deep-learning-based reconstruction algorithms, the composition of
an unknown mixture of stereoisomers can be reconstructed with high fidelity by a single-shot
HHG measurement. Our work illustrates how the combination of non-linear optics and machine
learning might open routes for ultra-sensitive sensing in chiral systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Chirality is a ubiquitous property in nature. It manifests in a plethora of physical and chemical
systems ranging from fundamental particles [1], to galaxies [2], and materials [3—5]. In biology
and medicine, chirality plays an essential role in determining the body’s physiological response
to drug administration. This is a direct consequence of the inherent chirality of biologically
active molecules such as DNA and amino acids [6,7]. A major task in modern drug development
is thus to identify, classify, and separate, the different chiral constituents of molecules to a high
precision [8,9]. In fact, a new drug cannot receive FDA approval until a sufficiently pure mixture
has been synthesized and characterized [10]. However, this task has become exponentially
difficult ever since drug development has moved towards larger biological molecules and chemical
species that possess a high number of active chiral centers (stereocenters, see illustration in
Fig. 1). ‘Multi-center’ molecules have a total of 2N stereoisomers (isomers of the same chiral
molecule that differ only by the handedness around each chiral center) to be separated, where
N is the number of stereocenters [9]. Notably, characterization of chirality in multi-center
molecules is a very challenging task, because no single standard all-optical measurement is
sufficient. For instance, circular dichroism (CD) spectroscopy [11] (which is the workhorse of
the pharmaceutical industry) cannot characterize a mixture of four or more stereoisomers (i.e
N > 1), because signals from different stereoisomers can either cancel out or be indistinguishable.
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Instead, current approaches rely on an ad-hoc combination of multiple measurements from both
optical and chemical methods, which are not always transferable and can be very time-consuming.
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Fig. 1. Schematic illustration of the two-center chiral system showing all four stereoisomers
of chiral molecules for CoH,BrCIF,. The arrows indicate enantiomeric pairs of molecules
that are mirror images of one another, as well as diastereomers that are not connected by
a mirror symmetry. Labeling of the chiral center is around the two carbons in the chain,
respectively, e.g. ‘RS’ labels a chiral molecule with ‘R’ configuration around the 1% carbon,
and S’ around the 2",

In this context, recent years have seen an explosion of all-optical chirality characterization
methods of enhanced sensitivity, including second-order nonlinear optical methods [11-16],
enantio-specific state transfer [17], and methods based on high harmonic generation (HHG)
[18-25]. However, these studies considered only a single chiral center (except a single study that
considered two chiral centers but only in aligned chiral media [26]), and it is not clear how, or if,
these methods can be extended to probe the structure of multi-center molecules.

Here we theoretically demonstrate all-optical chiral spectroscopy for multi-center molecules
utilizing strong lasers and HHG. We employ bi-chromatic laser fields that are non-collinearly
aligned and possess an optical property called ‘local-chirality’ [21] (which has been recently
shown to be effective for probing single-center chiral molecules [21,22,27]). We find that this
configuration leads to large chiral signals between different stereoisomers of molecules with
multiple chiral centers. In particular, the extreme non-linear nature of the HHG process imprints,
with a high selectivity, unique fingerprints of the handedness and structure of each chiral center
onto the harmonic spectra, allowing the stereoisomers to be distinguished by harmonic power
measurements. By simultaneously measuring several harmonic orders, this scheme can be applied
to characterize the composition of an unknown mixture of stereoisomers with high precision,
where the reconstruction is performed in a single-shot measurement that is fed into an algorithm
that we developed (either classical or deep learning based).

2. Methodology
2.1.  High harmonic generation calculations

We begin by describing the methodology used in numerical calculations. Calculations were
performed with two sets of benchmark chiral molecules with two and three chiral centers localized
on carbon atoms. The two-center chiral molecular system was chosen to be 1-Bromo-2-chloro-
1,2-difluoroethane (C,H,BrCIF,, see Fig. 1), while the three-center chiral molecular system
was chosen as 2-Bromo-4-chloro-3-fluoropentane (CsHoBrCIF, see Supplement 1 (SM) for
illustration). These molecules are linear alkanes with substituted hydrogens, where each carbon
atom with four non-identical substituents forms an active stereocenter. Each molecule is labeled
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according to the handedness of its stereocenters, e.g. ‘RS’ refers to the two-center chiral molecule
with handedness ‘R’ about the first center and ‘S’ about the second (see illustration in Fig. 1).

The ground states of the molecules were obtained from density functional theory (DFT) with
the real-space grid-based OCTOPUS code [28-30] within the local density approximation (LDA)
for the exchange-correlation (XC) functional with an added self-interaction correction (SIC) [31].
Technical details of these calculations are specified in the SM.

For each isomer, HHG calculations were subsequently performed within the single active
electron (SAE) approximation for the highest occupied molecular orbital (HOMO) in the length
gauge, governed by a time-dependent Schrodinger equation (TDSE) given in atomic units by:

£ a0 = Hvz GRS r] Walt) v

where | (t)) is the SAE wave function that at = 0 was taken as the Kohn-Sham (KS) HOMO
orbital, r is the electron’s coordinate, and Vg(r) is the effective potential felt by the SAE that
includes both the ionic potential and screening effects from deeper orbitals at a fixed molecular
orientation, Q. Vo(r) was taken as the KS potential of the ground state system:
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where Z; is the charge of the I'th nuclei and Ry is its coordinate, vxc is the XC potential that is a
functional of pqo(r), the ground state electron density for that particular orientation. Effectively,
the above numerical procedure is equivalent to performing time-dependent DFT calculations, but
where the KS potential is frozen to its ground state form, leading to the independent particle
approximation, and where only the HOMO KS state is propagated in time. The SAE method is
standardly applied in HHG since it is capable of making qualitative predictions while maintaining
numerical feasibility, which is why it is employed in our study of larger multi-center chiral
molecules. It is also further motivated by the low ionization probability in our explored systems,
and since deeper orbital contribute exponentially less to the HHG yield (there are no degenerate
orbitals in the chiral molecules). E(¢) in Eq. (1) denotes the time-dependent laser electric field of
the w-2w bi-chromatic non-collinear laser configuration:

E(1) = EoA(t)Re{e/8; + Ae*@¢,)} 3)

where Ej is the electric field amplitude of the w beam, A is the amplitude ratio between the
beams, 17 is a relative phase, €; 2 are unit vectors along the polarization direction of each beam
(each beam is circularly-polarized and counter-rotating, but propagating with a small opening
angle a w.r.t the z-axis), A(#) is a dimensionless envelope function (taken to be trapezoidal with
two-cycle rise and drop sections and a four-cycle flat-top). Note that we have applied the dipole
approximation and neglected all spatial degrees of freedom in E(7). Calculations were thus
performed microscopically at the focus of both beams where they overlap spatially and temporally.
While this approximation is not strictly valid for non-collinear beams (since the phase of E(7)
can change across the interaction region and lead to phase matching issues), such issues can be
avoided either by employing a thin interaction region (which is possible both in gas or liquid
phases [32,33]), or by controlling the relative phases between the beams [21,22].

Equation (3) describes two noncollinear circularly polarized laser beams of frequencies w and
2w, which are focused together into a randomly-oriented chiral media (as illustrated in Fig. 2).
For a=0 one recovers the collinear planar form of E(z) (i.e. the field is polarized in the xy plane)
and E(?) reduces to a counter-rotating bi-circular field [34-36], as has been utilized to generate
circularly-polarized high harmonics [37,38]. For a+#0 one obtains a locally-chiral field with a
nonzero degree of chirality (DOC) [39]. This field has a unique property of being distinct from
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Fig. 2. Schematic illustration of the w-2w (bi-chromatic) driving field and suggested
experimental set-up for chiral mixture reconstruction. The field is comprised of two strong
laser beams that are focused together into a mixture of randomly oriented chiral molecules
with several stereoisomers (the mixture can either be in liquid or gas phase). The beams have
an opening angle (2a) relative to their propagation axes and are circularly polarized in order
for the total electric field to exhibit a non-zero degree of chirality [21,39]. High harmonics
from the medium are emitted in different angles in space and their powers and polarizations
are measured, and then inputted into an algorithm that reconstructs the composition of the
mixture.

its mirror image within the dipole approximation, which leads to strong chiral signals in the
nonlinear optical response [21].

The TDSE in Eq. (1) was solved within OCTOPUS code (further technical details are found in
the SM) for each molecular orientation w.r.t the driving laser field. From the obtained |y (f)) we
calculated the time-dependent dipole acceleration:

2
30() = 5 Wallva() 4

We performed orientation averaging for each isomer to describe randomly oriented chiral
media, where the angle QO was integrated over with trapezoidal weights on an Euler grid in a
method similar to that used in Ref. [27] with a total of 208 non-equivalent angular orientations
(405 total orientations). From this integration, we obtained the dipole acceleration of each
randomly oriented molecular isomer:

a(r) = / 49 aq(?) 5)

The HHG spectra were obtained as a Fourier transform of a(#). For a mixture of different
stereoisomers, the HHG spectra was calculated as a coherent sum of the spectra from all isomers
in the solution with appropriate weights (according to their individual concentrations).

2.2. Chirality reconstruction algorithms

In order to reconstruct the compositions of unknown mixtures of isomers, we developed two
algorithmic approaches. The first is based on a classical steepest descent approach, while the
second relies on deep learning. Within both approaches, the measured HHG yields for several
harmonic orders from a mixture of stereoisomers are inputted into the algorithm. The algorithms
output the reconstructed weights for the concentrations of each isomer in the mixture, where
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it is assumed that the mixture only contains stereoisomers of that particular species (though
this constraint could be relaxed in future works). We have simulated many random realizations
of mixtures, and quantified the success of the method by comparing the reconstructed weights
with the ground truth. The robustness of the method was tested by reconstructing mixture
compositions while including random noise in the input data.

We now specify the details of both approaches. The classical approach was implemented
in MATLAB [40]. It searches for the optimal molar concentrations of each constituent in the
mixture by minimizing a target function defined as the difference between the measured yields,
and the reconstructed yields. For each harmonic order we define the target function:

2

M
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where the molar concentrations are labeled as ¢; (forming the vector ¢), “j” is the index of the
stereoisomer running from 1 to 2N (N is the number of chiral centers in the molecule and we
denote M =2N). Imix(h) is the input integrated yield of the #’th harmonic from the unknown
mixture, which is taken from the HHG simulations. Ij(h) is the integrated intensity of the /4’th

harmonic from the j’th isomer, and ¢>(1]]1.) is the relative phase of the 4’th harmonic between the

1’st and the j’th isomer (where q[)(lhl):O). For the classical steepest descent approach, both of

these quantities are assumed to be known reference data that the algorithm has access to. In an
experimental set-up, this reference data can be obtained directly from HHG measurements from
the pure isomer compounds, as well as 50/50 mixtures of all isomer pairs (while here they are
taken directly from the HHG calculations). An overall target function is defined by summing the
errors from all harmonics in a subset K:

Fir@) = ) i (©) @)

heK

The molar concentrations formally uphold the following constraints that are applied in the
algorithm: 1 = Y% ¢;, which is used to determine: ¢y = 1 — ¥¥' ¢; (reducing the number
of parameters to reconstruct from M to M-1). Also, each ¢; upholds: 0 < ¢; < 1. This
approach essentially searches for a global minimum for Fy,,(c) with respect to M-1 parameters;
thus, reasonable solutions are expected when utilizing at least M-1 harmonic orders for the
reconstruction process.

The deep learning approach is implemented in Pytorch [41] and is comprised of two modules.
The first module is denoted as HHGNet, which models the measurement process. It is a
non-parametric module (non-trained) that is used to generate the expected yields from a given
simulated mixture of isomers. The simulated spectrum is converted to logarithmic scale and
normalized in the range [-1,1], and is then fed as input into the second module, denoted as
MuChiNet. This module is trained to estimate the molar concentrations corresponding to the
input yields. It is comprised of two 1D convolution layers, each followed by a MaxPool and a
ReLU nonlinearity, and four fully connected layers, each followed by a ReLU nonlinearity [42].
The output is normalized by a softmax layer such that the sum of concentrations gives the physical
100%, which is comparable to the ground truth. The Adam optimizer [43] is used to train the
network over 1000 random simulated samples (which are fully-independent from the subsequently
used testing set). Crucially, within this technique the relative phases for each harmonic order

between isomers (¢(ll;.)) are not used as input, significantly simplifying the experiment
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3. Results and discussion

3.1. Stereocenter sensitivity in HHG

With the approach described above, we investigate HHG from multi-chiral molecules, starting
with the model two-center chiral system. Figures 3(a,b) present exemplary HHG spectra from
the various stereoisomers of C,H,BrCIF; driven by locally-chiral light (with a.=7.5°), where
enantiomer pairs are plotted together. The HHG spectra show large enantio-discrimination
between pairs of enantiomers, especially for higher harmonics. The size of the discrimination
can be quantified by defining a chiral dichroism (CD, not to be confused with circular dichroism)
per harmonic order 4 as:
10 g
cp® =0 Kk

®)
141
J k

where j,k indicate indices for the various stereoisomers (e.g. in this case j=RR,SS,RS,SR)
and 1" is the integrated harmonic yield for the /’th harmonic order from the j’th isomer. The
CD in Eq. (8) is normalized from -200 to 200% and is a measure for the sensitivity of HHG
to the stereo-configuration. For the particular parameters in Fig. 3 we obtain CDs of ~20%
for enantiomeric pairs. In the semi-classical picture for HHG, the strong CDs can generally
be thought of as arising from the separate contributions of the ionization, propagation, and
recombination, sub-processes. However, the role of each of these in the overall CD is somewhat
obscured in the orientation averaged medium. Nonetheless, we can rule out any strong CD
originating from the ionization sub-process, because CDs in the ionization rates from mirror
enantiomers are too small in our examined conditions to account for the large values obtained in
HHG. We hypothesize that a combination of the propagation and recombination steps underlie
the strong chiral response in our case (since these sub-processes probe the long-range chiral
potential, and chiral orbitals, respectively).

Figures 3(c,d) present similar HHG spectra, but showing only the y-polarized emitted power.
This simulates a set-up where harmonics are passed through a polarizer before entering the
spectrometer, which can enhance the CD substantially — for the particular example in Fig. 3 the
CD increases on average by a factor of about two after the polarizer. Thus, from this point on we
only refer to CD that is obtained with a y-polarizer, and only the y-polarized HHG spectra is used
for reconstructions.

Notably, discrimination between stereoisomers that are not enantiomers but are diastereomers
(i.e. are not exact mirror images of one another, see illustration in Fig. 1) is even more efficient.
The different structures of diastereomers imprint robust unique features onto the HHG spectra,
including the plateau structure and cutoff position. CDs for diastereomers in Fig. 3 for instance
are on order of ~100%.

We further analyze the CD between different stereoisomers with respect to the laser conditions.
A main degree of freedom here is the opening angle between the beams, a. Figure 4 shows the
CD values vs. a for the different harmonic orders between the different isomers. For enantiomer
pairs, the CD increases almost linearly with a starting from a=0 (see Fig. 4(a,b)). This behavior
is in correspondence with the properties of the driving bi-chromatic laser that vary with a: (i)
for a=0 we have a co-planer bi-circular driving field where every third harmonic is suppressed
due to symmetry [44,45]. In this geometry the field is not locally-chiral due to its planar nature,
which leads to zero CD. (ii) As a increases the DOC in the driving field increases linearly [39].
Thus, Fig. 4(a,b) indicates that there is a correspondence of HHG chiral signals with light’s DOC,
which has also been recently reported for photoelectrons [27]. This is maybe surprising due
to the highly nonlinear nature of the process. We hypothesize that the origin of the effect lies
in the orientation averaging from the full molecular ensemble, which might reduce this strong
nonlinear connection to a linear one (at least in the perturbative small DOC regime). We expect
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Fig. 3. Extreme nonlinear response and harmonic emission from two-center chiral system,
CoH,BrCIF,. (a,b) HHG power spectra from pairs of enantiomers, showing that the
harmonic power is selective to the stereo-configuration of the system. Dashed lines represent
integer harmonic orders. (c,d) Same as (a,b) but for y-polarized spectral power which shows
stronger stereo-selectivity. (e,f) Zoom-ins on regions of interest in the HHG spectra with
high CD from (c,d), respectively. Plot calculated for the laser parameters: A=1400nm,
Ip=1013 W/em?2, a=7.5°, n=0, A=1/4/2.

that this linear connection should break down eventually due to an interplay of the increase in the
DOC with @, and the decrease in the recombination cross-section with «, which should lead to a
saturation effect as is already visible for some harmonics in Fig. 4(a,b). It is also interesting to
discuss the dependence of the CD on the particular harmonic order. A general trend visible in
Fig. 4(a,b) is that harmonics in the plateau region (and also cutoff region) tend to reach higher
CD values, especially compared to the perturbative region. This indicates the importance of the
propagation sub-process in HHG for obtaining high CDs from locally-chiral light.

Another point to note is that the CD between diastereomers is mostly independent of the beams
opening angle (see Fig. 4(c,d)). This suggests that the ability to separate diastereomers in HHG
is largely independent of light’s chirality, and is instead a consequence of the extremely nonlinear
nature of the interaction that is sensitive to the chemical properties of the system (e.g. orbital
and potential energy structure). We also note that few harmonics in Fig. 4(c,d) do show strong
dependence on a, which is a consequence of interference effects (the electron trajectories are
altered with a, changing their relative phases).
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Fig. 4. Chiral dichroism from two-center multi-chiral system vs. the bi-chromatic field
opening angle, a. (a) CD per harmonic order between the enantiomers RR and SS of
C,yH,BrCIF;. (b) Same as (a) but for the enantiomers RS and SR. (¢) same as (a,b) but for
the diastereomers RR and RS. (d) Same as (c) but for the diastereomers RR and SR. Plot
calculated for the same laser parameters as Fig. 3, but where a is varied up to 7.50.

Next, we perform calculations in the benchmark three-center chiral molecular system,
CsHoBrCIF. Figure 5 shows exemplary HHG spectra from the various stereoisomers of CsHgBrCIF,
which clearly indicates the strong selectivity persists even in molecules with a high number of
chiral centers. Figure 5(e,f) shows that CD values range around 30% for enantiomeric pairs, and
80% for diastereomers, similarly to the two-center system. The fact that each stereoisomer leads
to unique fingerprints in the harmonic spectra, as well as very large CDs, opens the possibility
for characterization schemes based on HHG, as we will show in the next section.

3.2. Reconstruction of chiral mixtures

We have simulated the response of random sets of mixtures of stereoisomers, and employed our
developed reconstruction algorithms (classical- and deep-learning-based) to retrieve the molar
concentrations of the mixtures. Results for both the two- and three-center multi-chiral molecules
are presented in Fig. 6 from both algorithms, where the reconstruction utilizes the y-polarized
harmonic power that was shown to produce better selectivity (utilizing 20 harmonics in each
case). The reconstruction error in a given simulated mixture is calculated as the mean error
between the ground truth and the reconstructed concentrations of all stereoisomers. Statistics
of errors is obtained for 500 simulated mixtures, from which the mean error and the standard
deviation of the error are calculated. Noise was introduced as random errors in the harmonic
powers of the calculated HHG spectra from the simulated mixture (i.e. that inputted into the
reconstruction algorithm).

Figure 6(a,b) shows mixture concentration reconstruction data from the classical algorithm,
which is robust to random noise in the harmonic power data — reconstructions as good as 1%
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Fig. 5. HHG and chiral dichroism from the three-center multi-chiral system, CsHyBrCIF.
(a-d) y-polarized HHG power spectra for the various stereoisomers of CsHgBrCIF, where
enantiomer pairs are plotted together. (e) |CD| per harmonic order between enantiomer pairs
(averaged over all pairs — RRR/SSS, RRS/SSR, RSS/SRR, RSR/SRS). (f) Same as (e) but
averaged over all diastereomer pairs. Plots calculated for the same laser parameters as Fig. 3,
but for A=800nm.
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Fig. 6. Algorithmic reconstruction of stereoisomer concentrations in unknown mixtures of
chiral molecules. (a) Reconstruction statistics vs. noise in harmonic power for two-center
multi-chiral molecule using the classical algorithm. Statistics is obtained by simulating 500
random mixtures for every noise level. The absolute error is calculated by averaging the
error over all realizations and over all isomers for a given mixture. (b) Same as (a) but for
the three-center chiral system. (c,d) Same as (a,b) but with the deep-learning algorithm.
Note that the axes scales are different in the classical and deep-learning approaches.

are obtained for noise levels up to 1% for both the two- and three-center multi-chiral molecules.
Importantly, the reconstruction quality and noise robustness almost does not change between the
two-center and three-center system, indicating that the method should be highly applicable to
even larger complex molecular structures.
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For optimization purposes, one may also consider optimizing the chosen subset of measured
harmonic orders that are fed into the algorithm (the subgroup K in Eq. (7)). For instance, one
might expect that harmonics that show stronger dichroism between pure enantiomer pairs would
increase the signal to noise ratio and reduce reconstruction uncertainties. We have tested various
such schemes, but generally observed weak dependence of the reconstruction quality with respect
to the harmonic input data, as long as roughly the same number of harmonics were utilized for
the reconstruction. On the other hand, by measuring more harmonic orders the reconstruction
error can indeed be reduced, as expected (not presented).

We highlight that the stereocenter specificity in Fig. 6 is not possible with standard all-optical
methods such as circular dichroism absorption spectroscopy, further emphasizing the importance
of the suggested method. One particular example that stresses this difference is a mixture of chiral
molecules with equal concentrations for each of the enantiomeric pairs of the stereoisomers,
for instance, a mixture comprised of equal parts of all constituents (e.g. 25% for each RR,
SS, RS, SR in the two-center system). In this case, the total mixture is racemic, making
it completely inaccessible with standard chiroptical techniques regardless of the number of
measurements performed. In contrast, our approach successfully reconstructs the concentration
of each constituent to a high precision, and works just as well as it does in any other mixture.

Figures 6(c,d) present similar reconstruction data using the deep-learning algorithm. Recon-
structions are generally at the same level of quality, or better, than those obtained with the classical
approach for low noise levels. At first glance this may seem like a disappointing result, because
one expects the deep learning approach should greatly out-perform the classical algorithms for
global minimization. However, we recall that the classical approach in Fig. 6(a,b) assumed
that the harmonic phases are known reference data that the algorithm has access to, while the
deep-learning approach does not utilize this data. In that respect, the deep-learning scheme has
the potential for enhanced realizations in an experimental set-up, provided that one can obtain
high quality training data. We also note that the deep-learning approach is more robust over
much more noisy data sets, with errors below 4% even up to 50% noise. On the other hand, it
tends to lead to an average of 1% errors even in the absence of noise, which is attributed to the
lack of phase information (whereas in the classical approach at zero noise the reconstruction
equations are exactly solvable, leading to vanishing errors in reconstruction). We emphasize that
these results can likely be optimized by improving the algorithmic schemes.

4, Conclusions

To summarize, we have theoretically shown that HHG with ‘locally-chiral’ light (with bi-chromatic
non-collinear lasers [21,39]) is a sensitive probe for molecular chirality and handedness in chiral
molecules with multiple stereocenters. The extreme nonlinear nature of the process allows
distinguishing between enantiomers and diastereomers, where unique fingerprints of each isomer
are imprinted onto the harmonic power and its polarization state. This result allows utilizing
HHG for obtaining all-optical characterization of mixtures of chiral molecules (either in gas
or liquid phases) to a high precision, in a single-shot measurement. We have simulated the
reconstruction process with both classical- and deep-learning-based algorithms, showing that
high quality and robust reconstructions can be obtained.

Our results numerically demonstrate the first all-optical method for analyzing chiral molecules
with multiple active chiral centers. Notably, while we explored here simpler benchmark alkane
multi-chiral systems, the mechanism responsible for the chiral signal generation and detection
should also be valid in larger bio-molecular complexes, and even including other effects of
multiple active orbitals and active vibrational modes. Thus, we are hopeful that the technique
would be transferable to such interesting systems (even if requiring more complex reconstruction
algorithms). Looking forward, our work could be used for deriving novel chirality spectroscopy
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techniques in topological [46,47] and dynamical [48,49] systems based on the combination of
extreme nonlinear optics and artificial intelligence.
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