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Abstract: When a molecule has more than one chiral center, it can be either a chiral molecule
or a meso isomer. High harmonic generation (HHG) of stereoisomers with two chiral centers
driven by circularly polarized (CP) laser pulses is investigated. Counterintuitively, it is found
that the HHG exhibits prominent circular dichroism for the meso isomer, while the harmonic
spectra with left and right CP laser pulses are nearly the same for the chiral isomers. We show
that the anomalous circular dichroism is attributed to the characteristic recollision dynamics
of HHG. This feature makes the HHG a promising tool to discriminate the meso isomer and
racemic mixture, where no optical activity can be found in both cases. Similar dichroism
responses are also found by applying the counter-rotating bicircular laser pulses.
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1. Introduction

A chiral center is a stereocenter consisting of an atom holding a set of ligands (atoms or
groups of atoms) in a spatial arrangement which is not superimposable on its mirror image. If
a molecule has a chiral center, it is a chiral molecule and has a non-superposable mirror image
which is also chiral (known as an enantiomer). The property of chirality is of great practical
importance because most biomolecules and pharmaceuticals are chiral and many chemical
processes in living beings are chirality dependent [1]. Therefore, detection and recognition of
chirality is one of the most important and challenging tasks for researches and applications in
the biological and pharmaceutical areas [2, 3].

The basic idea to detect the chirality is to utilize the different responses of the target to left
and right circularly polarized (CP) light [4–7] or to other forms of light [8, 9]. With the fast
development of laser techniques, several novel methods for chirality detection in the gas phase
using femtosecond laser pulses were proposed and implemented. For example, in the spirit
of photoelectron circular dichroism (PECD) [6, 10], the chirality can be recognized from the
asymmetric photoelectron angular distribution based on the strong-field ionization driven by
CP femtosecond laser pulses [11, 12]. With this method, the circular dichroism (CD) signal up
to 10% was obtained, and the CD can be even higher if the molecule is oriented. In a recent work,
it is shown that the chirality can be detected with the high harmonic generation (HHG) [13,14].
The HHG is a strong-field process when molecules are irradiated by femtoseond laser pulses
[15,16] and can be understood with the semiclassical three-step recollision model [17–19]. The
chiral HHG method has several advantages compared with conventional CD techniques, such
as the high magnitude of CD signal, the capability of resolving the chiral dynamics on the
sub-femtosecond timescale, etc.

Up to now, only molecules with one chiral center have been considered for the strong-field
chirality detection techniques. A molecule can have more than one chiral center. In this case,
the molecule can be either chiral or achiral. For example, if a molecule has two R-type (S-
type) chiral centers, it is a right-handed (left-handed) chiral molecule. However, if the molecule
has two enantiomeric chiral centers which are R-type and S-type respectively, it is an achiral
molecule known as a meso isomer. Since a meso isomer has different properties compared
with its chiral isomers in chirality dependent processes, it is also demanding to recognize and
purify/eliminate meso isomer for biological and pharmaceutical researches and applications
[20,21]. However, as both the meso isomer and the racemic mixture (the mixture that has equal
amounts of left- and right-handed enantiomers) do not present optical activity, it is difficult to
discriminate the meso and racemic samples with conventional CD techniques.

In this work, we investigate the HHG of molecules with two chiral centers driven by CP laser
pulses. Due to the characteristic recollision dynamics in HHG, anomalous CD is found: the
obtained harmonic spectra with left and right CP laser pulses are different for the meso isomer,
while the spectra are nearly the same for its chiral isomers. This feature promises that the HHG
can be an efficient tool to discriminate the meso isomer and racemic mixture. Furthermore,
similar dichroism responses are also found in HHG driven by counter-rotating bicircular (CRB)
laser pulses.
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Fig. 1. Structures of the three stereoisomers of tartaric acid. Panel (a) shows the right-
handed chiral isomer with two R-type chiral carbons, which is denoted as the RR-tartaric
acid. Panel (b) shows the meso isomer with one R-tpye chiral carbon in the upper half and
one S-type chiral carbon in the lower half, which is denoted as the RS-tartaric acid. Panel
(c) shows the left-handed chiral isomer with two S-type chiral carbons, which is denoted
as the SS-tartaric acid. The Newman projections of the molecules are presented below the
structures, respectively.

2. Theoretical model

The HHG process of molecules in response to laser fields are simulated by using the three-
dimensional time-dependent density-functional theory (TDDFT) [22]. The evolutions of the
systems follow the time-dependent Kohn-Sham (TDKS) equations (atomic units are used unless
otherwise stated)

i
∂

∂t
Ψi (r, t) = [−∇

2

2
+ vs (r, t)]Ψi (r, t), i = 1, 2, · · · , N. (1)

N is the number of Kohn-Sham (KS) orbitals Ψi (r, t). In the simulation, only the electrons in
the valence shell are active, and we neglect electron spin effects. vs (r, t) is the KS potential
defined as

vs (r, t) =
∫
ρ(r′ , t)
|r − r′ |

dr′ + vxc (r, t) + vne + vlas . (2)

ρ(r, t) is the time-dependent density of the multi-electron interacting system given by ρ(r, t) =∑N
i=1 |Ψi (r, t) |

2. vxc is the exchange-correlation potential including all non-trivial many body
effects. Here, we apply the local-density approximation (LDA) incorporating the Perdew and
Zunger parametrization. The functional is supplemented by the Perdew-Zunger self-interaction
correction (SIC) [23]. The SIC corrects the self-interaction errors of LDA and ensures vxc has
the accurate −1/r asymptotic behavior. vne is the ionic potential felt by the valence electrons
due to the ionic core and is modeled by the norm-conserving nonlocal Troullier-Martines
pseudopotential [24]. vlas is the potential describing the external fields of laser in the velocity
gauge.

Before propagation in time, the initial states are obtained by solving the KS equations self-
consistently at the density functional theory (DFT) level. Then the KS orbitals are propagated
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using the approximate enforced time-reversal symmetry scheme. The time step is 0.05 a.u. and
the propagation stops after the laser pulse vanishes. The widths of the simulation box are 64 a.u.,
64 a.u., 40 a.u. in the x, y, z directions, respectively. To avoid the reflection of the wavefunction,
a sine squared imaginary potential is added at the boundaries. The KS and TDKS equations are
discretized and solved with the Octopus package [25–27]. The harmonic spectrum is obtained
as

S(ω) = |
∫

D̈(t) exp(−iωt)dt |2 , (3)

where the time-dependent dipole is calculated as D(t) =
∫

rρ(r, t)dr.

3. Results and discussions

In this work, the tartaric acid is chosen as prototype. The tartaric acid molecule is the most
common example in textbooks that has two chiral carbons. Three typical stereoisomers of
tartaric acid are shown in Fig. 1. The structures of the three stereoisomeric molecules are
optimized with the quantum chemistry code Gaussian [28]. Figure 1 also shows the orientations
of the molecules, where both chiral carbons are located on the z axis. The orientation of large
molecules can be achieved with moderately intense laser pulses [20, 29, 30]. In Fig. 1(a), both
chiral carbons of the molecule are R-type. Therefore, this molecule is right-handed chiral and
is denoted as RR-tartaric acid. The enantiomer of the RR-tartaric acid is presented in Fig. 1(c),
in which both chiral carbons are S-type. This molecule is therefore left-handed chiral and is
denoted as SS-tartaric acid. In Fig. 1(b), the upper and lower chiral carbons of the molecule are
R-type and S-type respectively. This molecule is a meso isomer and is denoted as RS-tartaric
acid. The ionization potentials Ip are 0.324 a.u. for RR- and SS-tartaric acids and 0.295 a.u. for
RS-tartaric acid from the DFT calculation.

To investigate the CD of HHG, CP laser pulses with peak intensity I = 8 × 1013 W/cm2 and
wavelength λ = 800 nm are applied. The laser pulse propagates in the z direction and polarizes
in the x − y plane. In the simulation, the laser pulse has a sine squared envelope with total pulse
duration T = 14 optical cycles. The vector potentials are therefore written as:

Ax (t) = A0 sin2(
πt
T

) cos(ω0t), (4)

Ay (t) = A0 sin2(
πt
T

) cos(ω0t ± π
2

), (5)

where A0 and ω0 are the amplitude and angular frequency of the laser field, respectively. The
electric fields E = − 1

c
∂(A)/∂t, where c is the speed of light. The electric field of the left CP

laser pulse is shown in Fig. 2(a) as an example. Figs. 2(b) and 2(c) show the obtained harmonic
spectra from RR- and RS-tartaric acid driven by left and right CP laser pulses, respectively.
Based on the semiclassical recollision model, the cutoff position of the harmonic spectrum with
CP laser pulses is estimated to be 2Up + Ip [19], where Up = E2

0/4ω
2
0 is the ponderomotive

energy and E0 is the amplitude of the electric field [12,31]. For the applied parameters here, the
cutoff position should be around the 9th order, which is consistent with the results in Fig. 2. In
Fig. 2(b) both odd and even harmonics are obtained, while only odd harmonics can be found in
Fig. 2(c). This is because the selection rule of HHG is determined by the rotational symmetries
of the laser field and the projection of the molecule on the polarization plane (x− y plane): If the
laser field possesses L-fold rotational symmetry (denoted as CL) and the projection possesses
K-fold rotational symmetry (CK ), the selected harmonic orders are k J±1, where k = 0, 1, 2, · · ·
and J is the greatest common divisor (GCD) of L and K [32, 33]. Specifically, the projection
of the meso isomer possesses C2 symmetry, while the projections of the chiral isomers possess
C1 symmetry. For the circularly polarized laser pulse, the laser field possesses C∞ symmetry.
Therefore, the selection rule of HHG from the meso isomer is 2k±1, where only odd harmonics
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will be generated. And the selection rule of HHG from the chiral isomers are k ± 1, where both
odd and even harmonics are obtained.
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Fig. 2. (a) Electric field of the left CP driving laser pulse. (b) Harmonic spectra from RR-
tartaric acid driven by left and right CP laser pulses, respectively. (c) Harmonic spectra
from RS-tartaric acid driven by left and right CP laser pulses, respectively. (d) Sum of the
high harmonic spectra from RR- and SS-tartaric acids.

The chirality of molecules was discovered because some molecules exhibited optical activity
due to their different responses to left and right CP light. A meso isomer is defined as a
non-optically active molecule despite containing two or more chiral centers. Therefore, it is
commonly known that a chiral molecule exhibits CD while a meso isomer exhibits no CD in
conversional optical phenomena. However, from the obtained harmonic spectra shown in Fig.
2, anomalous CD is found. For the RR-tartaric acid, the harmonic spectra driven by left and
right CP laser pulses are nearly identical, which means the high harmonic responses of this
chiral molecule are the same for CP laser pulses with opposite helicities. The results are the
same for SS-tartaric acid that the two harmonic spectra are also nearly identical (not shown).
By contrast, the harmonic spectra for RS-tartaric acid driven by left and right CP laser pulses
are significantly different.

To quantitatively evaluate the CD of HHG, we calculate [13, 14]

|Q | = 2|
Sle ft (M) − Sright (M)

Sle ft (M) + Sright (M)
|, (6)

where Sle ft and Sright are harmonic yields driven by left and right CP laser pulses respectively.
M denotes the harmonic order. The CD can also be evaluated by the ratios of harmonic yields
as

β2 =
max[Sle ft (M), Sright (M)]

min[Sle ft (M), Sright (M)]
. (7)

We calculate and compare the values of |Q | and β2 for RR- and RS-tartaric acid as shown
in Fig. 3. It is found that, both |Q | and β2 are very small for the RR-tartaric acid, showing that
nearly no CD can be found. On the other hand, |Q | is nearly one order of magnitude higher
for RS-tartaric acid than that for RR-tartaric acid, and β2 is several times higher. From the
results, one can see that the different CD signal for the meso isomer and its chiral isomers are
significantly distinguishable.
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Fig. 3. Values of (a) |Q | and (b) β2 for the HHG of RR- and RS-tartaric acid.

The next question is why such counterintuitive CD occurs in HHG. To answer the question,
we first recall the semiclassical recollision model of HHG [17–19]. According to the recollision
model, the HHG process consists of three steps: (i) an electron of the target molecule is ionized
to the continuum state, (ii) this liberated electron is accelerated in the laser field, (iii) the electron
with particular condition returns to the parent ion and releases the accumulated energy by
emitting a harmonic photon. This model can also be described in a quantum mechanical version
that the wavepacket is ejected to the continuum state, propagates, and finally recombines to the
ground states emitting the high harmonics.

Corresponding to the three-step recollision model, the high harmonic emission can be
obtained in the form [34,35]

D ∼
∑
P

aion[P]aprop[P]drec [P], (8)

where aion , aprop and drec are the ionization amplitude, propagation amplitude and
recombination dipole moment, respectively. According to the path integral formulation of
quantum mechanics, the evolution of the wavepacket can be represented by quantum paths. P
denotes the quantum paths contributing to HHG, which are obtained by solving the saddle point
equations [36] and can be approximately described by the classical electron trajectories. Since
the electrons mainly drift parallel to the x − y plane, the electron trajectories can be divided into
two groups: trajectories in the upper half of the molecule (above the x − y plane) and those in
the lower half of the molecule (below the x − y plane). Then Eq. (8) is written as

D ∼
∑

T{upper}
aion[T ]aprop[T ]drec [T ] (9)

+
∑

T{lower}
aion[T ]aprop[T ]drec [T ], (10)

where T denotes the electron trajectories. From the recollision model of HHG and Eqs. (8)–(10),
it is shown that the electron trajectories play crucial roles in the feature of the high harmonic
emission.
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Fig. 4. (a) and (b) Typical electron trajectories for the RR-tartaric acid driven by right CP
laser field in the upper and lower halves of the molecule, respectively. The hollow circles
represent different ligands and electron trajectories from different ligands are plotted in
corresponding colors. (c) For clarify, the configuration of the RR-tartaric acid is presented,
with the blue dashed circle indicating the rotation direction of the laser field. (d) Snapshot
of density at t = 9.191 fs and z = −2.4 a.u. in the TDDFT propagation for RR-tartaric acid
driven by right CP laser field.

To better understand HHG process of tartaric acids, we calculate the electron trajectories
with the classical model [19]. In order to reflect the most essential factors that determine the
anomalous CD, we simplify the ligands connected to the chiral carbons (i.e. -H, -OH and -
COOH) as spherical entities with different sizes in the classical calculation. The radiuses of the
spherical entities are 1 a.u., 1.5 a.u. and 2 a.u. respectively. We consider electrons ionized at
different times and from different ligands. The evolution of the ionized electrons is described
by the classical equation:

d2r
dt2
= −E(t), (11)

where r is the coordinate of the electrons. Several typical electron trajectories for the RR-tartaric
acid driven by right CP laser fields are shown in Fig. 4. The electron trajectories are plotted in
two groups (in the upper half and the lower half of the molecule) in two-dimensional coordinates.
The hollow circles denote the ligands with different sizes and electron trajectories from different
ligands are plotted with corresponding colors to increase the readability.

The electron trajectories obtained with this simple classical model depict the major feature
of the HHG process: the ionized electrons first travel around the molecule clockwise and then
return to the parent ion from different directions (to different ligands one after another). The
corresponding quantum mechanical picture of this process is also intuitively shown in Fig. 4(d),
where the snapshot of density at t = 9.191 fs and z = −2.4 a.u. in the TDDFT propagation
is presented. It is shown that, the wavepacket is ionized to the continuum state and propagates
clockwise around the molecule. During propagation, the continuum wavepacket recombines to
the ground state from different directions and the “sees” the different ligands sequentially. In
the example shown in Fig. 4, the continuum wavepacket/electrons see the ligands in the order
→H→COOH→OH→ in the upper half of the RR-tartaric acid molecule, and see the ligands
in the order →H→OH→COOH→ in the lower half. These orders will determine the electron
trajectories that contribute to HHG. Note that, as indicated in Eqs. (8)–(10), different electron
trajectories lead to different HHG processes and thus different high harmonic emission, while
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same electron trajectories lead to the same high harmonic emission. Therefore, whether the
HHG exhibits CD can be determined by the orders of ligands seen by the continuum electrons
propagating anticlockwise and clockwise respectively.

Fig. 5. Analysis for the orders of ligands seen by the continuum electrons for (a) RR-
tartaric acid and (b) RS-tartaric acid. The thick arrows indicate the rotation directions of
the continuum electrons driven by left (blue) and right (green) CP laser fields respectively.
For each molecule, the upper and lower halves are analyzed separately. In panel (a) for RR-
tartaric acid, the orders taking account of upper and lower halves are→H→OH→COOH→
+ →H→COOH→OH→ for both left and right CP laser pulses. Thus, T {left} = T {right}
and the obtained spectra are the same in CP laser fields with opposite helicities. In panel
(b) for RS-tartaric acid, the orders in both halves are→H→COOH→OH→ for left CP laser
pulse and→H→OH→COOH→ for right CP laser pulse. Thus, T {left} � T {right} and the
obtained harmonic spectra in left and right CP laser fields are different.

The orders of ligands seen by the continuum electrons are summarized in Fig. 5. The thick
arrows indicate the rotation directions of the continuum electron driven by left (blue) and right
(green) CP laser fields, respectively. The upper and lower halves of the molecules are analyzed
separately. Figure 5(a) shows the analysis for RR-tartaric acid. The continuum electrons rotate
anticlockwise in left CP laser field and see the ligands in the order →H→OH→COOH→ in
the upper half of the RR-tartaric acid (top-left corner of Fig. 5(a)). In the same laser field, the
continuum electrons see the ligands in the order→H→COOH→OH→ in the lower half (bottom-
left corner of Fig. 5(a)). Driven by the right CP laser field, the order is →H→COOH→OH→
in the upper half (top-right corner of Fig. 5(a)) and is →H→OH→COOH→ in the lower half
(bottom-right corner of Fig. 5(a)). Based on the above analysis of the orders, it is found that the
trajectories in the upper half with left CP laser field are the same as the those in the lower half
with right CP laser field, i.e.

T {upper, left} = T {lower, right}. (12)

In the same way,
T {lower, left} = T {upper, right}. (13)

Therefore, for the HHG process of the whole RR-tartaric acid molecule, the trajectories with
left and right CP laser fields are the same:

T {left} = T {right}. (14)
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Thus, the obtained harmonic spectra from the RR-tartaric acid driven by CP laser fields with
opposite helicities should be the same, as is shown in Fig. 2(b).

For the RS-tartaric acid shown in Fig. 5(b), the orders are →H→COOH→OH→ for both
the upper and lower halves driven by the left CP laser field. To the contrary, the orders are
→H→OH→COOH→ for both the upper and lower halves driven by the right CP laser field. As
a result, for the HHG process of the whole RS-tartaric acid molecule

T {left} � T {right}, (15)

and the obtained high harmonic emissions driven by left and right CP laser fields are different.
This also agrees with the results shown in Fig. 2(c). From the above discussion, it can be
concluded that the anomalous CD found in HHG is essentially due to the characteristic strong-
field recollision dynamics of HHG.
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Fig. 6. (a) Electric field of the CRB pulse with η = 1. (b) Harmonic spectra from RR-
tartaric acid driven by CRB laser pulses with η = −1 and 1, respectively. (c) Harmonic
spectra from RS-tartaric acid driven by CRB laser pulses with η = −1 and 1, respectively.
(d) Sum of the high harmonic spectra from RR- and SS-tartaric acids. (e) Values of |Q | for
RR- and RS-tartaric acid. (f) Values of β2 for RR- and RS-tartaric acid.

This anomalous CD in HHG promises the opportunity to discriminate the meso isomer and
racemic mixture. Since the high harmonic emissions with left and right CP laser pulses are the
same for both the right-handed and left-handed chiral isomers, the detected harmonic spectra
from a racemic mixture driven by CP laser pulses with opposite helicities should also be the
same. As a demonstration, the sum of the high harmonic spectra of RR- and SS-tartaric acids
is presented in Fig. 2(d). It is shown that, the harmonic spectra with different CP laser pulses
are nearly the same. Therefore, by comparing the different CD of the obtained high harmonic
signal, the meso and racemic samples can be discriminated.
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Apart from CP laser pulses, the chirality can also be detected with CRB laser pulses. A
CRB laser field is composed of two coplanar counter-rotating CP laser fields with different
frequencies [16, 37–39]. By using the CRB laser pulses, the efficiency of HHG can be
dramatically increased with the chiral dichroism signal still high [14]. Next, we will discuss
on the dichroism response of HHG from the tartaric acid molecules driven by CRB laser pulses.
In our calculation, the applied CRB laser pulse is composed of the 1000 nm and 500 nm CP
laser pulses. The peak intensities of the two CP laser pulses are 2× 1013 W/cm2, and both pulses
have sine squared envelope with total pulse duration T = 14 optical cycles of the 1000 nm pulse.
The vector potentials are in the form:

Ax (t) = sin2(
πt
T

)[A01 sin(ω′
0t) + A02 sin(2ω′

0t)], (16)

Ay (t) = η sin2(
πt
T

)[A01 cos(ω′
0t) − A02 cos(2ω′

0t)], (17)

where η = ±1. A01 and A02 are the peak amplitudes of vector potentials for the 1000 nm and
500 nm laser pulses. ω′

0 is the frequency of the 1000 nm laser field. The laser fields rotate in
opposite directions for η = −1 and 1 respectively. The electric field of the CRB pulse with η = 1
is shown in Fig. 6(a) as an example.

The obtained harmonic spectra of RR- and RS-tartaric acid are shown in Figs. 6(b) and 6(c).
Compared with the harmonic spectra obtained with CP laser pulses, the high harmonic signals
obtained with CRB laser pulses are one order of magnitude higher and consequently the signal-
to-noise-ratio will be improved. Besides, since the CRB laser field possesses C3 symmetry, the
selection rules for both meso and chiral isomers are k ± 1, where odd and even harmonics are
obtained in the harmonic spectra [32, 33]. Comparing the results with η = −1 and 1, it is found
that the harmonic spectra are nearly the same for RR-tartaric acid and are significantly different
for RS-tartaric acid. The harmonic spectra of SS-tartaric acid are also nearly the same with
η = −1 and 1 (not shown). Fig. 6(d) shows the harmonic spectra by summing the spectra of RR-
and SS-tartaric acids. It is shown that the results with η = −1 and 1 are nearly the same. This
dichroism phenomenon can be explained in the same way as that for CP driving laser pulses,
because the continuum electrons also rotate around the molecules before recombination and
thus the high harmonic emission is dependent on the orders of ligands seen by the continuum
electrons. The dichroism response can also be quantitatively evaluated by calculating |Q | and
β2. The results for RR- and RS-tartaric acid are shown in Figs. 6(e) and (f). From the values of
|Q | and β2, it is shown that the dichroism signals for the RR-tartaric acid are about one order of
magnitude higher than those for RS-tartaric acid at most harmonic orders. These results indicate
that the meso and racemic samples can also be discriminated by applying the CRB laser pulses
instead of CP laser pulses.

4. Conclusion

In summary, the HHG of three different stereoisomeric tartaric acid molecules are studied. Since
the tartaric acid contains two chiral centers, the three stereoisomers are right-handed chiral
molecule, meso isomer and left-handed chiral molecule respectively. It is found that, driven by
CP laser fields with opposite helicities, the harmonic spectra are nearly the same for the chiral
isomers while the spectra are significantly different for the meso isomer. This anomalous CD
phenomenon is explained based on the semiclassical recollision model of HHG. It is shown that,
whether the obtained harmonic spectra are the same is determined by the orders of ligands (-H,
-OH, -COOH) seen by the continuum electrons. This feature makes the HHG a promising tool
to discriminate the meso isomer and racemic mixture. We also investigate the HHG of tartaric
acid driven by CRB laser pulses and similar dichroism responses are found, which implies
the meso and racemic samples can be discriminated by alternatively applying the CRB laser
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pulses. Recently, the HHG in solid samples has attracted more and more attentions [40,41]. The
mechanism of HHG in solid is still in discussion. Therefore, it will be a very interesting question
to see whether the anomalous circular dichroism of HHG can be found in solid samples, like
crystalized tartaric acid, for future investigation.
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