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1. Introduction

Chirality is a fundamental property in nature. It manifests in
various physical, chemical, and biological processes!"*!. Chiral
molecules do not have a symmetry plane and exist in pairs of
left- and right-handed enantiomers. Chiral molecules show
strong enantiomeric selectivity®~!. Therefore, it is vital to iden-
tify the molecular chirality. One of the standard optical methods
for chirality detection is the circular dichroism (CD) absorption
spectroscopy'®), which is manifested by the difference in absorp-
tion between left-handed and right-handed circularly polarized
light. Other available techniques include circular fluorescence!”’
or Raman scattering'®. However, these techniques rely on the
interactions involving both the electric and magnetic compo-
nents of the light field. Because the magnetic effects are weak,
it makes poor chiral responses. One way around this restriction
is to employ techniques that do not rely on magnetic interaction,
but solely rely on electric—dipole interactions, such as Coulomb
explosion imaging[g’w], microwave three-wave mixing spectros-
copy!' "2, and photoelectron CD (PECD)!*"*?),

In recent years, high harmonic generation (HHG) has
been shown to offer an alternative approach. HHG is based
on the interaction between the intense laser pulse and the
medium®"), It naturally offers ultrafast sub-femtosecond
temporal resolution'**®! and an all-optical detection scheme.
The initial works are based on electric-magnetic interaction and
still generate weak chiral signals leading to low sensitivity!*” =),
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We propose and numerically demonstrate a simple and background-free all-optical chiral spectroscopy technique for gas
molecules. Our approach is based on high harmonic generation driven by a new type of laser beam that is produced by one
linearly polarized single-color beam passing through a lens and a prism. It is shown that chiral and achiral signals are
completely separated in frequency, indicating strong background-free and highly sensitive chirality detection. We believe
this all-optical method can open new opportunities for ultrafast detection for chiral dynamics in the femtoseond to atto-

Keywords: high harmonic generation; strong-field chiral spectroscopy: selection rule.

For example, the first experiment, to the best of our knowledge,
only acquired 2%-3% chiral signal®**), Very recently, chiral
spectroscopy methods based on dynamical symmetry (DS)
breaking in HHG"'**) have been proposed. This group of
methods is based only on electric components of light and shows
strong chiral signals and high enantio-sensitivity. However,
nearly all of them depend on the non-collinear superposition
of multi-color beams, which requires a highly stable coincidence
of beams in time and space in the experiment.

In this work, we show that an intense linearly polarized single-
color beam can yield strong chiral signals in the high harmonic
spectrum. The linearly polarized single-color beam is focused by
alens and a prism, which will generate the field being elliptically
polarized in the plane of propagation, as shown in Fig. 1(b).
Compared to non-collinear schemes'®' >}, this scheme suggests
a simpler experimental setup. Through symmetry analysis in
HHG and numerical calculations by three-dimensional time-
dependent density functional theory (TDDFT), we show that
chiral and achiral signals in HHG are completely separated in
frequency, leading to background-free and highly sensitive chi-
rality detection. Furthermore, analysis of far-field propagation
shows that the chiral signals retain in the far field. Through
out this Letter, atomic units (a.u.) are used, lowercase 7=
(x,9,2) denotes the molecular microscopic coordinate, and
uppercase R = (X,Y,Z) represents the macroscopic coordinate
of the laser beam.
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xz plane

Fig. 1. (a) Top panel: schematic of the experimental setup. Capital X, Y, Z denote the macroscopic coordinate, and lowercase x, y, zdenote the
microscopic coordinate. Lower panel: the intensity distribution of the laser beam near the focus calculated in COMSOL, where yellow rep-
resents higher intensity. (b) The red thick circles with arrows show the Lissajou figures and rotation directions of the laser fields at different
macroscopic points along the X direction near the focus. Blue dashed line represents the center of the beam. Meanwhile, the phases of the x
and z components of the laser at different macroscopic points along the X direction are shown as the purple and orange lines, respectively,
corresponding to the top axis. (c) Macroscopic schematic of the symmetry RS - R% of the system. Any oriented molecule at an arbitrary macro-
scopic point (X, 0, Z) can find another molecule having the same configuration as that of the former molecule rotated by z around the x axis at
(=X, 0, 2). The electric fields at these two points have the same ellipticity and opposite helicity, as shown by the red dotted circles.

(d) Macroscopic schematic of the @2’ symmetry of the system. Any oriented molecule can find another molecule having the same configuration

as that of the former molecule rotated by z around the y axis.

2. Theoretical Model

HHG records the ultrafast electronic response of matter to light.
As the laser wavelength is much larger than the molecular
dimensions, any spatial dependence of the field is neglected in
HHG. In the vicinity of a macroscopic point R, where the electric
field is constant, the microscopic Hamiltonian of a single mol-
ecule interacting with the laser field is given within the Born-
Oppenheimer and dipole approximations by[31’36]

fA (1) = Z + er —
- ZVA(?]-) + > E(GR) -7 (1)
j j

H% (t) is the full time-dependent multi-electron Hamiltonian. A
represents the molecular orientation. 7; is the microscopic coor-
dinate of the jth electron. V7 is the corresponding Laplacian
operator. VA is the electrostatic interactions of electrons with

the nuclei.
From the time-dependent Schrodinger equation at R,

A e), @)

A A —
MO ORTER S

the time-dependent wave function ‘I‘% (t) can be obtained. Then,

the time-dependent dipole moment of a single oriented mol-
ecule can be written as

PMBR) = (PR [FWE(1). (3)
For a randomly oriented molecular ensemble in the vicinity of

R, the orientation average of the induced dipole moment from all
orientations should be considered:

PR =D FABR). 4)
A

This dipole moment corresponds to the effective Hamiltonian
for the orientation-averaged ensemble:

Hy(H) =Y _HA(), (5)
A

which exhibits a higher symmetry than I:I% (1B,
From the second derivative and Fourier transform of the
dipole moment, the harmonic spectrum is obtained:
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S(R) = [ P(t; R)edt, (6)

where Q is the harmonic frequency.

As it is difficult to solve the multi-electron Schrédinger equa-
tion in Eq. (1), three-dimensional TDDFT is adopted to numeri-
cally simulate the real-time response of the molecule to laser
field and calculate p* (t; R)*>3738] TDDFT is implemented with
the real-space grid-based OCTOPUS code**~*!1. The calcula-
tion is performed within the local density approximation
(LDA)™?. The frozen core approximation is used for inner core
orbitals, which are treated with norm-conserving pseudopoten-
tials'**!. To simulate randomly oriented molecules, we calculate
24 orientations by setting intervals of 90 deg for each Euler
angle[m. In our calculation, the Kohn-Sham (KS) equations
are solved in a spherical box with grid spacing of 0.4 a.u. and
radius of 32 a.u. Time step At =0.05a.u..

3. Results and Discussions

We simulate the field of one Gaussian beam that propagates
along the Z axis and is linearly polarized along the X axis passing
through a lens and a prism using the beam envelope method in
COMSOL Multiphysics. The wavelength of the laser is 600 nm,
and the beam radius is 5 mm. The focus length of the lens is
150 mm. The vertex angle of the prism is 133 deg. In this
Letter, we only consider the laser field at Y = 0, where the inten-
sity maximizes. The results are shown in Fig. 1.

It is shown that the electric field near the focus is elliptically
polarized in the xz plane; see Fig. 1(b). The electric field located
at arbitrary R is invariant under &,, and C}, where €} =%, - R},
6,, represents mirror symmetry about the xz plane. %, is the
time-translation operator standing for translating by half-opti-
cal cycle T/2, where T = 2z /w and w is the optical frequency of
the driving laser. R}, is the operator of rotation standing for rotat-
ing 7 about the y axis. Thus, considering a multi-cycle laser
beam, the electric field of this single-color beam can be written
as

[ Ep (R cos(ot + ¢, (R))
E(tR) = 0 ) )
Eo(R) cos(wt + ¢,(R))

where ¢, , and E, o, are the phase and amplitude of the x and z
components of the electric field, respectively. The amplitude and
phase of the electric field vary with the macroscopic position R
and can be obtained from the calculation in COMSOL.
Macroscopically, for a pair of points (X, 0, Z) and (X, 0, Z),
it is shown that E,(—X,0,Z) = E\(X,0,Z2), Ey,(—X,0,2) =
Ey,(X,0,Z) and ¢,(-X,0,2Z)=¢.(X,0,2), ¢,(-X,0,2)+
7 =¢,(X,0,2). Thus, A¢p(—X,0,2) + 7 = A¢p(X, 0, Z), where
A¢ =, — ¢,. As a consequence, one can see that E(X,0,27)
and E(t; —X, 0, Z) are equal in the ellipticity but opposite in the
helicity; see Fig. 1(b). Thus, the electric field is invariant under
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R% - R, where R denotes the operation on macroscopic coor-
dinates, and R% denotes the operation on microscopic coordi-
nates. Besides, it is also invariant under other symmetries,
such as 6y, - R5. However, these symmetries eventually lead
to the same result. Therefore, we focus on the R% - R§ symmetry
in the discussions below.

To analyze the selection rule of HHG associated with the sym-
metry of the system, we consider the Hamiltonian is periodic in
T. It is reasonable and convenient for symmetry analysis to turn
to Floquet theory****™*¢! and the time-dependent dipole
moment in Eq. (4) can be written as

pR = Y@ exp (0, ®)

where F,(R) are complex numbers standing for the emitted
frequency components in the frequency domain.

Following the proofs in Ref. [36], once the Hamiltonian
exhibits a DS G, [Hﬁ(t),G] =0, the corresponding induced
dipole moment p(t;R) will also uphold the DS, p(t;R)=
GB(tR). By enforcing the invariance of p(t; R) under the DS,
one can derive the constrains on the F,(R), i.e., the selection
rulel36:44:45]

The DS of the Hamiltonian in Eq. (5) mainly depends on the
electric field and the structural feature of the media. The signifi-
cant difference between chiral and achiral randomly oriented
ensembles is that any oriented molecule can find its mirror sym-
metric molecule in the achiral ensemble, but not in the chiral
ensemble. Thus, the achiral ensemble possesses mirror sym-
metry, while the chiral ensemble does not. Apart from that, both
of them satisfy rotational symmetry to revolve around an arbi-
trary axis by arbitrary degrees.

Let us firstly consider the light-matter interaction located at a
macroscopic point R. According to the discussion above, the
Hamiltonian of the chiral ensemble is invariant under ) [see
Fig. 1(d)], while the Hamiltonian of the achiral ensemble is
invariant under € and &,,.

For () =%, R, symmetry, the dipole moment satisfies

Cyp(t) = p(t), namely
. s - . 2wt > . 2nxt
2, - R{Xn:Fn exp (m T) = XH:FH exp (m T) 9)

From Eq. (9), one obtains

_an ' (_1)11 an
S Ey 0" =D | Fy |- (10)
n _Fnz : (_1)n n Fnz

Equation (10) leads to the selection rules where odd
harmonics are x- or z-polarized and even harmonics are only
y-polarized.

With similar analysis, one will conclude that, under the 6,,
symmetry, y-polarized harmonics are forbidden. 6,, symmetry
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is broken by the chiral ensemble, and this leads to the generation ~ generated from the chiral ensemble), while x-polarized odd har-
of y-polarized harmonics. By contrast, this symmetry is upheld =~ monics are achiral (obtained from either kind of ensemble).

in the achiral ensemble so that y-polarized harmonics are forbid-  Since chiral and achiral signals are completely separated in har-

den. Therefore, y-polarized even harmonics are chiral signals, monic order, the chiral signals are background-free. This leads

i.e., they are unique for chiral targets. to extremely high sensitivity to the chirality of the target media.
As a demonstration, we numerically calculated the high har-  Furthermore, the only thing one needs to focus on is observing

monic response of randomly orientated chiral molecules  whether there are even harmonics in the spectra. This greatly

CHFCIBr driven by the strong laser field at an example macro-  simplifies the detection setup.

scopic point (=X, 0, 0) based on TDDFT. The molecular geom- Note that, since this scheme is based on the DS breaking in

etry of CHECIBr is from experimental measurement!*”**), From ~ HHG, it is valid not only for a certain molecule or some specific
the calculation in COMSOL, the amplitudes E,, and Ey, at  parameters of the lens and prism. As long as the combination of
(=X,,0,0) are set as 8.08 X 10°V/cm and 2.18 X 10°V/cm,  thelens and prism induces a focused region, as shown in Fig. 1,
corresponding to laser intensity of 7 X 10'> W /cm?. The phases  the background-free chiral signals, i.e., even harmonics, can be
¢, and ¢, are 0.857 and —0.657. The Lissajou curve is shown in ~ generated from chiral ensembles without mirror symmetry

Fig. 1(d). In addition, a trapezoidal envelope with a total dura-  driven by such a structured beam. Nevertheless, the intensity
tion of six optical cycles (with two-cycle linear ramps and two- of the chiral signals may differ in different chiral molecules.
cycle constant center) is adopted for the laser pulse. This implies that one can detect the changes in structural chiral-

Figure 2 shows the HHG spectra from left-handed and race- ity of a chiral molecule and the absolute value of the enantio-
mic CHFCIBr ensembles. Consistent with the symmetry analy- ~ meric excess in mixtures of left- and right-handed molecules

sis, y-polarized even harmonics are chiral signals (only  according to the intensity of the chiral signals.
In experiments, the signal that one detects is not the emission
located in the near field, but the far-field superposition of the

100 L L L L L L A A

() chiral harmonics emitted at different macroscopic points in the inter-
- - -racemic action region between the medium and the laser. Thus, it is nec-
__ 102 - essary to invesigate the relation between the HHG emissions at
£ different macroscopic points.
; As discussed above, E(t;R)=R%.RYE(t;R). Thus, the
— -4 | A A
i 10 Hamiltonian satisfies RZ - R symmetry; see Fig. 1(c).
'z Employing the symmetry analysis method, from p(t;R)=
5] N Ao, - . .
= 10°F RZ - R5p(t; R), the following formula can be obtained:
8L L L L L :
10 0 5 10 15 20 25 an(—X,O,Z) an(Xaan)
Harmonic Order Z _Fny(_Xa 0,2) | = Z Fny(X7 0,2) | (11)
0 " _Fnz(_XaOaZ) " Fnz(Xa():Z)
10 [ T T L — T Echira]
ol T Jracemic o
10 Hence, for HHG emissions from (—X, 0, Z) and (X, 0, Z), the
—_—1 i x-polarized harmonics (achiral signal) are in phase, while
§ 10 | y-polarized harmonics (chiral signal) are out of phase.
£ 2 = Figure 3 shows the calculated results of the phases, taking the
Z qg12k AN " o |
g" 4 AR 4 . ofiinaaaan o
s 14 Wy . -6~ (=X,0,0)
10 B I’ U ] | 0.5F —%—(X0,0,0)
Ll ]
\’lj:l_ . J. - L L ‘ L L . L O N N | ‘ L L L L
0 5 10 15 20 25

Phase [7]

Harmonic Order

Fig. 2. Numerically calculated normalized intensity of (a) x- 05
polarized and (b) y-polarized HHG emissions from the chiral and rac- -3
emic ensembles based on TDDFT. For the chiral ensemble, only odd . 9 ‘ ‘ ‘ ‘

. : . 0 5 10 15 20 25 0 5 10 15 20 25
harmonics have x-polarized components, and only even harmonics Harmonic Order Harmonic Order

have y-polarized components. But, for the racemic ensemble, there
is no y-polarized harmonic emission, and the x-polarized harmonic Fig. 3. Numerically calculated phase of (a) y- and (b) x-polarized
orders are still odd. The detailed parameters are given in the Letter. harmonics at (+X,, 0, 0).
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Fig. 4. Superposition of HHG spectra from (a) chiral ensemble and
(b) racemic ensemble at (—X, 0, 0) and (X, 0, 0) in the far field. The
maximum values are normalized to one for each harmonic.

points (£X,, 0, 0) as an example. The calculated results are con-
sistent with the analysis.

Let us then consider the superposition of the harmonics emit-
ted from these two points in the far field. The electric field at a
distance Z along the direction of light propagation is given by a
standard Huygens—Fresnel integral **);

Ez,,(X.Y)

F T (Y2 2
e"qz(X ) e oo Lo E(X24y?) DXy
=~z Ep(X'Y")er” e “a dX'dY’,
1 —o0 J—
q o (o)

(12)

where (X',Y') and (X,Y) are the coordinates at the near field
and far field, respectively, 4, is the wavelength of the considered
harmonic, and E,, is the near-field harmonic electric field. We
calculate the results of far-field superposition at Z =2 m.

Figure 4 shows the far-field superposition of different order
harmonic emissions from (—X,0,0) and (X, 0, 0). The result
shows alternatively light and dark Young’s double-slit interfer-
ence fringes. Since the even harmonic emissions from this pair
of points are out of phase, the central stripes are dark; but for
the odd harmonics, they are bright because of zero phase
differences. Comparing Figs. 4(a) and 4(b), one can see that even
harmonics remain after the interference for the chiral ensemble,
while there are still no even harmonics for the racemic ensemble.
Harmonic signals emitted from any pair of points (X, 0, Z) and
(=X, 0, Z) will also show similar figures, but the positions of the
bright stripes are different. The total harmonic spectra can be
understood as the superposition of the harmonics emitted from
these pairs of points near the focus. Hence, in the far field, even
harmonics remain detectable from chiral ensembles, while no
even harmonics can be observed from achiral ensembles.

The experimental setup can be similar to normal HHG setups
for a gaseous medium?”?%*%!, However, since the samples of
chiral molecules are generally liquid or solid at room tempera-
ture, one has to vaporize the samples. A continuous flow of
helium carrier gas should then pass through the samples to
deliver the vapor to the nozzle in the chamber of the HHG setup.
In order to prevent re-condensation during the delivery, the
pipes of the delivery manifold and the nozzle should be kept
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at a high temperature. Besides, the samples could re-condense
in the chamber, and thus special attention should be paid to pre-
vent contamination of the chamber and the detector.

4. Conclusion

In summary, we propose and demonstrate a linearly polarized
single-color beam passing through a lens, and a prism can yield
strong chiral signals in HHG. Since the chiral and achiral signals
are completely separated in frequency, the chiral signals are
background-free. Without requirement for space—time stabiliza-
tion between the non-collinear multi-color lasers, our approach
offers a simple and compact all-optical experimental setup. This
technique opens new opportunities for quantitative detection of
chirality and ultrafast chiral dynamics with ultrahigh sensitivity
and temporal resolution.
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