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P H Y S I C S

Enantiosensitive steering of free-induction decay
Margarita Khokhlova1,2*, Emilio Pisanty1,2, Serguei Patchkovskii1,  
Olga Smirnova1,3, Misha Ivanov1,4,5

Chiral discrimination, a problem of vital importance, has recently become an emerging frontier in ultrafast physics, 
with remarkable progress achieved in multiphoton and strong-field regimes. Rydberg excitations, unavoidable in 
the strong-field regime and intentional for few-photon processes, arise in all these approaches. Here, we show how 
to harness this ubiquitous feature by introducing a new phenomenon, enantiosensitive free-induction decay, 
steered by a tricolor chiral field at a gentle intensity, structured in space and time. We demonstrate theoretically 
that an excited chiral molecule accumulates an enantiosensitive phase due to perturbative interactions with the 
tricolor chiral field, resulting in a spatial phase gradient steering the free-induction decay in opposite directions 
for opposite enantiomers. Our work introduces a general, extremely sensitive, all-optical enantiosensitive detection 
technique that avoids strong fields and takes full advantage of recent advances in structuring light.

INTRODUCTION
Chiral recognition is an essential task in chemistry (1), whose origin 
dates back to the birth of the discipline (2) with the discovery of the 
optical activity of biomolecules: In solution, different enantiomers, 
which are nonsuperimposable mirror images of each other, can rotate 
in opposite directions the polarization of light that travels through the 
medium. However, for dilute media and in gas phase, this linear 
optical effect is severely challenging to implement, because it relies 
on rather weak optical magnetic interactions that scale as the ratio 
of the molecular size to the optical wavelength. This creates a strong 
demand for an optical chiral discrimination method that relies 
purely on dipole-interaction physics and is based only on the local 
electric field of the light, a goal that is not possible to achieve within 
linear optics (3).

A recent breakthrough in nonlinear optics has bypassed this bar-
rier, showing that nonlinear optical processes can work as a key to 
molecular chirality using only electric field optical interactions (4–7). 
This revolution improves on previous work on chiral nonlinear 
optics (8–14) and has been accompanied by a wealth of other elec-
tric field methods coupled to other nonoptical observables (15–22). 
These approaches are generally constructed using the tools of 
strong-field and ultrafast physics, and they can therefore naturally 
take advantage of the rich toolbox of attosecond science (23–25) 
and nonlinear spectroscopy (26) and are able to access time scales 
and electronic excitation pathways that are not available to micro-
wave spectroscopy methods (12). However, this advantage has come 
at the price of nonperturbative processes that require high intensi-
ties (4–6), and this, in turn, creates the need for delicate schemes 
that apply the recently found nonlinear chiral properties of the spa-
tially structured electromagnetic field (4, 22) without destroying or 
disturbing the molecule.

In this work, we propose an experiment allowing chiral recogni-
tion on an ultrafast time scale using nondestructive weak fields. Our 
scheme builds on the recent advances in chiral synthetic light (4) to 
induce a controllable enantiosensitive quantum phase of the medium, 

which is then translated into easily measurable macroscopic observ-
ables by leveraging the exquisite control over light afforded by current 
progress in structured light (27) and in ultrafast control (23–25). 
Specifically, we adapt the ability to generate bright and coherent free- 
induction decay (FID) radiation (28–30) and, in particular, to steer 
it via quantum phase manipulation in atomic gases (31–35) to chirally 
sensitive drivers interacting with chiral media (see Fig. 1A), thereby 
introducing an enantiosensitive Stark shift that gives rise to FID label-
ing of enantiomers (FIDLE). Our approach is based on pure electric 
dipole physics and is therefore distinct from previous observations 
of chiral FID in dense media based on magnetic interactions (36).

At the microscopic level, we model a chiral molecule promoted 
from its ground state ∣0⟩ into an FID-active excited vibronic state 
∣1⟩ by a coherent pump—in our case, a short ultraviolet (UV) pulse 
(see Fig. 1B)—and which reemits this photon energy by decaying back 
to the ground state. The phase of this emission, which is responsible 
for the direction of the resulting FID beam, is defined by the quan-
tum phase of the FID-active state. The enantiosensitive contribu-
tion to the quantum phase is imparted by the enantiosensitive Stark 
shift arising in synthetic chiral fields. The simplest way to introduce 
the enantiosensitive Stark shift is to consider nonresonant inter-
action of the FID-active state ∣1⟩ with two other excited states, ∣2⟩ 
and ∣3⟩, induced by a tricolor chiral (TRICC) combination of infra-
red (IR) fields with frequencies 1, 2, and 3 = 1 + 2 and non-
colinear polarizations forming a chiral triplet. We create this chiral 
triplet macroscopically using tightly focused Gaussian beams to pro-
vide a longitudinal polarization component (37, 38), resulting in a 
chiral time evolution of the electric field at every point. This con-
struction corresponds to a nonlinear field chirality that changes 
sign across the focus, and this sign change is directly converted into 
the quantum phase of the FID-active state, thus steering the FID 
emission.

To demonstrate this, we first develop a general analytical theory 
of the chiral sensitivity of the TRICC FIDLE dynamics, and we sug-
gest field configurations that produce the locally chiral electric 
fields required to drive these dynamics. We then present simula-
tions of both near- and far-field observables for the methyloxirane 
molecule, showing a clearly visible enantiosensitive steering of the 
FID emission. Last, we explore the effect of the various TRICC-field 
parameters on this steering. Additional details and benchmarking 
are included in the Supplementary Materials.
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RESULTS
Analytical theory
The core of our scheme is the chirally sensitive dynamics driven by 
the TRICC-field combination. We introduce these dynamics using 
a simple model of a molecule with three states involved, as shown in 
Fig.  1B. The system is driven by the TRICC pulse, consisting of 
three fields

   E = Re [    ∑ j=1  3    E  j    e   −i (   ω  j  t+   j   )    ]     (1)

(described in detail below) with a slowly varying envelope, which 
induces transitions between each pair of states ∣1⟩, ∣2⟩, and ∣3⟩. 
The time-dependent Schrödinger equation (TDSE) is solved fully 
analytically in both the resonant and off-resonant cases (see Methods 
and the Supplementary Materials). In both cases, the complex am-
plitude of the FID-active state is presented in the form c1(t) = eiEt, 
in the interaction picture with respect to the molecular Hamiltoni-
an, where E is an energy shift resulting in the phase  φ =  ∫0  2    Edt  
accumulated during the TRICC pulse with duration 2 [and, given the 
sine-squared envelope, with full width at half maximum (FWHM) ].

In the off-resonant case, the energy shift is written as

  E = 2   ∣ V  12   ‖    V  13   ‖    V  23  ∣  ──────────    12      13     cos  +     ∣ V  12  ∣   2  ─    12     +     ∣ V  13  ∣   2  ─    13      (2)

where   V  12   =  d  12   ·  E  1    e   i   1    / 2 ,   V  23   =  d  23   ·  E  2    e   i   2    / 2 , and   V  13   =  d  13   ·  
E  3    e   i   3    / 2  are dipole-interaction matrix elements; 12 = E2 − E1 − 1, 
23 = E3 − E2 − 2, and 13 = E3 − E1 − 3 are detunings from exact 

resonances; and  = 1 + 2 − 3 is the relative TRICC phase. After 
molecular orientation averaging (see Methods), the energy shift becomes

   
 〈E〉  O   =   

Re {( d 13  *   · [ d  12   ×  d  23   ]) ( E 3  *   · [ E  1   ×  E  2   ]  e   i )}
    ────────────────────────  24    12      13    
    

+     ∣ d  12  ∣   2   ∣ E  1  ∣   2   ─────────── 12    12     +    ∣ d  13  ∣   2   ∣ E  3  ∣   2   ─────────── 12    13     
   (3)

The two last terms represent the ordinary Stark shift of the FID- 
active state (31), whereas the first term, the enantiosensitive Stark 
shift, has an explicit separation into a triple product of molecular 
dipoles, which carries information about the chirality of the mole-
cule, and a triple product of the driving fields. This term is nonzero 
if the molecule is chiral and it is driven by an electrically chiral field, 
and therefore, it provides the enantiosensitivity of the FID-beam 
steering in our scheme.

The field triple product represents the leading-order nonlinear 
chiral correlation function of the field (4)

   h   (3)  =  E  3  *   · ( E  1   ×  E  2   )  e   i   (4)

which provides a quantitative measure of the chirality of the Lissajous 
curve traced out by the TRICC electric field over time. Such a quan-
titative measure, i.e., a pseudoscalar observable sensitive to the local 
chirality of the field, does not arise within linear optics-based un-
derstandings of optical chirality (3). While traditional chiroptical 
spectroscopy does include nonlinear optical methods (8–11, 39) in 
addition to linear interactions (3, 40), those methods have not required 

A

B C

Fig. 1. Enantiosensitive FID. (A) Focused ultraviolet (UV) and tricolor infrared (IR) beams interact with molecules in the focal region. Because of the focusing, this field 
becomes chiral, with the chiral correlation function h(3) changing its sign across the focus (green and purple shades). The profile of h(3) is shown on the left; the slope of 
h(3) at the optical axis results in the redirection of the FID beam by chiral molecules. TRICC, tricolor chiral. (B) Scheme of the single-particle interaction. On the first step, 
the UV preexcites the molecule from the ground state ∣0⟩ into the excited state ∣1⟩. The TRICC field then induces dynamics between the excited states ∣1⟩, ∣2⟩, and ∣3⟩, 
resulting in an enantiosensitive quantum phase φ of the FID-active state ∣1⟩ after the TRICC pulse that steers the beam through the enantiosensitive FID (eFID). 
(C) R-methyloxirane and S-methyloxirane, and their three main transition dipoles, forming opposite chiral triplets.
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or given rise to a nonlinear measure of optical chirality, which is 
essential here. In our case, the correct order of nonlinearity is the 
one dictated by the physics of the TRICC process, a fact reflected in 
the natural appearance of h(3) in the orientation-averaged energy 
shift (Eq. 3).

TRICC field
The TRICC field (Eq. 1) itself is a superposition of three compo-
nents with amplitudes   E  j    and frequencies j. Before the focusing 
optics that directs the TRICC beams onto the interaction region, the 
beams are polarized in the plane perpendicular to the propagation 
direction, with two of these components orthogonal to the third 
one: E1 = {0, E1,0}, E2 = {E2,0,0}, and E3 = {E3,0,0}. In the near field, 
each of these components forms a Gaussian focus, which acquires a 
longitudinal polarization component within the first postparaxial 
approximation (37), giving field amplitudes with spatial dependence 
of the form

   

  E  1   = i  √ 
_

  I  1      e   −( x   2 + y   2 )/ w 1  2   {  0, 1, − i   
2y

 ─ 
 k  1    w 1  2 

   }  , 

      E  2   = i  √ 
_

  I  2      e   −( x   2 + y   2 )/ w 2  2   {  1, 0, − i   2x ─ 
 k  2    w 2  2 

   }  ,     

  E  3   = i  √ 
_

  I  3      e   −( x   2 + y   2 )/ w 3  2   {  1, 0, − i   2x ─ 
 k  3    w 3  2 

   }    

    (5)

at the focal plane z = 0, where Ij are field intensities at the center of 
the focal spot, kj = j/c are wave numbers, and wj are focal waists.

Figure 2A describes the main features of the TRICC field at 
the focal plane, with the transverse polarization components induc-
ing a longitudinal component, in postparaxial optics, to comply 
with the Maxwell equations in free space, ∇ · E = 0. This longitu-
dinal component provides the three-dimensionality necessary to 
produce a nonzero chiral correlation function h(3), shown in the 
lower panel.

In the time domain, the three-dimensional (3D) polychromatic 
field combination (Eq. 1) traces a chiral Lissajous figure over time, 
shown in Fig. 2B, with opposite chiralities on either side of the opti-
cal axis, shown in green (x > 0) and lilac (x < 0), respectively. These 
chiral Lissajous figures form enantiomeric pairs: They are exact 
mirror images of each other, but they cannot be superimposed on 
each other using only rotations, and as shown in the lower panel of 
Fig. 2A, they correspond to opposite signs of the chiral correlation 
function h(3). At the center of the beam (x = 0), the longitudinal 
polarization components vanish, leading to a planar Lissajous fig-
ure that is therefore achiral.

FIDLE simulation
To illustrate the mechanics of TRICC enantiosensitive steering 
more vividly, we now turn to a realistic example. We use as a bench-
mark the methyloxirane molecule (also denoted as propylene oxide 
and epoxypropane in strong-field literature; we use the preferred 
International Union of Pure and Applied Chemistry designation), 
as shown in Fig. 1C, which is a common choice because of its small 
size and relative rigidity (41). For a realistic molecule, we extend the 
three-level model system to account for all the relevant transitions, 
producing a generalization of Eq. 3 discussed in the Supplemen-
tary Materials. All of the molecular parameters, including eigenstate 

energies and transition dipole matrix elements, are obtained from 
ab initio calculations (see Methods) and are detailed in the Supple-
mentary Materials. The macroscopic parameters are assumed to be 
similar to those in (31, 33), with a T-shaped nozzle length of ~3 mm 
and a backing pressure of ~3 bar.

We show in Fig. 3 the enantiosensitive beam steering that results 
for both near- and far-field observables. For the near field, Fig. 3A 
displays the quantum phase φ induced in the FID-active state of 
the molecule, for both the S (lilac curve) and R (green curve) enan-
tiomers, as well as for the achiral state (gray curve) obtained from 
Eq. 3 by removing the chirally sensitive terms. This quantum phase 
experiences a clear slope over the focal region of the UV beam 
(shaded in violet), which directly mirrors the chiral nonlinear cor-
relation function h(3) of the field and which redirects the beam in 
opposite directions for different chiralities. This redirection trans-
lates into the far-field picture, which we exhibit in Fig. 3B both as a 
lineout and a 2D image, via a standard spatial Fourier transform. 
The two beams perform a clearly visible displacement at about half 
a degree from the initial central position. For a racemic mixture, the 
opposite phases cancel out, and the beam is not deflected. For an 
impure but imbalanced mixture, the phase, and therefore the de-
flection angle, is averaged, providing the basis to use this scheme for 
measurements of enantiomeric purity.

This result is obtained for a TRICC field at wavelengths 1 = 
3438 nm, 2 = 1365 nm, and 3 = 977 nm, chosen to be close to res-
onances with the Rydberg 3p and 3d states (see the Supplementary 
Materials for details and for an alternative choice of wavelengths). 
We use field intensities I1 = 2 × 1010 W/cm2, I2 = 3.5 × 1011 W/cm2, 
and I3 = 2 × 1011 W/cm2, phases as in Fig. 2, and a sine-squared 
envelope starting at t = 0 lasting 25 optical cycles (FWHM of ampli-
tude) of the 2 field. The UV beam is focused to a waist of wUV = 7UV 
(FWHM), and the TRICC fields are focused to equal waists w1 = w2 = 
w3 = 1.21. These TRICC-field parameters are chosen to minimize 
population transfer to higher excited states and to keep the TRICC 
pulse both long enough and with a sufficiently narrow bandwidth, 
so that it does not trigger any nuclear dynamics that could cause 
decoherence, but also short enough to enable temporal resolution 
of the meaningful chiral nuclear-motion modes of the molecule in 
future time-resolved experiments. We benchmark these results against 
a direct numerical solution of the TDSE reported in the Supplemen-
tary Materials, where we also present detailed ab initio estimations 
of the role of nuclear motion within the TRICC FIDLE process.

General steering of FID
To understand more widely how the FIDLE beam steering works, it 
is also useful to look at broader variations in these parameters. We 
show this in Fig. 4 for a three-state model of methyloxirane taking 
only the states closest to resonances with fields of wavelengths 1 = 
3.4 m, 2 = 1.35 m, and 3 = 966 nm, otherwise using the same 
parameters as in Fig. 3. The “carpet” in Fig. 4 shows the effect of 
variations in the driver intensities as well as the relative TRICC-field 
phase and the UV focal waist.

This carpet demonstrates that the enantiosensitive FID steering 
is possible at various intensities and with varying degrees of induced 
structure in the FID beam. We see, in particular, that changing the 
TRICC-field intensities directly controls the magnitude of the beam 
divergence angle, whereas the relative phase (given by the 3 scan) 
also controls the direction of the steering. This is natural, because 
the phase appears in the chiral correlation function h(3) defined in 
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Eq. 4, and changing  by  inverts the chirality of the field, and there-
fore, it inverts its interaction with chiral matter, so the FID beam is 
redirected in the opposite direction for each fixed enantiomer.

DISCUSSION
The process that we propose provides for clear enantiosensitive sig-
nals from a dilute medium, by harnessing the power of synthetic 
chiral light while still keeping to a delicate intensity, thereby pre-
serving the molecules largely undisturbed. Our all-optical scheme is 
general, widely applicable, and compatible with a wide array of ul-
trafast pump-probe spectroscopies—including multiphoton pumps 
(15, 16), which would offer background-free FID measurements—
and it is built on sources and techniques that are already available. 
TRICC FIDLE allows the creation of locally chiral light fields that 
are naturally available within microwave three-wave mixing (12) 
while, at the same time, offering key advantages that are out of reach 
in the terahertz and gigahertz ranges, including a wider spectral 
flexibility and, most notably, the ability to couple to electronic and 
vibronic dynamics. Our work thus opens the door to the design of 
chiral topological light and its widespread application to chiral 
spectroscopies in ultrafast science, and it supplies a general tool for 
optical chiral recognition that can be expanded to allow for trigger-
ing and time-resolved probing of chiral molecular dynamics.

METHODS
TRICC-driven dynamics of molecular states
We solve the TDSE, using atomic units throughout

  i   𝜕(t) ─ 𝜕t   =   ̂  H  (t ) (t)  (6)

for the Hamiltonian    ̂  H  (t ) =    ̂  H    0   +   ̂  V  (t) , where     ̂  H    0    is the unperturbed 
Hamiltonian of the molecule     ̂  H    0    φ  n   =  E  n    φ  n   , n = 1, 2, 3, and En values 

A B

Fig. 2. TRICC field. (A) Field components of each 1, 2, and 3 TRICC-field color (solid green, dashed red, and dotted blue, respectively) both transverse as a function of 
x (top) and longitudinal as a function of x for 2 and 3 and y for 1 (middle), producing a nonzero chiral correlation function h(3) (bottom). The fields are normalized to 
the central value of the transverse component. (B) 3D Lissajous figures of the TRICC field, forming a “chiral clover,” at different positions along the x axis. The first column 
(gray) shows the achiral case x = 0. For x ≠ 0, the top two rows (green) correspond to positive values of x and the bottom two rows (lilac) to negative values. The two 
middle rows are the projections of the Lissajous figures on the xy plane, and the bottom and top rows show an angled viewpoint. The lightness of the curve (color scales 
on the right) represents the value of the longitudinal component ℰz(t). We show fields in a 1 : 2 : 3 = 2 : 1 : 3 configuration with wavelengths 1 = 800 nm, 2 = 1600 nm, 
and 3 = 533 nm and phases 1 = /3, 2 = − /3, and 3 = , focused to wi = 1.2i with equal numerical aperture for all three colors. An alternative set of Lissajous figures, 
showing knotted polarizations (50), is included in the Supplementary Materials.
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Fig. 3. FIDLE by methyloxirane. (A) Phase φ accumulated in the FID-active 
Rydberg 3s state for R (green) and S (lilac) enantiomers; gray shows an achiral 
phase. (B) FID-beam divergence for each enantiomer, with a lineout of both on 
the top.
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are the energies of the excited states, assuming that the molecule 
is in the FID-active state ∣1〉 at the start of the TRICC pulse. The 
term    ̂  V  (t ) = − d · E  describes the interaction of the TRICC laser 
field (Eq. 1) with the electric field amplitudes Ej, frequencies j, and 
phases j.

The total wave function (t) is given by

  (t ) =   ∑ 
n=1

  
3
     c  n  (t )  φ  n    e   − iE  n  t    (7)

where cn values are complex amplitudes of the states ∣1〉, ∣2〉, and ∣3〉 
with energies En, respectively (see Fig. 1B).

We substitute the total wave function (Eq. 7) into the TDSE (Eq. 6), 
and by using the standard rotating-wave approximation, we ob-
tain the usual system of differential equations for the complex 
amplitudes

   
i   c ̇    1   = −  V  12    e   −i   12  t   c  2   −  V  13    e   −i   13  t   c  3  ,

    i   c ̇    2   = −  V  12  *    e   i   12  t   c  1   −  V  23    e   −i   23  t   c  3  ,    

i   c ̇    3   = −  V  13  *    e   i   13  t   c  1   −  V  23  *    e   i   23  t   c  2   

    (8)

where

   
 V  12   =  d  12   ·  E  1    e   i   1    / 2,

    V  23   =  d  23   ·  E  2    e   i   2    / 2,   
 V  13   =  d  13   ·  E  3    e   i   3    / 2 

    (9)

are interaction matrix elements including the dipole transition ma-
trix elements dij = 〈φi∣d∣φj〉 and

   
   12   =  E  2   −  E  1   −    1  ,

      23   =  E  3   −  E  2   −    2  ,   
   13   =  E  3   −  E  1   −    3   

    (10)

are detunings from the exact resonance. The solution for the case of 
the exact resonance of this system is detailed in the corresponding 
section in the Supplementary Materials.

In the off-resonant case, this system can be solved within pertur-
bation theory (PT) up to the third order, assuming that the main 
population is concentrated at the lowest excited level ∣1〉. The first 
step of PT gives

   
i   c ̇    2   = −  V  12  *    e   i   12  t   c  1  ,

   
i   c ̇    3   = −  V  13  *    e   i   13  t   c  1   

    (11)

or

   
 c  2   = −   

 V  12  *  
 ─    12      e   i   12  t   c  1  ,

   
 c  3   = −   

 V  13  *  
 ─    13      e   i   13  t   c  1   

    (12)

At the second step of PT, we have

   
i   c ̇    2   = −  V  12  *    e   i   12  t   c  1   −   

 V  13  *    V  23  
 ─    13      e   i(   13  −   23  )t   c  1  ,

     
i   c ̇    3   = −  V  13  *    e   i   13  t   c  1   −   

 V  12  *    V  23  *  
 ─    12      e   i(   12  +   23  )t   c  1   

    (13)

or

   
  c  2   =  [     

 V  12  *  
 ─    12     +   

 V  13  *    V  23  
 ─    12      13     ]    e   i   12  t   c  1  , 

    
  c  3   =  [     

 V  13  *  
 ─    13     +   

 V  12  *    V  23  *  
 ─    12      13     ]    e   i   13  t   c  1    

    (14)

Last, the third step brings us to the dynamics of the lowest ex-
cited state

   c  1  (t ) =  e   i [    ∣ V  12  ∣   2  _    12     +   ∣ V  13  ∣   2  _    13     + 2 ∣ V  12  ∣∣ V  23  ∣∣ V  13  ∣ ___________    12     13     cos  ]  t    (15)

A

B

Fig. 4. Enantiosensitive FID steering as a function of the TRICC field. Parameter scans reflecting the change in (A) the accumulated phase φ of the FID-active state 
and (B) the final divergence of the FID beam, as displayed in Fig. 3, for the S enantiomer. The scanned parameter is shown above each column, with asterisks showing the 
panel corresponding to the phase plot in (A). The overall plot parameters use intensities I1 = 0.5 × 1010 W/cm2, I2 = 8 × 1011 W/cm2, and I3 = 1 × 1011 W/cm2, phase 3 = , 
and UV focal waist wUV = 4UV. For each column, the scanned parameter is changed via the multiplier at the bottom right of each panel.
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where  is a relative TRICC phase.

Orientation averaging
The full optical response is the average of the phase of the emission 
over all possible molecular orientations, a critical step in comparing 
the optical response of opposite enantiomers [which is missing in 
previous related work (13)]. For the analytical result in Eq. 15, this 
can be calculated exactly using the theory of isotropic tensors (42).

For the Stark shifts    ∣ V  12  ∣   2  _    12      and    ∣ V  13  ∣   2  _    13     , the orientation-averaged 
amplitudes simplify to

   〈  ∣ V  12  ∣   2  〉  O   =  〈( d  12   ·  E  1    e   i   1    / 2 )  ( d  12   ·  E  1    e   i   1    / 2)   *  〉  O    (16)

  =   1 ─ 4    E  1,i    E 1,j  *    〈  d  12,i    d 12,j  *   〉  
O

    (17)

using Einstein summations. Here, the orientation average of the 
molecular tensor   d  12,i    d 12,j  *    reduces it to an isotropic tensor, which 
must be of the form   〈  d  12,i    d 12,j  *   〉  

O
   =  D  2      ij   , where the multiplier D2 

is determined by taking the trace

   3  D  2   =  D  2      ii   = 〈   d  12,i    d  12,i  *   〉  
O

   =∣ d  12  ∣   
2
   (18)

and the isotropic ij produces the inner product     ij    E  1,i    E 1,j  *   = ∣ E  1  ∣   2  , 
giving the final result

   〈  ∣ V  12  ∣   2  〉  O   =   1 ─ 12  ∣ d  12    ∣     2  ∣ E  1  ∣   
2
   (19)

For the chirally sensitive triple product, we write

 ∣ V  12  ∣∣ V  23  ∣∣ V  13  ∣cos  =   1 ─ 8   Re [( d  12   ·  E  1   ) ( d  23   ·  E  2   ) ( d 13  *   ·  E  3  *   )  e   i ]  (20)

so, similarly to the Stark shifts, we can separate

  
                〈∣ V  12  ∣∣ V  23  ∣∣ V  13  ∣cos 〉  O   =   1 ─ 8   Re [ E  1,i    E  2,j    E  3,k  *    e   i 

                                                                        
 〈  d  12,i    d  23,j    d  13,k  *   〉  

O
  ]
    

   (21)

Here, the molecular tensor   d  12,i    d  23,j    d  13,k  *   , now of rank 3, averages 
again to an isotropic tensor, which should be proportional to the 
Levi-Civita tensor ϵijk, so that   〈  d  12,i    d  23,j    d 13,k  *   〉  

O
   =  D  3    ϵ  ijk   , where the 

multiplier D3 is found by contracting with a separate Levi-Civita 
tensor. This gives

              
6  D  3   =  D  3    ϵ  ijk    ϵ  ijk   =  〈  d  12,i    d  23,j    d 13,k  *    ϵ  ijk   〉  

O
  
                                       

 = ( d  12   ×  d  23   ) ·  d 13  *  
    

  (22)

in terms of the orientation-invariant scalar triple product of the 
three dipoles. Last, the resulting factor of ϵijk induces the triple 
product   E  1,i    E  2,j    E  3,k  *    e   i   ϵ  ijk   = ( E  1   ×  E  2   ) ·  E  3  *    e   i   for the fields, giving 
the final result

              
 〈∣ V  12  ∣∣ V  23  ∣∣ V  13  ∣cos 〉  O   =   1 ─ 24   Re [( E  1   ×  E  2   ) ·  E 3  *    e   i 

     
                                                                   ( d  12   ×  d  23   ) ·  d 13  *  ]

    
  (23)

FID phase gradient
We derive a simple expression for the phase gradient (and therefore 
the beam deflection) produced by the quantum phase  φ =  ∫0  

2
    Edt  

accumulated by the FID-active state during the TRICC pulse with 
the energy shift (Eq. 3). Assuming a sine-squared envelope in am-
plitude on all fields with duration 2, the cubic time integral over 

the pulse boils down to   ∫0  
2

     ( sin   2 (t / 2 ) )   
3
  dt =  5 _ 8   . Keeping only the 

enantiosensitive cubic term, the phase is thus

   〈  φ  chiral   〉  O   =   5 / 3 ─ 
 2   6     12      13  

   Re {( d 13  *   · [ d  12   ×  d  23   ] )  h   (3) }   (24)

Here, the chiral field correlation function h(3) is obtained from 
the TRICC fields (Eq. 5) and thus reads

    h   (3)  = 2x  e   −( x   2 + y   2 )/ w   2    √ 
_

  I  1    I  2    I  3     (     1 ─ 
 k  2    w 2  2 

   −   1 ─ 
 k  3    w 3  2 

   )    e   i     (25)

where   w   −2  =  w 1  −2  +  w 2  −2  +  w 3  −2  . Under the reasonable assumption 
that the UV beam waist is smaller than this total TRICC waist, the 
spatial gradient of h(3) corresponds to the linear ramp only and can 
therefore be approximated as the constant

     𝜕  h   (3)  ─ 𝜕x   = 2  √ 
_

  I  1    I  2    I  3     (     1 ─ 
 k  2    w 2  2 

   −   1 ─ 
 k  3    w 3  2 

   )    e   i     (26)

This then allows us to get the final phase gradient acquired by 
the FID radiation, which steers it away from its initial direction and 
which is given by

             
   𝜕 ─ 𝜕x    〈  φ  chiral   〉  O   =   5  √ 

_
  I  1    I  2    I  3     ─  

3 ×  2   5     12      13  
   (     1 ─ 

 k  2    w 2  2 
   −   1 ─ 

 k  3    w 3  2 
   )   

    
             × Re {( d 13  *   · [ d  12   ×  d  23   ] )  e   i } 

    (27)

Ab initio calculation of molecular dipoles
Molecular triple products are calculated for the showcase of the meth-
yloxirane molecule (see table S3). We treat Rydberg states within the 
multireference configuration interaction with single excitations ansatz. 
The CAS(2,2) wave function, with the active orbitals localized on the 
lone pairs of the oxygen atom, was used as the reference. This calcula-
tion is performed within the ORMAS (occupation-restricted multiple 
active space) solver (43, 44) of the GAMESS package (45, 46) using the 
optimized MP2(fc) (Møller-Plesset to second-order PT with frozen 
core) method for the geometry shown in table S1.

We use the aug-cc-pVTZ basis set, augmented with several 
Kaufman-Rydberg functions (with n = 1 to 4 and S, P, D, and F char-
acter) at the center of mass of the molecule to accurately support the Rydberg 
series (47–49). The energies of the eigenstates of interest (discarding 
spin triplet states) are reported in detail in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq1962
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