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Developing effective methods to measure the enantiomeric excess of chiral mixtures is one of the major topics
in chiral molecular research but remains challenging. An enantiodetection method via two-dimensional (2D)
spectroscopy based on a four-level model containing a cyclic three-level system (CTLS) of chiral molecules was
recently proposed and demonstrated, but with a strict condition of one-photon resonance (where three driving
fields are exactly resonantly coupled to the three electric dipole transitions) in the CTLS and narrow-band probe-
pulse assumption. Here, we extend the 2D spectroscopy method to more general experimental conditions, with
three-photon resonance (where the sum of the two smaller frequencies among the three driving fields equals
the third one) and a broadband probe pulse. Our method remains effective on enantiodetection with the help
of experimental techniques such as the chop-detection method, which is used to eliminate the influence of the
other redundant levels that exist in the real system of chiral molecules. Under these more general conditions, the
enantiomeric excess of the chiral mixture is estimated by taking an easily available standard sample (usually the

racemic mixture) as the reference.
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I. INTRODUCTION

Chiral molecules have two species, i.e., enantiomers,
which are mirror images of each other. Enantiomers have al-
most the same physical properties, e.g., energy level structures
but act disparately in their biological activities and chemical
interaction [1], leading to successive interest in the investiga-
tion of enantioseparation [2—10], enantioconversion [11-16],
and enantiodetection [17-28]. Enantiomers often have subtle
differences in their optical activities, which is an exception
to their identical physical properties [17—19]. This makes it
possible to detect the enantiomeric excess of a chiral mixture
optically. However, traditional spectroscopic methods, such as
circular dichroism [17,18] and Raman optical activity [19],
typically suffer from a weak signal originating from magnetic
dipole or electric quadrupole interactions.

In recent years, new spectroscopic methods of enantiode-
tection taking advantage of the strong electric dipole coupling
have been investigated theoretically [26,27,29,30] and exper-
imentally [22-25], benefiting from the study of the cyclic
three-level system (CTLS) of chiral molecules [31-36], in
which three electromagnetic driving fields are coupled to three
electric dipole transitions among the three energy levels of
the chiral molecules. Typically, most of these methods re-
quire a standard enantiopure sample for the reference [22-25].
However, acquiring the enantiopure sample itself remains
challenging for most chiral molecules. We recently proposed
enantiodetection methods that do not require an enantiopure
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sample using either one-dimensional (1D) or two-dimensional
(2D) spectroscopy [26,27]. In the method using the 2D spec-
troscopy, three probe pulses are applied in a sequence to detect
the chirality-dependent energy shifts engineered by the three
electromagnetic driving fields in the CTLS [26,27]. Signals
from different enantiomers are naturally categorized in the
2D spectrum because any two diagonal peaks corresponding
to different enantiomers have no off-diagonal correspon-
dence [27,37]. This feature of the 2D spectroscopy provides
an advantage over the 1D case, where additional procedures
are required for peak categorization.

We have demonstrated the effectiveness of our enan-
tiodetection method [27] via 2D spectroscopy under ideal
experimental conditions, e.g., one-photon resonance [38] of
the driving fields in the CTLS and the use of narrow-band
probe pulses for single-transition excitation. However, in the
case of one-photon resonance, all three driving fields are reso-
nantly coupled to the three electric dipole transitions without
detuning. This demands a full understanding of the energy
levels of the investigated chiral molecules, limiting the univer-
sal application of this method to enantiodetection. Moreover,
generating narrow-band pulses covering only one transition
is challenging. In existing experiments with 2D spectroscopy,
the bandwidth of the probe pulses is usually broad, and mul-
tiple transitions from the ground level to the excited levels
can be induced [39-41], which poses a challenge for this
method on enantiodetection, as induced multiple transitions
may affect the ability of the 2D spectroscopy to distinguish
between different enantiomers.

In this paper we extend the 2D-spectroscopy-based enan-
tiodetection method to more general cases. Specifically, we
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FIG. 1. (a) The basic model with a CTLS and the ground level of
the chiral molecules. In the subsystem, three driving fields are nearly
resonantly coupled to the three transitions le%) <> lef) with Rabi
frequencies €2j;, detunings Aj;, and overall phases ¢*. The probe
pulses I%, (p = a, b) induce only the transition [g*) <> |e}) with Rabi
frequencies €2,,. (b) The probe pulse sequence. Two probe pulses K,
and k,, denoted by the rectangles, are separated by an interval t. The
signal denoted by the curve is detected at time ¢ after the second
probe pulse K. The two probe pulses have the same duration 6z,.

demonstrate that different enantiomers can still be distin-
guished by their separate chirality-dependent peaks in the
2D spectrum even under three-photon resonance [26,31] and
with the use of broadband probe pulses. Under three-photon
resonance, the three driving fields are coupled to the corre-
sponding transitions with detunings, and the sum of the two
smaller frequencies of the driving fields equals the third one.
This condition is preferred in experiments, compared to the
one-photon resonance, when one has only rough knowledge
of the enantiomers of interest. We demonstrate that under
three-photon resonance, the enantiomeric excess of a chiral
mixture is estimated by taking the easy-to-get racemic mixture
as the reference. In more general situations where transitions
from the ground state to all three working excited states,
as well as other redundant states, are induced by broadband
probe pulses, we prove that these induced multiple transi-
tions do not affect the enantiodetection via the 2D spectrum.
To achieve enantiodetection in these general situations, we
adopt advanced experimental techniques, i.e., the chop detec-
tion [39—41] and truncation method to eliminate the influence
of the other redundant levels.

II. THREE-PHOTON RESONANCE

The CTLS, in which three electric dipole transitions among
the three energy levels are all allowed, is forbidden in natural
atoms but universally exists in chiral molecules whose sym-
metry is naturally broken. With this fact, we propose the basic
model of this paper in Fig. 1(a). The model consists of a CTLS
with three excited states le?) (j = 1,2,3) and a ground state

|g*) for left-handed (o = L) and right-handed (o = R) chiral
molecules [30,42,43]. Three constant electromagnetic driving
fields (typically in the microwave region) with central fre-
quencies v;; (j > I) are applied to couple the corresponding
electric dipole transitions [e¢f) <> |ef') with detunings A =
w; — w; — vj; under three-photon resonance (V21 + v3; = 3y,
i.e., Ao; + A3z = Azy). Here, w; are eigenenergies of states
le;) with ground-state energy wp = 0. The Hamiltonian of
the system is given in the interaction picture with respect to
Hy =) wjlef)eflas (h = 1, 0] = w1, @) = @1 + 171, and
wh = w1 + v31)

Viye = Dai|es)es] + Asife5)fes | + (Qa1]e5 et |
+ Qa1 feg)ed] + Qe |eg)es| + Heed. (D)

Here, Q;; are Rabi frequencies, and ¢* is the effective
overall phase, which differs by = for the different enan-
tiomers [31,32], i.e., % = L + 7.

In the proposed model, two pulses with wave vector EP
(p = a, b), short duration §t,, and interval t are applied to
probe the chirality-dependent shifts induced by the driving
fields [26]. The pulse sequence is illustrated in Fig. 1(b).
An assumption is made that the probe pulses induce only
the transition |g¥) <> |e{) with central frequency v, = w; and
narrow bandwidth §v, < {wy1, w31}, where w;; = |w; — w;].
The Hamiltonian within the short duration of the probe pulse
is given in the interaction picture with respect to Hy =

Zja)jle‘;)(eﬂ as

o A~ ik, 7
Vp >~ Qe

ef)(g*| +He., )

where 7 is the spatial location of the chiral molecule and
2, is the Rabi frequency corresponding to the transition
|8%) <> |ef) under the square pulse approximation. Note that
the Hamiltonian presented in Eq. (2) is an approximate result,
wherein we have neglected the interaction of the CTLS during
the short duration of the probe pulses. This approximation
is based on the assumption that the driving fields are signif-
icantly weaker than the probe pulses, i.e., [Q2;;| < [€2,].

In our previous work [27], a strict condition of one-photon
resonance (A j; = 0) and a narrow-bandwidth probe-pulse as-
sumption were considered. In this section, we release only the
condition of one-photon resonance to show how the properties
of the driving field impact the shape of the 2D spectra. We will
show in Sec. III that pulses with a broad bandwidth could also
be applied as probe pulses.

Starting from the initial state |¢§) =|[g%) in the
Schrodinger picture, the final state of the system after inter-
action with the sequence of the two pulses is

v (T, 1)) = Ug‘;c(r +1 4 26t,, T + 28t,)Uy
x UG (t + 81, St)UZ ), (3)

where U} = exp[—iHydtplexp[—iV,;8t,] and  Ug(s +

s',s') = exp[—iH, (s + s')] exp[—iV5.s] expliH,s'] are
evolution operators inside and outside the pulse duration,
respectively. We note that Ug‘;c(s—i—s/,s/) is the evolution
operator in the Schrodinger picture, and a similar operator

in Ref. [27] should be corrected but does not affect the main
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result. The final polarization P%(t,t) = (Y*(t,1)|Q*
|[Y*(z,t)) will yield signal fields along multiple phase-
matching directions [44—46], and we sort only the rephasing
signal that is emitted along —kq + 2kp.

In the final polarization, the rephasing part is calculated as

Pgo(t, 1) = A°(, 1)el“kat26) T Here,

2 j(w|,+E“
A%(.0) = NGNGB ) [y e
~
2 _iw o
x 3 e g, @
J

is the amplitude of the rephasing signal, fi% is the transition
dipole operator, p3, = jo; is the transition dipole moment
corresponding to the transition [g¥) < |ef), ﬂf’ = —iQ2,01,
are transition amplitudes, N, = (1 + |,3,,|2)’ /2 are nor-
malized constants, n;; = (e?‘ld;?‘) are transformation-matrix
elements, and |d}) and EY' are eigenvectors and eigenvalues of
Ve Adding the decoherence of the system during the whole
process, the rephasing signal in Eq. (4) is modified as
2072 2
A (T 1) = NGNGBLIB ) |y
7

2 i@ +E)T Tt

2 _i(w +EY —
x ) |y [P AT e gy 5)
J

where I = y1/2 + yqp is the decoherence rate and y; and ygp
are, respectively, the relaxation and pure dephasing rates of
the excited states.

For a mixture, the total signal from the two enantiomers is

A"X(7, 1) = NJAL (2, 1) + NpAR (2, 1), (6)

where N, and Ny are the numbers of left- and right-handed
molecules in the mixture sample. The 2D spectrum

A" (w,, ) = FIA™ (1, 1)] 7

is obtained by Fourier transforming [47] A™*(t, r) with re-
spect to both the delay time t and data-collecting time 7.

We take the gaseous 1,2-propanediol, whose skeletal for-
mula is shown in Fig. 2(a), as our example in this study
and present a numerically simulated 2D spectrum of the
racemic mixture (50:50 mixture of two enantiomers) in
Fig. 2(c), which is zoomed in around (w|, —w}). Neglect-
ing the chirality index, the working states are chosen to be
1g) = 1vg)100,0,0), le1) = ve)ll11,1), lea) = [ve)|22,1,2), and
les) = |ve)|22.0.1), where the vibrational ground (first-excited)
state is denoted as |vg) (Jv.)) and the rotational states are
denoted in the |Jk, k..») notation [48]. With these work-
ing states, the transition frequencies are wo/27 >~ 4.33 THz,
w1 /21 >~ 29.21 GHz, w31 /2w >~ 29.31 GHz, and w3, /27 =~
100.76 MHz [27,49,50]. The relaxation and pure dephas-
ing rates are approximately taken as yy/2m >~ 1kHz and
Ydp/2m = 0.1 MHz [43,51]. The CTLS is assumed to have
detunings Aj;/2m = 1 MHz and A3 /27w = 1.5 MHz of the
driving fields; Rabi frequencies €2,;/2m = 4 MHz, Q3, /27 =
4 MHz, and Q3,/27 = 4.5 MHz; and overall phases ot =
27 /7 and ¢f =97 /7. The probe pulses have duration
8t, ~ 0.5ns with Fourier-limited bandwidth &v >~ 27 x
1.8 GHz « {w21, w31} and corresponding Rabi frequencies

(@)  Left-handed
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Y\OH \;/\OH

OH OH
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FIG. 2. (a) The skeletal formulas of two enantiomers of 1,2-
propanediol, which is taken as an example. (b) The 1D and (c) 2D
spectra of the racemic mixture (50:50 mixture of two enantiomers)
of gaseous 1,2-propanediol. The 1D spectrum is the projection of
the 2D spectrum on the axis of w,. The 2D spectrum is obtained by
taking only the absolute value of the Fourier transform. (c) K, and Kg
denote the amplitudes of the two strongest peaks that belong to left-
handed and right-handed enantiomers, respectively. (d) The error § =
&, — € between the enantiomeric excess ¢, estimated by the intensity
ratio of the peaks denoted in (c) and the real value ¢. The parameters
for the simulation are chosen to be €2,/27 ~ 100 MHz, Q,,/2n =
4 MHz, Q3,/27 = 4 MHz, Q3,/2n = 4.5 MHz, A,,/2nr = 1 MHz,
A3 /27 = 1.5MHz, yu/27 ~ 1kHz, y4/27m ~0.1MHz, ¢* =
27 /7, and % = 97 /7.

Q,/2m >~ 100 MHz. The time-domain signal is scanned from
0 to 20 us with a step size of 0.01 ps.

According to Eq. (5), each enantiomer has nine peaks in the
2D spectrum in Fig. 2(c) at locations (w] + ES, -] — EY).
Those nine peaks form a grouped pattern, with three diag-
onal peaks resulting in six off-diagonal ones. The lack of
off-diagonal correspondence between any two diagonal peaks
indicates that they belong to opposite chiralities. For instance,
nine peaks enclosed by red lines in Fig. 2(c) share the same
chirality (i.e., left-handed chirality), and the other nine peaks
enclosed by orange lines share the opposite chirality (i.e.,
right-hand chirality). We note that such a direct categorization
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is not possible within a single 1D spectrum [e.g., the one in
Fig. 2(b)] without an additional procedure [26,29].

We remark that the distinct nine-peak pattern is the general
case and different patterns with fewer than nine peaks may
appear due to the degeneracy of E' [27] or the inequality of
In{; |2. Nevertheless, the chirality categorization can always be
achleved by referring the off-diagonal peaks.

After the chirality categorization, the enantiomeric excess
& = (N — NR)/(Nr + Ng) of the chiral mixture is estimated
using the intensity ratio of the peaks in the 2D spectrum.
To clarify the notation used in our analysis, we denote the
amplitudes of the two strongest diagonal peaks belonging to
different enantiomers at locations (w;, —w;) and (wg, —wg)
as K; and Kg, where

Ky = NLJA" (0n, —00)] + NplA® (@a, —00)].  (8)

where w, = | + E§, with E¥/2m = —1.060 MHz and
EX /27 = 2.566 MHz. Since the peaks belonging to different
enantiomers are well separated, the left-handed enantiomer
makes very few contributions to Kz and vice versa,

. <L <R ~R
ie., |A(wp, —wp)| > |A (o, —op)|, |A (wg, —wr)| >
1

|A™ (wg, —wg)|, and

Ky 2 Ny |A (g, — 4. )

In the one-photon resonance case (Aj; =0) of the
CTLS, the enantiopure signal intensities are always equal,
A" (wp, —wp)| = |A% (wr, —wr)|, due to the equality of the
absolute value [27] of the corresponding transformation-
matrix elements |n1 | = |nl |. The enantiomeric excess is
estimated using the equatlon g. = (KL — Kgr)/ (KL + Kg).

However, in the general three-photon resonance
case (Ay + Az = Azp), the absolute values of the
transformation-matrix elements are typically not equal
and are often unknown beforehand. Therefore, we use
the racemic mixture of chiral molecules, which is easily
accessible and readily available, as the reference sample to
obtain the parameter

K"
= = (10)
R
and the enantiomeric excess is estimated as
K; — AK
g, = =R (11)
K; + AKR

‘We demonstrate the numerical estimation error § = ¢, — € as
a function of ¢ in Fig. 2(d), and we observe that the absolute
value of the error is consistently less than 0.5 x 1072,

In our previous work [27], three one-photon resonances
(a special case of the three-photon resonance) of the CTLS
were utilized. Such a condition demands that one know the
energy levels of the investigated chiral molecule precisely and
possesses three microwave fields with specific frequencies,
which remains challenging for most molecules. When the
energy levels of the chiral molecules are only roughly known,
the three driving fields will typically couple to the correspond-
ing transitions with slight detunings, breaking the one-photon
resonance condition. In such a case, we demonstrated in
this section that three-photon resonance of the CTLS can be

used and our method remains applicable for enantiodetec-
tion. Compared with the one-photon resonance condition, the
three-photon resonance merely demands precise frequency
control of the driving fields to satisfy the relation v + v3; =
v31, making it more easily attainable in experimental prac-
tice. In addition, we remark that three-photon resonance is
a necessity in our method for the CTLS to yield consistent
chirality-dependent energy shifts.

III. BROADBAND PROBE PULSE

In the above discussion, we have assumed that only one
transition |g%) <> |e{) is induced by the probe pulses with
the narrow-band assumption. However, in experimental con-
ditions, the pulse bandwidth is usually much broader, on
the order of several terahertz [39—41], which means that all
three transitions [g*) <> [ef) may be induced (if the selec-
tion rule [32,34,35] permits). Despite the specifically chosen
working states, some other redundant states can get involved
in the probing process as noise.

We prove in this section that the chiral molecules are
still distinguishable in the 2D spectrum even if more than
one transition is induced by the probe pulses. Furthermore,
the influence of other redundant states is eliminated by the
chop-detection method, which is typically used in optical
experiments [39—41].

A. Inducing transitions to multiple excited working states

Instead of the narrow-band assumption, we here and in the
following assume that the bandwidth of the probe pulses is
so broad that all transitions |g*) <> |e;‘) are nearly resonantly
induced [52]. Thus, the Hamiltonian of the system within the
pulse duration is given in the interaction picture with respect
to Hy as

. ZQ f7e%)(g?| + Hee., (12)

and the rephasing s1gna1 is correspondingly modified as

g‘e(r, t) = [ 50]2 bofo Z ['Bf?m]*ﬁgm’

m,m’

* *
X Z ”7] n%jj\/bal[ﬁg,l]

* —lw +E°’t —
x § :an mJ i(w) ) —Tt

Jr
RPN « _
et(wl+u)m, w1,+E/ )re FT”’S}“ (13)

Here, pg; and Q. are transition dipole moments and
Rabi frequen01es correspondmg to transitions |g%) < |e ),
B, ; = —iS2} ;81 are transition amplitudes, and N o = (1

1B 1)1 and N = (1+ 3,185 ,1)71/* are normahzed
constants. We specify the transition dipole moments as p§, =
Ho1 = Hots Kgy = —RGy = Moo, and ps = —K{; = Ro3 O
fulfill the cyclic conditions of the new cyclic structures formed
by levels |g%), le?). and |e;‘,) (j # j'). For the special case
with the selection rule considered, one or two of the transitions
|g%) < |e‘}’) may be forbidden, i.e., uy; = 0. Especially, when
two of the three transitions are forbidden, the rephasing signal
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FIG. 3. (a) The 2D spectrum of the racemic mixture of gaseous
1,2-propanediol when both transitions |g*) <> |ef) and |g*) <> |e3)
are induced by the probe pulses. (b) The error of the estimation of
the enantiomeric excess estimated by the intensity ratio of the peaks
denoted in (a). In the simulation, the Rabi frequencies between the
ground state and the excited states are chosen to be Q5| = Qf | =
27 x 100 MHz and @, = —QF, =27 x 100 MHz, and the tran-
sition |g¥) <> |e5) is forbidden. The other parameters are the same as
those in Fig. 2.

in Eq. (13) retains the one in Eq. (5) where only one transition
is considered. We note that the phases accumulated during the
pulse interaction are neglected in Eq. (13) because of the short
duration of the pulses (see the Appendix for detailed result).

The 2D spectrum is obtained by Fourier transform-
ing A5.(t,t) with respect to v and r. We still zoom in
around (a)’l, —a)’1 ), where the peaks correspond to terms with
{l,I',m'} = 1in Eq. (13). The phase factors containing t and
¢t of such terms are exactly the same as those in Eq. (5).
Thus, the peaks still locate at positions (o} + E¥, —} — EY)
even though broadband probe pulses are applied. However,
the peak amplitudes change due to the different interaction.

The simulated 2D spectrum of the racemic mixture
with two transitions |g¥) <> |e) and |g%) <> |ef) induced is
presented in Fig. 3(a) by taking the working states of 1,2-
propanediol as |g) = [vg)|00,0,0), le1) = [ve)ll11.1), le2) =
[ve)l11,0.1), and |e3) = [ve)|22,0,1)-

The transition frequencies in the CTLS are w;;/2m =~
846. 79 MHz, w3/2mr ~29.31GHz, and (w3/27 =~
28.46 GHz [49,50]. We maintain the same assumptions
regarding the detunings, Rabi frequencies, and overall phases
of the CTLS as described in Sec. II. However, we modify
the assumption of the probe pulses to have a bandwidth of
dv/2m ~0.9THz (with duration &z, >~ 1ps) and central
frequency of v,/2m 2~ 4.33 THz. With such a broad band-
width, all three transitions |g%) <> |ej.‘) are covered, but the

transition |g*) <> |e5) is forbidden since AJ = 2 [32,34,35].
Moreover, we take 95,1 = Q§,1 =27 x 100 MHz and
Qé’z = —Qﬁ,z =27 x 100 MHz.

To determine the enantiomeric excess, we also denote the
amplitudes of the two strongest diagonal peaks belonging
to different enantiomers as K; and Kp in Fig. 3(a). These
two peaks locate at (w;, —w);) and (wg, —wp), respectively,
where o) = | + E¥ and i = | + EF, with E¥/2n =
8.861 MHz and EF /2w = —7.145 MHz. The estimation of
enantiomeric excess is obtained using Eq. (11) by taking the
racemic mixture as the reference. Figure 3(b) shows that the
errors of such estimation are still well below 1 x 1072 in most
regions even with broadband probe pulses.

B. Inducing transitions to redundant excited states

Apart from the chosen working states, real chiral molecules
have complex rotational levels [41], which will yield massive
redundant peaks on the 2D spectrum, disturbing the catego-
rization of the chirality of the peaks. For the case in Sec. [IT A,
the transition between the ground state and a redundant ex-
cited state |eq) = |v.)|10,1,1) could also be induced by the
probe pulses. Such a state will not introduce an additional
cyclic loop since the transition frequencies between |e;q) and
|e;‘) (2w x 4.89 GHz, 2m x 5.74 GHz, and 27 x 34.20 GHz)
are all significantly nonresonant with the frequencies of the
driving fields. We take into account this redundant state and
modify the Hamiltonian within the pulse duration in the inter-

action picture with respect to Hg as V', . = V'3 + Vg, where

VS = Qprae™ 7 |el) (g + Hee. (14)

T

and €2, 4 is the Rabi frequency corresponding to the transi-
tion |g¥) <> |e%;). Given this Hamiltonian, the final rephasing
signal is A}, . = A5, + A}, + A, with

2 2wyt ,~T
Al (1. 0) = [N o NooNora B al Bowal e e
x e e g (15)
and

2
?dz(ri t) = [ Zo] J\/bofo-/\[b,rd[ﬂa,rdﬂb,rd]*
* _i(w+E¥) —T
X Zﬂngn‘,"][n‘,’nj] e~ tED) =Tt
m j,l

i+, —))T efl"r o

Ko,
+ [N N o Bra YoIBL Do Nlss T
m gl

X e

o [n}*j]*n:ﬁ,jei(w;+E7)Té_rte_iw'dte_rlﬂrd, (16)
where w4 is the eigenenergy of the redundant level
|e%1); Bpra = —iS2p bty is the transition amplitude; N7, =
L+ 185 ;172 Ny = (141 Bpral )12, and Nt = (1 +
1Bpral®> + X 1B j|2)“/ 2 are the normalized constants; and
M1y = My is the transition dipole moment corresponding to
the transition [g%) < |eZ;).

According to A, (t,t) in Eq. (15), there is an addi-
tional diagonal peak at location (wy4, —wrq) in the Fourier-
transformed 2D spectrum. This peak has no chiral feature
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FIG. 4. (a) Chop-detected 2D spectrum of the racemic mixture
of gaseous 1,2-propanediol. The deep negative peak at the center
corresponds to the free eigenstate |ef) of 1,2-propanediol. (b) The
truncated 2D spectrum of (a) neglecting all the negative values.
(c) The error of the estimated enantiomeric excess with chop detec-
tion and truncation. For the simulation, the parameters here are taken
to be the same as those in Fig. 3.

(Nio = NE;) and is not affected by the driving fields in the
CTLS. We thus eliminate it through chop detection [39-41]
by conducting two experiments with driving fields on and
off. The chop-detected signal is given in the frequency
domain as

b1 S b4
Achop(a)f’ W) = iA3e,on(0)n CUz)| - |A3e,off(w‘[a wt)i

+ |A:td2,on(wf’ )| — |A(r¥d2,off(wf’ o).
(17)

The two terms Ay, o, (wr, )| and Ay, o (wr, ;)| have
only off-diagonal peaks and thus would not disturb the chi-
rality categorization of the diagonal peaks.

Figure 4(a) shows the chop-detected 2D spectrum of the
racemic mixture. On the spectrum, a deep negative peak

is located at (w), —w}). This negative peak corresponds to
the subtraction of |;1‘;eyoff(a),, ;)| and strongly overshadows
other chirality-dependent peaks. To eliminate its disturbance,
we make a truncation in Aghop(wr, w;) by neglecting all the
negative values, and the result is presented in Fig. 4(b). The
truncated spectrum is almost the same as the one in Fig. 3(a)
and still gives good estimations of the enantiomeric excess
with sufficiently low errors, e.g., those below 1 x 1072 in
Fig. 4(c).

IV. SUMMARY AND DISCUSSION

This study has successfully demonstrated the effectiveness
of the enantiodetection method via 2D spectroscopy [27]
under more general experimental conditions. The previous
method [27] was proposed with a strict condition of one-
photon resonance in the CTLS and a narrowband probe-pulse
assumption, limiting its applicability. However, in this study,
we have shown that even with three-photon resonance in the
CTLS and broadband probe pulses, different enantiomers can
still produce chirality-dependent peaks in the 2D spectrum. It
is important to note that identifying the chirality categoriza-
tion of the peaks is not possible in the 1D spectrum without
further information. Therefore, this method provides a signif-
icant advantage over traditional techniques. Additionally, we
have found that the peak intensities for different enantiomers
are not equal due to the inequality of the transformation matrix
under three-photon resonance. Therefore, the enantiomeric
excess of the chiral mixture is estimated using the racemic
mixture as the reference.

Besides the advantage of distinguishing the chiral signal,
our method also presents adequate accuracy for determining
the enantiomeric excess. We have shown with numerical sim-
ulation that the error in our estimation of the enantiomeric
excess is typically below 0.01, comparable to what has
been reported in three-wave mixing approaches [22,23], e.g.,
0.025 + 0.005 for a chiral mixture of gaseous 1,2-propanediol
with a known 0.02 enantiomeric excess [23].

Real systems of chiral molecules contain massive redun-
dant levels that can disturb the chirality categorization. To
eliminate this disturbance, we have implemented chop detec-
tion and truncation. These methods have proven to be effective
in reducing the influence of redundant levels and ensuring
accurate enantiodetection results.

Overall, this study has provided valuable insights into
the effectiveness of the enantiodetection method via 2D
spectroscopy and its applicability under more general experi-
mental conditions.
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APPENDIX: CALCULATION OF THE FINAL STATE AND POLARIZATION WITHOUT A REDUNDANT STATE

In this Appendix, we calculate the final state and polarization of the system under three-photon resonance with broadband
probe pulses inducing all three working transitions |g*) <> |e7).

For initial state |g*) or |ef') at time s’ of the system, the evolved states after an evolution time s without the probe pulses are
given in the Schrédinger picture as

Uge(s +5,5)Ig") = 1g%), (A1)

e Ef's —ia', (s+s") iw)s'
Ugel(s +5' s)’el E ng; n,, e e

), (A2)

J

where Ugye(s + s',s") = exp[—iH, (s + 5')] exp[—iVyys] exp[iH,s'] is the evolution operator outside the pulse duration.
On the other hand, the evolved states after the whole pulse duration are given in the Schrédinger picture as

- Qe .

2e1g%) = cos (25 3,81,)8%) — isin (25 368tp) Z mﬂe"“’-f&de?‘), (A3)

j p.3e
2
Qo o Q. .
;3e|e3¥> = zQ" sin (4 3,81,)e “keT gy 4 [ 1 — (Q‘fl ) [1— cos (225 5.61) ] e‘”"f‘”ﬂ|e3‘>
p,3e p,3e
Qe Q¢ )
+ Z S [1 — cos (25 3.1, ] [e7* |ef), (A4)

2
= | (25)

where Q“ 3e = =+ Q L+ S22 )+ Q2 3 and U e = = exp[—iH ét,] exp[— V“368t,,] is the evolution operator within the pulse
duration. In the perturbatlve reglme ie., |Q¢ 8tp| <« 1, the evolved states are approximately

p.3e

by 36|g > ;0 |got) + eikp~7 Z ﬁlojyjefiwjﬁp ej{) , (AS)
J
paeles) = N;..i(}e?)+e_ik”'?ﬂ;./e_iw’&”|ga>)- (A6)
Here, B ; = —iQ2% ;8t, are transition amplitudes, and N, = (1 + |85 ,[*)""/2 and N%y = (1 + 3, |85 ;1*)~"/* are normalized

constants.
In our proposed experiment with the sequence of two probe pulses, the final state of the system with initial state [J) = |g%)
is calculated as

[ Wi (T, 1)) = US (T 41 + 281, T + 281, )Us Ugs (T + 81, 81,)US |5 )
— Nao'/\/l;xoetkl, Z IBb " 71wm611, Z nl —tE"‘te*lwl/(f+t+28t,,)eiw;n(f+28[,,)
J mJ

ef)
Jil

+N(x i(Ky—kp)-F Zﬁa e —tu)métﬂ an/ m] —lE T —zwl(r-i—ét[,)e mét[,./\/'a ﬂb['g >

il
+Naoelk -7 ,3 71(1),7,&,, ”1 —zE refzw,(r+ét,,)ezwm8t,,Na —iw 8t
a E : am E : j mj
il

z : o a T* —lEf —iw, (r+t+28t,) i) (t+268t,)
X nl/jr[nlj/] e e F ! !

J

ef) + N oNiolg™)- (A7)

With the final state, the polarization after the delay time t and data-collecting time ¢ is given by P5.(t,t) =
(Y5 (r, )| |5, (T, t)). Adding the decoherence during 7 and ¢, the amplitude of the rephasing part of the final polarization
i(—ka+28p) T §g

L@ =] :,0]2 50 Z [B2]" B e e Z [”l/] Mo e N [ T

m,m’ Jil

Z * i@ +ELY oy
% nl/ , z(u)l+ X _—Tt l(w,+a) —w), +ES )'L' 't Zl(w , w/,)ét,,ﬂ (A8)

with phase factor e

JLr
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The result here is similar to Eq. (13), except that the phase fac-
tors expli(w; — w;)8t,] and exp[i(w; — a)})étp] are neglected
there because the pulse duration is typically so short that

{[(w; — wj)btyl, |(w] — w})Bt,,|} & 1. Letting pg), and pf; be
zero (i.e., only the transition |g*) <> |e]) can be induced by
the probe pulses), Eq. (A8) thus matches Eq. (5).
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