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We propose an enantiodetection method of chiral molecules in a cavity with an external drive. The chiral
molecules are coupled with a quantized cavity field and two classical light fields to form the cyclic three-level
systems. The chirality-dependent cavity-assisted three-photon process in the three-level systems leads to the
generation of intracavity photons. Simultaneously, the drive field also results in a chirality-independent process of
the generation of intracavity photons. Based on the interference between the intracavity photons generated from
these two processes, one can detect the enantiomeric excess of chiral mixture via monitoring the transmission
rate of the drive field. It is also shown that our method can work in the single-molecule weak-coupling region
and in the absence of additional enantiopure samples. These advantages make it offer promising applications in

enantiodetection of chiral molecules.

DOLI: 10.1103/PhysRevResearch.4.013100

I. INTRODUCTION

The existence of two molecular structural forms known as
enantiomers (left- and right-handed chiral molecules) is one
of the most important manifestations of symmetry breaking
in nature [1]. Chiral molecules refer to molecules that can-
not be superposed on their mirror images via translations
and rotations. They play crucial roles in various enantios-
elective biological activities and chemical reactions [2,3].
Thus, enantiodetection [4-20] of chiral molecules is impor-
tant and challenging work. Most conventional spectroscopic
methods [4-7] for the enantiodetection of chiral molecules
are based on the interference between the electric-dipole and
the magnetic-dipole (or electric-quadrupole) transitions, and
thus the chiral signals are weak since the magnetic-dipole
and electric-quadrupole transition moments are usually weak
compared with the electric-dipole transition moments.

Recently, cyclic three-level systems [9-42] of chiral
molecules involving only electric-dipole transitions have been
widely used in the enantiodetection [9-20], enantiospecific
state transfer [28-36], and spatial enantioseparation [37-42]
of chiral molecules. Particularly, enantiomer-specific mi-
crowave spectroscopic methods [10-14] based on cyclic
three-level systems have achieved great success in investiga-
tions of the enantiodetection of chiral molecules. Due to the
inherent properties of the electric-dipole transition moments
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of enantiomers, the product of three electric-dipole transition
moments for cyclic three-level systems changes sign with the
enantiomer. Thus, when the molecules in a chiral mixture are
coupled with two classical light fields, the total induced light
field generated via the three-photon process of three-wave
mixing [10-14] is determined by the difference between the
numbers of left- and right-handed molecules. Consequently,
one can detect the enantiomeric excess of the chiral mixture
via monitoring the intensity of the total induced light field.

On the other hand, cavity quantum electrodynamics
(CQED) systems with a single molecule or many molecules
confined in a cavity have received considerable interest
[43-54]. In such CQED systems, the electromagnetic envi-
ronment of the molecule(s) is modified by a quantized cavity
field. This can strengthen dramatically the interaction between
light fields and molecule(s). Thus, the CQED systems have
shown promising applications in the fields of energy transfer
[44-46], molecular spectra [47-49], and control of chemical
reactions [50-52] for molecules.

Most recently, the enantiodetection of single chiral
molecule [53] or many chiral molecules [54] has been in-
vestigated theoretically in CQED systems. In Ref. [53], it
has been proposed to distinguish the chirality of a single
chiral molecule by using the single-molecule model of a
cyclic three-level system. However, in a realistic case, systems
of enantiodetection [4—19] (as well as enantiospecific state
transfer [28-36,55,56], spatial enantioseparation [37-42], and
enantioconversion [57-65]) of chiral molecules commonly
contain a large number of molecules. In the case of quantized
cavity field(s) coupling with many molecules, one should
resort to the multimolecule treatment [44—52], rather than the
single-molecule one, which is only appropriate in the case of
classical field(s) interacting with many molecules [4-19]. In
Ref. [54], the enantiodetection of a chiral mixture has been
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achieved with a multimolecule treatment in a CQED system
for cyclic three-level chiral molecules in a cavity without an
external drive. The chirality-dependent cavity-assisted three-
photon process leads to the generation of intracavity photons
(even in the absence of an external drive to the cavity). Thus it
provided a promising way to detect the enantiomeric excess of
the chiral mixture by measuring the output field of the cavity.

In this paper, we propose an enantiodetection method based
on the CQED system for cyclic three-level chiral molecules,
which are located in a traveling-wave cavity [66—-68] with
an external drive. Each molecule is described by the cyclic
three-level system coupled with the quantized cavity field and
two classical light fields. In the absence of an external drive,
due to the existence of the two classical light fields, intra-
cavity photons can be generated via the chirality-dependent
cavity-assisted three-photon process [54]. In the presence of
an external drive, the drive field enters the cavity and also
results in the chirality-independent process of the generation
of intracavity photons. There exists the interference between
the intracavity photons resulting from these two processes.
Based on this, we demonstrate that enantiomeric excess can
be detected by monitoring the steady-state transmission rate
of the drive field.

We remark that in the previous system [54] where the
cyclic three-level model is designed in a standing-wave cavity,
the size of the sample is required to be much smaller than
the wavelengths of all the light fields to evade the influence
of phase mismatching and the spatial dependence of the cou-
pling strength. In our current system, however, such a strict
requirement is not necessary since the present cyclic three-
level model is specially designed in the traveling-wave cavity.
On the other hand, there is no external drive to the cavity
in the previous system [54] and thus additional enantiopure
samples are required to further determine the sign of the
enantiomeric excess of the chiral mixture in the enantiode-
tection therein. In contrast, the existence of an external drive
to the cavity in our system ensures our present method works
without requiring additional enantiopure samples. Therefore,
the present method has advantages in the enantiodetection of
chiral molecules compared with the previous one in Ref. [54].
In addition, our system involves a collectively enhanced inter-
action between the quantized cavity field and many molecules,
which means our method does not require single-molecule
strong coupling to evade the influence of decoherence.

This paper is organized as follows. In Sec. II, we give the
model and Hamiltonian of the CQED system for cyclic three-
level chiral molecules. Then the steady-state transmission of
the drive field is investigated in Sec. III. Further, we present
the results for the enantiodetection of chiral molecules in
Sec. IV, and then discuss our investigations in Sec. V. Finally,
a conclusion is given in Sec. VL.

II. MODEL AND HAMILTONIAN

We consider a CQED system for cyclic three-level chi-
ral molecules as shown in Fig. 1. The system consists of a
driven traveling-wave cavity and a chiral mixtures confined
in the cavity. The drive field with amplitude ¢; and angu-
lar frequency v, enters the cavity from mirror M; and exits
from mirror My. The chiral mixture contains N = Ny + Ng

1), (1)
left-handed right-handed

\\\\\\\\\\\MHI

FIG. 1. The model of the CQED system for the cyclic three-level
chiral molecules under consideration. The cavity is composed of
three mirrors My, My, and My;. Here, the mirrors My and My are par-
tially reflective and have the same reflection coefficients, while the
mirror My is assumed to be perfectly reflective. The chiral molecules
are coupled with the quantized cavity field and two classical light
fields to form cyclic three-level systems. The polarization directions
of the light fields are shown in blue. The classical light field with
angular frequency vs; is introduced through the polarizing beam
splitter (PBS) to interact with the molecules.

molecules with N, and Ny denoting the numbers of left-
and right-handed molecules, respectively. The subscript Q (=
L, R) is introduced to represent the molecular chirality. Each
molecule in the chiral mixture is modeled as a cyclic three-
level system, where the ground state |1)¢ is coupled to the
state |2) by a quantized cavity field with angular frequency
w, and the state [1)o (]2)) is coupled to the state |3)y by a
classical light field with angular frequency v3; (vs3;). Here, we
focus on the three-photon resonant condition

V31 = Vg + V3. (1)

Under the dipole approximation and rotating-wave ap-
proximation, the Hamiltonian in the interaction picture with
respect to Hy = vga'a + va(Sh + S%) + v31 (S5 + 85 is
written in time-independent form as (& = 1)

H =Ajad'a+ i\//c_a(ada"' — sl’ja)
+ Do (53 + S32) + Asi (S5 + 555)
+ [gaa(Sy +537) + Qa1 (S5 + 55))
+ Q3 (S5, + €S5,) + He.], 2)

where Aa = wWg — Vg, A2l = w21 — Vg, and A31 = w31 — V31
are the detunings, with w;; and w3, denoting the transition an-
gular frequencies. a (a") is the annihilation (creation) operator
of the quantized cavity field. Here, both the cavity decay rates
from mirror M and mirror My are assumed to be «,/2, while
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other cavity decay rates have been neglected. Thus, the total
cavity decay rate is equal to «,. For simplicity but without
loss of generality, the amplitude of the drive field ¢, is taken
as real. Sij = ZZQ:I 1/Y29(k| (j,k =1,2,3) are introduced
to denote the collective operators for the chiral molecules. g,
represents the coupling strength between the quantized cavity
field and single molecules, and ©23; and £23,¢%¢ denote the
coupling strengths between the two classical light fields and
single molecules. Here, g,, €231, and 23, are assumed to be
identical for all the molecules and are taken as real. ¢y and ¢g
are the overall phases of the three coupling strengths in cyclic
three-level systems of left- and right-handed molecules, and
the chirality of the cyclic three-level system is specified as

¢p=¢, ¢r=¢+m. 3

In our CQED system, when the chiral molecules confined
in the cavity are coupled with the two classical light fields, the
cavity-assisted three-photon process can result in the gener-
ation of intracavity photons [54]. Meanwhile, the drive field
can also lead to the process of the generation of intracavity
photons. The interference between the intracavity photons
resulting from these two processes determines the output field
of the cavity, which provides a way to detect the enantiomeric
excess by monitoring the output field (e.g., the transmission
rate of the drive field). Therefore, our method is different from
that in Ref. [54], wherein only the intracavity photons gener-
ated from the cavity-assisted three-photon process determine
the output field of the cavity due to the absence of an external
drive.

Furthermore, these collective operators S.Qk can be ex-
pressed by introducing the generalized Holstein-Primakoff
transformation [69-75] as

S% =No—ALAg — BBy, S =ALAg. S% =BjBy.

SS =AL\SY. S4=B,/SY. 5S4 =BjA. @

where Ay (ATQ) and By (BTQ) obey the standard bosonic com-
mutation relations [Ag, A})] = [Bo. Bj,] = 1 and [Ag, Bg] =
[Ag, B;] = 0. In the low-excitation limit of molecules with
large Ny limit (i.e., most molecules stay at their ground states:
(ALAg + B},Bo) < Np) [22.73-75], the operator A}, (B},)
here represents the collective excitation from the ground state
[1)o to the excited state |2) (|3)p). Moreover, ApAg (BTQBQ)
denotes the population for the excited state |2)¢ (|3)0). There-
fore, in the low-excitation limit of molecules with a large Ny
limit, Hamiltonian (2) is rewritten as

H; ~ Agja'a +iiaeq(a’ — a)
+ Ax(AjAL + ARAR) + A1 (B] B, + ByBg)
+ [gaa(~/NLA} + /NrAY) + Q31(+/N.B}, + v/NgB})

+ Qu(BjALe™ + ByAge'™) + Huc.]. 5)

In the following discussions, we will use 1,2-propanediol
as an example to demonstrate our method. The working states
of the cyclic three-level system are chosen as |1) = |g)|0o00),
12) = le)|1110), and [3) = (le}|T101) + le)|110-1))/+/2, with
|g) (le)) denoting the vibrational ground (first-excited) state

for the motion of OH stretch with the transition angular fre-
quency wyip = 2 x 100.950 THz [76]. The rotational states
are marked in the |Jk, k) notation [34,77]. Correspondingly,
as shown in Fig. 1, the state |1) is coupled to the state |2) by
the z-polarized quantized field in the cavity, which is driven
by the z-polarized classical light field. The state |1) (|2))
is coupled to the state |3) by the y-polarized (x-polarized)
classical light field. According to the rotational constants
for 1,2-propanediol, A = 27 x 8524.405 MHz, B =27 X
3635.492 MHz, and C = 27 x 2788.699 MHz [78], the bare
transition angular frequencies are obtained as wp; = 27w X
100.961 THz, ws3; =27 x 100.962 THz, and w3, =27 X
0.847 GHz [77]. We would like to remark that our model and
method are applicable for general (asymmetric-top) gaseous
chiral molecules, though we take 1,2-propanediol as an exam-
ple in the discussions.

III. STEADY-STATE TRANSMISSION

In this section, we study the transmission of the drive field
in the steady state and explore its potential applications in the
enantiodetection of a chiral mixture.

According to Hamiltonian (5), one can obtain the quantum
Langevin equations for the system as

a=—Kya—ig,(WNLAL + ~/NRAR)++/ka(ea + ailn + ailrll)’
Ag = — K4Ag — igay/Noa — iQue By + F2,
BQ = — KBBQ —iQ231+/No — iQ32€i¢QAQ + FQ, (6)

where K, =iA, + k4, Ky =iAy + T4, and Kp = iA3 +
['p. al (al) is the quantum input noise operator from mir-
ror My (My) of the cavity, and has a zero-mean value (i.e.,
(al ) = (ally = 0). T'y (I'p) is introduced to denote the decay
rate of the collective mode Ay (Bp). F, AQ (FBQ) is the quantum
input noise term of the collective operator Ay (Byp), and has
a zero-mean value (i.e., (FAQ) = (FBQ) = 0). Therefore, we
obtain the following steady-state equations,

0 = — Kau{a) — iga(V/NL(AL) + VNr(Ar)) + Vkata,
0= — Ka(Ap) — igy/Nola) — iQse " (By),
0 = — Kp(Bo) — iQa1y/No — iQ3¢'%2 (Ap), 7

where (O) (with O = a, Ay, Bp) represents the mean value
of the operator O. Thus, the steady-state value of (a) is given
by

_i(NL — NR)2a2031Q32e ™ + /Kaea (KoK + Q3,)
K. (KaKp + $3,) + $2NKg ’

(a)
®)

From Eq. (8), one can understand the physical mechanism
underlying our method as follows. In the absence of an
external drive (i.e., &, = 0), only the first term in the numera-
tor, which results from the chirality-dependent cavity-assisted
three-photon process for the chiral mixture [54], contributes to
the intracavity photons. This term is proportional to N; — Ng
since g,$231 R3¢ 7%2 changes sign with the enantiomer. When
an external drive is applied (i.e., ¢4 # 0), the second term in
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FIG. 2. The steady-state intracavity mean photon number |{a)|?
in the absence of an external drive (¢, = 0) vs the detuning A,; and
the coupling strength g, for (a) A3 =0, (b) A3 /27 = —2 MHz,
and (c) Aj /2w =2 MHz when taking n = 0.9. The other pa-
rameters are chosen as A, = Ay, N = 108, Iy/2r =Tp/2n =
0.1 MHz, «,/27m = 1 MHz, Q3;/27 = 8 kHz, Q3,/27 = 20 kHz,
and ¢ = 0.

the numerator of Eq. (8) appears, resulting from the chirality-
independent generation process of intracavity photons due to
the drive field. Consequently, the interference between the
intracavity photons generated from these two processes de-
termines the output field of the cavity, which depends on the
enantiomeric excess [17-19] n = (N — Ng)/N.

According to the input-output relation at mirrors My and
My of the cavity [79-81]

1 1
VKa@ = Qi + Aoy + €4,
Vo 11 11
Kad = a5y, + Aout> (9)

one can obtain the mean output field from mirror My of the
cavity (all,) = \/k4(a). Therefore, the steady-state transmis-

sion rate of the drive field T = |(al,)/e4|* is given by

. i 2
7K iNg,S231Q23e 0 + fiaea(KaKg + Q23,) (10)
&2 $NKp + K, (KaKp + ©3,) ’

In what follows, we further assume that the quantized
cavity field is resonantly coupled with the transition |2)p <
[1)p, which means A, = Aj;, and we assume the total num-
ber of chiral molecules N = 108 [43,51], the decay rates of
molecules I'y /2mr = I'g /2w = 0.1 MHz[10,11], and the total
cavity decay rate «,/2m = 1 MHz [82,83]. Here, we take the
weak coupling strength Q23;/27 = 8 kHz since such a weak
coupling strength usually ensures the low-excitation limit of
molecules.

In the present work, the chirality-dependent cavity-assisted
three-photon process is essential in the detection of enan-
tiomeric excess. Thus, we first consider the case in the absence
of an external drive (i.e., &; = 0) and display the correspond-
ing steady-state intracavity mean photon number |(a)|? versus
the detuning A,; and the coupling strength g, for different
detunings As; in Fig. 2. As can be seen from Fig. 2(a), the
intracavity mean photon number reaches a maximum |(a)|* ~
180 at the detunings Aj; =~ :tgm/ﬁ. This is the result of
vacuum Rabi splitting induced by a quantized cavity field in
the strong collective coupling condition [45,51,81,84]. Here,
it is worth mentioning that since the molecules are collectively
coupled to the common quantized cavity field in our system,
the collective coupling strength (between the quantized cav-
ity field and the collective mode Agp) gav/N can be strong
even though the single-molecule coupling strength (between

...... n= 03
n=-1.0
3f@g=0 " [(b) g=7/3 "
2 L L
~
1F i
i
TN
3F(c) g=27/3" F (&) g=r
2 L L
~
1t Py H fi
obkt? PR TR
-100 96 96 100 100 96 96 100

A, /27 (MHz) A,, /27 (MHz)

FIG. 3. The transmission rate of the drive field T as a function
of the detuning A,; for different enantiomeric excesses 1 when the
overall phase is taken as (a) ¢ =0, (b) ¢ = /3, (c) ¢ =27 /3, and
(d) ¢ = m. The other parameters are the same as those in Fig. 2
except £2/2w = 400 MHz, g,/27 = 10 kHz, and A3, = 0.

the quantized cavity field and single molecules) g, is weak.
Such a collectively enhanced coupling strength releases the
technical requirements for strong single-molecule coupling
strength, which is usually necessary to evade the influence of
decoherence in the enantiodetection methods involving only
the classical light fields interacting with molecules [9,17,19].
Moreover, it is found that there are more intracavity photons
in the resonant case A3} = 0 compared with the nonresonant
case Az # 0 [see Figs. 2(a)-2(c)]. In the further discussions,
we take the coupling strength g, /27 = 10 kHz and the detun-
ing Az = 0.

Furthermore, we consider the case in the presence of an
external drive (i.e., &4 # 0). In order to investigate the influ-
ence of the overall phase ¢ on the transmission rate of the
drive field T, we choose different ¢ to give T versus the
detuning A,; in Fig. 3. Here, only the results within the region
¢ €0, m]e.g, =0, =m/3,¢ =2m/3,and ¢ = ) are
displayed since the results corresponding to left- and right-
handed molecules will exchange when replacing the overall
phase ¢ in the region ¢ € [0, 7] by ¢ + 7. Here, we find the
transmission rate can be larger than one (i.e., T > 1). This is
the result of the constructive interference between the intra-
cavity photons resulting from the cavity-assisted three-photon
process and those generated from the drive field. Moreover,
it is also shown that the transmission rate of the drive field
is dependent on the overall phase. The underlying physics is
that the interference between the intracavity photons gener-
ated from the cavity-assisted three-photon process and those
resulting from the drive field strongly depends on the over-
all phase ¢ [see Eq. (8)]. Specifically, for the overall phase
¢ = nm (with n an arbitrary integer) [see Figs. 3(a) and 3(d)],
T becomes relatively sensitive to n compared with the case of
other values of ¢.
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IV. DETECTION OF ENANTIOMERIC EXCESS

In this work, we focus on detecting the enantiomeric excess
n via measuring the transmission rate of the drive field 7.
On one hand, we expect that a given T corresponds to only
a unique 1. That means n can be detected via monitoring T
without requiring additional enantiopure samples to further
determine the sign of the enantiomeric excess. On the other
hand, we expect to achieve a high resolution of detection,
which requires that T varies significantly with 7.

In the following simulations of this section, the detuning
A,, the total number of chiral molecules N, the decay rates
of molecules (I'y and I'g), and the coupling strength Q3
are taken as the same values as those in Sec. III. Moreover,
we assume the coupling strength g,/2m = 10 kHz and the
detuning A3} = 0.

As discussed above (see Fig. 3), at the detunings A,y =~
+g. /N, the transmission rate of the drive field for ¢ = nr is
relatively sensitive to the enantiomeric excess compared with
the case of other values of A,;. Therefore, for simplicity, we
here focus on the optimal transmission rate at A, = ga\/lv s

2
N &(\/K_agdrBi\/ﬁQSIan) (11

Top =
P72\ Tuls + w0+ 92,

which is obtained by substituting A, = g,4/N into
Eq. (10) and considering the approximation g,v/N >
{ra, Ta, g, 32, Q31}. In the numerator of Eq. (11), “+”
and “—” correspond respectively to the case of ¢ = 2nxw
and ¢ = (2n + 1)x. It is found from Eq. (11) that, when the
parameters satisfy the condition

VkataTp = VN3 Q3, (12)

T, varies with 7 monotonically. That means a given transmis-
sion rate corresponds to only a unique enantiomeric excess.
Thus, here the additional enantiopure samples are not required
in the enantiodetection.

According to Egs. (11) and (12), we further introduce the
difference between the optimal transmission rates for purely
left-handed (n = 1) and purely right-handed (n = —1) chiral
mixtures

AT"P = 7E)P|7l=1 - Top|n:—l (13)

to evaluate the resolution of detection, where Top|y=1
(Toply=—1) is obtained by substituting n =1 (n = —1) into
Eq. (11). In Fig. 4(a), we display AT, versus the cou-
pling strength Q3 and the intensity of the drive field &2.
Here, we take the overall phase ¢ = 0. It is shown that
AT, strongly depends on 23, and 85. Particularly, for the
total cavity decay rate «,/2w = 1 MHz, one finds AT, >~
3 when taking Q3,/2m >~ 25 kHz and 83/27‘[ ~ 400 MHz
[see point A in Fig. 4(a)]. For the larger total cavity decay
rate k,/2m =4 MHz, one obtains AT, >~ 3.8 when taking
Q3,/27 ~ 50 kHz and &3/27 ~ 400 MHz [see point B in
Fig. 4(b)].

Based on the results in Fig. 4, we further take «,/2m =
4 MHz, Q3,/2m = 50 kHz, and 85/271 = 400 MHz to dis-
play the optimal transmission rate T, as a function of the
enantiomeric excess 7 for different overall phases. It is found
in Fig. 5(a) that, for ¢ = 0 (¢ = m), T, is relatively sensitive

AT,
800

5 (a) (b)

= 6 10

= region I region I

R

400 Ao B9 5

S g region 11
200 0

0 20 40 60 80 0 20 40 60 80

Q,, /27 (kHz)

Q,, /27 (kHz)

FIG. 4. AT, in Eq. (13) vs the coupling strength €23, and the
intensity of the drive field €2 when the total cavity decay rate
is taken as (a) «,/2m = 1 MHz and (b) «,/2mr =4 MHz. In re-
gion I where the condition /k.e,T'p > \/ITJQMng is satisfied,
T;p varies with n monotonically. In region II where the condition
Jka€al's < «/IVS231§232 is satisfied, T, varies with 1 nonmono-
tonically. The other parameters are chosen as A, = Ay, N = 108,
I'y/2n =T'p/27 = 0.1 MHz, Q3,/27 = 8 kHz, g,/27 = 10 kHz,
Az = 0, A21/2T[ = 100 MHz, and (1) =0.

to n in the region n € (0, 1) [n € (—1, 0)] compared with
the case in the region n € (—1, 0) [n € (0, 1)]. Therefore, to
ensure that the enantiomeric excess can be detected accurately
via monitoring the transmission rate, the overall phase should
be adjusted as ¢ = 0 (¢ = ) when the left-handed (right-
handed) molecules are dominant in the chiral mixture.

V. DISCUSSIONS

Here, it is worth mentioning that the above results are based
on the low-excitation limit of molecules with a large Ny limit

(.e., <AZ?AQ + BZ)BQ) & Np). Thus, we introduce the factor

(AZAL + BZBL> n <A;2AR + B};BR>
Ny Ngr

to verify whether or not the parameters used for simulations
meet such a limit. The first (second) term in Eq. (14) denotes
the proportion of left- (right-) handed molecules occupying
their excited states to the total ones N; (Ng). Here, we take
the mean-field approximation [81] (A},Ag) ~ (A})(Ap) and

(BTQBQ) ~ (BTQ)(BQ). The steady-state solutions (Agp), (A('Q),

(Bg), and (BL) are obtained by solving the steady-state
Eq. (7). For the parameters in Fig. 5(a), we find P, ~ 1.28 x
1072 [see Fig. 5(b)]. This implies that most molecules stay at

P, = (14)

[=9=0  —9=r]
1072
ar1.3t
1.2k 1 . \

05 10 10 —05

210 —05

0 0 05 10
n n

FIG. 5. (a) The optimal transmission rate T, and (b) the factor P,
vs the enantiomeric excess 7 for different overall phases. The other
parameters are the same as those in Fig. 4 except «,/2m = 4 MHz,
Q3,/27 = 50 kHz, and €2 /27 = 400 MHz.
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their ground states, and thus the results meet the requirement
for the low-excitation limit of molecules.

Note that in the previous CQED system for cyclic three-
level chiral molecules in a standing-wave cavity [54], the
finite size of the sample usually would lead to the phase-
mismatching problem [16] and a space-dependent coupling
strength [80] between the quantized cavity field and single
molecules. In order to evade the influence of the phase mis-
matching and the spatial dependence of the coupling strength,
the size of sample / should be much smaller than all the
wavelengths of the classical light fields and the quantized
cavity field, that is, {|l€u|, |I€32|, |l€31|}l <& 2m. In the present
method, we use the system for three-level chiral molecules
confined in the traveling-wave cavity [66—68]. When the spa-
tial distribution of molecules is considered, only g, should
be replaced by g,e'*k7 (with the coupling strengths Q3; and
23, remaining unchanged) to investigate the influence of the
phase mismatching with Ak = 1;31 — I;a — 1232, where 7, is
the position of the mth molecule. To ensure that the influence
of the phase mismatching is negligible, the size of sample
[ should meet the requirement |AK|l <« 27. In the present
system, 1;32 is the smallest one among the three vectors. Thus,
by taking k31 and k, to be parallel and k32 to be perpendicular
to them (see Fig. 1), one can minimize the effect of the phase
mismatching. Here, we obtain |AK| ~ 27 x 4.235 m™! for
the present model of 1,2-propanediol. That means when the
sample is fixed in a volume with its size [ <« 27/ |AE| ~
0.236 m, the influence of the phase mismatching can be ne-
glected reasonably. Therefore, the requirement (i.e., the size
of the sample should be much smaller than the wavelengths
of all the light fields) in the previous CQED method [54] is
released in our current method since the related cyclic three-
level model is specially designed in the traveling-wave cavity.

VI. CONCLUSION

In conclusion, we have proposed an enantiodetection
method based on the CQED system for cyclic three-level
chiral molecules. The key idea is to achieve the interference
between the intracavity photons generated via the cavity-
assisted three-photon process and those arising from the
drive field. Our results show that the enantiomeric excess
can be detected via measuring the steady-state transmission
rate of the drive field. In the previous CQED method [54]
and enantiomer-specific microwave spectroscopic methods
[10-14] for the enantiodetection of chiral molecules, usually
the additional enantiopure samples are required to further

determine the sign of the enantiomeric excess. Note that
the preparation of enantiopure samples remains a challeng-
ing work for many chiral molecules [28-42,55-65]. In our
method, however, such additional enantiopure samples are
not required since our method is based on the interference
between the intracavity photons generated via the chirality-
dependent cavity-assisted three-photon process and those
arising from the chirality-independent drive field. Therefore,
our method provides promising applications in the detection
of enantiomeric excess for the chiral molecules whose enan-
tiopure samples are still difficult to prepare.

We would like to emphasize that our enantiodetec-
tion method involving merely the electric-dipole transi-
tions is preferable to the conventional spectroscopic ones
[4-7] involving the interference between electric-dipole and
magnetic-dipole (or electric-quadrupole) transitions, since the
magnetic-dipole and electric-quadrupole transition moments
are usually much weaker than the electric-dipole ones. In
addition, different from the enantiomer-specific microwave
spectroscopic methods [10—14] involving only the interac-
tion between classical light fields and single molecules in a
cyclic three-level model, our method involves a collectively
enhanced interaction between the quantized cavity field and
collective molecules. This ensures our method can work in
the single-molecule weak-coupling region. Moreover, in our
system, the intracavity photons are output from the cavity
along the direction of the cavity axis, which provides conve-
nience for the collection of the signal. Therefore, our method
offers a powerful way to achieve the enantiodetection of chiral
molecules.

Note that besides the enantiodetection of chiral molecules
[53,54], the CQED systems had also been used in studying
the energy transfer [44—46] and control of chemical reactions
[50-52] for molecules due to their potential applications in
manipulating the molecular dynamical evolution. Therefore,
in future investigations, we will further focus on the ambi-
tious issues related to chiral molecules involving molecular
dynamical evolution (such as enantiospecific state transfer,
spatial enantioseparation, and enantioconversion of chiral
molecules) based on CQED systems for cyclic three-level
chiral molecules.
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