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Based on cyclic three-level systems of chiral molecules, we propose two methods to realize highly efficient
inner-state enantioseparations of a chiral mixture with the two enantiomers initially prepared in their ground
states. Our methods work in the region where the evolutions of the two enantiomers can be described by
their corresponding effective two-level models, simultaneously. The approximately 100%-efficiency inner-state
enantioseparations can be realized when the probability occupying the ground state of one enantiomer becomes
zero by experiencing half-integer periods of its corresponding on-resonance Rabi oscillation and the other one
stays always in the ground state approximately, under the conditions that the two enantiomers are governed

by the effective on-resonance and large-detuning two-level models, respectively. Alternatively, the exactly
100%-efficiency inner-state enantioseparation can be obtained when the probability occupying the ground
state of one enantiomer becomes zero by experiencing half-integer periods of its corresponding on-resonance
Rabi oscillation and in the meanwhile that of the other one becomes 1 by experiencing integer periods of its

corresponding detuned Rabi oscillation, respectively.
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I. INTRODUCTION

Chirality is important in chemistry, biotechnologies, and
pharmaceutics due to the fact that the vast majority of chem-
ical [1], biological [2—4], and pharmaceutical [5-8] processes
are chirality dependent. Yet, enantiodiscrimination [9] and
enantioseparation [10-15] of a chiral mixture are among
the most important and difficult tasks in chemistry. Some
enantiodiscrimination [16-18] and enantioseparation meth-
ods [19,20] had been proposed based on the interferences
between the electric and magnetic dipole transition moments.
Since the magnetic dipole transition moments are usually very
weak, alternative methods for enantiodiscrimination [21-29]
and enantioseparation [30-38] based on only electric dipole
transition moments had been proposed with the framework
of three-level systems, where the transitions are driven in a
cyclic manner [32-34,39-41]. For convenience, such systems
are called cyclic three-level (or three-level A-type) systems.

The cyclic three-level systems of chiral molecules are
special since the products of the corresponding three Rabi
frequencies can change sign with enantiomers [21-38]. Ac-
cordingly, the two enantiomers will evolve differently with
the same initial states. The inner-state enantioseparation of
a chiral mixture is achieved if molecules in one of the three
inner states are enantiopure (i.e., with only one enantiomer
occupying that state). The probability of that state among the
whole three states for that enantiomer can be defined as the ef-
ficiency of the inner-state enantioseparation. The enantiopure
molecules in that state can be further spatially separated from
the initial chiral mixture by a variety of energy-dependent
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processes [30,31]. In the original methods [30,31], the highly
efficient inner-state enantioseparation was realized by means
of the concepts from the adiabatic passage techniques [42],
which make inner-state enantioseparation process [30,31]
slow and complicated.

In order to overcome these defects in the adiabatic meth-
ods [30,31], a simple method has been introduced to pro-
mote the inner-state enantioseparation speed [36] by us-
ing shortcuts-to-adiabaticity techniques [43—45]. Comparing
with the original adiabatical methods [30,31], the simpler
and faster highly efficient inner-state enantioseparations can
also be achieved by using only dynamic ultrashort-pulse
operations [33,34]. Inspired by the recent breakthrough ex-
periments in enantiodiscrimination [22-28] and enantiosep-
aration [37,38], some works refocus on the related is-
sues [46-52].

In this paper, we propose two dynamical methods to
achieve highly efficient inner-state enantioseparation based
on cyclic three-level systems. When the parameters are ap-
propriately adjusted, the evolutions of the two enantiomers
initially prepared in their corresponding ground states can be
simultaneously described by effective two-level models with
the same effective Rabi frequencies but different effective
detunings. By further modifying the parameters to ensure that
the effective two-level models for the two enantiomers are,
respectively, on resonance and in the large-detuning limit,
one can achieve the approximately 100%-efficiency inner-
state enantioseparations when the probability occupying the
ground state of the enantiomer governed by the effective on-
resonance two-level model experiences half-integer periods of
its Rabi oscillation. Alternatively, when one of the two-level
models for the two enantiomers is on resonance and the other
one is detuned (without requiring large detuning), one can
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FIG. 1. Modeling the left- and right-handed enantiomers as
cyclic three-level systems where three electromagnetic fields couple,
respectively, to the three electric dipole transitions. For the left-
handed enantiomer, the three corresponding Rabi frequencies are
Q12, Q3, and Q,3¢®. For the right-handed enantiomer, the three
corresponding Rabi frequencies are Q,, Q3, and Q,3¢/®*™). The
detunings for the three transitions are A}y, A3, and Ay;.

obtain exactly 100%-efficiency inner-state enantioseparations
by making the probabilities occupying the ground states of the
two enantiomers experience half-integer and integer periods
of their corresponding Rabi oscillations, simultaneously. After
achieving the inner-state enantioseparations by means of the
above dynamical methods, the enantiopure molecules in the
ground states can be further spatially separated by a variety of
energy-dependent processes [30,31,36].

II. CYCLIC THREE-LEVEL SYSTEMS

The two enantiomers can be modeled simultaneously as
cyclic three-level systems by choosing appropriate three elec-
tromagnetic fields to couple, respectively, with three electric
dipole transitions [30-33] as shown in Fig. 1. Here, the inner
states for the left- and right-handed enantiomers are |j); and
[/ g (j =1, 2, 3), respectively. We assume they have the same
energies /iv; by neglecting parity-violating energy differences
due to the fundamental weak force. The scripts L and R
have been introduced to denote the left-handed and right-
handed enantiomers, respectively. The frequencies of the three
electromagnetic fields are wy,, w13, and wy3, respectively. The
detunings of the three transitions are defined as

Aj=vi—vj—w;, @=2i>j=21). (1)

We are interested in the cases under the three-photon
resonance with

A+ Aoz = A, (2

i.e., w12 + wy3 = wy3. In the rotating-wave approximation, the

cyclic three-level systems for the two enantiomers can be
described in the interaction picture as (& = 1) [30,31]

ﬁQ = A12]2) 0o (2| + A1313) 00 (3] + (R21211) 0o (2|
+ Q1311) 00 (3] + R23¢'%2|2) 0o (3| + Hee),  (3)

where Q = L, R indicate the chirality. Without loss of gener-
ality, we assume 22, €213, and £2,3 are positive. Here ¢ are
the overall phases of the three Rabi frequencies for the two
enantiomers. The chirality of the cyclic three-level systems
is specified by choosing the overall phases of the left- and
right-handed enantiomers as

pr=9¢, ¢r=9¢+m 4

as shown in Fig. 1.

III. EFFECTIVE TWO-LEVEL MODELS

Initially, the two enantiomers are assumed to stay in their
ground states |1)z g [30-36]. In the following, we will show
that the evolution of the two enantiomers can be simulta-
neously described by their corresponding effective two-level
models under the conditions

Ap=A3=A, Qu=Q3=Q, ¢=0 (O

With the conditions (5), we can rewrite the Hamiltonian (3)
for the two enantiomers as

Hy = (V2921)go(Dy| + H.c.) + A2ID, ) oo (D |
+A2ID_)go(D_| 6)
with

AL =A+Qyn, AR=ATFQy, (7

in the dressed state basis {|1)g, |[D4)g, ID-)o} (@ =L,R)
with

1
[D+)o = —=(12)0 £ 13)0). (®)
+/0 «/5 o o

Since |D_)p decouples with the other states |1)p and
|D4) g, the two enantiomers, initially prepared in their ground
states |1)o, will not evolve to the dressed state |D_), and can
be described by the effective two-level models with

AT = (V2QU1) go(D+| + Hee) + A2IDy) oo (Dy ] (9)

For the two enantiomers, their corresponding effective Rabi
frequencies are /2. The effective two-level models are
chirality dependent since the effective detunings are different
AL = AR _In Fig. 2, we show the cyclic three-level models
for the two enantiomers can reduce to the effective two-level
ones under the condition (5).

We would like to note that when ¢ = 0 changes to be
¢ = 7 in the condition (5), one will obtain the similar results
of effective two-level models except the forms of the Hamilto-
nian for the two enantiomers exchanging with each other. For
convenience, we will focus on the cases with ¢ = 0.

IV. HIGHLY EFFICIENT INNER-STATE
ENANTIOSEPARATIONS

So far we have shown that the cyclic three-level systems for
the enantiomers can reduce to the chirality-dependent effec-
tive two-level models. Further, we will propose two methods
to realize highly efficient inner-state enantioseparation with
the zero and (approximate) 1 probabilities of the ground state
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FIG. 2. Chirality-dependent effective two-level models for the
two enantiomers initial prepared in their ground states under the
condition (5): Ap = A3 =A, Q=22 =R, ¢ =0, and Ay; =
0. The dressed states are [D.)o = (|12)p + |3>Q)/\/§ and |D_)p =
(12)p — 13)0)/~/2. The effective Rabi frequency is +/292 and the
effective detunings are AL = A + Q3 and AR = A — Q3.

for the two enantiomers, respectively. After that, the two enan-
tiomers in different energy states can be spatially separated by
a variety of energy-dependent processes [30,31,36].

For the two enantiomers of initial ground states, their
evolved states are governed by Eq. (9) with the corresponding
probabilities occupying the ground states

0 4Q?
PP() = —lcoson — 11 +1, (@=LR)  (10)
(Y]

where the Rabi oscillation frequencies of the probabilities
occupying the ground states are

wLr = v/8Q + (A £ Q). (11)

Here the index L on the left-hand side corresponds to the
positive sign on the right-hand side.
Here we just focus on the condition

Qy3 = A. (12)

Then, the Rabi oscillation frequencies of the probabilities
occupying the ground states are w; = 24/2Q2 + A2 and wg =
24/22, and the corresponding Rabi oscillation periods are

T \/zn
L= —, Tr=—. (13)
V292 + A2 2Q
In what follows, we will show two methods of inner-state
enantiomer separation under the condition (12) as well as
the condition (5), by generating the different probabilities
occupying the ground states for the two enantiomers.

A. Approximately 100 %-efficiency inner-state
enantioseparations

Here we propose the first method to realize the approx-
imately 100%-efficiency inner-state enantioseparations with
PR =0 and PF ~ 1 based on the conditions (5) and (12) and
the following one:

A > Q. (14)

1 i DA A S S,
. /
0.8 I PL(2)
2z I
= 0.6 |
2 I
2 0.4 : Vi
o T
a 3 I PR(t)
0.2 [ !
[ |
O .
0 1 2 3 4
t (1)

FIG. 3. Approximately 100%-efficiency inner-state enantiosep-
arations. The probabilities occupying the ground states of the left-
handed enantiomer Pf(¢) are denoted by the blue line, and those of
the right-handed enantiomer PR(¢) are denoted by the red line. The
parameters are ¢ = 0, A, = A3 = A = 20MHz, Q3 = 20 MHz,
and Qp = Q13 = 2 = 1 MHz. According to the three-photon reso-
nance condition, we have A3 = 0 MHz. The approximately 100%-
efficiency inner-state enantioseparation is achieved at, e.g., t =
V27 /4 us (black dashed line) with P = 0.9998 ~ 1 and PR = 0.

In this case, the effective two-level models of the two enan-
tiomers are, respectively, in the large-detuning limit and on
resonance:

AL =28 V20, Af =o. (15)

For the left-handed enantiomer, it will always stay approx-
imately in the initial state |1); due to the large-detuning
coupling. On the other hand, the right-handed enantiomer can
be totally transferred to the state |D. )g at the time instant

t=(n+3Tk (16)

with the integer n > 0, i.e., when the probability occupy-
ing the ground state of the right-handed enantiomer experi-
ences half-integer periods of its Rabi oscillation. The cor-
responding probability occupying the ground state for the
left-handed enantiomer is PF(z), which satisfies 1 > PE(t) >

(1 —492//2Q2 + A2) ~ 1. Thus the approximately 100%-
efficiency inner-state enantioseparations are achieved.

In Fig. 3, by evaluating Eq. (10), we demonstrate
the approximately 100%-efficiency inner-state enantiosep-
arations by referring to the typical experimental parame-
ters [37,38] A = A3 =A = Q3 =20MHz and Qi =
Q3 = 2 = 1 MHz. We assume the two enantiomers are ini-
tially prepared in their ground states [30—36]. As expected, the
left-handed enantiomer still stays approximately in the ground
state during the evolution. The probability occupying the
ground state of the right-handed enantiomer experiences a half
period of its Rabi oscillation and then becomes PF = 0. In the
meanwhile, PlL = 0.9998 =~ 1 (see the dashed line in Fig. 3).
This clearly indicates a highly efficient inner-state enantiosep-
aration with efficiency of 99.98%. This efficiency can be
further improved by increasing A and/or decreasing €2. Sim-
ilarly, we can also realize the approximately 100%-efficiency
inner-state enantioseparations with P* = 0 and PR ~ 1 since
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FIG. 4. Exactly 100%-efficiency inner-state enantioseparations.
The probabilities occupying the ground states of the left-handed
enantiomer Pf(¢) are denoted by the blue line, and those of the right-
handed enantiomer P{(r) are denoted by the red line. The parame-
tersarep =0, Ap = A=A = 6 MHz, Q3 = /6 MHz, Qpp =
Q3 = Q = 1 MHz, and A,; = 0 MHz. The exactly 100%-efficiency
inner-state enantioseparations are achieved at t = V27 /4 us (black
dashed line) with PF = 1 and PR = 0, when the probabilities of the
two enantiomers experience integer (1) and half-integer (1,/2) periods
of their corresponding Rabi oscillations.

the evolved probabilities of the two enantiomers occupying
the ground state exchange with each other by changing A to
its opposite value [seen from Eq. (10)] or replacing ¢ = 0 in

Eq.(5) by ¢ = 7.

B. Exactly 100 %-efficiency inner-state enantioseparations

In our first method, the large detuning is needed and the ef-
ficiency of inner-state enantiomer separation is approximately
100%. Alternatively, we will propose a method without the
requirement of the large detuning to achieve 100%-efficiency
enantiomer separation. This would happen if

Pt@ty=1, PR@)=o0. (17)

This will happen when the probabilities occupying the ground
states of the left- and right-handed enantiomers experience
integer and half-integer periods of their corresponding Rabi
oscillations, simultaneously. That means it happens at the time

instant satisfying
t=nT, = (ng+3)Tk. (1 >ng >0), (18)

which requires

\/8n§ —2Qng+ 1)
- dng + 1

A Q, (np >ng=0). (19)

In Fig. 4, by evaluating Eq. (10), we demonstrate the
exactly 100%-efficiency inner-state enantioseparations for the
typical experimental parameters [37,38] with A, = A3 =
A =+V6MHz, Q; =+6MHz, Q) =Q;;=Q=1MHz
under the conditions (5), (12), and (19) with n; =1 and
ng = 0. It clearly shows exactly 100%-efficiency inner-state
separation with P* = 1 and Pf = 0 simultaneously. Similarly,

we can also realize the exactly 100%-efficiency inner-state
enantioseparations with PF =0 and P =1 since the evo-
lutions of the two enantiomers exchange with each other by
changing A to its opposite value or choosing ¢ = 7.

V. SUMMARY

We have proposed two methods to achieve highly efficient
inner-state enantioseparations based on the cyclic three-level
systems of chiral molecules. Then, the enantiopure molecules
in the ground state can be further spatially separated by the
energy-dependent processes [30,31,36]. By choosing the
appropriate parameters under the three-photon resonance
condition, the two enantiomers initially prepared in their
corresponding ground states |l)p can be governed by
chirality-dependent effective two-level models in the basis
{I1)g, ID4)o} with Q = L, R. Their corresponding effective
two-level models have the same effective Rabi frequencies
but different effective detunings. The approximately
100%-efficiency inner-state enantioseparations can be
realized when the effective two-level model for one
enantiomer is on resonance and that for the other enantiomer
is largely detuned. Specifically, the probability occupying
the ground state of the enantiomer becomes zero with the
half integer of its on-resonance Rabi oscillation and in the
meanwhile the other enantiomer stays approximately in the
ground state. Moreover, we have proposed the second
method to realize exactly 100%-efficiency inner-state
enantioseparations, when the probabilities occupying the
ground states of the two enantiomers experience half-integer
and integer periods of their corresponding on-resonance and
detuned Rabi oscillations, simultaneously.

Comparing with the original adiabatical inner-state enan-
tioseparation methods based on three-level systems of chiral
molecules [30,31], our two methods are faster and simpler
since they are based on the dynamical evolutions of the two
enantiomers governed by the simple chirality-dependent
effective two-level models. Actually, our methods are similar
to the dynamical inner-state enantioseparation methods based
on three-level systems [33,34] with reducing the three-level
models of the two enantiomers to effective two-level ones.
However, our methods require less steps than the dynamic
methods [33,34] to realize the inner-state enantioseparation.
Comparing with the shortcuts-to-adiabaticity method for
enantioseparation based on three-level systems [36] where
the parameters are time-dependently controlled to fulfill the
condition of shortcuts to adiabaticity, our methods are simpler
since the parameters are time independent in our proposals.

We would like to remark that the overall phase ¢ (or
¢ + m) is crucial in the experimental scheme. In practice,
the phase ¢ can be chosen by appropriately adjusting the
initial phases of the three electromagnetic fields. When the
characteristic length of the apparatus is much smaller than
the typical wavelengths of the three electromagnetic fields, the
phase ¢ can be maintained throughout the entire sample and
is the same for all molecules. Note that our two methods work
only for Cj-symmetric chiral molecules when the rotational
transitions of gaseous molecules are considered. Correspond-
ingly, the polarizations of the three electromagnetic fields
should be mutual vertical to each other and the rotational
parts of the three states should be well chosen to construct the
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cyclic three-level systems [49,50]. For C,- or D,-symmetric
gaseous chiral molecules (with n > 1), our two methods fail
since at least two of the electric dipole moment projections
vanish. We also note that the temperature effect is one of the
major obstacles in realistic experiments. In our future work,
we will further investigate how to suppress such an effect of
temperature in inner-state enantioseparation.
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