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Using a microwave-regime cyclic three-state configuration, enantiomer-selective state transfer (ESST)
is carried out through two-path interference between a direct one-photon coupling and an effective two-
photon coupling. A phase difference of 7 in the one-photon process between the two enantiomers makes
the interference constructive for one enantiomer but destructive for the other. Therefore only one enan-
tiomer is excited into a higher rotational state, while the other remains in the ground state. The scheme
allows flexibility in the pulse waveforms and the time order of the two paths. We simulate the scheme for a
sample of cyclohexylmethanol (C;H;40) molecules. The simulation results show that robust high-fidelity
ESST can be obtained when experimental concerns are considered. Finally, we propose to employ the
ESST scheme to implement enantioseparation and determine enantiomeric excesses.
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I. INTRODUCTION

Although two enantiomers, namely a chiral molecule
and its mirror image, may share many physical and chem-
ical properties, living creatures treat them as different
molecules because of their divergent biological activities
and functions. This biological enantioselective character-
istic of chiral molecules has been recognized as important
for chemistry [1-3], biotechnology [4—6], and pharmaceu-
tics [7—10]. So, the property of chirality is one of the most
profound aspects of the world, and enantiomer-selective
tasks on chiral molecules, e.g., enantiomer separation,
enantiomer purification, absolute-configuration determina-
tion, and enantiomeric excess determination, are of great
significance. In addition to the widely used purely chem-
ical means [11-16], optical methods are potential candi-
dates for performing enantiomer-selective tasks on chiral
molecules [17-22]. Some spectroscopic techniques have
been established for the determination of the absolute
configuration and enantiomeric excess of a chiral sam-
ple, such as techniques based on circular dichroism [23],
vibrational circular dichroism [24], and Raman optical
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activity [25]. However, these techniques depend on inter-
ference between electric dipole and weak magnetic dipole
transitions, or in some cases between electric dipole and
weak electric quadrupole transitions. Therefore these tech-
niques generally require high-density samples [26-28]. To
obtain enhanced probe signals, chiral molecules have also
been widely studied using other spectroscopic techniques,
e.g., ultrafast resonant x-ray spectroscopy [29,30] and the
study of Raman optical activity by coherent anti-Stokes
Raman-scattering spectral interferometry [31,32].
Recently, alternative schemes based on a cyclic three-
state configuration with three rotational transitions in
the microwave regime have been considered promising.
A method for coherently controlled adiabatic passage
[33-35], termed “cyclic population transfer” (CPT), is of
importance and interest. However, although this method
may enable highly efficient enantiomer-selective tasks by
following the concepts of adiabatic passage techniques
[36,37], it is usually slow and complicated. Fast schemes
with nonadiabatic dynamics using resonant ultrashort
pulses have been proposed [38—40]. Lately, many remark-
able experiments have contributed to the verification of
enantiomeric differentiation and probing of enantiomeric
excesses based on the technique of microwave three-wave
mixing (M3WM) [41-48]. Promoted by experimental
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achievements, some proposals have been put forward
very recently for related issues, such as the design of
cyclic three-level configurations for chiral molecules [49],
shortcut-to-adiabatic (STA) enantiomer-selective popula-
tion transfer of chiral molecules by means of shaped
pulses [50,51], and dynamic methods for enantiomeric
excess determination [40] and the inner-state enantiosep-
aration [52].

Enantiomer-selective state transfer (ESST) is the
premise of many schemes for enantiomer separation
[50], enantiomer purification [33,34], and enantiomeric
excess determination [46,47]. In this paper, a two-path
interference approach is proposed for ESST of chiral
molecules using a cyclic three-state configuration |1) <>
|2) <> |3) <> |1) with three rotational levels. Two enan-
tiomers are both prepared initially in the ground state |1),
but finally evolve along two interfering paths into entirely
different states. The two interfering paths are formed by
a direct one-photon |1) <> |3) coupling and an effective
two-photon coupling with the intermediate state |2). A
phase difference of & between the two enantiomers in the
one-photon coupling makes the two-path interference con-
structive for one enantiomer but destructive for the other.
Therefore only one of the two enantiomers is excited into
the excited state |3), while the other remains in the ground
state |1).

The present scheme is performed in the nonadiabatic
regime and thus is faster than slow adiabatic schemes
[33,34]. Unlike the case of nonadiabatic dynamic meth-
ods [38,39,46-48,52], the one- and two-photon processes
can be performed synchronously or consecutively, with-
out relying on a fixed time order. Besides, by means of
pulse engineering, we use shaped pulses in the scheme to
enhance its efficiency and robustness. In addition, com-
pared with STA schemes [50,51], the present approach
allows flexibility in the waveforms as well in as the
time order of the two coupling paths. As an example,
we apply this two-path interference scheme to a sample
of cyclohexylmethanol (C;H;40) molecules, and experi-
mental issues concerning unwanted transitions, imperfect
initial states, pulse shaping, control errors, and the finite
lifetimes of higher energy levels are discussed. Simula-
tion results indicate that robust and highly efficient ESST
of cyclohexylmethanol molecules can be obtained. Fur-
ther possible tasks of enantiomer separation and M3WM-
assisted determination of enantiomeric excesses after the
ESST is finished are discussed.

II. TWO-PATH-INTERFERENCE APPROACH

A. Two enantiomers interacting with three orthogonal
microwave fields

A cyclic three-state configuration for two enantiomers
is shown in Fig. 1, in which three rotational energy states
[1), |2), and |3) are considered for each enantiomer. The

1),
L-handedness

[D)r
R-handedness

FIG. 1. Couplings among three rotational energy states for
the two enantiomers of a chiral molecule. Three orthogonal
microwave fields are imposed, which drive three correspond-
ing types of transition with orthogonal electric dipole moments.
The electric dipole moments of the two enantiomers are mirror
images of each other.

electric-dipole-allowed transitions |1) <> |2), |1) < |3),
and |2) <> |3) have individual dipole moments £ 15, I 13,
and 77 »;. Because the moments of inertia of molecules
determine their rotational spectra, molecular rotational
spectra depend on the distribution of atomic masses in the
molecules. Therefore, rotational spectroscopy is sensitive
to even tiny changes in the structure or masses. Corre-
spondingly, the three types of electric dipole moment of
one enantiomer are mirror images of their counterparts for
the other enantiomer due to their asymmetric distributions
of atoms [53].

Three orthogonal microwave fields p, ¢, and s irradi-
ate molecules of the two enantiomers to drive the three
rotational transitions, with individual Rabi frequencies €2,,,
Q,, and €, as shown in Fig. 1. The strength of field
j (G =p,q,s) is expressed by EJ) = ?fsj cos(w;t+ ¢;),
where ?}, &j, w;, and ¢; are the unit vector, amplitude, fre-
quency, and phase, respectively. Correspondingly, 2, =
— — _ - — _ = —

Wi epep, Q= 13- ep&p,and Qi = [ly; - €,&p.

Here, we choose |1) as the zero-energy point and use
natural units with i = 1 for simplicity. The Hamiltonian
of the cyclic three-state configuration can be represented
as

~ —
Hy = wn2) @21+ o3|+ (F - B 1))
— —
+ s BB+ W B 12)3] +He), ()

where w; , (n = 2,3) is the |1) <> |n) transition frequency.
Owing to the mirror-reflection relationship of the elec-
tric dipole moments of the two enantiomers, the triple
product &, - (tL 3 X h,3) is of opposite sign for the
two enantiomers. For convenience, we specify the model
such that 72, and 7Z,; have identical orientations for
the two enantiomers, while I |3 has opposite orientations,
as shown in Fig. 1, which results in the two enantiomers
having identical €2, and €2, but opposite-sign €2,. In the
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laboratory frame, this can be achieved by choosing a
suitable set of axes, as in a recent experiment [46]. Alter-
natively, one can choose a suitable group of phases of the
three microwave fields, as in another recent experiment
[48]. Hereinafter, we consider the following conditions:
(i) rotating-wave approximation, w; >> |€2;|; (ii) resonant
[1) <> |3) one-photon transition, w3 = w,; and (iii) res-
onant |1) <> |3) two-photon transition but off-resonant
[1) <> |2) and |2) <> |3) one-photon transitions, w;; —
w, = w3 — wy = A.

B. Enantiomer-selective state transfer through
two-path interference

In the rotating-wave approximation, the Hamiltonian
[Eg. (1)] can be written in the interaction picture for the
two enantiomers as

2 §2, Q2 int o S
Hip=|—" 1201+ —12)(3] | & £ == [1)(3] + H.c,,
2 2 2
2

where the subscripts L and R denote left- and right-
handedness, respectively. We choose the phases of all three
microwave pulses as zero. The last term describes a direct
[1) <> |3) coupling by a one-photon process, and the two
enantiomers differ in their Rabi frequency €2, by a phase 7.
The identical first term denotes the detuned |1) <> |2) and
|2) <> |3) transitions, with detuning A, but the two-photon
|1) <> |3) transition is resonant.

We aim to form an effective two-photon |1) <> |3)
coupling that can interfere with the direct one-photon
coupling. Therefore, interference between the one-photon
transitions |1) <> |3) and [1) <> |2) or |2) <> |3) has to
be absent, because it causes the one-photon transition
[1) <> |3) to be not only governed by the pulse g but
also affected by the pulses p and s. A valid way is to
eliminate the occupation of the intermediate state |2) dur-
ing the two-photon process |1) <> |2) <> |3), which can
make the one- and two-photon processes independent of
each other. Then, under the large-detuning condition A >>
Q,, Q, the dynamics of the two enantiomers is dominated
by the following effective Hamiltonian (see Appendix A
for details):

Q,FQ

fre eff
HL,R = 5 [1)(3] + H.c., (3)

with Qe = ©2,Q,/2A. Since the two enantiomers differ
in their one-photon coupling by a phase difference of 7,
the two paths interfere with each other constructively for
right-handed molecules but destructively for left-handed
molecules. We assume that the operation starts at t = 0 and
ends at = 7. If we control the pulse areas of the three

microwave pulses so as to satisfy

TQ,—Q TQ,+Q 1
/ q—eﬁ‘dt: n, / Mdt: nr+ -,
o 2 A 2 2

“)

with n; and n, being integer numbers, right-handed molec-
ules will be excited into |3) while left-handed molecules
remain in or evolve back to |1), which means the imple-
mentation of ESST. This ESST is achieved by the interfer-
ence of transitions rather than by the CPT commonly used
in existing schemes [33,34,38,39,47,48,50-52].

II1. PULSE ENGINEERING
A. Efficiency of state transfer with shaped pulses

High efficiency is one of the advantages of enantiomer-
selective schemes based on microwave-regime rotational
spectroscopy, because the pure electric dipole couplings
allow strong molecule-field interactions and intense chi-
ral molecular signals. In order to ensure faithful two-path
interference, the ratio A /2y should in theory be as large
as possible, with Qo = max{€2,, 2} being the maximum
amplitude of the Rabi frequencies €2, and €. In prac-
tice, however, it is unnecessary to adopt a very large ratio
A /2, and a relatively high efficiency can nevertheless be
obtained.

In order to get a moderate ratio A /€2y, we now con-
sider solely the use of the two-photon coupling to excite
all molecules from |1) into |3), and assume that the
partial Hamiltonian A(f) = (Qp12)(1] 4+ Q412) (3D /2 +
H.c. governs the evolution. For square pulses p and s with
Q, = Q, = Qy, the pulse area should satisfy fOT Qedt =
m, e, T= ZnA/Q%, to ensure that all molecules are
excited into |3). In Fig. 2 (solid red line), we plot the

-
o

o
©

o
3

——Square pulses

- - Shaped pulses

Population of |3)
o
N

0.6
0.5
0.4 ‘ ‘
10 15 20
A/

FIG. 2. Final population of |3) for all molecules excited
through only the two-photon process for varying A/, for
square (solid red line) or shaped (blue dashed line) pulses p and s.

044021-3



JIN-LEI WU et al.

PHYS. REV. APPLIED 13, 044021 (2020)

final (¢ = T) population of |3) for all molecules for vary-
ing A/S2y. When the ratio A /2 reaches a certain value
(about 10), the final population of |3) becomes near unity.
For A = 102, the effective strength of the two-photon
[1) < |3) coupling is Qg = 0.05€2, which is smaller than
the original strength by nearly two orders of magnitude.

Recently, pulse engineering has been widely studied in
a search for robust dynamics and steady quantum states
[54-56]. Here, we use pulse engineering to enhance the
efficiency of ESST by replacing square pulses with shaped
pulses that are turned on and off smoothly. The wave-
forms of pulses p and s can be chosen as a single-period
cosinelike function

o (4 Y o<r<T
- —COS— |, xlIx 1o

Qp =Q, = 2 To 0 (5)
0, otherwise,

with T, being the period. Then, with 7= T, = 167 A /3Q2,
the final population of |3) for varying A /2 is calculated
and is plotted in Fig. 2 (dashed blue line). It is apparent that
the final population of |3) can reach a value very near unity
as long as A/ > 2. There are few oscillations once the
final population of |3) becomes near unity, which denotes
robust state transfer. Furthermore, when A/ > 4, the
final population of |3) can be over 0.999. For A = 49,
the two-photon coupling strength is Qg = 0.125€2¢, which
is smaller than the original strength by just one order of
magnitude.

The strengths of magnetic dipole and electric quadru-
pole transitions are five and six orders of magnitude
weaker, respectively, than that of electric dipole transi-
tions. Therefore, the efficiency of the present scheme based
on square pulses is about three or four orders of magnitude
higher than that of the conventional scheme based on cir-
cular dichroism, and comparable to that for photoelectron
circular dichroism [57]. The scheme using pulse engineer-
ing can work better than a scheme based on photoelectron
circular dichroism, and the efficiency is over four orders
of magnitude higher than that of the conventional scheme
based on circular dichroism.

B. Flexibility in the pulse waveforms and the time
order of the two paths

With the two interfering paths established, the condi-
tions for achieving ESST are listed in Eq. (4). The condi-
tions are not limited by the waveforms of the three pulses
or even the time order of the two paths, which is different
from the situation for the existing adiabatic [33,34], nona-
diabatic [38,46-48,52], and STA schemes [50,51]. To test
this, we choose different waveforms for pulse ¢ combined
with the waveforms in Eq. (5) for pulses p and s to exhibit
the flexibility in the pulse waveforms and the time order
of the two paths. Typically, we choose n; = n, = 0 here-
inafter so as to achieve the state transfer in a short duration,

and this requires [} @, df = [ Qerdt = /2, which gives
Ty = 8w A/3Q5. We consider several examples of the
waveform of pulse ¢:

(1) a single-period cosinelike waveform imposed after
the two-photon effective coupling is finished:

Q 2n(t — Tp)
— |1 —cos —
Q, = 2 T,

0, otherwise,

:|, To <t< To+ T,

(6)

with € being the maximum amplitude, 7; (the period of
Q, and Q) the delay, and T}, = 7/, the period, making
T=T+T,;

(i1) a Gaussian waveform with a delay relative to Q.

Q, = Qpexp[—(1—31)*/12], (7)

with 1. = /7 /2, being the width, and T = max{6t,, To};
(iii) a single-period cos’-like waveform completely
coinciding with Q.

% () 70\ i<
— — COS —— X x 5
Q‘1= 4 T() ’ 0 (8)

0, otherwise,

with ) = Q2/2A being the maximum amplitude, and
T=T,.

The three example waveforms in Egs. (6)+8) of pulse
q, combined with Q.¢ and the waveform in Eq. (5) of
pulses p and s, are shown in Figs. 3(a), 3(c), and 3(e).

Of@y~ o 1] [(e) /™ &) 7
g Y O/ /
=
H % d % ,li %
0T N ] 2 ] b TS

2345 0 1 2 3 4

Population of |3)
o o
o 3 ¢
o - -
l} 1
1
]
o
~

Qpt Qpt ot

FIG. 3. (a),(c),(e) Shapes of €2, €2, 24, and Qg. For &, the
shapes in (a),(c),(e) are those of the waveforms in Egs. (6), (7),
and (8), respectively. (b),(d),(f) Time evolution of the population
of |3) for left-handed (solid blue line) and right-handed (dashed
red line) molecules. Parameters: Qo = 109, and A = 50€;,.
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For these waveforms, we plot the time evolution of the
population of |3) for the two enantiomers (P;; for left-
handedness and Psx for right-handedness) in Figs. 3(b),
3(d), and 3(f), correspondingly. We learn that all three
sets of pulse waveforms can be used to guarantee that
right-handed molecules are excited into |3) from |1) but
left-handed ones are unchanged. This illustrates that the
present two-path interference scheme for ESST possesses
flexibility in the pulse waveforms and the time order of the
two paths.

IV. SIMULATION WITH
CYCLOHEXYLMETHANOL MOLECULES

In this section, we simulate the two-path interference
scheme by using a cyclic three-state configuration |1¢;) <>
[212) <> [202) <> |1¢1) with cyclohexylmethanol (C;H;40)
molecules, which has been used in a supersonic jet exper-
iment for CPT in the 2—8-GHz microwave regime [48].
A diagram of the mirror-reflection molecular structures of
the two enantiomers is shown in Fig. 4(a), and the cyclic
three-state configuration is shown in Fig. 4(b). The energy
levels are designated by |Jk, x.), where J is the rotational
quantum number and K, and K. are the projections of J
onto the principal axes of the molecule. The two enan-
tiomers have conformer constants 4 = 3898.45 MHz, B =
1319.59 MHz, and C = 1062.55 MHz. There are three
types of rotational transition, a-type, b-type, and c-type,
with dipole moments |u,| =0.4 D, |up| = 1.2 D, and
[ne] = 0.8 D, respectively. We define |1) = [1¢1), [2) =
|212), and |3) = |2¢;) to make Figs. 1 and 4(a) coincident.
Another state, |[4) = |1;1), is also considered, because it is
involved in two possible unwanted transitions. In the fol-
lowing, by means of the master equation (see Appendix B
for details), we simulate the effect of some possible factors

(a) Cyclohexylmethanol (b)
—
/ He
Ky
Ha
Oc
Qo
4 [La2)
Ha
He
—= /4
/#b 4
R-handedness
FIG. 4. (a) Diagram of the mirror-reflection molecular struc-

tures of the two enantiomers of the cyclohexylmethanol
molecule. The orientations of the electric dipole moment of
three types of rotational transition are depicted in the adjacent
insets. (b) Cyclic three-state configuration (solid thick arrows)
for the cyclohexylmethanol molecules, and unwanted transitions
(dashed thin arrows).

on the performance of the two-path interference scheme
for ESST.

A. Pulse shaping with a finite time resolution

With an arbitrary-waveform generator, the shapes of the
three pulses can be obtained by modulating the field ampli-
tudes by applying voltages to electro-optic modulators
[58,59]. Referring to the three transition dipole moments,
we choose Qy = 12 MHz and , = 2 MHz to simulate the
ESST of cyclohexylmethanol molecules. The waveforms
of the three pulses given in Eqs. (5) and (7) are chosen,
with 7= Ty = 3.5 us and 1, = 0.443 us.

Continuously varying waveforms are desired but are
usually unrealistic. In Fig. 5(a), we plot the waveforms
of three pulses obtained by introducing a finite time res-
olution dt = 50 ns, and thus each waveform consists of a
series of square pulses with a 50-ns duration. Then, we sub-
stitute the waveforms in Fig. 5(a) into the master equation
and assume the energy relaxations to be absent. The time
evolution of the ESST of a cyclohexylmethanol sample is
exhibited in Fig. 5(b), where the performance (or fidelity)
of the ESST is measured by the quantity

D = |P3;, — P3gl. 9

The fidelity of the ESST increases with time, and a high-
fidelity ESST with D = 0.993 is finally shown. As a matter
of fact, the time resolution df = 50 ns used here is far
larger than that reported in recent experiments. Arbitrary-
waveform generators can achieve a minimum time reso-
lution of approximately 0.25 ns [58] or even 0.1 ns [59].
Therefore, in the following, we can safely assume a time
resolution dt = 10 ns for the waveforms of the three pulses.

3.0

0.0 \ . s \ \
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Time (us)

FIG. 5. (a) Waveforms of three pulses with a time resolution
dt = 50 ns. (b) Time evolution of D using the pulse waveforms in
(a). Parameters without energy relaxations: Qo = 12 MHz, ), =
2 MHz, Ty = 3.5 us, t. = 0.443 us, and A = 60 MHz.
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B. Errors in amplitudes and frequencies of pulses

In experiments, it is inevitable that the operations on
the three pulses will suffer from errors originating from
imprecise apparatus, imperfect control, and various unpre-
dictable fluctuations, and so it is essential to investigate
the effect of errors in the three pulses on the ESST per-
formance. Here, we are mainly concerned with random
amplitude noise and frequency drift.

Because of uncontrollable factors such as mixing of
stray light and instability in the voltages, the three
pulses may be disturbed by additive white Gaussian noise
(AWGN) and random fluctuations. The AWGN-mixed
Rabi frequency is written as

Qawen () = Q(f) + awgn[Q(?), Rsn], (10)
where awgn is the generation function of the AWGN
mixed into the original pulse €2 (), with a signal-to-noise
ratio Rgn. The randomly fluctuating Rabi frequency is

Qrang(H) = Q(t)[l + rand(t, 7))]» (11)
where rand is a function generating a random number in
[—n, n]. We plot three AWGN-mixed waveforms with
Rsn = 10 and randomly fluctuating waveforms with n =
0.5 in Figs. 6(a) and 6(c), respectively, based on which
the time evolution of the ESST performance for the cyclo-
hexylmethanol sample is plotted in Figs. 6(b) and 6(d). It
is apparent that the waveforms in Figs. 6(a) and 6(c) are
deformed greatly, but the time evolution of the ESST per-
formance is influenced little by either the AWGN or the
random fluctuations in the three pulses, and high-fidelity
(D =0.994) ESST can be finally achieved. In fact, the

(a) —q
S 15¢ y o,

Time (us)

Time (ps)

FIG. 6. (a) Waveforms of three AWGN-mixed pulses with
Rsn = 10. (b) Time evolution of D using the pulse waveforms
in (a). (c) Waveforms of three randomly fluctuating pulses with
n = 0.5. (d) Time evolution of D using the pulse waveforms in
(c). dt = 10 ns, and other parameters are the same as in Fig. 5.

—A—wp
W
—-w,
0.5 ' ' ' »
-500 —250 0 250 500
Deviation (kHz)
FIG. 7. Effect of deviations of each pulse frequency on the

ESST performance for the cyclohexylmethanol sample. The
parameters are the same as in Fig. 6.

realistic signal-to-noise ratio is usually lower than that con-
sidered in Fig. 6. Figure 6 demonstrates that the influence
of random amplitude noise, including AWGN and random
fluctuations, on the ESST performance is negligible. The
reason lies in the fact that AWGN and random fluctuations
have random absolute values and random plus and minus
signs, which means that the valid pulse areas for the two
interfering paths remain unchanged.

Because of imprecise apparatus or imperfect control of
the generation of the three pulses at fixed frequencies, the
pulse frequencies may drift to some extent. The effect of
deviations of each pulse frequency on the ESST perfor-
mance for the cyclohexylmethanol sample is plotted in
Fig. 7, from which we learn that the ESST performance
is sensitive to the frequency deviation of each pulse (i.e.,
the detuning of the corresponding transition), since the
two-path-interference approach is founded on the reso-
nant regime for both the one-photon and the two-photon
coupling path. A larger ratio of detuning to Rabi fre-
quency will usually spoil the intended dynamics more
significantly. In Fig. 7, however, the line for the frequency
deviation of pulse g, which has the smallest Rabi fre-
quency, has the highest D, which is because the effective
Rabi frequency (max{Q2.¢} = 1.2 MHz) of the two-photon
coupling path is less than ©,. To summarize, the present
approach requires relatively precise control of the pulse
frequencies. As a matter of fact, this is a common issue in
the existing schemes [33,34,38,46-48,50-52], especially
for schemes in the resonant regime [38,46—48,50,51]. To
this end, state-of-the-art quantum optimal control tech-
niques may give some alternative insights [54,55].

C. Energy relaxation

The states of the cyclohexylmethanol molecules used in
the cyclic three-state configuration are three relatively low
rotational levels and have long coherence times. However,
there is a small probability that higher states may relax into
lower states. Here we assume the lifetimes of |2) and |3) to
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T = 50 us
73 = 400 s
08 D =0.99
Q 06
0.4
o 500

400

300
300 200 200

100
0 73 (ps)

100
72 (1s) 0

FIG. 8. Final ESST performance for the cyclohexylmethanol
sample with varying 7, and 73. The parameters are the same as in
Fig. 6.

be 1, and 73, respectively, and then y1, = [wsl/[T2(|1tal +

sl +11eD], v32 = litel/[ra(tal + 1ol + |12eD]s va2 =
Ial/[T2(I1tal + sl + 11acD], and y13 = 1/735. For sim-
plicity, the rotational state |4) is assumed to be steady, since

|4) is a lower state than |2) and |3), and, besides, |4) is
populated very little.

Figure 8 shows the effect of varying 7, and 73 on the
ESST performance for the cyclohexylmethanol sample.
It is apparent that even a near-zero 7, hardly affects the
performance of the ESST, since |2) is not populated dur-
ing the whole enantiomer-selective process. To achieve
high-fidelity (D > 0.99) ESST of the cyclohexylmethanol
sample, 7, > 50 us and 13 > 400 ws are suficient. The
lifetimes of rotational states are seldom considered to be
one of the main factors that affect the performance of
enantiomer-selective tasks on chiral molecules in schemes
based on microwave spectroscopy. On the one hand,
the electric dipole couplings allow fast implementation
of enantiomer-selective tasks. On the other hand, the
rotational states that are used to form a cyclic three-state

configuration have long radiative lifetimes, which are
usually over 1 us.

V. FURTHER APPLICATIONS OF FINISHED ESST

The ESST scheme using two-path interference, once it
is finished, provides discrimination of chiral molecules,
which can be then followed by other enantiomer-selective
tasks on chiral molecules. Without being limited by the
enantiomeric excess of the sample, molecules of a certain
handedness (either left- or right-handedness is possible;
see Appendix C) can be selectively excited into the higher
state |3), while molecules of the other handedness remain
in the lower state |1). Owing to the energy difference
between the two enantiomers, the molecules excited into
the higher state |3) can be selectively ionized by apply-
ing a resonantly enhanced multiphoton ionization scheme,
and then enantioseparation can be implemented by using
an electric field to remove the ionized molecules [50,60].

In addition, the finished ESST can be applied to
determine the enantiomeric excess by combining it with
the technique of M3WM. Taking cyclohexylmethanol
molecules as an example, an extra three-state cyclic con-
figuration |2¢;) <> [303) <> [313) <> |2¢2) is introduced for
the purpose of M3WM, as shown in Fig. 9(a). First of all,
the ESST is executed with three synchronous pulses in
the two-path interference scheme, as shown in Fig. 9(b).
Then two new microwave fields are imposed for M3WM.
The earlier field, at a frequency of 7035.9 MHz, serves
as the “drive” pulse, with a pulse area 7 /2, which excites
the molecules in |2¢;) to make them evolve with the max-
imum coherence between |2¢;) and |303). A following
“twist” pulse at 2017.5 MHz, with a pulse area r, shifts the
population from |3¢3) into |313) so as to create a coherence
between the states |2¢;) and [313).

Afterwards, in the form of the free-induction decay of
the sample, a molecular signal that is mutually orthog-
onal to the drive and twist fields is created and can be
recorded using Fourier-transform microwave spectroscopy
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FIG. 9. (a) Two three-state
cyclic configurations combining
ESST and M3WM. (b) Diagram
of the pulse scheme for ESST. (c)
Diagram of the pulse scheme for
M3WM.
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techniques [61]. A diagram of the pulse scheme for
M3WM is shown in Fig. 9(c). The intensity of this induced
signal, i.e., the “listen” field, is proportional to [62]

T . X
€eltta - (p X fac)| cos |:27Ta)t+ Ma - (b X [Le) } ’
2| g - (p X fhe)l

(12)

where e, denotes the enantiomeric excess, and w the fre-
quency of the listen transition, i.e., 9053.4 MHz. Because
the sign of 1, - (p X te)/|ha - (Up X 1c)| 18 enantiomer-
dependent, the sign of the listen signal is dependent on
the choice of the enantiomer excited in the ESST process.
Finally, by taking a sample with a known enantiomeric
excess as a reference and normalizing the signal intensity
of this sample, the enantiomeric excess of a target sample
can be determined according to the sign of the listen field
and a comparison of the intensity of the signals between
the target and reference samples. Note that the M3WM is
based on a finished ESST, and so it works only for the
molecules of one enantiomer that have been selectively
excited in the ESST process. Therefore, even when the
molecular sample is a racemic mixture of enantiomers, a
listen signal of definite intensity can be detected, which is
different from the conventional M3WM technique, where
a nonzero net signal arises only if one of the enantiomers
is in excess [41-43].

In addition, as an alternative to the commonly used
means in which the drive pulse is followed by the twist
pulse, here we propose two other ways to obtain maxi-
mum coherence in the M3WM between |2¢;) and |313).
The two ways are both based on the two-photon processes
[202) <> |303) <> |313) with two synchronous pulses, one
for the transition |2¢;) <> |303), with Rabi frequency 2,
and the other for |3¢3) <> |313), with Rabi frequency ;.
One way to obtain maximum coherence between |2;)
and |313) is to form an effective |2¢;) <> |313) coupling
through the adiabatic elimination of |3¢3) with a large
one-photon detuning A’, which is similar to what is done
with the two-photon path in the two-path interference
in ESST. Then, by controlling the pulse area so that
f QuQ,;/2A" dt = /2, the maximum coherence between
|202) and |3;3) can be attained. The other way is based on
a resonant stimulated Raman process, and the conditions
are the relation ; = (v/2 + 1), and that the pulse area

satisfies [ ,/Q3 + Q7 dt = m, which consumes a shorter

time than the method using the second-order effective
[202) <> |313) coupling. Differently from the commonly
used means, the latter two ways implement the maxi-
mum coherence between |2¢;) and |3;3) in just one step,
and the intermediate coherence between |2¢,) and |3¢3) is
unnecessary.

VI. CONCLUSION

We present a two-path interference scheme for ESST
of chiral molecules. Two interfering paths are con-
structed by use of one- and two-photon |1) <> |3) transi-
tions. The phase difference of 7 in the one-photon path
between the two enantiomers enables the interference to
be made destructive for one enantiomer but constructive
for the other, which therefore results in entirely different
population distributions of the two enantiomers. The sim-
ulated application of the present scheme to a cyclohexyl-
methanol sample demonstrates that high-fidelity ESST can
be achieved, even when unwanted transitions, imperfect
initial states, finite time resolution in the pulse shaping,
control errors, and finite lifetimes of higher energy levels
are taken into account. Furthermore, we can seek applica-
tions of the ESST, after it is finished, in enantioseparation
and in determining enantiomeric excesses.

The two-path interference scheme is distinct from the
existing schemes for enantiomer-selective state transfer of
chiral molecules. On the one hand, the two-path interfer-
ence scheme is faster than adiabatic schemes that need
slowly varying drive fields. On the other hand, the scheme
can be performed with two separate, partially overlap-
ping, or synchronous paths, which allows more flexibility
in the pulse sequences than do cyclic-population-transfer
schemes depending on a fixed pulse order. In addi-
tion, compared with the recently developed shortcut-to-
adiabatic schemes with synchronous pulses, the two-path
interference scheme is not limited by the pulse waveforms
and the matching relations among the pulse amplitudes.
Finally, two alternative techniques for the implementation
of maximum coherence in M3WM are presented that are
different from the commonly used means.
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APPENDIX A: EFFECTIVE HAMILTONIAN FOR
TWO ENANTIOMERS

_ By solving the Schrodinger equation 9|y (#))/0t =
Hy Y (0), where |y (1) = ci|l) + ¢2]2) 4+ ¢313) is the
evolving state, with the normalization relation |c||?> +
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lc2]? + |c3|> = 1, one can obtain

. Q Q
iCl = TPCZ + 7(103’
. Q Q
iC, = ACy + —pC1 + —c3, (A1)
2 2
Q Q
13 ) 2 ) C1

with C; = e7"%¢,. A large A makes iCy| < |AC,|, and
thus we can set C; = 0, which gives

1 /Q Q
C=—— (-2 3 ). A2
2 A < 5 ¢ + 3 03) (A2)
By substituting Eq. (A2) into Eq. (A1), one can get
Q2 Q,Q Q
o = ——P o — 2222 - 2%
icy = 4ACl ( AA F 2>03,
(A3)
o Q,Q,  Q
SETIAC T\ aa T2 )4

Conversely, according to Eq. (A3), an effective Hamilto-
nian for H; p in Eq. (2) can be developed:

@@
iy = S+ 32130
Q9 2,
(T ES) e+ man, s

in which we have neglected the global phase. The first
two terms in Eq. (A4) are the Stark shifts of |1) and
|3), while the last term denotes the effective interaction
between |1) and |3), with an effective Rabi frequency
Qer = 2,2/2A. Further, the Stark-shift terms can be
dropped when €2, = €, because of the completeness rela-

tion [1)(1] 4+ |3)(3| = f, i’being the unit operator.

APPENDIX B: MASTER EQUATION WITH
UNWANTED TRANSITIONS AND AN IMPERFECT
INITIAL STATE

The five transitions considered, |1) <> |2), |1) < |3),
[2) <> |3), |1) <> |4), and |2) <> |4), have transition fre-
quencies wj; = 7059 MHz (b-type), w3 = 4720 MHz
(a-type), wyz = 2339 MHz (c-type), wia = 2575 MHz (c-
type), and w4 = 4484 MHz (a-type), respectively. The
a-type, b-type, and c-type transitions are driven by orthog-
onal pulses g at a frequency w, = w3, p at a frequency
w, = w2 — A, and s at a frequency wg = w3 — A, respec-
tively. By choosing appropriate axes such that each tran-
sition dipole moment and its driving field have the same

orientation, the evolution of the two enantiomers can be
governed by the Hamiltonian

4
Hyp =) oyli) ]+ cos w,tl1)(2]
j=2

+ Q, coswyt(|1) (3] + 12)(4])

+ Q coswst(12) (3] + |1){4]) + He]l.  (B1)

An experiment based on the present proposal is assumed
to be carried out with an ultracold cyclohexylmethanol
sample, the temperature of which should be low enough
that all molecules can be prepared perfectly in the ini-
tial state |1). Buffer-gas cooling and supersonic expansion
are two possible tools for cooling the molecular samples.
In recent experiments, molecular samples were cooled
to a temperature of around 5-10 K by using a cryo-
genic buffer-gas cell [41,42,46]. Supersonic expansion can
cool molecules to rotational temperatures of about 1-2
K [43,45,47,48]. Here we assume that the present pro-
posal is carried out at a relatively low temperature, and all
molecules are prepared initially in a weakly mixed state
with a density operator gy = 0.998|1)(1| + 0.001]2)(2| +
0.001]3)(3], which means that the initial state contains a
small amount of |2) and |3) with the same mixed probabil-
ity 0.001. Then the time evolution of the density operator p
can be governed by a Markovian master equation when the
energy relaxations of higher-energy states are taken into
account:

8[3 . AI"_I I:I A~
FYR IpHL R — UILRP

4
Yij (st A 4 A oant Ant oA
- (61,616 = 261,581, + 96,61,

j=2
Vi2 (At A A 26,56+ Ant A
- Z B3 04 20k2P — 204200 5 + 00} ,0k2 ) »
k=34
(B2)

where y,, , is the relaxation rate from |n) to |m), and 6,,,, =
|m)(n| is the relaxation operator.

APPENDIX C: DEPENDENCE OF THE
ENANTIOMER-SELECTIVE EXCITATION ON
FIELD PHASES

Dependence of enantiomer-selective tasks on the phases
of fields is a common property of the existing schemes,
and it can also be used to switch the excitation of the
two enantiomers. The phases of the three microwave fields
are chosen as zero for convenience, but this is of course
not the only possible choice. When nonzero phases of the
three microwave fields are taken into account, the effective
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Hamiltonian Eq. (3) for the two enantiomers becomes

A off Qqei¢qf F Qegei(¢P —ps)t
HL,R = 2

13|+ He.  (Cl)

From Eq. (C1), we find that the three field phases have a
decisive effect on the properties of the two-path interfer-
ence for the two enantiomers. For the interference between
the one- and two-photon |1) <> |3) transitions to be con-
structive for one enantiomer but destructive for the other,
the condition is

¢g — ¢p + s =nm, n € integers, (C2)
where, when # is odd (even), the two-path interference is
constructive for left-handed (right-handed) molecules but
destructive for right-handed (left-handed) ones. Therefore,
a change of phase by 7 in any one of the three fields will
invert the interference properties of the two enantiomers
and switch the excitation of the two enantiomers.
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