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Chiral molecules provide an ideal test platform to search for symmetry breaking in nature, due to the
perfect parity symmetry of their left- and right-handed enantiomers under the electromagnetic interaction.
This high degree of symmetry drives efforts to probe the two enantiomers individually after they have been
chemically separated, but this allows external effects to influence the measurement, ultimately harming the
precision. In particular, the complexity of such polyatomic molecules makes them difficult to control and
detect precisely. Employing a more symmetrical measurement procedure can improve the experiment
fidelity and alleviate issues associated with molecular complexity. To this end, we theoretically introduce a
scheme to perform Ramsey spectroscopy on a racemic mixture of chiral molecules, simultaneously
extracting the transition frequencies of the two enantiomers. By taking the difference between the
enantiospecific frequencies, we isolate parity violating effects such as the weak force, which is predicted to
break the symmetry between enantiomers. To perform the scheme, we design a pulse sequence that creates
enantiospecific superpositions in a three-level system using the enantiomer-dependent sign of the electric-
dipole moment components’ triple product. A delayed second pulse sequence completes the Ramsey
interrogation sequence, enabling readout of the phase evolution for each enantiomer’s transition through a
separate quantum state. Our technique overcomes the need to alternate between enantiopure samples to
measure parity violation, and is applicable to both charged and neutral molecular species. We describe the
advantages of the proposed method for precision metrology.
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I. INTRODUCTION

The first observation of parity violation (PV) was
reported nearly 70 years ago in the decay of 60Co [1],
shortly after parity conservation by the weak interaction
was questioned [2]. The weak force also has nonradioactive
components known as neutral currents, which violate parity
symmetry as detected in atomic transitions [3–6]. Thus far,
PV has not been observed in chiral molecules, which are
the prototypical example of mirror-image symmetry in
nature. Hund originally modeled chiral molecules as a
symmetric double-well potential [7], but the addition of PV
creates an asymmetric double well as shown in Fig. 1(a)
with an exaggerated skew [8]. The resulting vibrational
transition frequencies of each enantiomer are shifted by
�Δvib

PV [9,10] due to the different anharmonicity in the S
and R wells. Observation of PV in chiral molecules would

confirm the prediction that the weak force is responsible for
eliminating the so-called inter-enantiomer tunneling [8]. It
has even been hypothesized that this symmetry breaking
seeds the chiral excess exhibited in the chemistry of life,
although this remains controversial [8,11–15].Measurement
of PV also has prospects beyond the Standard Model [16]
such as in dark matter searches [17].
The challenge ofmeasuringΔvib

PV lies in its tinymagnitude,
where estimations for organic chiral molecules such as
CHBrClF are smaller than 10 mHz or a 10−16 shift relative
to the vibrational transition [10]. However, calculations
predict that Δvib

PV can be enhanced by 2 orders of magnitude
for electronically excited and ionized states, due to the
reduced cancellation of PV contributions from different
orbitals [15,18]. Indeed for CHDBrIþ the vibrational parity
violation energy shift is found to be∼1 Hz or a 10−14 relative
shift [19,20]. An alternative approach to increase the effect
utilizes substitution of heavy metal nuclei in the molecule
[21–25]. In NUHFI, for example,Δvib

PV is calculated to rise to
the order of 10 Hz or a 10−13 relative shift [25].
Multiple techniques have been used and proposed to

measure PV in chiral molecules including using parity
selection rules [26], Fourier transform infrared spectros-
copy [27–29], microwave spectroscopy [30], vibrational
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Ramsey spectroscopy [31], NMR spectroscopy [32], and
matter-wave interferometry [33]. Inmost of these techniques,
the ability to synthesize enantiomer-enriched samples has
been described as a key requirement [30,34,35]. However,
realizing this requirement is difficult for the molecules that
are particularly appealing for PV measurement.
An alternative to comparing enantioenriched samples to

search for PV is to probe an enantioenriched signal in an
experiment where the initial sample is mixed. Multiple
methods exist with varying degrees of detection enantio-
selectiveness including circular dichroism [36] and
Coulomb explosion [37]. One scheme, known as three-
wave mixing (3WM) [38], has particularly excellent
prospects for efficient enrichment by separating enantiom-
ers into different quantum states [39–47]. Its principles
form the foundation of our work. The scheme has been
demonstrated to excite a sample of S andRmolecules from
an initial state j1i to either state j2i or j3i using the
enantiomer-specific sign of the triple product of the
transition dipole moment components.
Here we propose a fully differential scheme that lever-

ages racemic enantiomer mixtures to directly extract the PV
signature. Instead of comparing transitions in separate

enantiopure samples, we theoretically design an identical
procedure for both enantiomers, which combines Ramsey
spectroscopy and 3WM, to simultaneously measure two
transition frequencies in a racemic sample. This trait
implies support for common-mode noise rejection for
the difference between the transitions, with the statistical
sensitivity likely approaching the standard quantum limit
(SQL) as demonstrated in Ref. [48]. This makes our
scheme particularly appealing for precision measurement.
Finally, we introduce a framework of experimental
switches that isolate the PV contribution. We discuss the
benefits of our procedure, which is embedded within the
3WM, three-state framework, over the sequential concat-
enation of standard, two-state, vibrational Ramsey spec-
troscopy followed by a microwave 3WM step.

II. BACKGROUND

In this proposal, we combine ideas and methods that
come from precision metrology and microwave 3WM
spectroscopy. These include Ramsey spectroscopy,
enantiomer-specific state transfer (ESST), and differential
measurement. We briefly review these in this section.

FIG. 1. Schematic outline of the simultaneous Ramsey sequence to measure the vibrational frequency shift 2Δvib
PV in a racemic sample.

The chiral molecule is described by an asymmetric double-well potential when including PV from weak interaction, which is
exaggerated for emphasis (a). The R well is arbitrarily chosen to be deeper than the S well. When considering the ground vibrational
level j1i and two rotational states j2i and j3i in the first excited vibrational level, the slight difference in frequencies of the two wells
leads to an offset between the transitions of S and R molecules, denoted 2Δvib

PV (b). The transitions between the three states are labeled
P (pink), Q (pink), and S (dark red) and are driven by fields with the frequencies ωP;ωQ;ωS that are detuned by δP; δQ; δS from
resonance, respectively (b). The fields are mutually orthogonally polarized. The molecules initially populate j1i and after the Ramsey
sequence, which is composed of multiple individual pulses with varying application durations [as plotted in (c); see Sec. III D], part of
the population of S is transferred to j2i and part of R to j3i for the case Φ̃ ¼ −1 which is depicted here. The populations in j2i and j3i
oscillate depending on the free evolution time τ according to each enantiomer’s detuning. Resolved readout of states j2i and j3i to
characterize the two Ramsey fringes is possible by photodissociation (PD), separating the two states by the kinetic energy of the
photofragments (d).
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A. Ramsey interferometry

Ramsey interferometry is a common precision spectros-
copy method that uses quantum state coherence to probe
transition frequencies in atoms and molecules.
In the ubiquitous two-level Ramsey interferometry

experiment [49], an initial population in state j1i is excited
into a superposition state ðj1i þ j2iÞ= ffiffiffi

2
p

by a π=2 pulse. In
the next stage, the superposition state freely evolves and
accumulates a relative phase between the states that
depends on the driving field detuning from the resonant
transition δ. After a free evolution duration τ the population
is in the superposition state: ½j1i þ j2i exp ð−iδτÞ�= ffiffiffi

2
p

. A
second identical π=2 pulse maps the accumulated phase
into a time invariant state population that can be read out.
For example, the normalized population in j2i will oscillate
according to ½1þ cosðδτÞ�=2.
In Ramsey’s original experiment, the π=2 pulses are

implemented as two spatially separated interaction
regions that an atomic beam passes through. Since the
spin precession time τ is fixed by the beam velocity and
the distance between the interaction regions, the transition
frequency is determined by scanning the driving field’s
detuning. This approach has been proposed to measure
vibrational transition frequencies of NUHFI in a molecu-
lar beam experiment using a cavity-enhanced, narrow line
width quantum cascade laser [31,50]. In this case, each
enantiomer is probed separately to search for PV.
Importantly, this interferometer can be used to measure
numerous other neutral chiral molecule species since the
main requirement is that the molecules are entrainable in a
molecular beam as has been demonstrated for a few
species [31]. The large molecule count rate compensates
for the relatively short interrogation time τ, which is
usually limited to a few milliseconds for this type of
experiment.
Alternatively, in an experiment where the atoms or

molecules are trapped, the Ramsey interrogation sequence
can be performed in the time domain. In this case, each π=2
pulse is applied by modulating the intensity of the driving
field. The free evolution time is controlled by the delay
between the two π=2 pulses. The detuning δ is extracted by
recording the Ramsey measurements for multiple different
free evolution durations (τ) and extracting δ from a fit.
These two approaches are nearly equivalent except that the
latter enables much longer free evolution durations.

B. Enantiomer-specific state transfer by 3WM

Enantiomer-specific state transfer is a method that uses
controlled driving fields to separate enantiomers into
different states using quantum interference [40–42,44–47].
In ESST, three states j1i; j2i; j3i are cyclically coupled

by fields labeled P, Q, and S that correspond to the
transitions j1i ↔ j2i, j1i ↔ j3i, and j2i ↔ j3i, respec-
tively. The applied time-dependent interactions are

−hμ⃗ · E⃗XðtÞi ¼ 2ℏΩXðtÞ cosðωXtþ ϕXÞ; ð1Þ

where X∈ fP;Q; Sg and ΩX, ωX, and ϕX denote the
instantaneous Rabi frequency, the driving field frequency
and its phase, respectively.
Applying the three fields with three mutually orthogonal

polarizations exploits the enantiomer-dependent sign of the
scalar triple products of the transition dipole moment
components,

μ⃗Rx · ðμ⃗Ry × μ⃗Rz Þ ¼ −μ⃗Sx · ðμ⃗Sy × μ⃗Sz Þ; ð2Þ

to perform enantiomer-dependent processes [38,44]. When
these three waves are applied to a racemic sample of chiral
molecules, the enantiomer populations are transferred into
different quantum states, which allows the detection of the
sample’s enantiomeric excess, for example. Perfect sepa-
ration of enantiomers is only achieved if the three fields
have a phase relation of

Δϕ ¼ ϕP − ϕQ þ ϕS ¼ �π=2; ð3Þ

which is required to break the symmetry between states j2i
and j3i.
This scheme, which has been demonstrated in multiple

works using three microwave fields, can theoretically
reach perfect transfer of enantiomers into separate states
[40–42,44–47]. When the fields are resonant with the
transition frequencies, the Hamiltonian describing the inter-
action under the rotating wave approximation (RWA) is

H3WM
RWA

ℏ
¼

0
B@

0 ΩPðtÞ ΩQðtÞ
0 κ̃eiπ=2ΩSðtÞ

c:c. 0

1
CA: ð4Þ

To model the sign change of the transition dipole moment,
the sign function κ̃ is applied without loss of generality to
the S transition κ̃h2jμ⃗ · E⃗j3i [44], where κ̃ðSÞ ¼ −1 and
κ̃ðRÞ ¼ þ1. For the purpose of this description Δϕ is
chosen to be þπ=2. The scheme is usually applied at the
limit where the maxima of all the instantaneous Rabi
frequencies are much larger than any residual detuning on
the diagonal elements of H3WM

RWA such that these may be
neglected and the resonance approximation is valid.
ESST is realizable by many approaches using either

simultaneous or composite sequences of pulses of the
driving fields to change the Rabi frequency in time. In
Fig. 2 we consider a racemic sample that is initially in the
j1i state. A simultaneous pulse of the P, Q, and S fields
results in a full population transfer of the S enantiomer into
j2i and R into j3i.
Since the previous example fully transfers the population

of the S (R) enantiomer from state j1i to the excited state
j2i (j3i), it is analogous to a π pulse applied to the two-level

SIMULTANEOUS ENANTIOMER-RESOLVED RAMSEY … PHYS. REV. X 13, 041025 (2023)

041025-3



system. However, if one wishes to adapt ESST into a
Ramsey interferometry sequence, the pulses cannot simply
be halved in area as is the case for π=2 pulses in the two-
level version of Ramsey spectroscopy (Sec. II A). After the
first “half-pulse” both enantiomers occupy a superposition
state of all three levels, as can be seen by the midpulse
components of j1i, j2i, and j3i in Fig. 2. Therefore, the
state of each enantiomer evolves with multiple frequency
components, precluding a straightforward interpretation of
any measured oscillating population, reducing enantiomer
discrimination and lowering the exhibited fringe contrast.
This will culminate in reduced precision and increased
susceptibility to systematic shifts for the measurement. In
Sec. III we show how to avoid these issues with a different
pulse sequence.

C. Switch states for precision measurement

The search for tiny physical effects such as PV is
hindered by ambient background effects and instrument
fluctuations. Experimentally, these are often suppressed
with a differential measurement. This is done by switching
the state of the experiment by reversing the relevant
parameters and taking the difference of the results.
Multiple switches are often used in precision measurements
in order to incorporate a differential measurement over
more than one dimension [5,51–53].
In this work, we define two user controlled switches.

The first describes the quantum level that is read out,
which is denoted by the variable Σ̃ where the two
switch states are Σþ ¼ fΣ̃ ¼ þ1g, which refers to level
j3i and Σ− ¼ fΣ̃ ¼ −1g, which refers to level j2i. The
shorthand symbols Σþ and Σ− enable the reader to know

which switch is referenced and the state of that switch.
Similarly, the second switch is of the sign of the phase
relation Δϕ from Eq. (3) and is denoted by the variable Φ̃,
whereΦþ ¼ fΦ̃ ¼ þ1g refers to the driving field state being
Δϕ ¼ þπ=2 and Φ− ¼ fΦ̃ ¼ −1g refers to Δϕ ¼ −π=2.
All the sign functions discussed so far are summarized in
Table I.
Together, Σ̃ and Φ̃ have four measurement configura-

tions or switch states: ðΣþΦþ;Σ−Φþ;ΣþΦ−;Σ−Φ−Þ. A
certain detuning measured in one of these switch states is
denoted as δΣþΦ− , for example. Any property measured
in the experiment in a certain switch state, such as the
observed molecule number, carries this labeling.
However, these frequencies do not have an intuitive

standalone meaning. Once we have combined them into
linear combinations, which are referred to as frequency
channels, the various components in the Hamiltonian
become distinguishable and the channels become mean-
ingful. One of these frequency channels will isolate the
effect in question such as the PV frequency shift, but other
channels are also useful for monitoring and analyzing
sources of systematic uncertainty.
A frequency channel is labeled fΦΣ when the linear

combination is odd with respect to both the Φ̃ and Σ̃
switches, while a channel is labeled fΣ when the linear
combination is odd with respect to the Σ̃ switch and even
with respect to the Φ̃ switch. If the investigated effect is not
the dominant term in any frequency channel, then more
switches need to be added, as we show in the Appendix. All
switch states must be measured to compute the values for
frequency channels in what is known as a data block. For
each channel the mean value, standard error, and other
statistical quantities are extracted from multiple blocks.
The concept of linear combinations that form channels can

be applied to other properties that are measured and not only
to frequencies. These include fringe contrast, phase offsets,
laser powers, quantum state populations, and many others.
See Ref. [54], for example, where five experimental switches
are employed.These 32 states are combined into channels for
five different types of properties including transition fre-
quency. In thisworkwedescribe only the frequency channels
since one of them corresponds to the PV shift.

III. EMBEDDING RAMSEY SPECTROSCOPY
WITHIN 3WM

For our scheme, we developed a pulse sequence to
perform two simultaneous Ramsey spectroscopies in a
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FIG. 2. Enantiomer-specific state transfer using simultaneously
applied driving fields as shown in Ref. [44]. Amplitudes of the
three relevant states in S and R when the P, Q, and S transitions
are driven simultaneously at equal maximal Rabi frequencies.
While initially both molecules are in j1i, after the three pulses the
population of S is transferred to j2i and ofR to j3i. If the area of
three pulses is halved both enantiomers are in a superposition of
all three states.

TABLE I. Switch-state sign function dictionary.

Phase State Chirality

Φ̃ Σ̃ κ̃
þ1 þπ=2 j3i R
−1 −π=2 j2i S
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three-level system (Fig. 1). Each enantiomer is excited to a
unique superposition using the sign difference between the
scalar triple products of their transition dipole moment
components [Eq. (2)]. Analogously to two-state Ramsey
spectroscopy (Sec. II A), a second excitation allows us to
measure the energy difference of each superposition in
separate final states. We apply the method to vibrational
transitions where PV is enhanced throughout the rest of this
work. However, the method could be applied to ongoing
experiments with microwave rotational transitions for
precision spectroscopy of PV [30,46].

A. Hamiltonian

As in ESST (Sec. II B), three states are coupled by fields
along the P, Q, and S transitions [Eq. (1)] with mutually
orthogonal polarizations to interact with all three electric
dipole components. The phase constraints of Δϕ ¼ �π=2
of Eq. (3) are also maintained for the fields as in ESST.
However, here we allow the fields driving the transitions P,
Q, and S to be detuned from resonance by a frequency δP,
δQ, and δS, respectively, in contrast to Sec. II B.
The off-resonance energy level diagram for the S and R

enantiomers is depicted in Fig. 1(b). To simplify the
interaction from the general off-resonance description,
we choose the driving field frequencies such that
ωQ − ωP ¼ ωS, which means that for the detunings,

δQ − δP ¼ δS; ð5Þ

Applying the RWA, the Hamiltonian describing the inter-
action for the two Φ̃ switch states and both enantiomers κ̃ is

HΦ̃ κ̃
RWA

ℏ
¼

0
B@

0 ΩPðtÞ ΩQðtÞ
δ − δS=2þ κ̃Δvib

PV Φ̃ κ̃ eiπ=2ΩSðtÞ
c:c. δþ δS=2þ κ̃Δvib

PV

1
CA:

ð6Þ

Here we have substituted δ ¼ ðδP þ δQÞ=2, the mean
detuning from the vibrational transitions. Therefore, using
Eq. (5) the detunings from j1i to states j2i and j3i are
simply δ ∓ δS=2 ¼ δþ Σ̃δS=2, respectively. These are the
diagonal elements (2, 2) and (3, 3) of HΦ̃ κ̃

RWA before
including PV. This substitution strategy to a common mean
value and antisymmetric component for the detunings will
be convenient later in Sec. III C.
To include the PV energy shift of each enantiomer we

add κ̃Δvib
PV, where κ̃ is the sign function representing the

handedness of the molecule [κ̃ðSÞ ¼ −1, κ̃ðRÞ ¼ þ1].
The choice to label Δvib

PV as the antisymmetric shift of
the vibrational transition due to PV is made for convenience
and leads to a total relative shift of 2Δvib

PV as depicted in
Fig. 1(b). Note that in contrast to H3WM

RWA [Eq. (4)], where
enantiomer separation is the goal, the detunings of the

driving fields δ and δS cannot be neglected here, since we
expect Δvib

PV, our subject of interest, to be small relative
to these.
The intensity of the three driving fields can be individu-

ally controlled in a time-dependent manner such that the
instantaneous Rabi frequencies ΩP, ΩQ, and ΩS are also
time dependent [Fig. 1(c)]. To model the sign change of the
transition dipole moment, κ̃ is applied to the S transition
κ̃h2jμ⃗ · E⃗j3i [44] as discussed in Sec. II B. The sign of the
relative phase from Eq. (3), Φ̃ ¼ �1, is also applied to the S
transition term without loss of generality using the relation
e�iπ=2 ¼ Φ̃eiπ=2 (Sec. II C). This notation highlights the
interchangeability of Φ̃ and κ̃ except that the former is a
user controlled switch, while the latter is a property of the
investigated molecule.
The goal of the rest of this work is to utilize the user

controlled switches Φ̃ and Σ̃ in a series of measurements to
separate Δvib

PV from the rest of the terms in HΦ̃ κ̃
RWA using the

fact that κ̃ appears in an off-diagonal interaction element
and multiplies Δvib

PV. These measurements are performed by
driving the P, Q, and S interaction fields, which control the
off-diagonal Rabi frequencies, in a specific pulse sequence.
Σ̃ is a controlled switch in the sense that we label which
state to read out, but these two states may also be read out
simultaneously.

B. Pulsed sequence outline

Our scheme begins with both S and R enantiomers
populating state j1i. Following Fig. 3(a) for the Φ̃ ¼ −1
(Δϕ ¼ −π=2) case, the first “π=2” pulse sequence creates
the enantiomer-specific superposition states:

jSi ¼ ðj1i − ij2iÞ=
ffiffiffi
2

p
;

jRi ¼ ðj1i − ij3iÞ=
ffiffiffi
2

p
: ð7Þ

This sequence is composed of two pulses: a simultaneous
application of the fields along the P and Q transitions (PQ1)
followed by driving the S transition (S1). Next the molecules
freely evolve according to the Hamiltonian, HΦ̃ κ̃

free, which is
equal to HΦ̃ κ̃

RWA [Eq. (6)] with ΩP ¼ ΩQ ¼ ΩS ¼ 0. After
evolving for a duration τ, we apply the second π=2 pulse
sequence to stop the phase evolution. This second sequence
consists of a second S pulse (S2), followed by P andQ pulses
applied together again (PQ2), and finally another Spulse (S3)
(see Sec. III D for pulse areas and intermediate quantum
states).
The resulting population in states j2i and j3i is related to

the projections onto these states. We refer to the final states
j2i and j3i by the shorthand jΣ̃i and to jSi and jRi, the two
states after the first π=2 pulse sequence from Eq. (7), as jκ̃i.
The normalized populations as a function of τ are depicted
in Fig. 3(b) and are given by
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NΦ̃;Σ̃ðτÞ
N̄

¼ 1

2

h
cosðδΦ̃;Σ̃τÞÞ þ 1

i

¼
���hΣ̃jUπ=2

2nd
exp

�
−iHΦ̃ κ̃

freeτ=ℏ
�
jκ̃i

���2; ð8Þ

δΦ̃;Σ̃ ¼ δþ Σ̃
δS
2
þ κ̃Δvib

PV

¼ δþ Σ̃
δS
2
− Φ̃ Σ̃ Δvib

PV; ð9Þ

where N̄ is the mean number of molecules of each
enantiomer that is detected in a repetition of the experiment

and Uπ=2
2nd

denotes the second π=2 pulse sequence. Note that
the detunings in Eq. (9) are simply the diagonal elements of
HΦ̃ κ̃

RWA [Eq. (6)]. Using the relation κ̃ ¼ −Φ̃ · Σ̃ we convert
these detunings into experimentally set switch states Φ̃ and Σ̃
as opposed to κ̃ which is implicitly known in the simulation.
This relation can be understood by considering the switch
state Φ̃ ¼ −1 plotted in Fig. 3(b), where we expect to find S
enantiomers (κ̃ ¼ −1) in state j2i (Σ̃ ¼ −1). Switching
either Φ̃ or measuring j3i (Σ̃ ¼ þ1) in turn changes the
enantiomer.
We apply a realistic Δvib

PV ¼ 2π × 10 Hz as calculated for
NUHFI [25], for example, which causes the slightly
different frequencies for the populations of S and R in
Fig. 3(b), where we have taken δS ¼ 0 to highlight Δvib

PV in
the plot. While these two oscillations are fully resolved
in states j2i and j3i for each enantiomer, they mix in j1i
where the S and R populations beat.
The populations in states j2i and j3i need to be measured

for various values of τ in order to extract the detuning of
each enantiomer’s superposition as described in Sec. II A.
Population detection can be achieved by single-photon
photodissociation of the molecule and separating the
photofragments according to their kinetic energies [20],
via velocity map imaging [55], for example [Fig. 1(d)]. If
needed, the kinetic energy difference can be amplified by
further excitation of the population in one of these states.
Note that there may exist other pulse sequences that

achieve our goal. For simplicity, we ignore the possible
rotational degeneracy in states j1i, j2i, and j3i, which
would reduce fringe contrast. To remedy such a situation,
the initial state j1i can be assumed to have a rotational
quantum number of J ¼ 0. Alternatively, it is possible to
lift the degeneracy using an external field, or use more
complicated 3WM pulse sequences as well as circular
polarization to avoid such issues as proposed for ESST
[47]. In principle, such sequences may solve this issue for
the 3WM version of Ramsey spectroscopy.

C. Isolating PV using switch states

Since the difference between the oscillation frequencies
of the populations of j3i and j2i is

δΦ̃;Σþ − δΦ̃;Σ− ¼ δS − 2Φ̃Δvib
PV;

according to Eq. (9), an additional switch of the
experimental configuration Φ̃ must be used to isolate
Δvib

PV. When the relative phase of the fields is switched to
Φ̃ ¼ þ1 (Δϕ ¼ π=2), the roles of states j2i and j3i
are reversed. In this case, the superposition states formed
in the Ramsey sequence are jSi ¼ ðj1i − ij3iÞ= ffiffiffi

2
p

and
jRi ¼ ðj1i − ij2iÞ= ffiffiffi

2
p

.
The detunings of all four switch states or configurations

fΦ̃; Σ̃g ¼ f�1;�1g must be measured to complete a data

(a)

(b)

FIG. 3. Simulation of the pulse sequence with multiple delays τ
for simultaneous Ramsey spectroscopy of both enantiomers
showing enantiomer-specific oscillations in states j2i and j3i.
The difference between these detunings can be used to extractΔvib

PV.
The pulse sequence for a free evolution time of 4.7 ms (single
fringe) is shown in (a) alongwith the time-dependentmagnitudes of
the wave functions of states j1i, j2i, and j3i for S and R
enantiomers. Here Φ̃ ¼ −1, δS ¼ 0, and δ ¼ 2π × 220 Hz. Si-
multaneous pulses along the P and Q transitions with identical
temporal shapes are denoted by the PQ symbol. The pulse areas of
PQ1, S1, S2, PQ2, and S3 are π=

ffiffiffiffiffi
32

p
, π=4, 3π=4, 3π=

ffiffiffiffiffi
32

p
, and

π=4, respectively (see Sec. III D). While S enantiomers undergo
exactly one cycle, R enantiomers are slightly past the top of the
fringe due to the Δvib

PV ¼ 2π × 10 Hz difference. The resulting
normalized populations for each enantiomer,NðSÞ=N̄ andNðRÞ=N̄,
in states j1i, j2i, and j3i of the Ramsey sequence are plotted in
(b) as a function of free evolution time τ.
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block. These detunings are plotted on the rotating frame
level diagram in Fig. 4. The linear combinations of these
switch states form frequency channels, which have intuitive
physical meaning, as shown below:

2π

0
BBB@

f0
fΦ
fΣ
fΦΣ

1
CCCA≡1

4

0
BBB@
þ þ þ þ
þ þ − −
þ − þ −
þ − − þ

1
CCCA

0
BBB@
δΦþ;Σþ

δΦþ;Σ−

δΦ−;Σþ

δΦ−;Σ−

1
CCCA¼

0
BBB@

δ

0

δS=2

−Δvib
PV

1
CCCA:

ð10Þ

To us, fΦΣ is the most important frequency channel since
it is both Φ odd and Σ odd, thus isolating the PV
component of the two vibrational transitions of S and
R. The other channels are used to tune the experiment and
to probe sources of systematic error. For example, the fΣ
channel can be used to measure any Σ-odd effects between
states j2i and j3i such as Zeeman shifts with different g
factors for the states (see the Appendix). These can be
corrected with a δS offset.
When states j2i and j3i are measured simultaneously in a

resolved manner, the two Σ-odd channels, fΣ and fΦΣ,
benefit from common-mode noise suppression. This
includes dissociation laser noise, which can be classified
as proportional number noise, and magnetic field noise,
which manifests as frequency noise. Number noise effects
cancel to first order when taking the difference of
NΦ̃;Σþ − NΦ̃;Σ− . Importantly, frequency noise effects are
also suppressed for such a term when NΦ̃;Σþ and NΦ̃;Σ− are
in phase. Similar noise rejection has been demonstrated to
achieve the SQL in a noisy photodissociation measurement

of the permanent electric dipole moment of the electron
(eEDM) [48,53].
According to the SQL when perfect contrast is assumed,

the uncertainty on fΦΣð∝ Δvib
PVÞ scales as ðT

ffiffiffiffi
N

p Þ−1, where
T is the coherence time and N is the number of molecules
detected. When considering a beam experiment [31] or a
trapped molecule experiment (as we plan with trapped
molecular ions), reasonable coherence times to expect are
T ¼ 1 ms or T ¼ 100 ms, respectively. This means that
detection of only 108 or 104 molecules, respectively, would
be needed to reach an uncertainty of 0.1 Hz as opposed to a
much higher number depending on the technical noise if
the SQL cannot be reached. This precision is far below the
limit required to measure Δvib

PV for NUHFI, for example,
which potentially could be interrogated in a beam experi-
ment, assuming the species could be synthesized in
sufficient quantity.
This precision is also sufficient to observe PV in an

experiment using trapped CHDBrIþ [19,20]. In this case
the prochiral counterpart CH2BrI is commercially available
in bottled form such that obtaining a bottle of the neutral
precursor CHDBrI is also feasible. The required 104

molecules of CHDBrIþ measured as computed above is
minuscule when considering 108 HfFþ molecules mea-
sured in the latest eEDM experiment, where the molecule is
formed through a reaction with a laser ablated metal [53].
Drifts of the ambient conditions will be suppressed

regardless of their rate in the proposed simultaneous meas-
urement, as opposed to any implementationwhere theprobed
enantiomer is switched, which would limit the bandwidth of
the noise rejected, such as in Ref. [30] where switching
enantiomers takes several minutes.
Alternatively, if simultaneous measurement is not pos-

sible, the two states can also be read out sequentially by any
state-selective technique such as fluorescence, state-selective
photoionization or photodissociation, or state-dependent
chemistry. This slightly reduces the number of suppressed
noise sources, but significant noise reduction ismaintained in
spite of the sequential readout since the Ramsey free
evolution occurs simultaneously. Moreover, the simultane-
ous free evolution relaxes the required relative stability to
measure Δvib

PV to 10−9 for NUHFI as opposed to 10−13 when
comparing independently probed vibrational transitions.
This is becauseΔvib

PV is compared to jωP − ωSj, the rotational
splitting, and not the vibrational transition.

D. Pulse sequence description

To explain the pulse sequences used to create the
composite π=2 pulses, we describe a specific case of the
Hamiltonian [Eq. (6)],whereϕP ¼ ϕQ such thatΔϕ ¼ ϕS ¼
−π=2 (Φ̃ ¼ −1) and δS ¼ 0. This simplification isolates the
S pulses as those that discriminate between S and R
molecules for a clearer description. Following Fig. 3(a),
the first π=2 pulse sequence begins with a simultaneous

FIG. 4. The rotating frame level diagram is shown including the
weak force PV component. The detunings of the four switch-state
transitions acquired during the experiment sequence are depicted
by the blue arrows [Eq. (9)]. Each arrow corresponds to a different
experimental configuration of the “phase” and the detected “state”
denoted by Φ̃ and Σ̃, respectively (Table I). All four linear
combinations of these switches form frequency channels
[Eq. (10)], where 4Δvib

PV ¼ ðδΦ−;Σþ − δΦ−;Σ−Þ − ðδΦþ;Σþ − δΦþ;Σ−Þ.
Since it is possible in principle to measure δΦ−;Σþ and δΦ−;Σ− in the
same shot aswell as δΦþ;Σþ and δΦþ;Σ− , the scheme can benefit from
common-mode noise rejection on the PV frequency channel.
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application of the fields driving the P and Q transitions
(denoted PQ1), each with an area of π=

ffiffiffiffiffi
32

p
to create the

superposition

jSi ¼ jRi ¼ 1ffiffiffi
2

p j1i − i
2
ðj2i þ j3iÞ:

To complete the first π=2 sequence an S pulse with an area
of π=4 is applied (denoted S1), separating the enantiomers
in j2i; j3i to the unique superposition states jSi ¼ ðj1i −
ij2iÞ= ffiffiffi

2
p

and jRi ¼ ðj1i − ij3iÞ= ffiffiffi
2

p
. Both states evolve

freely for a time τ to

jSi ¼ ðj1i − ij2ie−iδSτÞ=
ffiffiffi
2

p
;

jRi ¼ ðj1i − ij3ie−iδRτÞ=
ffiffiffi
2

p

before the second π=2 pulse sequence is applied to translate
the phase evolution of each enantiomer to oscillating
populations in j2i; j3i separately. The second π=2 pulse
sequence begins with an S pulse of area 3π=4 (denoted S2)
that reverses the effect of S1, by completing its area to π and
leading to the state

jSðRÞi ¼ 1ffiffiffi
2

p j1i þ i
2
ðj2i þ j3iÞe−iτδSðRÞ

:

Here the two wave functions are written in a shortened
notation for S with the corresponding R wave function in
parentheses,where δS ¼ δΦ−;Σ− and δR ¼ δΦ−;Σþ correspond
to the detuning for each enantiomer [Eq. (9)]. The S2 pulse
symmetrizes the overall state relative to j2i and j3i before the
second simultaneous PQ pulse (denoted PQ2) is applied.
The PQ2 pulse has an area of 3π=

ffiffiffiffiffi
32

p
and once applied the

resulting state becomes

jSðRÞi ¼ sin
�
τδSðRÞ=2

�
j1i þ cos ðτδSðRÞ=2Þffiffiffi

2
p ðj2i þ j3iÞ:

Alternatively, an identical pulse to PQ1 could be applied,
but the resulting oscillations would be shifted by a π phase
offset. Finally, the sequence is completed with an S pulse
(denoted S3) that is identical to S1 which transcribes the
progression of the phase evolution to states j2i and j3i for S
and R enantiomers, respectively. The resulting states and
populations are

jSi ¼ sin ðτδS=2Þj1i þ cos ðτδS=2Þj2i;
jRi ¼ sin ðτδR=2Þj1i þ cos ðτδR=2Þj3i

⇒ kh2jSik2 ¼ 1þ cos ðτδSÞ
2

¼ 1þ cos ðτðδ − Δvib
PVÞÞ

2

⇒ kh3jRik2 ¼ 1þ cos ðτδRÞ
2

¼ 1þ cos ðτðδþ Δvib
PVÞÞ

2
:

Here we have substituted the individual enantiomer’s detun-
ing from its respective state, δS and δR, by the specific
detuning of the switch statewith δS ¼ 0 according to Eqs. (8)
and (9). Figure 3(a) shows a single fringe cycle for S
molecules (τ ¼ 2π=δS) with the resulting populations

kh2jSik2 ¼ 1;

kh3jRik2 ¼
�
1þ cos

�
2π

2Δvib
PV

δS

�	
=2

≈1 −
�
2πΔvib

PV

δS

�
2

:

This case shows how the PV signature can be isolated, but the
population of R molecules in state j3i scales quadratically
with the small shift Δvib

PV due to the selected τ near the top of
the fringe. Naturally, for a precisionmeasurement the side of
the fringe would be preferred such that τ ¼ ð2πnþ π

2
Þ=δ

should be chosen, for an integer nwhere the scaling is linear.
The resulting populations are

kh2jSik2
�
kh3jRik2

�
¼
�
1− sin

��
2πnþ π

2

�
κ̃Δvib

PV

δ

�	.
2

≈
1

2
−
�
πnþ π

4

�
κ̃Δvib

PV

δ
;

where κ̃ describes the handedness of the molecule according
toS andR. To also enjoy the benefits of noise cancellation n
should be chosen such that the two enantiomers’ fringes are
in phase.
While we described the pulse pattern for a specific case,

it also works for δS ≠ 0 and ϕP ≠ ϕQ with the Φ̃ switch
needed to isolate Δvib

PV as shown in Eq. (10).

E. Scheme sensitivity to experimental parameters

In order to test our sensitivity to changes in the experi-
ment parameters, we varied the relative areas of each of the
pulses in the sequence. We define the contrast of the fringe
in state Σ̃ as

CΣ̃ ¼



N ðSÞ

Σ̃ −N ðRÞ
Σ̃




=N̄; ð11Þ

whereN ðκ̃Þ
Σ̃ is the amplitude of the population oscillation of

the enantiomer κ̃ in state Σ̃. We also define the leakage for
both switch states of Φ̃ as

LeakageΦ� ¼
�
N ðSÞ

Σ∓ þN ðRÞ
Σ�

�
=2N̄: ð12Þ

This value describes the average amplitude of the con-
taminant enantiomer that is not expected in each state for
perfect pulses (violates the κ̃ ¼ −Φ̃ · Σ̃ mapping). For
example, in the case of Φ̃ ¼ −1 the leakage from

Eq. (12) reads as ðN ðSÞ
j3i þN ðRÞ

j2i Þ=2N̄.
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While a low CΣ̃ leads to a reduced precision of the
measurement, a high leakage can lead to a systematic shift
of fΦΣð∝ Δvib

PVÞ. However, we find that moderate tuning
errors of experiment parameters lead to minimal leakage
and contrast loss. The contrast and leakage are plotted in
Figs. 5(a) and 5(b) for a variation of each pulse area. When
these variations are stabilized to within 10%, the contrast is
more than 0.88 and the leakage is less than 0.01. We also
study the stability requirements of the driving field inten-
sities, by considering a variation of the area of all pulses in
the sequence of the same transition. We find that the issue is
slightly worse than for the previous case of initial tuning
errors as shown in Figs. 5(c) and 5(d). However, the leakage
for a 10% change in the area of each S pulse, which is
applied three times, remains smaller than 0.04. Importantly,
the contrast and leakage vary quadratically around the ideal
set point for all of these parameters.
Figure 5(c) shows a case with substantial leakage in the

fringes due to a large 50% error in the area of pulse S3. The
spectrum observed in states j2i and j3i shows the opposite
enantiomer frequency as a small feature on the sides of the
main peaks [Fig. 5(d)]. This leakage may seem to be a
detrimental systematic in the scheme, but would only lead
to an underestimation of Δvib

PV with no phantom PV
frequency appearing. A similar argument can be made if
the Σ̃ state readout is not fully resolved.

F. Advantages toward precision measurement

To further emphasize the advantages of ourmethod,where
the Ramsey scheme is embedded within the three-level

system,we compare to an alternative straightforward scheme
where vibrational Ramsey spectroscopy is performed
between two states (a ground and excited vibrational level)
of the molecules in a racemic sample followed by a
subsequent microwave 3WM enantiomer-selective transfer
step using three rotational states of the excited vibrational
level. Notably, both the embedded and sequential schemes
should have near perfectly enantiomer-resolved frequencies
since all the vibrationally excited states are unpopulated, as
opposed to the case where the 3WM step precedes Ramsey
spectroscopy. While the two schemes have similar exper-
imental complexity, both requiring at least one stable laser
and at least one microwave field, our proposed embedded
scheme has significant advantages.
The first important advantage to precision measurement

stems from the benefits of monitoring possible sources of
systematic uncertainty such as ambient magnetic fields. In
both schemes, multiple experimental switches must be
incorporated into linear combinations of the observed
frequencies to isolate Δvib

PV [Eq. (10)]. The other combina-
tions are used to monitor other components of the
Hamiltonian. In the Appendix, we show how an additional
switch of the sign of δS can be used to measure an ambient
magnetic field in situ, due to the lever arm that arises from
the different g factors of the rotational states j2i and j3i.
This in situ magnetometer-type measurement is not pos-
sible for the straightforward nonembedded scheme since
the same ground and excited states are used for both
enantiomers. While auxiliary measurements with external
magnetometers are possible to estimate the possible
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FIG. 5. Experimental requirements for tuning accuracy and stability of the various driving fields of the sequence. We consider the
reduction of the contrast [Eq. (11)] and leakageof an unexpected enantiomer [Eq. (12)] due to an inaccurately tuned area of eachpulse (a),(b)
as well as an instability of the driving field power acting on all pulses for the same transition (c),(d). (e) A Ramsey sequence, showing
significant oscillation contamination of thewrong enantiomer (leakage) for Φ̃ ¼ −1, is createdwith a variation of 50% in S3 [green squares
in (a) and (b)]. This contamination can be observed in the spectra of the total populations (f), but would only lead to an underestimation of
total shift of 2Δvib

PV ¼ 2 × 2π × 10 Hz. Since this is a noiseless simulation the lines are broadened to a 1 Hz standard deviation.
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systematics, they are not as precise as those detected
by the molecules themselves, which is crucial to precision
measurement as discussed by Wu et al. [56]. Additional
switches can be used to isolate other effects caused by the
surroundings.
A second important advantage concerns maintaining the

measurement precision on PV at the SQL or quantum
projection noise limit toward new physics searches [17],
once a nonzero PV is hypothetically observed. Importantly,
common-mode noise rejection only works if the two
simultaneously measured sine waves are nearly in phase
[48]. If PV is large enough to cause a substantial phase shift
between the enantiomers, then many noise sources can no
longer be considered to be common mode. While for a
beam experiment such as Ref. [31] the expected coherence
time of ∼1 ms would induce a negligibly small phase shift,
the shift would be large when considering an experiment
using trapped molecular ions, where the expected coher-
ence time is ∼100 ms, even for PV shifts significantly
smaller than 2π × 10 Hz. However, in our scheme, pur-
posefully applied δS corrections can be used to bring the
two sine waves in phase without waiting for a beating of the
frequencies. This capability is crucial for searches for time
variation in the signal such as in dark matter sensing [17],
for example. There, the ability to bring the fringes in phase
at arbitrary, long evolution times enables the high fre-
quency range to be measured at the SQL.

G. Experimental feasibility

We now describe the experimental feasibility of our
proposed method. The choice of the rotational levels j2i,
j3i in v ¼ 1 and level j1i in v ¼ 0 is not only taken to
enhance the PVenergy difference relative to pure rotational
transitions [8,31], it also avoids the thermal population
contamination that exists in rotationally excited states,
which harms the transfer contrast as pointed out by
Leibscher et al. [44] among others and directly proven
experimentally by Lee et al. [46] These types of vibrational
transitions are often situated in the midinfrared to long-
infrared wavelength range, where laser stabilization is
challenging. Fortunately, adequately narrow lasers for
coherent excitation in this range have already been dem-
onstrated [31,50]. Alternatively, an optical parametric
oscillator laser can be used [45]. Connecting pure rotational
transitions such as states j2i and j3i is ubiquitous in
microwave 3WM schemes. Additionally, the scheme
requires specific timings of pulses for the three transitions.
In the microwave regime the timings can be set using
microwave sources or amplifiers, but for the IR lasers,
acousto-optic modulators, which are available in this
wavelength range (or another alternative), are required to
implement the pulses.
Since it is technically feasible, our analysis assumes that

the fields applied have sufficiently narrow linewidth rela-
tive to the target free evolution time τ between the two

applied composite π=2 pulses to avoid fringe decoherence.
This is also required to set the phase condition of Eq. (3) to
efficiently separate the enantiomers. For trapped molecular
ion experiments which may have coherence times on the
second scale [48,53], the available linewidths are near the
current feasible limit. Interestingly, if the two IR transitions
originate from the same laser via modulation at the
microwave transition frequency by an electro-optic modu-
lator, the phase condition of Eq. (3) can be achieved for a
relatively broad linewidth laser by common-mode phase
stability. This way, the separation of enantiomers would be
guaranteed while the coherence time of the Ramsey
sequence alone would be compromised by the linewidth,
thereby reducing the susceptibility to shifts arising from
leakage as discussed above.
Multiple other mechanisms can cause decoherence of the

molecules between the two applied composite π=2 pulses
which originate from sources such as collisions, inhomo-
geneous magnetic fields, in addition to noise from the
driving fields. These mechanisms have been considered in
many studies for molecular beam [52] and trapped molecu-
lar ion Ramsey spectroscopy experiments [48,53].
The scheme phases, wavelengths, and Rabi frequencies

can be optimized experimentally despite the use of a
racemic sample by using two sequential stages of 3WM
with a total of five states, as was similarly demonstrated in
Pérez et al. [42]. The sign of Δvib

PV can be measured using a
small sample with enantiomeric excess. This is a less
stringent requirement than using such a sample for the
entire experiment. Alternatively, concatenation of other
methods to our scheme, such as Coulomb explosion [37],
can be used to determine the absolute configuration of the
molecules [43]. To our knowledge, measuring Δϕ for the
fields and comparing the sign of the transition dipole
moment components is not reliable in extracting the
molecule’s absolute configuration [43].

IV. SUMMARY AND OUTLOOK

We have presented a framework to perform PV precision
measurement in a racemic sample of chiral molecules that
is readily applicable to existing experiments using vibra-
tional spectroscopy [31] as well as pure rotational 3WM
[30,46]. The differential scheme benefits from common-
mode noise rejection such that statistical uncertainty
estimations at the SQL are realistic. The simulations in
this work used the Δvib

PV shifts expected in neutral molecule
NUHFI since it was previously proposed for a two-level
Ramsey spectroscopy experiment [31].
However, our own plan is to realize this method with

charged chiral molecules, which can be trapped, facilitating
measurements at long coherence times [48]. PV for
such charged chiral molecules has been evaluated in a
few cases [57,58] and ionization has also been suggested to
substantially enhance PV [15].
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Indeed, it was recently found that CHDBrIþ and
CHCaBrIþ exhibit large vibrational PV shifts [19,20].
For example, in CHDBrIþ, 2Δvib

PV equals 2π × 1.3 Hz for
the C-H stretch mode. For the C-H wag mode the shift is
even larger, where 2Δvib

PV ¼ 2π × 1.8 Hz [19]. Interestingly,
for the C-H wag mode, the vibrational radiative lifetime is
on the scale of multiple seconds [19], such that the
approximate coherence time used in our estimates above
are conservative with a lot of room for potential improve-
ment. For CHCaBrIþ, 2Δvib

PV is as large as 2π × 0.2 Hz. In
Ref. [20], these molecular ion species are proposed for
precision spectroscopy, along with details about their
quantum state preparation via photoionization and readout
by photodissociation.
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APPENDIX: IN SITU MAGNETIC FIELD
MEASUREMENT

An ambient magnetic fieldBa can shift the energies of the
three levels involved in our scheme. Such a shift is important
to characterize in a precision measurement to estimate
systematic uncertainty [56].Herewe show that the embedded
simultaneous Ramsey scheme we propose enables an in situ
measurement of the ambient magnetic field B ¼ Ba, and
facilitates its zeroing. The capability arises from the different
sensitivities of states j2i and j3i to an externalmagnetic field.
Different Landé g factors and Zeeman sublevels m corre-
spond to differentmagneticmomentsμ2 ¼ μBg2m2 andμ3 ¼
μBg3m3 for j2i and j3i, respectively. Here μB is the Bohr
magneton. We define μm ¼ ðμB=2Þðg3m3 þ g2m2Þ and
μΔ ¼ ðμB=2Þðg3m3 − g2m2Þ as the mean and difference
magnetic sensitivities, such that the magnetic moments of
states j2i and j3i are μΣ̃ ¼ μm þ Σ̃μΔ, using the Σ̃ switch to
distinguish between the two states. The shift in state j1i is not
considered since it is commonwith respect to the two excited
states and is the initial state for both enantiomers. The
Hamiltonian including the Zeeman shift is

HZ
RWA

ℏ
¼

0
BB@

0 ΩPðtÞ ΩQðtÞ
δ − δS=2þ ðμm − μΔÞBþ κ̃Δvib

PV Φ̃ κ̃ eiπ=2ΩSðtÞ
c:c. δþ δS=2þ ðμm þ μΔÞBþ κ̃Δvib

PV

1
CCA: ðA1Þ

To isolate B, we add a switch of the sign of the microwave detuning δS such that δS → S̃δS, where S̃ ¼ �1. To maintain
the condition δP − δQ þ δS ¼ 0 the additional transformation of δP → S̃δP and δQ → S̃δQ must accompany the switch (note
that δ → S̃δ). The frequency of each switch state including the magnetic field is

δΦ̃;Σ̃;S̃ ¼ S̃δþ Σ̃ S̃
δS
2
þ ðμm þ Σ̃μΔÞB − Φ̃ Σ̃ Δvib

PV: ðA2Þ

For a magnetic field B ¼ 0 and the case S̃ ¼ 1, Eq. (9) is retrieved. When the new switch S̃ is added to the two previous
switches Σ̃ and Φ̃, the total number of frequency channels and linear combinations grows to 23. These are given by

2π

0
BBBBBBBBBBBBBBB@

f0
fΦ
fΣ
fΦΣ

fS
fΦS

fΣS
fΦΣS

1
CCCCCCCCCCCCCCCA

≡ 1

8

0
BBBBBBBBBBBBBBB@

þ þ þ þ þ þ þ þ
þ þ þ þ − − − −
þ þ − − þ þ − −
þ þ − − − − þ þ
þ − þ − þ − þ −
þ − þ − − þ − þ
þ − − þ þ − − þ
þ − − þ − þ þ −

1
CCCCCCCCCCCCCCCA

0
BBBBBBBBBBBBBBB@

δΦþ;Σþ;Sþ

δΦþ;Σþ;S−

δΦþ;Σ−;Sþ

δΦþ;Σ−;S−

δΦ−;Σþ;Sþ

δΦ−;Σþ;S−

δΦ−;Σ−;Sþ

δΦ−;Σ−;S−

1
CCCCCCCCCCCCCCCA

¼

0
BBBBBBBBBBBBBBB@

μmB

0

μΔB

−Δvib
PV

δ

0

δS=2

0

1
CCCCCCCCCCCCCCCA

: ðA3Þ
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Importantly, the ambient magnetic field does not affect
the fΦΣ channel, which rejects Zeeman shifts, even if they
are state dependent. Moreover, the magnetic field B is
measured in a resolved manner since it is the leading term
in the fΣ channel, proportional to μΔ as well as in the f0
channel, which is proportional to μm. This enables the
measurement of the average vibrational detuning δ through
the fS channel. Preferably, fΣ and f0 channels can be used
to apply a correction field of opposite sign Bc ¼ −Ba to
zero the total magnetic field the molecules experience and
prevent other systematic effects it may cause.
The procedure used to null the ambient magnetic fields

can be employed to directly monitor and suppress other
noise sources to isolate the PV signal by adding the relevant
switch to the experiment. This procedure is possible,
because the scheme is embedded within the three-state
manifold, since the two excited states used for the spec-
troscopy are likely to have different sensitivities to ambient
effects. As discussed in the main text, if Ramsey spectros-
copy between a ground and excited vibrational state is
applied to a racemic sample, most external effects will
cause similar shifts to both enantiomers and preclude their
monitoring. While such shifts will likely be suppressed to
first order, this is not guaranteed for all effects and thus
monitoring them is beneficial.
Note that exciting a single m level in states j2i and j3i

under the assumption that these are nearly degenerate is
feasible if j1i corresponds to the rotational ground state of
the molecule. Alternatively, in a trapped molecular ion
experiment where pulse duration can be long, the degen-
eracy may be lifted with an external magnetic field that is
monitored and not suppressed.
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