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A B S T R A C T

The search for the electron’s electric dipole moment (eEDM) has long been pursued to explore the new physics 
beyond the Standard Model. To date, the most stringent constraints on the eEDM measurement were imposed by 
paramagnetic polar diatomic molecules/molecular ions through probing the changes of the precession rate of 
electron spins in an electric field, although nonzero eEDM has not been reported yet. In this study, we propose a 
novel design of spectroscopic detection in the lead monofluoride (208Pb19F) molecule that can take full advantage 
of its long coherent ground state, low Landé g factor, strong internal electric field, and unique field-dependent 
eEDM sensitive transition. Adopting an effective Hamiltonian approach, we untangle the complicated J-mix
ing energy level structure of the coherent ground state X1

2Π1/2(υ = 0, J = 1/2, e, F = 1, |MF| = 1), and char
acterize the rotational branching ratios in the A2Σ1/2(υ′ = 0) ← X1

2Π1/2(υ = 0) detection scheme. We demonstrate 
the highly asymmetric branching ratios in the Σ←Π transition which permits the preparation of coherently mixed 
states, followed by the simulated Stark spectroscopy under the externally applied electric field to address the 
sensitive transition Qfe(1/2) for the eEDM measurement. In the end, we discuss the feasibility of laser cooling and 
Stark deceleration of PbF molecules. Our detection scheme will support us in constructing a fully optical 
approach toward the eEDM measurement using PbF molecules, which can enrich the molecular pool that ex
plores the fundamental physics on a table-top apparatus.

1. Introduction

Since Purcell and Ramsey proposed that neutrons and electrons may 
possess an electric dipole moment (EDM) proportional to spin that vi
olates time-reversal symmetry [1], numerous strategies have been 
initiated to search for new physics beyond the Standard Model such as 
the matter-antimatter asymmetry [2] and the origin of dark matter and 
dark energy [3]. The existence of nonzero electron’s electric dipole 
moment (eEDM) can simultaneously violate the space (P) parity and 
time-reversal (T) parity, and has been considered in the last decades to 
be central to resolve these intriguing problems. Particularly, an observed 

eEDM value de at the level significantly greater than the prediction of the 
Standard Model (<10− 38 e⋅cm) [4] will directly test the extensions of the 
Standard Model, which predict distinct eEDM values at the typical level 
of 10− 25 to 10− 31 e⋅cm [5–13]. Prospective experimental and theoretical 
studies utilizing atoms or diatomic, triatomic, and even polyatomic 
molecules/molecular ions are proposed to measure the eEDM. In 2002, 
the eEDM measurement using thallium (Tl) atoms achieved the experi
mental upper limit of de < 1.6 × 10− 27 e⋅cm in the paramagnetic atomic 
systems [14]. Since then, research has increasingly focused on polar 
molecular systems, which offer enhanced sensitivity and systematic 
advantages over atomic candidates due to their large internal electric 
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fields. In 2011, the experimental result of de < 1.05 × 10− 27 e⋅cm was 
obtained by using the pulsed supersonic beam of YbF in its ground X2Σ+

state with the effective electric field (Eeff) of 14.5 GV/cm [15]. In 2018, 
the ACME collaboration made further strides and announced a new limit 
of de < 1.1 × 10− 29 e⋅cm by utilizing a buffer-gas cooled beam of ThO 
molecules in the H3Δ1 state with Eeff of 78 GV/cm and increased mo
lecular density along with improved state preparation scheme [16,17]. 
Only recently, the best experimental limit of de < 4.1 × 10− 30 e⋅cm was 
reported with trapped HfF+ molecular ions [18]. These tabletop-scale 
experiments have unambiguously revealed new physics by imposing 
new constraints on potential explanations of the matter-antimatter 
asymmetry. Other experimental and theoretical investigations towards 
the eEDM measurement have been conducted involving atomic candi
dates of Fr [19] and Cs [20–22], solid state materials of gadolinium 
gallium garnet (GGG) [23] and gadolinium-iron garnet (GdIG) [24], 
polar molecules embedded within a rare-gas matrix such as BaF-Ar/Ne 
[25–28], molecular ions of ThF+ [29–33], and diatomic candidates of 
BaF [37–39], WC [40–42], RaF [43], RaH [44], HgBr [45], HgH [46], 
CdH [47], LrO [48], and HgF [49]. Moreover, triatomic molecule
s/molecular ions like YbOH [50,51], HgOH [52], AcOH+ [34], and 
LuOH+ [35,36], together with polyatomic (symmetric top) molecules 
such as YbOCH3 [53] and RaOCH3 [54], are also regarded as promising 
candidates with laser cooling feasibility and large Eeff.

The 208Pb19F molecule (herein PbF) is also predicted to possess 
unique molecular properties for the eEDM measurement [55,56]. First, 
PbF is found to have an Eeff of about 31 GV/cm [56] thus enhancing the 
effect of the eEDM through a linear Stark shift of considerable magni
tude. Critically, this strong internal polarization can be achieved with a 
modest external electric field (~ 10 kV/cm), substantially reducing 
experimental challenges such as the electrode precision, high-voltage 
breakdown and associated systematic errors. Furthermore, the ground 
state of PbF (X1

2Π1/2) ensures that the eEDM coherence time will not be 
limited by its lifetime, while its near-zero Landé g factor of the lowest 
rotational state [55] suppresses the background magnetic-field-induced 
systematic error. For the eEDM measurement, the A(υ′ = 0) ← X1(υ = 0) 
(Qfe(1/2)) transition (444 nm) is preferred over ultraviolet alternatives 
(e.g., B ← X1 at 280 nm) due to the cost-effectiveness of visible lasers, 
and the extended lifetime of the A state (5 μs) [57] narrows down the 
natural linewidth for enhanced spectral resolution under strong electric 
fields. By employing the pseudo-continuous resonance-enhanced 
multiphoton ionization (pc-REMPI) scheme [58] in the detection of 
A(υ′ = 0) ← X1(υ = 0) transition, the signal-to-noise ratio can be 
significantly enhanced, while the B ← X1 transition would generate 
higher-energy photons, inducing excessive background ion noise in 
REMPI detection [59].

Therefore, it is essential to investigate the preparation of eEDM- 
sensitive coherent states and the spectroscopy of the A(υ′ = 0) ← X1(υ 
= 0) transition of PbF under external electric fields. In this work, the 
hyperfine structures of lowest rotational levels of X1

2Π1/2(υ = 0) and 
A2Σ1/2(υ′ = 0) states, an analysis of the J-mixing and branching ratios for 
the eEDM-sensitive states within the Qfe(1/2) transition, the Stark en
ergy levels involved in the Qfe(1/2) transition and their dependence on 
the external electric field, as well as a simulation of Qfe(1/2) hyperfine 
transition lines under different electric fields are examined theoretically. 
Additionally, we evaluate the feasibility of laser cooling and Stark 
deceleration for PbF. These investigations provide a deeper under
standing of the role of PbF in realizing a sensitive eEDM measurement, 
thus contributing to the development of experimental approaches for 
heavy diatomic molecular systems that can be utilized to search for new 
physics beyond the Standard Model.

2. Hyperfine-resolved energy level structures of X1 and A states

In this section, we focus on calculating the hyperfine-resolved energy 
level structures of X1 and A states using the effective Hamiltonian the
ory, thereby defining the spectroscopic framework for subsequent 

eEDM-sensitive coherent state preparation. For the PbF molecule, its 
ground state X1 is a 2Π1/2 state with large spin-orbit coupling while the 
upper A state is an Ω = 1/2 state with even larger Ω doubling [60] (The 
Ω doubling parameters for X1

2Π1/2 and A2Σ1/2 states are -0.138200(6)
cm− 1 and 0.6185(3) cm− 1 respectively [61]). For computational con
venience, both X1 and A states are simulated and described within the 
Hund’s case (a) coupling framework, with their quantum states sharing 
identical basis function in Eq. (1) [62]: 

|F, I, J,MF, ps〉

=
1̅
̅̅
2

√

⎛

⎝|F, I, J,MF,Ω = 1/2〉 + ps ( − 1)J− 1
2|F, I, J,MF,Ω = − 1/2〉

⎞

⎠
(1) 

The effective Hamiltonian of Heff describes all the involved inter
coupling degrees of freedom in a molecular system. For PbF in the 
Hund’s case(a), the effective Hamiltonian can be described by 

Heff = Hrot + H0 + H1 + Hstark. (2) 

Here the interaction Hrot describes the spin-rotational motion of the 
molecule, neglecting all nuclear spins. The hyperfine structure resulting 
from the Frosch and Foley picture [63] of the interaction of the nuclear spin 
with an electron in a specified quantum orbit is depicted by H0. The small 
corrections to the hyperfine structure involving nuclear-spin-rotational 
and nuclear-spin-spin (bipolar) interactions are included in H1. Finally, 
Hstark describes the Stark interaction of the molecule with an electric field. 
The molecular parameters and the corresponding matrix representations 
for each term of the effective Hamiltonian Heff with the basis set |F, I, J, MF, 
ps〉 are depicted in the Appendix. The field-free eigenvalues and eigen
vectors along with the energy level structures without an external electric 
field of X1(υ = 0) and A(υ′ = 0) states are then obtained by numerical 
diagonalization of the effective Hamiltonian matrix representations 
(Fig. 1).

3. Branching ratios for the Qfe(1/2) transition

Having established the zero-field hyperfine energy level structures of 
X1 and A states, we now investigate the transitions critical for eEDM- 
sensitive state preparation. In the proposed eEDM measurement, the 
eEDM phase carried by PbF molecules can be detected via spectroscopic 
methods such as REMPI [58] through the eEDM sensitive transition A 
(|Jʹ = 1

2, ps
ʹ = − 1, Fʹ =1, MF

ʹ=0〉) ← X1(|J= 1
2, ps =1, F=1, |MF | =1〉) in 

the external electric field Ez, while the eEDM-sensitive superposition 
states are expressed as (|MF = 1〉+ |MF = − 1〉)/

̅̅̅
2

√
. The A(J′, ps′) ← X1(J, 

ps) transitions can be labeled by the branches of Ree(J), Rff(J), Pee(J), Pff(J), 
Qef(J), and Qfe(J), respectively. Here R, P, and Q indicate transitions 
involving J′ = J + 1, J − 1, and J respectively. The first e/f subscript 
determines the sign of the product q′χ′ for the A state, with e indicating q′χ′ 
= 1 and f indicating q′χ′ = -1 respectively. Here χ′ represents the total 
parity defined as χ′ =±1 = (-1)F′ps′, while q′ = 2(J′ - F′) [58]. Similarly, the 
second e/f subscript determines the sign of the product qχ for the X1 state. 
Therefore, the eEDM sensitive transition in the A(J′, ps′) ← X1(J, ps) 
detection scheme can be labeled as Qfe(1/2) for PbF molecules.

The branching ratios reflect the distributions of the transition in
tensities for all possible hyperfine decay paths. By quantifying the 
branching ratios of the Qfe(1/2) transitions, we propose an optical 
pumping protocol to accumulate population in eEDM-sensitive coherent 
states of (|MF = 1〉+ |MF = − 1〉)/

̅̅̅
2

√
, thereby amplifying the effective 

signal-to-noise ratio during the eEDM measurement. Hence, it is 
necessary to calculate the branching ratios of the selected eEDM tran
sition of PbF molecules involving the superposition states of 
(|MF = 1〉 + |MF = − 1〉)/

̅̅̅
2

√
and (|MF = 1〉 − |MF = − 1〉)/

̅̅̅
2

√
, and the 

upper state of A(υ′= 0, J′ = 1/2, f, F′ = 1, MF′ = 0) to figure out the 
feasibility of the optical pump scheme.

In the eEDM measurement, external fields including an appropriate 
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electric field will be applied to investigate the evolution of the eEDM 
phase. When molecules pass through the applied electric and magnetic 
fields, different phases δ will be accumulated for the |MF = 1〉 and |MF =

− 1〉 states leading to 
(
|MF = 1〉e− iδ + |MF = − 1〉eiδ)/

̅̅̅
2

√
. The difference 

between the phases under two electric fields of equal intensity but 
opposite directions is defined as the eEDM phase δeEDM [17,64]. In the 
presence of a static electric field, the spherical symmetry of the system is 
broken due to the Stark interaction Hstark = − μenʹ⋅Eʹ, and J is no longer 
a good quantum number with off-diagonal elements between different J 
states emerging. Here, μe stands for molecular dipole moment of PbF, 
and E′ and n′ denote the external electric field and molecular internu
clear axis with the prime sign indicating that the operators are in the 
molecule-base frame. Since μen′ is a vector operator, and the associated 
selection rules allow ΔJ = 0 and ±1, coupling between states with 
different J’s is permitted. Consequently, the eigenstates of the full 
Hamiltonian are admixtures of multiple J-states [62]. Therefore, before 

calculating the branching ratios of transitions in Qfe(1/2), one must 
account for the J-mixing of hyperfine levels in the ground X1 state. The 
mixing coefficients can be obtained by diagonalizing the effective 
Hamiltonian Heff introduced above. Without the external electric field, 
the mixing between the rotational states of X1 in the Qfe(1/2) transition 
are shown in Table 1.

According to the results in Section 4, the Qfe(1/2) transition spectra 
will be most sensitive to the eEDM detection with an applied electric 
field Ez of around 9 kV/cm. Thus, the J-mixing of the hyperfine levels in 
the X1 state will be calculated again under this applied electric field, 
which is shown in Table 2.

In addition, when calculating branching ratios, the J-mixing states in 
the A(| 1

2 , − 1,1,0〉) state under both zero external electric field and an 
applied electric field of 9 kV/cm (experimental condition), which is 
shown in Table 3, should also be considered.

Now let us discuss the calculation of the branching ratios in Hund’s 

Fig. 1. The energy level structures of PbF X1 and A states without an external electric field.

Table 1 
The J-mixing of the X1 state (Ez = 0 kV/cm) in the Qfe (1/2) transitions. All states 
involved in the mixing are labeled as |J, ps, F, MF〉.

Mixed label Superposition of pure J states

|
1
2
, 1, 0,0〉 |

1
2
, 1, 0, 0〉

|
1
2
, 1, 1, − 1〉 0.999997|

1
2
,1,1, − 1〉 − 0.002543|

3
2
,1,1, − 1〉

|
1
2
, 1, 1, 0〉 0.999997|

1
2
,1,1, 0〉 − 0.002543|

3
2
,1,1,0〉

|
1
2
, 1, 1, 1〉 0.999997|

1
2
,1,1, 1〉 − 0.002543|

3
2
,1,1,1〉

Table 2 
The J-mixing of the X1 state (Ez = 9 kV/cm) in the Qfe (1/2) transitions. All states involved in the mixing are labeled as |J, ps, F, MF〉.

Mixed label Superposition of pure J states

|
1
2
, 1, 0, 0〉 0.492614|

1
2
, − 1, 1, 0〉 + 0.793131|

1
2
, 1, 0, 0〉 + 0.256028|

3
2
, − 1, 1, 0〉 + 0.250447|

3
2
, 1, 2, 0〉

|
1
2
, 1, 1, − 1〉 0.479935|

1
2
, − 1,1, − 1〉 + 0.799709|

1
2
, 1,1, − 1〉 − 0.135295|

3
2
, − 1,1, − 1〉

+ 0.226407|
3
2
, − 1, 2, − 1〉 − 0.123292|

3
2
,1, 1, − 1〉 + 0.212983|

3
2
,1,2, − 1〉

|
1
2
, 1, 1, 0〉 0.483165|

1
2
, − 1,0, 0〉 + 0.798812|

1
2
,1,1, 0〉 + 0.261844|

3
2
, − 1,2, 0〉 + 0.244721|

3
2
,1,1,0〉

|
1
2
, 1, 1, 1〉 − 0.479935|

1
2
, − 1, 1,1〉 + 0.799709|

1
2
,1, 1,1〉 + 0.135295|

3
2
, − 1,1,1〉

+ 0.226407|
3
2
, − 1, 2,1〉 − 0.123292|

3
2
,1, 1,1〉 − 0.212983|

3
2
,1,2,1〉

Table 3 

The J-mixing of the A state (|J =
1
2
, ps = − 1, F = 1, MF = 0〉) (Ez = 0 and 9 kV/ 

cm) in the Qfe(1/2) transitions. All states are labeled as |N, J, ps, F, MF〉.

Ez (kV/cm) Superposition of pure J states

0 0.998248|1,
1
2
, − 1,1, 0〉 + 0.059175|1,

3
2
, − 1,1,0〉

9 0.947970|1,
1
2
, − 1,1, 0〉 + 0.233231|0,

1
2
,1,0, 0〉 −

0.073021|1,
3
2
, − 1,1, 0〉 + 0.204019|2,

3
2
,1,2,0〉
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case (a) basis |Λ, S, Σ, Ω, J, I, F, MF〉 for the possible hyperfine decays in 
the Qfe(1/2) transition. Here, the description of the excited A states 
should be converted to the Hund’s case (a) basis as [65] 

|Λ;N,S,J,F〉=
∑∑

(− 1)J+Ω ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2N+1

√
×

(
S N J

Σ Λ − Ω

)

|Λ,S,Σ,Ω,J,F〉. (3) 

The matrix elements for the electric dipole transition between two 
sublevels are then calculated and labeled as |ψe〉 and |ψg〉. In this frame, 
the electric-dipole operator is denoted as T(1)(d): 

〈d〉 =
〈
ψ e

⃒
⃒T(1)(d)

⃒
⃒ψg
〉
= (− 1)(Fe − MFe)

(
Fe 1 Fg

− MFe p MFg

)

×(− 1)Fg+Je+Ig+1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2Fe + 1)
(
2Fg + 1

)√ {
Jg Fg Ig
Fe Je 1

}

×
∑1

q=− 1
(− 1)Je − Ωe

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2Je + 1)
(
2Jg + 1

)√ (
Je 1 Jg

− Ωe q Ωg

)

×
〈
Λe, Se,Σe

⃒
⃒T(1)(d)

⃒
⃒Λg, Sg,Σg

〉
. (4) 

Here the electric dipole operator T(1)(d) does not couple to the 
electron spin, and the spin projection is conserved, i.e., Σe = Σg. 
Consequently, for all the allowed ΔΛ = ± 1 transitions, the matrix ele
ments 〈Λe, Se, Σe|T(1)(d)|Λg, Sg, Σg〉 remain constant and can be factored 
out of the summation. In our eEDM experiment, the quantization axis is 
defined by the direction of the applied electric field (z-axis), while the x- 
axis corresponds to both the propagation direction of the molecular 
beam and the linear polarization direction of the excitation laser. It 
should be emphasized that the excitation laser is assumed to be x- 
polarized in Eq. (4), for which the p =± 1 tensor components contribute 
coherently and equally. Under this condition, only transitions with ΔMF 
= ± 1 are allowed. For other polarizations, such as y- or z-polarized 
light, the selection rules would differ, and Eq. (4) then needs to be 
revised accordingly. A relative electric-dipole transition matrix element 
between states |ψe〉 and |ψg〉 is defined as 

rψe ,ψg =

〈
ψe

⃒
⃒T(1)(d)

⃒
⃒ψg
〉

〈
Λe, Se,Σe

⃒
⃒T(1)(d)

⃒
⃒Λg, Sg,Σg

〉. (5) 

The manipulation of the ground state X1(υ = 0, J = 1/2, e, F = 1, |MF| 
= 1) will create two states defined as 

| + 〉 =

⃒
⃒
⃒
⃒J = 1

2, e, F = 1, MF = 1
〉

+

⃒
⃒
⃒
⃒J = 1

2, e, F = 1, MF = − 1
〉

̅̅̅
2

√ ,

(6) 

and 

| − 〉 =

⃒
⃒
⃒
⃒J = 1

2, e, F = 1, MF = 1
〉

−

⃒
⃒
⃒
⃒J = 1

2, e, F = 1, MF = − 1
〉

̅̅̅
2

√ .

(7) 

Following the calculation procedures described above, the branching 
ratios of A(| 1

2 , − 1,1,0〉) ← X1(| + 〉) and A(| 1
2 , − 1,1,0〉) ← X1(| − 〉) in two 

different electric fields Ez of 0 and 9 kV/cm are calculated and shown in 

Table 4. The values listed in Table 4 are calculated based on Eq. (5), the 
evaluation of Eq. (6), Eq. (7), and the J-mixing results summarized in 
Tables 1–3.

As evident from Table 4, the branching ratio for the transitions from 
the | − 〉 state to the upper state significantly exceeds that of the | + 〉

state transitions under both field-free conditions and an applied electric 
field of 9 kV/cm. This asymmetry enables strategic enhancement of 
eEDM measurement sensitivity: by employing a laser at the frequency of 
the eEDM transition, the molecules in the | − 〉 state are continuously 
pumped into the A state. Consequently, the superposition states | + 〉 and 
| − 〉, which are prepared from the degenerate states of X1 (υ = 0, J = 1/ 
2, e, F = 1, |MF| = 1), will be manipulated and molecules in the | + 〉 state 
can be further enhanced as a result of repumping molecules in the A 
state and other associated states, thereby amplifying the population of 
molecules in the | + 〉 state for the eEDM experiment.

4. Electric-field-dependent energy level structures and 
transition spectra of Qfe(1/2)

As outlined in Section 3, the proposed eEDM measurement using PbF 
relies on detecting the eEDM-induced phase via the REMPI spectros
copy. The eEDM detection transition for this protocol is encompassed 
within the Qfe(1/2) transition manifold. Crucially, the application of 
controlled external electric field is needed to both polarize the molecules 
and detect the eEDM-sensitive phase evolution during the experiment. 
Consequently, the complete characterization of Qfe(1/2) energy level 
structures and its electric-field-dependent transition spectra is critical 
for the proposed eEDM measurement scheme.

To explore the field-dependent Qfe(1/2) transition, the interaction of 
the external electric field with the hyperfine levels of PbF should be 
investigated. As shown in Fig. 2(a), using the effective Hamiltonian 
approach, the evolution of X1(υ = 0, J = 1/2, e) and A(υ′ = 0, J′ = 1/2, f) 
states under different electric fields are illustrated. Note that under the 
external electric field, F is not a good quantum number due to the mixing 
of hyperfine levels. Here, the F quantum number is used as asymptotic 
quantum numbers for the purpose of spectral line identification.

The energy difference between X1 and A states at a chosen external 
electric field will provide information about the sensitive frequency of 
the Qfe(1/2) transitions. The theoretical Qfe(1/2) transition spectra 
under varying electric fields (Fig. 2(b)) were simulated by considering 
the hyperfine-resolved transition frequencies with the Boltzmann pop
ulation distribution of the ground X1 state at a rotational temperature of 
5 K, combined with calculated electric dipole transition strengths. Each 
spectral line was modeled as a Gaussian profile with a 70 MHz full- 
width-at-half-maximum (FWHM), consistent with Doppler and colli
sional broadening under typical experimental conditions. The blue solid 
lines represent the complete Qfe(1/2) transition manifold, while the 
yellow dashed lines specifically identify the eEDM detection transition 
under different external electric fields.

In the absence of external electric fields, the eEDM detection tran
sition remains indistinguishable from other spectral features. As the 
electric field strength increases, this specific transition gradually sepa
rates from neighboring transitions. Simulation reveals that at an electric 
field strength of 9 kV/cm, the eEDM detection transition becomes suf
ficiently resolved from other transitions in the Qfe(1/2) spectra. How
ever, increasing further the field to 12 kV/cm induces spectral overlap 

Table 4 

The branching ratios of A(|
1
2
, − 1,1,0〉) ← X1(| + 〉) and A(|

1
2
, − 1,1,0〉) ← X1(| − 〉) in applied electric fields Ez of 0 and 9 kV/cm.

Ez (kV/cm) branch ratios of | + 〉 branch ratios of | − 〉 branch ratio of | − 〉

branch ratio of | + 〉

0 0 0.423606 ∞
9 0 0.263891 ∞
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between the A(| 1
2 , − 1,1,0〉) ← X1(| 1

2 ,1,1,0〉) transition and the eEDM 
detection transition. Therefore, through the complete field-dependent 
simulation of the Qfe(1/2) spectra, we identify an optimal electric field 
window of 9 to 12 kV/cm for the eEDM measurement.

5. Discussion

To measure the eEDM, the low-temperature PbF molecular beam can 
be generated via the buffer gas cooling method [66], and a highly sen
sitive REMPI detection scheme [67] shall be designed to measure the 
intensity of the eEDM transition A(υ′ = 0, J′ = 1/2, f, F′ = 1, MF’ = 0) ← 
X1(υ = 0, J = 1/2, e, F = 1, |MF| = 1) under different phase conditions. To 
improve phase sensitivity in the measurement, the precise control of the 
external electric field (Ez) is very important.

From Fig. 2, the eEDM transition of A(υ′ = 0, J′ = 1/2, f, F′ = 1, MF′ =
0) ← X1(υ = 0, J = 1/2, e, F = 1, |MF| = 1) is clearly isolated from the 
Qfe(1/2) transition spectra and can be easily identified with the applied 
electric field from 9 to 12 kV/cm. Given that the polarization factor of 
PbF molecules have already exceeded 90% at Ez = 8.2 kV/cm, we can 
apply 9 kV/cm for the eEDM measurement, which is also a more suitable 
value for high-voltage apparatus comparing with higher ones.

Now we can propose an all-optical measurement scheme for the 
eEDM measurement using PbF molecules. This proposal includes the 
preparation of buffer-gas cooled PbF molecular beam, and eEDM- 
sensitive state preparation via optical pumping from the X1 (J = 1/2, 
ps = 1, F = 1, |MF| = 1) state to the A (J = 1/2, ps = –1, F = 1, MF = 0) 
state. Due to the transition probability asymmetry between | + 〉 and | – 
〉, the PbF molecules in the | + 〉 state can be prepared selectively. After 
state preparation, the molecules in the | + 〉 state accumulates multiple 
phases in an interaction region with uniform electric and magnetic fields 
including an eEDM phase δeEDM = deEDM Eeff τ/ħ, the magnetic phase due 
to both background and applied magnetic fields δB, and other possible 
geometric and systematic phases δΩ. Here deEDM stands for the eEDM 
value, and τ stands for the coherent interaction time of the molecules 
with the electric field. Finally, PbF molecules enter the detection region, 
an all-optical measurement scheme along with a sensitive and efficient 
REMPI measurement will be performed. In detail, a 444 nm laser is 
modulated with an electro-optic amplitude modulator (EOAM), which 
adds a phase modulation δd to the polarization. Then, a 468 nm pico
second laser pulse drives the A(υ′= 0) → D(υ″ = 0) → PbF⁺ + e⁻ transition. 
Here the signal intensity is proportional to PX1→A = I

2 [1 −

c⋅cos(2( ± δeEDM + δB + δΩ + δd))]. By scanning δd via EOAM, a cosine- 
like curve will be generated, and the phase difference between the two 
curves under opposite electric field directions reveals an eEDM phase 
shift of 2δeEDM, from which the value of deEDM can be extracted.

There are other critical factors which should be considered in the 
eEDM measurement. The statistical uncertainty is primarily influenced 
by the parameters [37,68] which are shown in the Eq. (8)

δdeEDM =
1/τ

2Eeff

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
dN
dt

)

T

√ ,
(8) 

where dN/dt stands for the detection rate of molecules, and T stands for 
the measurement time. In our designed eEDM experiment with PbF 
molecules, τ depends on the forward velocity of PbF molecules and the 
length of the interaction region. To generate the cold molecular beam 
with low forward velocity in the selected state, laser cooling [69–75] 
and Stark deceleration [76–80] techniques are widely employed. For 
PbF molecules, we have investigated the Franck-Condon factors for 
vibrational transitions of X2

2Π3/2(υ′ ≤ 5) ← X1
2Π1/2(υ ≤ 5), A2Σ+(υ′ ≤ 5) 

← X1
2Π1/2(υ ≤ 5), and B2Σ+(υ′ ≤ 5) ← X1

2Π1/2(υ ≤ 5) by employing the 
Morse potential method [81,82] (Appendix C). It is evident that the 
A2Σ+ ← X1

2Π1/2 and B2Σ+ ← X1
2Π1/2 transitions are currently not 

suitable for laser cooling because of their poor diagonalization factors. 
For the X2

2Π3/2 ← X1
2Π1/2 transition, it is interesting to mention that 

with Franck-Condon factors of f00(υ′ = 0 ← υ = 0) of 0.924595, f01(υ′ =
0 ← υ = 1) of 0.071711, f02(υ′ = 0 ← υ = 2) of 0.003488, f03(υ′ = 0 ← υ =
3) of 0.000189, and the sum f00+ f01+ f02+ f03 of 0.999983, PbF might 
be a promising candidate for laser cooling (Fig. 5). However, the long 
spontaneous lifetime of the upper state X2

2Π3/2 (τX2(υ = 0) of 370 ± 40 
μs) [83] limits the achievable cooling rate and pre-cooling is required to 
reduce the initial temperature [84]. In Fig. 2(a), the Stark energy level of 
the eEDM measurement state X1(J = 1/2, ps = 1, F = 1, |MF| = 1) (red 
line) is calculated. At 6.96 kV/cm, the energy of X1(J = 1/2, ps = 1, F =
1, |MF| = 1) reaches its maximum, and the energy difference between Ez 
= 6.96 kV/cm and Ez = 0 kV/cm is 2.94377 μeV. For comparison, the 
kinetic energy of the PbF with a velocity of 200 m/s is 0.047 eV, which is 
significantly larger than the energy gap. Therefore, PbF molecules in the 
eEDM sensitive state X1(J = 1/2, ps = 1, F = 1, |MF| = 1) might not be 
decelerated to a desired velocity via the Stark deceleration technique 
alone currently.

Fig. 2. (a) The energy level dependence of PbF X1 and A states with respect to the external electric field. (b) The simulation of the Stark spectra varying from 0 to 15 
kV/cm. The blue solid lines are the Qfe(1/2) transitions, with the yellow dashed lines indicating the specific eEDM-sensitive transition under different external electric 
fields. At 9 kV/cm, all transition lines are labeled with their respective positions. The annotations adjacent to each line indicate the specific transitions; for instance, 
“A10X11″ denotes the transition from X1(F = 1, |MF| = 1) to A(F = 1, MF = 0).

Z. Wang et al.                                                                                                                                                                                                                                   Journal of Quantitative Spectroscopy and Radiative Transfer 347 (2025) 109658 

5 



6. Summary

To conclude, we theoretically investigate the feasibility of eEDM 
measurement using the 208Pb19F molecule. Although further de
velopments are required, our results suggest that PbF might be a 
promising candidate for the future eEDM measurement. The energy 
level structure, especially the hyperfine energy levels of X1 and A states 
are explored by calculating the matrix elements of the effective Hamil
tonian, providing a theoretical foundation for future spectroscopic 
measurements of the A ← X1 transition in cold PbF molecules using 
REMPI techniques.

We further analyzed the J-mixing of the X1(J = 1/2, e, F = 1, |MF| =
1) and A(J′ = 1/2, f, F′ = 1, MF′ = 0) state under both 0 and 9 kV/cm, and 
estimated the branching ratios of | + 〉 and | − 〉 to the upper A(υ′ = 0, J′ 
= 1/2, f, F′= 1, MF′ = 0) state. Our results indicate that | − 〉 is a state 
with transition probability much larger than that for | + 〉, allowing us to 
selectively excite the | − 〉 state with the X1(J = 1/2, e, F = 1, |MF| = 1) → 
A(J′ = 1/2, f, F′ = 1, MF′ = 0) transition. As a result, we can perform 
phase measurements on the | + 〉 state without the interference from | −
〉 in our eEDM experiment.

Subsequently, we explored the evolution of the eEDM-related tran
sition Qfe(1/2) of PbF under external electric fields. By incorporating the 
population of the X1 state and the square of the transition dipole 
moment, we calculated the theoretical Qfe(1/2) hyperfine transition 
spectra for a rotational temperature of 5 K and Doppler broadening of 70 
MHz under different electric field conditions, which suggest an optimal 
external electric field of approximately 9 kV/cm.

Finally, we conducted a preliminary analysis of the feasibility of laser 
cooling and Stark deceleration for PbF molecules, revealing that the 
A2Σ+ ← X1

2Π1/2 and B2Σ+ ← X1
2Π1/2 transitions are not suitable for 

laser cooling due to their poorly diagonal Franck-Condon factors. The 
X2

2Π3/2 ← X1
2Π1/2 transition, on the other hand, may be suitable for 

laser cooling in theory, but the long spontaneous radiation lifetime of 
the upper state poses a significant challenge. Additionally, we found that 
Stark deceleration of the eEDM measurement state X1(J = 1/2, ps = 1, F 
= 1, |MF| = 1) is not feasible since the Stark shift at the turning point of 
the potential is much smaller than the kinetic energy of the PbF molecule 
at 200 m/s.

Our work therefore establishes a comprehensive framework for the 

eEDM measurement using 208Pb19F molecules. These theoretical in
vestigations, when integrated with cryogenic molecular beam technol
ogies, position PbF as a promising tabletop platform for probing CP 
violation and other new physics beyond the Standard Model.
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Appendix A. Matrix representations for the effective Hamiltonian

The spin-rotational Hamiltonian Hrot is different in X1 and A states. In the X1 state, the matrix of Hrot,X1 can be described as [62]: 
〈
Fʹ, Iʹ, Jʹ,Mʹ

F, p
ʹ
s

⃒
⃒Hrot,X1

⃒
⃒F, I, J,M, ps

〉
= δFFʹδIÍ δJJʹδMFMʹ

F
δpspś

U− (J, ps), (A1) 

where U− (J,ps) is given by the lower eigenvalue of Eq. (1) in the Ref. [62]. In the A state, the matrix of Hrot,A can be described as [59,60]: 
〈
Fʹ, Iʹ, Jʹ,Mʹ

F, p
ʹ
s

⃒
⃒Hrot,A|F, I, J,MF, ps〉

= δJJʹδFFʹδMFMʹ
F
δIÍ δpspś

⎛

⎝Tυ + BJ(J + 1) − DJ2(J + 1)2
+

ps

2
( − 1)J+1

2

(

p
(

J +
1
2

)

+ pD

(

J +
1
2

)3)
⎞

⎠. (A2) 

For 208Pb19F, the nuclear spin of the lead nucleus and the fluorine nucleus are IPb = 0 and I1 = IF = 1/2. The Hamiltonians H0, H1, and Hstark are the 
same for the X1 and A states of 208Pb19F, which are listed as follows: 

H0 = Iʹ
1⋅Â1⋅Sʹ, (A3) 

H1 = c1I1⋅J + (dc1 I1⋅J)(Jʹ⋅Sʹ), (A4) 

Hstark = − μenʹ⋅Eʹ. (A5) 

The matrix elements of these three Hamiltonians have already been listed in the Ref. [62].
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Appendix B. Parameters for the 208Pb19F molecule

Table 5 
Parameters of X1

2Π1/2(υ = 0) state (Units in MHz if not stated).

Parameter Description Value

A Spin-orbit parameter 248116740(2)a

ÃH Spin-orbit dependent correction to D 0.0000897(6)a

ÃD Spin-orbit dependent correction to B 157.5952(40)a

B Rotational constant 6915.1148(20)a

D Centrifugal correction to the rotational constant 0.005476(7)a

p Ω-doubling parameter -4143.54907(30)a

pD Centrifugal correction to the Ω-doubling parameter -0.00314(3)a

A‖1 Hyperfine parallel constant of nucleus fluorine 409.906(1)a

A⊥1 Hyperfine perpendicular constant of nucleus fluorine 255.9909(7)a

c1 Nuclear-spin-rotational interaction term c1I1 ⋅ J 0.0093(2)a

dc1 Nuclear-rotational correction parameter 0.00056(10)a

μe (Debye) Molecular dipole moment 3.5(3)a

a From Ref. [62].

Table 6 
Parameters of A2Σ1/2(υ′ = 0) state.

Parameter Description Value

Tυ (cm− 1) Band origin for A(υ′ = 0) ← X1(υ = 0) 22502.09(1)a

B (cm− 1) Rotational constant 0.20691(4)a

107D (cm− 1) Centrifugal correction to the rotational constant 2.23(3)a

p (cm− 1) Ω-doubling parameter 0.6185(3)a

107pD (MHz) Centrifugal correction to the Ω-doubling parameter -10.2(4)a

A‖1 (GHz) Hyperfine parallel constant of nucleus fluorine 1.640(70)b

A⊥1 (GHz) Hyperfine parallel constant of nucleus fluorine 0.785(18)b

μe (Debye) Molecular dipole moment 2.8(2)c

a From Ref. [60].
b From Ref. [67], A2Σ1/2(υ′ = 1) data.
c From Ref. [62], A2Σ1/2(υ′ = 1) data.

Appendix C. Franck-Condon Factor of 208Pb19F

Fig. 3. Franck-Condon factors for vibrational transitions of X2
2Π3/2 (υ′ ≤ 5) ← X1

2Π1/2 (υ ≤ 5).
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Fig. 4. Franck-Condon factors for vibrational transitions of A2Σ+ (υ′ ≤ 5) ← X1
2Π1/2 (υ ≤ 5).

Fig. 5. Franck-Condon factors for vibrational transitions of B2Σ+ (υ′ ≤ 5) ← X1
2Π1/2 (υ ≤ 5).

Data availability

No data was used for the research described in the article.
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