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[ACME, Nature 562, 355 (2018)]
[Baron et al.  Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)] 
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… for searches for time-reversal violation in atomic nuclei
199Hg present ‘gold standard’ for limit on nuclear Schiff moment

B. Graner et al., Phys. Rev. Lett. 116, 161601 (2016)

|dHg| < 7.4 · 10-30 e cm (95% confidence limit) 

|SHg| < 3.1 · 10-13 e fm3 

Enhancement factors in our approach:  
• octupole deformed nuclide   x 100-1,000 
• in polar molecule                   x 1,000-10,000 } compared to 199Hg

 all known cases in radionuclides



New J. Phys. 24 (2022) 025005 J Kłos et al

Figure 1. Beyond-standard-model quantum sensor based on FrAg molecules containing unstable Fr with deformed
non-spherical nucleus. The strong ionic bond of FrAg leads to a strong internal electric field Eeff significantly enhancing the
sensitivity to parity-violating effects.

possess a high sensitivity to parity violation [13–18]. Both heavy atom species are now routinely cooled and
trapped in magneto-optical traps despite their short lifetime by either α or β decay [19, 20]. In the search
for bonding partners for Ra and Fr two criteria must be considered: (i) bonding partners must have a large
electron affinity that leads to an ionic bond and a strongly polarized Ra or Fr atom; (ii) being amenable to
laser cooling and trapping. An ionic bond is also correlated with a large permanent molecular electronic
dipole moment and with a large effective electric field, Eeff, acting on either the unstable nucleus or the
electrons [8, 18, 21]. Among the most relevant partner for both Ra and Fr is the silver (Ag) atom [18, 22]. It
satisfies both criteria as having a large electron affinity of hc × 10 521 cm−1 [23], and having been laser
cooled [24]. Here, h is the Planck constant and c is the speed of light in vacuum.

In this paper, we consider the prototypical francium–silver molecule FrAg, shown in figure 1 for the
development of a quantum sensor in search of a nuclear Schiff moment. The idea is to assemble FrAg
molecules from laser-cooled 223Fr and 107Ag atoms [22]. Both atoms have an 2S electron-spin-1/2 electronic
ground state, while their electronic molecular ground state is well described as an electron-spin-zero, singlet
1Σ+ Hund’s case (a) state [25, 26], similar to that for the ground state of bi-alkali-metal molecules.
Alkali-metal dimers have already been assembled from ultra-cold atoms and been shown to be scientifically
relevant [27, 28].

We first assume that the ultracold atoms are prepared in their energetically lowest Zeeman, hyperfine
state and collide in the presence of an external magnetic field and from there can be bound together with a
small binding energy of order hc × 10−3 cm−1, in an electronic configuration that is predominantly of
triplet a3Σ+ character. This binding process is either achieved via a slow time-dependent sweep or ramp of
the magnetic field near a Fano-Feshbach resonance, also known as magneto-association, or via microwave
radiation near such resonances [29]. We will show that useable Feshbach resonances exist in 223Fr and 107Ag
collisions.

The next step is to search for a route, based on stimulated Raman adiabatic passage (STIRAP) processes
[30], to coherently transfer the population from a weakly-bound rovibrational state to the strongly-bound
rovibrational ground state of the X1Σ+ state via a rovibrational state of the mixed and coupled b3Π and
A1Σ+ excited electronic states. Mixing is due to relativistic spin–orbit interactions, which requires us to
label electronic state with Hund’s case (c) labels rather than with case (a) labels [25, 26].

The two-step formation of ultracold FrAg molecules from ultracold Fr and Ag is made challenging due
to a lack of knowledge of their relativistic electronic, rovibrational, and hyperfine structure in both
electronic ground and excited states. To our knowledge, only the electronic singlet and triplet ground-state
potentials of FrAg have been calculated [31]. Here, we describe our theoretical study of potentials, electric
dipole moments, and rovibrational states of FrAg. In addition, this includes the prediction of Feshbach
resonance densities and locations, as well as the development of Raman schemes for the formation of the
absolute ground state of FrAg. Unless otherwise noted, we present results for rovibrational states of the
223Fr107Ag isotopologue.

2. Results

2.1. Electronic potentials and transition dipole moments
We begin with the determination of the adiabatic potential energy surfaces of FrAg electronic states as well
as transition electric dipole moments between these states as functions of atom–atom separation R. Here,
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… for searches for time-reversal violation in atomic nuclei
199Hg present ‘gold standard’ for limit on nuclear Schiff moment

B. Graner et al., Phys. Rev. Lett. 116, 161601 (2016)

|dHg| < 7.4 · 10-30 e cm (95% confidence limit) 

|SHg| < 3.1 · 10-13 e fm3 

Enhancement factors in our approach:  
• octupole deformed nuclide   x 100-1,000 
• in polar molecule                   x 1,000-10,000 } compared to 199Hg

Example: 223FrAg 
• intrinsic enhancement of 107 compared to 199Hg 

• need to be produced at radioactive ion beam (RIB) facilities 
➡ challenge: reduced availability 

• anticipated gain: x 1,000 for certain CPV-parameters (comp to 199Hg)

V. V. Flambaum and V. A. Dzuba. Phys. Rev. A 101, 042504 (2020) 
T. Fleig. private communications with D. DeMille (2022) 

 all known cases in radionuclides
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RadMol
a radioactive molecule lab for fundamental physics 

Goal: 
▪dedicated laboratory to study radioactive molecules 
▪ to host multiple experimental stations  
▪precision studies for searches for new physics 
▪Molecular EDM with unprecedented sensitivity to  

nuclear T-breaking Schiff moments using octupole 
deformed nuclei 
▪provision for expansions into other fields 

TRIUMF strengths: 
▪ large variety in radioactive ion beams (RIB) 
▪high beamtime availability (3 independent RIBs) 
▪existing laboratory space for large, multi-station 

program 

NEWS:  
▪Funding application approved via  

 

Amar Vutha
Stephan Malbrunot-Ettenauer

RadMol
A radioactive molecule lab for fundamental physics

This is just a placeholder. Do not take it too seriously.
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Scope of present RadMol project
UBC Assessment Criteria IF 2025 #45945

RadMol  

Building Extension

ARIEL ISAC I

ISAC II

Figure 6: Rendered picture of the ISAC-II extension building as integrated into the
TRIUMF landscape. The existing ISAC-II building is seen on the left while the ISAC-II
building extension (RadMol) is shown at centre. The building extension contains the
beamline connecting the RadMol laboratory to TRIUMF’s RIB production facilities
ISAC and ARIEL. Moreover, it provides the required laboratory space for an Ion Reac-
tion Cell (IRC) and the Medical Isotopes Laboratory for chemical and mass separation.

Infrastructure location

While the construction and commissioning of experimental instruments for our work
on radioactive molecules will proceed at the involved universities, see Sec. 2.1, the
measurements on radioactive molecules will be conducted at TRIUMF, i.e. in the
proposed RadMol laboratory. TRIUMF is located on UBC campus. The overall concept
of the RadMol laboratory has been introduced in previous sections of this proposal and
is conceptually shown in Fig. 1b in the Project Summary. Excerpts of the floor plans of
the existing laboratory space to be renovated to the requirements of precision studies
on 232ThF+ and 223FrAg molecules are shown in Fig. 5; a view on the relevant TRIUMF
landscape is given in Fig. 6. More complete descriptions of the architectural design,
including additional floor plans, are attached in a separate document.

4. Objective 2b: Sustainability

The proposed laboratory will be built at TRIUMF and therefore will be constructed and
operated under the authority of TRIUMF management. TRIUMF’s Members’ Council
is formed of representatives from the member universities. All our CFI-involved in-
stitutions are member universities of TRIUMF and are represented on the Members’
Council. The TRIUMF Board of Governors is responsible for managing or supervising

▪ renovation of existing laboratory space 
▪2 experimental stations for Schiff-moment searches 
▪RIB beam lines to RadMol labs 
▪RadMol building extension
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Figure 1. Beyond-standard-model quantum sensor based on FrAg molecules containing unstable Fr with deformed
non-spherical nucleus. The strong ionic bond of FrAg leads to a strong internal electric field Eeff significantly enhancing the
sensitivity to parity-violating effects.

possess a high sensitivity to parity violation [13–18]. Both heavy atom species are now routinely cooled and
trapped in magneto-optical traps despite their short lifetime by either α or β decay [19, 20]. In the search
for bonding partners for Ra and Fr two criteria must be considered: (i) bonding partners must have a large
electron affinity that leads to an ionic bond and a strongly polarized Ra or Fr atom; (ii) being amenable to
laser cooling and trapping. An ionic bond is also correlated with a large permanent molecular electronic
dipole moment and with a large effective electric field, Eeff, acting on either the unstable nucleus or the
electrons [8, 18, 21]. Among the most relevant partner for both Ra and Fr is the silver (Ag) atom [18, 22]. It
satisfies both criteria as having a large electron affinity of hc × 10 521 cm−1 [23], and having been laser
cooled [24]. Here, h is the Planck constant and c is the speed of light in vacuum.

In this paper, we consider the prototypical francium–silver molecule FrAg, shown in figure 1 for the
development of a quantum sensor in search of a nuclear Schiff moment. The idea is to assemble FrAg
molecules from laser-cooled 223Fr and 107Ag atoms [22]. Both atoms have an 2S electron-spin-1/2 electronic
ground state, while their electronic molecular ground state is well described as an electron-spin-zero, singlet
1Σ+ Hund’s case (a) state [25, 26], similar to that for the ground state of bi-alkali-metal molecules.
Alkali-metal dimers have already been assembled from ultra-cold atoms and been shown to be scientifically
relevant [27, 28].

We first assume that the ultracold atoms are prepared in their energetically lowest Zeeman, hyperfine
state and collide in the presence of an external magnetic field and from there can be bound together with a
small binding energy of order hc × 10−3 cm−1, in an electronic configuration that is predominantly of
triplet a3Σ+ character. This binding process is either achieved via a slow time-dependent sweep or ramp of
the magnetic field near a Fano-Feshbach resonance, also known as magneto-association, or via microwave
radiation near such resonances [29]. We will show that useable Feshbach resonances exist in 223Fr and 107Ag
collisions.

The next step is to search for a route, based on stimulated Raman adiabatic passage (STIRAP) processes
[30], to coherently transfer the population from a weakly-bound rovibrational state to the strongly-bound
rovibrational ground state of the X1Σ+ state via a rovibrational state of the mixed and coupled b3Π and
A1Σ+ excited electronic states. Mixing is due to relativistic spin–orbit interactions, which requires us to
label electronic state with Hund’s case (c) labels rather than with case (a) labels [25, 26].

The two-step formation of ultracold FrAg molecules from ultracold Fr and Ag is made challenging due
to a lack of knowledge of their relativistic electronic, rovibrational, and hyperfine structure in both
electronic ground and excited states. To our knowledge, only the electronic singlet and triplet ground-state
potentials of FrAg have been calculated [31]. Here, we describe our theoretical study of potentials, electric
dipole moments, and rovibrational states of FrAg. In addition, this includes the prediction of Feshbach
resonance densities and locations, as well as the development of Raman schemes for the formation of the
absolute ground state of FrAg. Unless otherwise noted, we present results for rovibrational states of the
223Fr107Ag isotopologue.

2. Results

2.1. Electronic potentials and transition dipole moments
We begin with the determination of the adiabatic potential energy surfaces of FrAg electronic states as well
as transition electric dipole moments between these states as functions of atom–atom separation R. Here,
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Figure 1. Beyond-standard-model quantum sensor based on FrAg molecules containing unstable Fr with deformed
non-spherical nucleus. The strong ionic bond of FrAg leads to a strong internal electric field Eeff significantly enhancing the
sensitivity to parity-violating effects.

possess a high sensitivity to parity violation [13–18]. Both heavy atom species are now routinely cooled and
trapped in magneto-optical traps despite their short lifetime by either α or β decay [19, 20]. In the search
for bonding partners for Ra and Fr two criteria must be considered: (i) bonding partners must have a large
electron affinity that leads to an ionic bond and a strongly polarized Ra or Fr atom; (ii) being amenable to
laser cooling and trapping. An ionic bond is also correlated with a large permanent molecular electronic
dipole moment and with a large effective electric field, Eeff, acting on either the unstable nucleus or the
electrons [8, 18, 21]. Among the most relevant partner for both Ra and Fr is the silver (Ag) atom [18, 22]. It
satisfies both criteria as having a large electron affinity of hc × 10 521 cm−1 [23], and having been laser
cooled [24]. Here, h is the Planck constant and c is the speed of light in vacuum.

In this paper, we consider the prototypical francium–silver molecule FrAg, shown in figure 1 for the
development of a quantum sensor in search of a nuclear Schiff moment. The idea is to assemble FrAg
molecules from laser-cooled 223Fr and 107Ag atoms [22]. Both atoms have an 2S electron-spin-1/2 electronic
ground state, while their electronic molecular ground state is well described as an electron-spin-zero, singlet
1Σ+ Hund’s case (a) state [25, 26], similar to that for the ground state of bi-alkali-metal molecules.
Alkali-metal dimers have already been assembled from ultra-cold atoms and been shown to be scientifically
relevant [27, 28].

We first assume that the ultracold atoms are prepared in their energetically lowest Zeeman, hyperfine
state and collide in the presence of an external magnetic field and from there can be bound together with a
small binding energy of order hc × 10−3 cm−1, in an electronic configuration that is predominantly of
triplet a3Σ+ character. This binding process is either achieved via a slow time-dependent sweep or ramp of
the magnetic field near a Fano-Feshbach resonance, also known as magneto-association, or via microwave
radiation near such resonances [29]. We will show that useable Feshbach resonances exist in 223Fr and 107Ag
collisions.

The next step is to search for a route, based on stimulated Raman adiabatic passage (STIRAP) processes
[30], to coherently transfer the population from a weakly-bound rovibrational state to the strongly-bound
rovibrational ground state of the X1Σ+ state via a rovibrational state of the mixed and coupled b3Π and
A1Σ+ excited electronic states. Mixing is due to relativistic spin–orbit interactions, which requires us to
label electronic state with Hund’s case (c) labels rather than with case (a) labels [25, 26].

The two-step formation of ultracold FrAg molecules from ultracold Fr and Ag is made challenging due
to a lack of knowledge of their relativistic electronic, rovibrational, and hyperfine structure in both
electronic ground and excited states. To our knowledge, only the electronic singlet and triplet ground-state
potentials of FrAg have been calculated [31]. Here, we describe our theoretical study of potentials, electric
dipole moments, and rovibrational states of FrAg. In addition, this includes the prediction of Feshbach
resonance densities and locations, as well as the development of Raman schemes for the formation of the
absolute ground state of FrAg. Unless otherwise noted, we present results for rovibrational states of the
223Fr107Ag isotopologue.

2. Results

2.1. Electronic potentials and transition dipole moments
We begin with the determination of the adiabatic potential energy surfaces of FrAg electronic states as well
as transition electric dipole moments between these states as functions of atom–atom separation R. Here,
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development of Th+ / ThF+ beams 
@ existing RadMol lab

2. Material and Methods

2.1. Ion Source Setup

The ion source unit (ISU) was adapted in its design from
a similar setup at the University of Edinburgh; comprehensive
design details are presented in [] . In our application, we focuscite
on optimizing the source for 227ThF+ production. The ISU is
mounted inside a vacuum chamber with a nominal pressure of
10→7 Torr. A schematic diagram is shown in Figure 1.

Figure 1: Cross-sectional schematic of the ion source and quadrupole mass

filter, showing a representative ion trajectory (red). The potential difference
between the Target and the Ar-fed Holder accelerates Ar+ to sputter the Target.
Ions are drawn by a negatively biased Extractor and steered through an off-axis
einzel lens towards an exit aperture into the downstream quadrupole mass filter.
See text for details.

The source consists of an Ar-fed cavity within a Holder bi-
ased at +20 V and an electrically isolated Target biased at a
highly negative potential (< →500 V). The resulting electric
field accelerates Ar+ to sputter target atoms and release sec-
ondary electrons, sustaining steady-state glow discharge via
collisional ionization. Positively charged ions near the edge of
the Skimmer (biased at Holder potential) are extracted by the
negatively biased Extractor. An off-axis einzel lens, designed to
suppress transmission of neutral Ar atoms, deflects ions through
an exit aperture held at the Extractor potential. A quadrupole
mass filter (QMF) subsequently isolates the ions of interest that
impinge on a collector plate for current readout.

At an argon pressure of 5 Torr, an electric arc is ignited, and
the Extractor and einzel lens voltages are optimized to maxi-
mize ion transmission.

2.2. Quadrupole Mass Filter

The QMF consists of four parallel cylindrical electrodes with
length ↑ 20 cm and radius ↑ 6 mm, positioned equidistant (r0 ↑
5.33 mm) from the central axis. See Figure 2 for a schematic
diagram and bias circuitry.

The radio frequency (RF) signals are generated by an RF
driver that operates as a resonant circuit that amplifies the in-
put signal approximately 100 times. Since the quadrupole and
its associated cabling dominate the capacitive load, resonance
tuning is performed with the QMF attached to the circuit. Ini-
tially, our mass scan range was constrained by the RF driver’s
current limits and thermal frequency drift at input voltages ex-
ceeding 6 V. To mitigate this, we installed additional high-Q

Figure 2: Axial view of the quadrupole electrode configuration and bias-

ing network. Opposing rod pairs are driven with superimposed RF and DC
voltages: one pair is biased at +VDC combined with VRF = V0 cos(ωt) (green),
while the orthogonal pair is biased at →VDC → VRF (purple) [25; 26]. The bi-
asing network uses 10 MΩ resistors (gray) and 47 nF capacitors decouple and
combine the RF signal, generated by an RF driver, with the DC supply voltages.
Each DC output is additionally filtered by 100 pF ceramic and 1 µF tantalum
capacitors (not shown for clarity).

capacitors to reduce the required input to ↓ 5.6 V; this mod-
ification extended our scan capability to ↓ 250 amu at an RF
drive resonance frequency of 874 kHz (corresponding to ω in
Figure 2).

Mass scans are performed by simultaneously sweeping the
RF and DC voltages at a fixed ratio, while the transmitted ion
current is recorded via a picoammeter. To mitigate potential
time-dependent systematics, each mass range is scanned in trip-
licate using a randomized acquisition order.

3. Commissioning Results and Discussion

3.1. Results with Stainless Steel Target

We test our newly assembled setup with a stainless steel tar-
get, for which Fe+ (56 amu) is the dominant sputtered species.
We also expect background from H2O+ (18 amu), Ar+ (40
amu), and Ar+2 (80 amu). Although water and various argon
species are abundant in the spectra, the Ar+2 peak is used for cal-
ibration as a higher mass reference, capturing potential mass-
dependent deviations from the ideal RF/DC scaling. The cali-
brated mass spectra are shown in Figure 3.

With our operating RF parameters and trap geometry, the
Mathieu stability boundaries imply a theoretical mass resolv-
ing power of m/∆m ↑ 7.7. The experimental ∆m is defined
as the full width at half maximum (FWHM) of a peak in the
mass scan, obtained from a Gaussian fit with a constant back-
ground. The mean experimental resolving power of Fe+ and
Ar+2 is 7.5 ± 0.2. Although theoretical and experimental resolv-
ing powers do not necessarily correspond one-to-one [27], their
proximity suggests that our system is tuned near the boundary
of the stability region. In this regime, geometric imperfections
and entrance fringe fields may act to further constrain the ac-
ceptance window [28].

Mass scans at varying VTarget identify the detection thresh-
old for iron. While the background Ar+2 signal scales smoothly
from 15 to 38 pA with voltage (see inset of Figure 3), the Fe+
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FIG. 4: A high resolution TOF spectrum (R=296,000)
identifying 140CeF2+ after molecular formation with in-
coming 140Ce3+ ions. In this 2000 second long measure-
ment, the mass range selector [63] is engaged which pro-
vided a timed window allowing only the CeF2+ and the
87Rb+ calibrant to pass through while trapped within
the MR-TOF analyzer, deflecting all other species.
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FIG. 5: Identifying the m/q = 53 peak. A TOF spectrum
recorded after a single turn in the MR-TOF analyzer
shows a peak corresponding to the m/q of the 140CeF3+

molecule. Inset: A high-resolution TOF spectrum reveals
that the peak is actually a fragment of the SF6 gas that
has been ionized in the process of forming the cerium
fluoride.

The objective of the present work has been to demon-
strate the suitability of instrumentation available at ra-
dioactive ion beam facilities, designed to handle the small
sample sizes inherent to accelerator-produced radionu-
clides, for the formation of (doubly charged) molecules.
At this stage, we thus do not consider the efficiency of
transforming the incoming ion beam into molecules of in-
terest to be maximal. To illustrate the potential of our
method, we nevertheless quantify the molecular-ion pro-
duction rates and efficiencies achieved in these first re-
sults and outline upgrades that will enhance them, pro-
viding guidance on what can be expected in future work
to be focused on optimizing overall performance. To this
end, the rate of single-ion CeF2+ hits on the TOF detec-
tor after MR-TOF mass identification is compared with
the intensity of the continuous Ce3+ beam delivered from

OLIS, as measured on a Faraday cup upstream of the
RFQcb. In measurements in which both data is reliably
recorded, the typical rate of MR-TOF mass separated
CeF2+ is → 350 ions per second.

High resolution measurements further reveal that the
ion beam extracted from the RFQcb at the m/q = 159/2
is entirely due to CeF2+, and is free from other contami-
nating ions. Hence, while the MR-TOF system is essential
for unambiguous mass identification in the present work,
it could readily be replaced by lower-resolution methods
such as a magnetic dipole separator that operate with
nearly unit efficiency. For atomic ions, the efficiency of
the MR-TOF system is reported to be approximately
30% [63]. For (multiply charged) molecules, we observe
collision-induced dissociation [74] as well as intensified
charge exchange in the MR-TOF’s RFQ, further reduc-
ing the efficiency. Therefore, at least 1,000 CeF2+ ions per
second are formed and delivered by the RFQcb and, thus,
already available for subsequent precision studies. This
corresponds to an efficiency of at least 3 · 10→6, or → 10→6

after the MR-TOF mass identification, when compared
to the number of Ce3+ ions injected into the RFQcb.

Ongoing upgrades to our method focus on the gas-han-
dling system of the RFQcb for better control of the gas
flow into the cooler buncher. This will allow reproducible
and precise adjustment of the mixing ratio between the
SF6 reactant gas and the He bu!er gas, facilitating sys-
tematic optimization. It will also enable an environment
for molecular formation which remains stable over an en-
tire experimental campaign, in contrast to the repeated
refilling of the mixing reservoir required in the present
configuration. Other experimental parameters to be op-
timized are the energy of the stored Ce3+ ions, the re-
action and ion storage time in the RFQcb, or minimiz-
ing gas impurities in the RFQcb system which presently
lead to additional undesired chemical reactions with the
incoming Ce3+ ion beam, all reducing the CeF2+ yield.
Once implemented, all of these upgrades as well as the
full optimization of all experimental parameters promise
to significantly enhance the efficiency in creating (mul-
tiply charged) molecules of interests and thus provide a
realistic prospect to expand the developed method for the
formation of PaF3+, even when aiming for the short-lived
isotope 229Pa.

D. Prospects of Formation of Highly Charged PaF
at TRIUMF

The production of multiply charged molecules in the
RFQcb through the use of a He-SF6 mixture not only
allows for the identification of the previously discussed
CeF2+, but also provides insight into the viability of
transferring this method to highly sought-after PaF3+

ions. Combining our experimental observations with a
thermochemistry picture, the results of which are shown
in Figure 6, allows for a heuristic prediction of the reac-
tion products when injecting protactinium ions into the

development of Th+ / ThF+ beams 
@ existing RadMol lab

2. Material and Methods

2.1. Ion Source Setup

The ion source unit (ISU) was adapted in its design from
a similar setup at the University of Edinburgh; comprehensive
design details are presented in [] . In our application, we focuscite
on optimizing the source for 227ThF+ production. The ISU is
mounted inside a vacuum chamber with a nominal pressure of
10→7 Torr. A schematic diagram is shown in Figure 1.

Figure 1: Cross-sectional schematic of the ion source and quadrupole mass

filter, showing a representative ion trajectory (red). The potential difference
between the Target and the Ar-fed Holder accelerates Ar+ to sputter the Target.
Ions are drawn by a negatively biased Extractor and steered through an off-axis
einzel lens towards an exit aperture into the downstream quadrupole mass filter.
See text for details.

The source consists of an Ar-fed cavity within a Holder bi-
ased at +20 V and an electrically isolated Target biased at a
highly negative potential (< →500 V). The resulting electric
field accelerates Ar+ to sputter target atoms and release sec-
ondary electrons, sustaining steady-state glow discharge via
collisional ionization. Positively charged ions near the edge of
the Skimmer (biased at Holder potential) are extracted by the
negatively biased Extractor. An off-axis einzel lens, designed to
suppress transmission of neutral Ar atoms, deflects ions through
an exit aperture held at the Extractor potential. A quadrupole
mass filter (QMF) subsequently isolates the ions of interest that
impinge on a collector plate for current readout.

At an argon pressure of 5 Torr, an electric arc is ignited, and
the Extractor and einzel lens voltages are optimized to maxi-
mize ion transmission.

2.2. Quadrupole Mass Filter

The QMF consists of four parallel cylindrical electrodes with
length ↑ 20 cm and radius ↑ 6 mm, positioned equidistant (r0 ↑
5.33 mm) from the central axis. See Figure 2 for a schematic
diagram and bias circuitry.

The radio frequency (RF) signals are generated by an RF
driver that operates as a resonant circuit that amplifies the in-
put signal approximately 100 times. Since the quadrupole and
its associated cabling dominate the capacitive load, resonance
tuning is performed with the QMF attached to the circuit. Ini-
tially, our mass scan range was constrained by the RF driver’s
current limits and thermal frequency drift at input voltages ex-
ceeding 6 V. To mitigate this, we installed additional high-Q

Figure 2: Axial view of the quadrupole electrode configuration and bias-

ing network. Opposing rod pairs are driven with superimposed RF and DC
voltages: one pair is biased at +VDC combined with VRF = V0 cos(ωt) (green),
while the orthogonal pair is biased at →VDC → VRF (purple) [25; 26]. The bi-
asing network uses 10 MΩ resistors (gray) and 47 nF capacitors decouple and
combine the RF signal, generated by an RF driver, with the DC supply voltages.
Each DC output is additionally filtered by 100 pF ceramic and 1 µF tantalum
capacitors (not shown for clarity).

capacitors to reduce the required input to ↓ 5.6 V; this mod-
ification extended our scan capability to ↓ 250 amu at an RF
drive resonance frequency of 874 kHz (corresponding to ω in
Figure 2).

Mass scans are performed by simultaneously sweeping the
RF and DC voltages at a fixed ratio, while the transmitted ion
current is recorded via a picoammeter. To mitigate potential
time-dependent systematics, each mass range is scanned in trip-
licate using a randomized acquisition order.

3. Commissioning Results and Discussion

3.1. Results with Stainless Steel Target

We test our newly assembled setup with a stainless steel tar-
get, for which Fe+ (56 amu) is the dominant sputtered species.
We also expect background from H2O+ (18 amu), Ar+ (40
amu), and Ar+2 (80 amu). Although water and various argon
species are abundant in the spectra, the Ar+2 peak is used for cal-
ibration as a higher mass reference, capturing potential mass-
dependent deviations from the ideal RF/DC scaling. The cali-
brated mass spectra are shown in Figure 3.

With our operating RF parameters and trap geometry, the
Mathieu stability boundaries imply a theoretical mass resolv-
ing power of m/∆m ↑ 7.7. The experimental ∆m is defined
as the full width at half maximum (FWHM) of a peak in the
mass scan, obtained from a Gaussian fit with a constant back-
ground. The mean experimental resolving power of Fe+ and
Ar+2 is 7.5 ± 0.2. Although theoretical and experimental resolv-
ing powers do not necessarily correspond one-to-one [27], their
proximity suggests that our system is tuned near the boundary
of the stability region. In this regime, geometric imperfections
and entrance fringe fields may act to further constrain the ac-
ceptance window [28].

Mass scans at varying VTarget identify the detection thresh-
old for iron. While the background Ar+2 signal scales smoothly
from 15 to 38 pA with voltage (see inset of Figure 3), the Fe+
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FIG. 4: A high resolution TOF spectrum (R=296,000)
identifying 140CeF2+ after molecular formation with in-
coming 140Ce3+ ions. In this 2000 second long measure-
ment, the mass range selector [63] is engaged which pro-
vided a timed window allowing only the CeF2+ and the
87Rb+ calibrant to pass through while trapped within
the MR-TOF analyzer, deflecting all other species.
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FIG. 5: Identifying the m/q = 53 peak. A TOF spectrum
recorded after a single turn in the MR-TOF analyzer
shows a peak corresponding to the m/q of the 140CeF3+

molecule. Inset: A high-resolution TOF spectrum reveals
that the peak is actually a fragment of the SF6 gas that
has been ionized in the process of forming the cerium
fluoride.

The objective of the present work has been to demon-
strate the suitability of instrumentation available at ra-
dioactive ion beam facilities, designed to handle the small
sample sizes inherent to accelerator-produced radionu-
clides, for the formation of (doubly charged) molecules.
At this stage, we thus do not consider the efficiency of
transforming the incoming ion beam into molecules of in-
terest to be maximal. To illustrate the potential of our
method, we nevertheless quantify the molecular-ion pro-
duction rates and efficiencies achieved in these first re-
sults and outline upgrades that will enhance them, pro-
viding guidance on what can be expected in future work
to be focused on optimizing overall performance. To this
end, the rate of single-ion CeF2+ hits on the TOF detec-
tor after MR-TOF mass identification is compared with
the intensity of the continuous Ce3+ beam delivered from

OLIS, as measured on a Faraday cup upstream of the
RFQcb. In measurements in which both data is reliably
recorded, the typical rate of MR-TOF mass separated
CeF2+ is → 350 ions per second.

High resolution measurements further reveal that the
ion beam extracted from the RFQcb at the m/q = 159/2
is entirely due to CeF2+, and is free from other contami-
nating ions. Hence, while the MR-TOF system is essential
for unambiguous mass identification in the present work,
it could readily be replaced by lower-resolution methods
such as a magnetic dipole separator that operate with
nearly unit efficiency. For atomic ions, the efficiency of
the MR-TOF system is reported to be approximately
30% [63]. For (multiply charged) molecules, we observe
collision-induced dissociation [74] as well as intensified
charge exchange in the MR-TOF’s RFQ, further reduc-
ing the efficiency. Therefore, at least 1,000 CeF2+ ions per
second are formed and delivered by the RFQcb and, thus,
already available for subsequent precision studies. This
corresponds to an efficiency of at least 3 · 10→6, or → 10→6

after the MR-TOF mass identification, when compared
to the number of Ce3+ ions injected into the RFQcb.

Ongoing upgrades to our method focus on the gas-han-
dling system of the RFQcb for better control of the gas
flow into the cooler buncher. This will allow reproducible
and precise adjustment of the mixing ratio between the
SF6 reactant gas and the He bu!er gas, facilitating sys-
tematic optimization. It will also enable an environment
for molecular formation which remains stable over an en-
tire experimental campaign, in contrast to the repeated
refilling of the mixing reservoir required in the present
configuration. Other experimental parameters to be op-
timized are the energy of the stored Ce3+ ions, the re-
action and ion storage time in the RFQcb, or minimiz-
ing gas impurities in the RFQcb system which presently
lead to additional undesired chemical reactions with the
incoming Ce3+ ion beam, all reducing the CeF2+ yield.
Once implemented, all of these upgrades as well as the
full optimization of all experimental parameters promise
to significantly enhance the efficiency in creating (mul-
tiply charged) molecules of interests and thus provide a
realistic prospect to expand the developed method for the
formation of PaF3+, even when aiming for the short-lived
isotope 229Pa.

D. Prospects of Formation of Highly Charged PaF
at TRIUMF

The production of multiply charged molecules in the
RFQcb through the use of a He-SF6 mixture not only
allows for the identification of the previously discussed
CeF2+, but also provides insight into the viability of
transferring this method to highly sought-after PaF3+

ions. Combining our experimental observations with a
thermochemistry picture, the results of which are shown
in Figure 6, allows for a heuristic prediction of the reac-
tion products when injecting protactinium ions into the

development of Th+ / ThF+ beams 
@ existing RadMol lab

2. Material and Methods

2.1. Ion Source Setup

The ion source unit (ISU) was adapted in its design from
a similar setup at the University of Edinburgh; comprehensive
design details are presented in [] . In our application, we focuscite
on optimizing the source for 227ThF+ production. The ISU is
mounted inside a vacuum chamber with a nominal pressure of
10→7 Torr. A schematic diagram is shown in Figure 1.

Figure 1: Cross-sectional schematic of the ion source and quadrupole mass

filter, showing a representative ion trajectory (red). The potential difference
between the Target and the Ar-fed Holder accelerates Ar+ to sputter the Target.
Ions are drawn by a negatively biased Extractor and steered through an off-axis
einzel lens towards an exit aperture into the downstream quadrupole mass filter.
See text for details.

The source consists of an Ar-fed cavity within a Holder bi-
ased at +20 V and an electrically isolated Target biased at a
highly negative potential (< →500 V). The resulting electric
field accelerates Ar+ to sputter target atoms and release sec-
ondary electrons, sustaining steady-state glow discharge via
collisional ionization. Positively charged ions near the edge of
the Skimmer (biased at Holder potential) are extracted by the
negatively biased Extractor. An off-axis einzel lens, designed to
suppress transmission of neutral Ar atoms, deflects ions through
an exit aperture held at the Extractor potential. A quadrupole
mass filter (QMF) subsequently isolates the ions of interest that
impinge on a collector plate for current readout.

At an argon pressure of 5 Torr, an electric arc is ignited, and
the Extractor and einzel lens voltages are optimized to maxi-
mize ion transmission.

2.2. Quadrupole Mass Filter

The QMF consists of four parallel cylindrical electrodes with
length ↑ 20 cm and radius ↑ 6 mm, positioned equidistant (r0 ↑
5.33 mm) from the central axis. See Figure 2 for a schematic
diagram and bias circuitry.

The radio frequency (RF) signals are generated by an RF
driver that operates as a resonant circuit that amplifies the in-
put signal approximately 100 times. Since the quadrupole and
its associated cabling dominate the capacitive load, resonance
tuning is performed with the QMF attached to the circuit. Ini-
tially, our mass scan range was constrained by the RF driver’s
current limits and thermal frequency drift at input voltages ex-
ceeding 6 V. To mitigate this, we installed additional high-Q

Figure 2: Axial view of the quadrupole electrode configuration and bias-

ing network. Opposing rod pairs are driven with superimposed RF and DC
voltages: one pair is biased at +VDC combined with VRF = V0 cos(ωt) (green),
while the orthogonal pair is biased at →VDC → VRF (purple) [25; 26]. The bi-
asing network uses 10 MΩ resistors (gray) and 47 nF capacitors decouple and
combine the RF signal, generated by an RF driver, with the DC supply voltages.
Each DC output is additionally filtered by 100 pF ceramic and 1 µF tantalum
capacitors (not shown for clarity).

capacitors to reduce the required input to ↓ 5.6 V; this mod-
ification extended our scan capability to ↓ 250 amu at an RF
drive resonance frequency of 874 kHz (corresponding to ω in
Figure 2).

Mass scans are performed by simultaneously sweeping the
RF and DC voltages at a fixed ratio, while the transmitted ion
current is recorded via a picoammeter. To mitigate potential
time-dependent systematics, each mass range is scanned in trip-
licate using a randomized acquisition order.

3. Commissioning Results and Discussion

3.1. Results with Stainless Steel Target

We test our newly assembled setup with a stainless steel tar-
get, for which Fe+ (56 amu) is the dominant sputtered species.
We also expect background from H2O+ (18 amu), Ar+ (40
amu), and Ar+2 (80 amu). Although water and various argon
species are abundant in the spectra, the Ar+2 peak is used for cal-
ibration as a higher mass reference, capturing potential mass-
dependent deviations from the ideal RF/DC scaling. The cali-
brated mass spectra are shown in Figure 3.

With our operating RF parameters and trap geometry, the
Mathieu stability boundaries imply a theoretical mass resolv-
ing power of m/∆m ↑ 7.7. The experimental ∆m is defined
as the full width at half maximum (FWHM) of a peak in the
mass scan, obtained from a Gaussian fit with a constant back-
ground. The mean experimental resolving power of Fe+ and
Ar+2 is 7.5 ± 0.2. Although theoretical and experimental resolv-
ing powers do not necessarily correspond one-to-one [27], their
proximity suggests that our system is tuned near the boundary
of the stability region. In this regime, geometric imperfections
and entrance fringe fields may act to further constrain the ac-
ceptance window [28].

Mass scans at varying VTarget identify the detection thresh-
old for iron. While the background Ar+2 signal scales smoothly
from 15 to 38 pA with voltage (see inset of Figure 3), the Fe+
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physics interpretation &  
collaboration:  
exp - nuclear theory - quantum chemistry 

K.B. Ng et al., Phys. Rev. Lett. 136, 112501  (2026)

Nuclear Schiff Moment of 19F
▪ (re-)interpret HfF+ as NSM  
▪1st nuclear ab initio calculation of a NSM 
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Ions typically produced/cooled to ~10 K 
⇒ distributed across multiple J (and finer 
structures).
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227ThF+ experiment

▪experimental EDM technique analogous to HfF+ electron EDM experiment (worldwide best) 

▪molecular structure of 232ThF+ known from spectroscopy at JILA 

▪access to 227Th via 227Ac sample (T1/2 = 22 years)

Design Status
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227ThF+

227ThF+ source cryogenic, buffer-gas 
filled Paul trap

precision trap (top view)

Erot

227ThF+

trap 
electrode

227Th+

imaging 
MCP

‘cold’ 
molecules

state 
preparation

dissociation

‘high’-pressure 
stopping region

low-pressure 
region

227ThF+

Cooling of  
▪ centre of mass motion 
▪ inner degrees of freedom 

T. S. Roussy et al. Science 381.6653 (2023), pp. 46–50.  

K.B. Ng et al. Phys. Rev. A 105, 022823 (2022) 
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Th ion source 
▪glow-discharge ion source (design by M. P. Reiter/ Edinburgh)

target

holder

discharge/
skimmer

extractor

lens

exit

ion-source schematics setup @ TRIUMF first 232Th+ ion beam @ Edinburgh 
based on thoriated-tungsten sample

prelim
inary

Objective:  
▪efficient, compact & low-maintenance source for short-lived 227Th+ 

▪ test in-source formation of ThF+  
▪expand to other refractory elements (including Pa) 

S. Cui et al., to be submitted 
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Th ion source 
▪glow-discharge ion source (design by M. P. Reiter/ Edinburgh)

target

holder

discharge/
skimmer

extractor

lens

exit

ion-source schematics setup @ TRIUMF first 232Th+ ion beam @ Edinburgh 
based on thoriated-tungsten sample

prelim
inary

Objective:  
▪efficient, compact & low-maintenance source for short-lived 227Th+ 

▪ test in-source formation of ThF+  
▪expand to other refractory elements (including Pa) 

S. Cui et al., to be submitted 

use of 225,227Ac samples for offline Fr source ? 
(to complement high-yield ISAC/ARIEL beam)
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Toward 1st quantum state manipulation and 
readout of 227ThF+

JILA Gen 1 EDM ion trap

• Ion trap for first ThF+ experiments at TRIUMF 
initially: naturally-occurring 232Th, 
later: 227Th (T1/2=19 d) 

• In existing, operational laboratory 

Quantum State Manipulation Quantum State Readout 
(via REMPD)

26
6 

nm
31

1 
nm

685 nm
 3∆1, 𝜈=0 

J=1

[32.09]

dissociation 
energy

Microwave
Laser

 3∆1, 𝜈=0 

J=1

 3∆1, 𝜈=1 

J=1

2
3

4

2

J=0
1

2
 𝛺 = 0-, 𝜈=0 }

K.B. Ng et al., PRA 112, 053104 (2025)
recent progress of JILA-TRIUMF collaboration: improved efficiency in quantum state readout 



Molecular formation@TITAN

lanthanides

actinides

+ CeFx+



Molecular formation@TITAN

Conclusions: 
• CeF+ successfully formed 
• excellent prospect for ThF+

lanthanides

actinides

+ CeFx+
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• iso-electronic to (neutral) RaF  
• notable sensitivity increase for new physics 
• easily trap-able  
• potential for direct laser cooling?

‘Highly’ charged radioactive molecules

C. Zülch et al., arXiv 2203.10333 (2022)

229PaF3+

other iso-electronic molecules: AcF+, ThF+2

Species
Schiff Scaling Factor 

(relative to 225Ra)

225Ra
:= 1 (~200x larger 

than 199Hg)
229Th 2
227Ac 6
229Pa 40

Protactinium

Fluorine

+3
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Formation of CeF2+ at TITAN
+3

R. Simpson, et al., submitted
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FIG. 4: A high resolution TOF spectrum (R=296,000)
identifying 140CeF2+ after molecular formation with in-
coming 140Ce3+ ions. In this 2000 second long measure-
ment, the mass range selector [63] is engaged which pro-
vided a timed window allowing only the CeF2+ and the
87Rb+ calibrant to pass through while trapped within
the MR-TOF analyzer, deflecting all other species.
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FIG. 5: Identifying the m/q = 53 peak. A TOF spectrum
recorded after a single turn in the MR-TOF analyzer
shows a peak corresponding to the m/q of the 140CeF3+

molecule. Inset: A high-resolution TOF spectrum reveals
that the peak is actually a fragment of the SF6 gas that
has been ionized in the process of forming the cerium
fluoride.

The objective of the present work has been to demon-
strate the suitability of instrumentation available at ra-
dioactive ion beam facilities, designed to handle the small
sample sizes inherent to accelerator-produced radionu-
clides, for the formation of (doubly charged) molecules.
At this stage, we thus do not consider the efficiency of
transforming the incoming ion beam into molecules of in-
terest to be maximal. To illustrate the potential of our
method, we nevertheless quantify the molecular-ion pro-
duction rates and efficiencies achieved in these first re-
sults and outline upgrades that will enhance them, pro-
viding guidance on what can be expected in future work
to be focused on optimizing overall performance. To this
end, the rate of single-ion CeF2+ hits on the TOF detec-
tor after MR-TOF mass identification is compared with
the intensity of the continuous Ce3+ beam delivered from

OLIS, as measured on a Faraday cup upstream of the
RFQcb. In measurements in which both data is reliably
recorded, the typical rate of MR-TOF mass separated
CeF2+ is → 350 ions per second.

High resolution measurements further reveal that the
ion beam extracted from the RFQcb at the m/q = 159/2
is entirely due to CeF2+, and is free from other contami-
nating ions. Hence, while the MR-TOF system is essential
for unambiguous mass identification in the present work,
it could readily be replaced by lower-resolution methods
such as a magnetic dipole separator that operate with
nearly unit efficiency. For atomic ions, the efficiency of
the MR-TOF system is reported to be approximately
30% [63]. For (multiply charged) molecules, we observe
collision-induced dissociation [74] as well as intensified
charge exchange in the MR-TOF’s RFQ, further reduc-
ing the efficiency. Therefore, at least 1,000 CeF2+ ions per
second are formed and delivered by the RFQcb and, thus,
already available for subsequent precision studies. This
corresponds to an efficiency of at least 3 · 10→6, or → 10→6

after the MR-TOF mass identification, when compared
to the number of Ce3+ ions injected into the RFQcb.

Ongoing upgrades to our method focus on the gas-han-
dling system of the RFQcb for better control of the gas
flow into the cooler buncher. This will allow reproducible
and precise adjustment of the mixing ratio between the
SF6 reactant gas and the He bu!er gas, facilitating sys-
tematic optimization. It will also enable an environment
for molecular formation which remains stable over an en-
tire experimental campaign, in contrast to the repeated
refilling of the mixing reservoir required in the present
configuration. Other experimental parameters to be op-
timized are the energy of the stored Ce3+ ions, the re-
action and ion storage time in the RFQcb, or minimiz-
ing gas impurities in the RFQcb system which presently
lead to additional undesired chemical reactions with the
incoming Ce3+ ion beam, all reducing the CeF2+ yield.
Once implemented, all of these upgrades as well as the
full optimization of all experimental parameters promise
to significantly enhance the efficiency in creating (mul-
tiply charged) molecules of interests and thus provide a
realistic prospect to expand the developed method for the
formation of PaF3+, even when aiming for the short-lived
isotope 229Pa.

D. Prospects of Formation of Highly Charged PaF
at TRIUMF

The production of multiply charged molecules in the
RFQcb through the use of a He-SF6 mixture not only
allows for the identification of the previously discussed
CeF2+, but also provides insight into the viability of
transferring this method to highly sought-after PaF3+

ions. Combining our experimental observations with a
thermochemistry picture, the results of which are shown
in Figure 6, allows for a heuristic prediction of the reac-
tion products when injecting protactinium ions into the
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that the peak is actually a fragment of the SF6 gas that
has been ionized in the process of forming the cerium
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The objective of the present work has been to demon-
strate the suitability of instrumentation available at ra-
dioactive ion beam facilities, designed to handle the small
sample sizes inherent to accelerator-produced radionu-
clides, for the formation of (doubly charged) molecules.
At this stage, we thus do not consider the efficiency of
transforming the incoming ion beam into molecules of in-
terest to be maximal. To illustrate the potential of our
method, we nevertheless quantify the molecular-ion pro-
duction rates and efficiencies achieved in these first re-
sults and outline upgrades that will enhance them, pro-
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end, the rate of single-ion CeF2+ hits on the TOF detec-
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the intensity of the continuous Ce3+ beam delivered from

OLIS, as measured on a Faraday cup upstream of the
RFQcb. In measurements in which both data is reliably
recorded, the typical rate of MR-TOF mass separated
CeF2+ is → 350 ions per second.

High resolution measurements further reveal that the
ion beam extracted from the RFQcb at the m/q = 159/2
is entirely due to CeF2+, and is free from other contami-
nating ions. Hence, while the MR-TOF system is essential
for unambiguous mass identification in the present work,
it could readily be replaced by lower-resolution methods
such as a magnetic dipole separator that operate with
nearly unit efficiency. For atomic ions, the efficiency of
the MR-TOF system is reported to be approximately
30% [63]. For (multiply charged) molecules, we observe
collision-induced dissociation [74] as well as intensified
charge exchange in the MR-TOF’s RFQ, further reduc-
ing the efficiency. Therefore, at least 1,000 CeF2+ ions per
second are formed and delivered by the RFQcb and, thus,
already available for subsequent precision studies. This
corresponds to an efficiency of at least 3 · 10→6, or → 10→6

after the MR-TOF mass identification, when compared
to the number of Ce3+ ions injected into the RFQcb.

Ongoing upgrades to our method focus on the gas-han-
dling system of the RFQcb for better control of the gas
flow into the cooler buncher. This will allow reproducible
and precise adjustment of the mixing ratio between the
SF6 reactant gas and the He bu!er gas, facilitating sys-
tematic optimization. It will also enable an environment
for molecular formation which remains stable over an en-
tire experimental campaign, in contrast to the repeated
refilling of the mixing reservoir required in the present
configuration. Other experimental parameters to be op-
timized are the energy of the stored Ce3+ ions, the re-
action and ion storage time in the RFQcb, or minimiz-
ing gas impurities in the RFQcb system which presently
lead to additional undesired chemical reactions with the
incoming Ce3+ ion beam, all reducing the CeF2+ yield.
Once implemented, all of these upgrades as well as the
full optimization of all experimental parameters promise
to significantly enhance the efficiency in creating (mul-
tiply charged) molecules of interests and thus provide a
realistic prospect to expand the developed method for the
formation of PaF3+, even when aiming for the short-lived
isotope 229Pa.

D. Prospects of Formation of Highly Charged PaF
at TRIUMF

The production of multiply charged molecules in the
RFQcb through the use of a He-SF6 mixture not only
allows for the identification of the previously discussed
CeF2+, but also provides insight into the viability of
transferring this method to highly sought-after PaF3+

ions. Combining our experimental observations with a
thermochemistry picture, the results of which are shown
in Figure 6, allows for a heuristic prediction of the reac-
tion products when injecting protactinium ions into the
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The objective of the present work has been to demon-
strate the suitability of instrumentation available at ra-
dioactive ion beam facilities, designed to handle the small
sample sizes inherent to accelerator-produced radionu-
clides, for the formation of (doubly charged) molecules.
At this stage, we thus do not consider the efficiency of
transforming the incoming ion beam into molecules of in-
terest to be maximal. To illustrate the potential of our
method, we nevertheless quantify the molecular-ion pro-
duction rates and efficiencies achieved in these first re-
sults and outline upgrades that will enhance them, pro-
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to be focused on optimizing overall performance. To this
end, the rate of single-ion CeF2+ hits on the TOF detec-
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the intensity of the continuous Ce3+ beam delivered from

OLIS, as measured on a Faraday cup upstream of the
RFQcb. In measurements in which both data is reliably
recorded, the typical rate of MR-TOF mass separated
CeF2+ is → 350 ions per second.

High resolution measurements further reveal that the
ion beam extracted from the RFQcb at the m/q = 159/2
is entirely due to CeF2+, and is free from other contami-
nating ions. Hence, while the MR-TOF system is essential
for unambiguous mass identification in the present work,
it could readily be replaced by lower-resolution methods
such as a magnetic dipole separator that operate with
nearly unit efficiency. For atomic ions, the efficiency of
the MR-TOF system is reported to be approximately
30% [63]. For (multiply charged) molecules, we observe
collision-induced dissociation [74] as well as intensified
charge exchange in the MR-TOF’s RFQ, further reduc-
ing the efficiency. Therefore, at least 1,000 CeF2+ ions per
second are formed and delivered by the RFQcb and, thus,
already available for subsequent precision studies. This
corresponds to an efficiency of at least 3 · 10→6, or → 10→6

after the MR-TOF mass identification, when compared
to the number of Ce3+ ions injected into the RFQcb.

Ongoing upgrades to our method focus on the gas-han-
dling system of the RFQcb for better control of the gas
flow into the cooler buncher. This will allow reproducible
and precise adjustment of the mixing ratio between the
SF6 reactant gas and the He bu!er gas, facilitating sys-
tematic optimization. It will also enable an environment
for molecular formation which remains stable over an en-
tire experimental campaign, in contrast to the repeated
refilling of the mixing reservoir required in the present
configuration. Other experimental parameters to be op-
timized are the energy of the stored Ce3+ ions, the re-
action and ion storage time in the RFQcb, or minimiz-
ing gas impurities in the RFQcb system which presently
lead to additional undesired chemical reactions with the
incoming Ce3+ ion beam, all reducing the CeF2+ yield.
Once implemented, all of these upgrades as well as the
full optimization of all experimental parameters promise
to significantly enhance the efficiency in creating (mul-
tiply charged) molecules of interests and thus provide a
realistic prospect to expand the developed method for the
formation of PaF3+, even when aiming for the short-lived
isotope 229Pa.

D. Prospects of Formation of Highly Charged PaF
at TRIUMF

The production of multiply charged molecules in the
RFQcb through the use of a He-SF6 mixture not only
allows for the identification of the previously discussed
CeF2+, but also provides insight into the viability of
transferring this method to highly sought-after PaF3+
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An improved bound on the electron’s electric
dipole moment
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Yuval Shagam1,2§, Kia Boon Ng1,2, Noah Schlossberger1,2, Sun Yool Park1,2, Anzhou Wang1,2,
Jun Ye1,2, Eric A. Cornell1,2*

The imbalance of matter and antimatter in our Universe provides compelling motivation to search
for undiscovered particles that violate charge-parity symmetry. Interactions with vacuum
fluctuations of the fields associated with these new particles will induce an electric dipole moment of
the electron (eEDM). We present the most precise measurement yet of the eEDM using electrons
confined inside molecular ions, subjected to a huge intramolecular electric field, and evolving
coherently for up to 3 seconds. Our result is consistent with zero and improves on the previous best
upper bound by a factor of ~2.4. Our results provide constraints on broad classes of new physics
above 1013 electron volts, beyond the direct reach of the current particle colliders or those likely
to be available in the coming decades.

E
lectric dipole moments of fundamental
particles, such as the electron, are sig-
natures of time-reversal symmetry viola-
tion, equivalent to violation of combined
charge and parity (CP) symmetry (1). CP

symmetry is broken in the standardmodel but
only in the quark sector (2), so the coupling to
leptons is weak and the predicted electron’s
electric dipole moment (eEDM) several orders
of magnitude below current experimental sen-
sitivity (3, 4). Explaining the imbalance of mat-
ter and antimatter in the Universe requires
additional CP violation, beyond that present
in the Standard Model (5–7). Many proposed

extensions predict new particles at energies
higher than any so far discovered, with CP-
violating interactions. These new particles
can induce a much larger eEDM, often within
reach of near-term experiments (8–10). A non-
zero measurement at current experimental
sensitivities would unambiguously signal new
physics, whereas a more precise measurement
consistent with zero imposes challenging
constraints on possible explanations of the
matter-antimatter imbalance. Our measure-
ment uses quantum projection–noise-limited
spectroscopy on samples of hundreds of mo-
lecular ions with interrogation times of up to

3 s. Our result, de ¼ "1:3 T 2:0stat T 0:6systð Þ%
10"30 e cm, is consistent with zero and gives
an upper bound of dej j < 4:1% 10"30 e cm at
90% confidence.
An eEDM d

→

e ¼ deŝ—with ŝ a unit vector
along the spin of the electron—subject to an
electric field, E

→
, has an energy of"d

→

e & E
→
. The

essence of an eEDM search is to measure the
energy shift when ŝ is aligned with E

→
com-

pared with when it is antialigned. The size
of the observable shift scales with the size
of E

→
, and thus many existing (11–13) and pro-

posed (14–17) eEDM experiments use elec-
trons embedded inside polar molecules, where
intramolecular electric fields can be ∼105
times larger than what can be directly ap-
plied in the lab. These internal electric fields
can be aligned in the lab frame by orienting
the molecules with modest external electric
fields.
Our measurement uses HfFþ molecular ions.

In an applied electric field of∼58 V cm"1, the
3D1 v ¼ 0; J ¼ 1ð Þ “science” state of the mo-
lecule is split into a series of doublets (Fig. 1A).
In two of these doublets, highlighted in col-
or, the molecule is oriented (18); the upper
doublet (orange) has the intramolecular axis
parallel to the applied field, whereas the lower
doublet (blue) is antiparallel. This intramolec-
ular axis defines the direction of an effective
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Fig. 1. Experiment outline. (A) Level structure of the eEDM-sensitive 3D 1 v ¼ 0; J ¼ 1ð Þ state. The horizontal axis indicates mF , the projection of the total angular
momentum onto the externally applied electric field. The vertical axis indicates the energy of the states. The direction of the electron spin and effective electric field,
Eeff, is indicated for each of the states used in the experiment. (B) Schematic of ion trap, composed of eight radial electrodes and a pair of endcap electrodes. (Inset)
Fields applied during experimental sequence: the rotating electric bias field, E

→

rot, and the quadrupole magnetic field, B
→0.
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180Hf19F+ @ JILA 
energy splitting between EDM- 
sensitive molecular states

3

of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,

interpreted in terms of eEDM and Cs
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The imbalance of matter and antimatter in our Universe provides compelling motivation to search
for undiscovered particles that violate charge-parity symmetry. Interactions with vacuum
fluctuations of the fields associated with these new particles will induce an electric dipole moment of
the electron (eEDM). We present the most precise measurement yet of the eEDM using electrons
confined inside molecular ions, subjected to a huge intramolecular electric field, and evolving
coherently for up to 3 seconds. Our result is consistent with zero and improves on the previous best
upper bound by a factor of ~2.4. Our results provide constraints on broad classes of new physics
above 1013 electron volts, beyond the direct reach of the current particle colliders or those likely
to be available in the coming decades.
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lectric dipole moments of fundamental
particles, such as the electron, are sig-
natures of time-reversal symmetry viola-
tion, equivalent to violation of combined
charge and parity (CP) symmetry (1). CP

symmetry is broken in the standardmodel but
only in the quark sector (2), so the coupling to
leptons is weak and the predicted electron’s
electric dipole moment (eEDM) several orders
of magnitude below current experimental sen-
sitivity (3, 4). Explaining the imbalance of mat-
ter and antimatter in the Universe requires
additional CP violation, beyond that present
in the Standard Model (5–7). Many proposed

extensions predict new particles at energies
higher than any so far discovered, with CP-
violating interactions. These new particles
can induce a much larger eEDM, often within
reach of near-term experiments (8–10). A non-
zero measurement at current experimental
sensitivities would unambiguously signal new
physics, whereas a more precise measurement
consistent with zero imposes challenging
constraints on possible explanations of the
matter-antimatter imbalance. Our measure-
ment uses quantum projection–noise-limited
spectroscopy on samples of hundreds of mo-
lecular ions with interrogation times of up to

3 s. Our result, de ¼ "1:3 T 2:0stat T 0:6systð Þ%
10"30 e cm, is consistent with zero and gives
an upper bound of dej j < 4:1% 10"30 e cm at
90% confidence.
An eEDM d

→

e ¼ deŝ—with ŝ a unit vector
along the spin of the electron—subject to an
electric field, E

→
, has an energy of"d

→

e & E
→
. The

essence of an eEDM search is to measure the
energy shift when ŝ is aligned with E

→
com-

pared with when it is antialigned. The size
of the observable shift scales with the size
of E

→
, and thus many existing (11–13) and pro-

posed (14–17) eEDM experiments use elec-
trons embedded inside polar molecules, where
intramolecular electric fields can be ∼105
times larger than what can be directly ap-
plied in the lab. These internal electric fields
can be aligned in the lab frame by orienting
the molecules with modest external electric
fields.
Our measurement uses HfFþ molecular ions.

In an applied electric field of∼58 V cm"1, the
3D1 v ¼ 0; J ¼ 1ð Þ “science” state of the mo-
lecule is split into a series of doublets (Fig. 1A).
In two of these doublets, highlighted in col-
or, the molecule is oriented (18); the upper
doublet (orange) has the intramolecular axis
parallel to the applied field, whereas the lower
doublet (blue) is antiparallel. This intramolec-
ular axis defines the direction of an effective
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Fig. 1. Experiment outline. (A) Level structure of the eEDM-sensitive 3D 1 v ¼ 0; J ¼ 1ð Þ state. The horizontal axis indicates mF , the projection of the total angular
momentum onto the externally applied electric field. The vertical axis indicates the energy of the states. The direction of the electron spin and effective electric field,
Eeff, is indicated for each of the states used in the experiment. (B) Schematic of ion trap, composed of eight radial electrodes and a pair of endcap electrodes. (Inset)
Fields applied during experimental sequence: the rotating electric bias field, E

→

rot, and the quadrupole magnetic field, B
→0.
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of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,

interpreted in terms of eEDM and Cs

also constraints NSM of 19F
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Nuclear Schi! moments (NSMs) are sensitive probes for physics beyond the Standard Model
of particle physics, signaling violations of time-reversal and parity-inversion symmetries in atomic
nuclei. In this Letter, we report the first-ever calculation of a NSM in a nuclear ab initio framework,
employing the no-core shell model to study the fluorine isotope 19F. We further perform quantum-
chemistry calculations to evaluate the sensitivity of the hafnium monofluoride cation, HfF+, to the
NSM of 19F. Combined with recent high-precision measurements of the molecular electric dipole
moment of HfF+ [1], our results enable the first experimental bound on the NSM of 19F.

Introduction — Rapid advancements in the control
and manipulation of individual quantum states in atoms
and molecules have supercharged progress in the fields
of quantum information, quantum simulation, and the
probing of chemical reactions at the quantum level [2–
4]. Over the years, numerous experiments have leveraged
these quantum-enabled technologies to probe for electric
dipole moments (EDMs) of elementary and composite
particles [1, 5–15]. Measurements of EDMs can help con-
strain the nature of new physics [16–20] and guide us to
a better understanding of the underlying mechanisms of
the universe.

One example of an EDM sensitive to fundamental sym-
metry violations is the molecular EDM induced by a nu-
clear Schi! moment (NSM) of a constituent atom, e.g.,
19F in HfF+. The physics of the NSM has been cov-
ered comprehensively in literature, e.g., Refs. [21–26].
In brief, the NSM arises from nuclear electric moments
that are only partially screened by the surrounding elec-
tron cloud due to relativistic e!ects and the finite size
of the nucleus [27, 28]. Parity-inversion (P) and time-
reversal (T ) violation within the atomic nucleus can gen-
erate a NSM, which in turn induces a measurable EDM
in atoms and molecules. While P, T -violating e!ects pre-
dicted by the Standard Model produce EDMs well below
current experimental sensitivity, many beyond-Standard-
Model scenarios predict enhancements potentially within
reach of ongoing or near-future measurements. As such,
EDM experiments provide powerful probes of new P, T -
violating physics.

A key component of interpreting EDM measurement is
the theoretical connection between experimental observ-
ables and fundamental P, T -violating phenomena. This
requires two key calculations: the molecular sensitivity
coe”cient (WS) which relates the observed EDM to the
NSM (S), and a nuclear structure calculation that con-
nects the NSM to the underlying P, T -violating physics.
The energy shift, #ENSM, of a molecular state due to the

NSM of a constituent nucleus is given by [22]:

#ENSM = WS S

〈
I · n̂
I

〉
, (1)

where I is its nuclear spin vector, I is its magnitude,
and n̂ is the unit vector along the internuclear axis.
The expectation value is evaluated for the specific EDM-
sensitive state utilized in the experiment.
State-of-the-art relativistic quantum chemistry meth-

ods, using ab initio approaches and extended basis sets,
can determine molecular sensitivity factors with high ac-
curacy and uncertainties at the sub-10% level [29–33].
In contrast, solving the nuclear many-body problem

with comparable precision remains a major theoretical
challenge, particularly when linking nuclear structure to
searches for new physics. Traditionally, this connec-
tion has relied on phenomenological nuclear models that,
while powerful, are typically finely tuned and model-
dependent. A striking example is the calculation of nu-
clear matrix elements for neutrinoless double-beta decay,
where model predictions can di!er by more than a fac-
tor of three [34]. Similar discrepancies are observed in
phenomenological estimates of NSMs, which can vary by
an order of magnitude and even disagree in sign [21], un-
derscoring the need for more systematic and predictive
nuclear theory.
Over the past decade, nuclear structure theory has ad-

vanced significantly, driven by improvements in many-
body methods, increased computational power, and more
accurate descriptions of nuclear forces. In particular,
chiral e!ective field theory (ωEFT) provides a system-
atic framework that connects the symmetries of quantum
chromodynamics to low-energy nuclear interactions, en-
abling controlled expansions of nuclear forces at the scale
where protons and neutrons form atomic nuclei [35–37].
These interactions are now routinely used in nuclear ab

initio calculations, o!ering high precision and reliable un-
certainty quantification [38]. Extending ab initio meth-
ods to the calculation of NSMs thus holds promise for
improving the theoretical reliability of NSM estimates,
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An improved bound on the electron’s electric
dipole moment
Tanya S. Roussy1,2†, Luke Caldwell1,2†, Trevor Wright1,2, William B. Cairncross1,2‡,
Yuval Shagam1,2§, Kia Boon Ng1,2, Noah Schlossberger1,2, Sun Yool Park1,2, Anzhou Wang1,2,
Jun Ye1,2, Eric A. Cornell1,2*

The imbalance of matter and antimatter in our Universe provides compelling motivation to search
for undiscovered particles that violate charge-parity symmetry. Interactions with vacuum
fluctuations of the fields associated with these new particles will induce an electric dipole moment of
the electron (eEDM). We present the most precise measurement yet of the eEDM using electrons
confined inside molecular ions, subjected to a huge intramolecular electric field, and evolving
coherently for up to 3 seconds. Our result is consistent with zero and improves on the previous best
upper bound by a factor of ~2.4. Our results provide constraints on broad classes of new physics
above 1013 electron volts, beyond the direct reach of the current particle colliders or those likely
to be available in the coming decades.

E
lectric dipole moments of fundamental
particles, such as the electron, are sig-
natures of time-reversal symmetry viola-
tion, equivalent to violation of combined
charge and parity (CP) symmetry (1). CP

symmetry is broken in the standardmodel but
only in the quark sector (2), so the coupling to
leptons is weak and the predicted electron’s
electric dipole moment (eEDM) several orders
of magnitude below current experimental sen-
sitivity (3, 4). Explaining the imbalance of mat-
ter and antimatter in the Universe requires
additional CP violation, beyond that present
in the Standard Model (5–7). Many proposed

extensions predict new particles at energies
higher than any so far discovered, with CP-
violating interactions. These new particles
can induce a much larger eEDM, often within
reach of near-term experiments (8–10). A non-
zero measurement at current experimental
sensitivities would unambiguously signal new
physics, whereas a more precise measurement
consistent with zero imposes challenging
constraints on possible explanations of the
matter-antimatter imbalance. Our measure-
ment uses quantum projection–noise-limited
spectroscopy on samples of hundreds of mo-
lecular ions with interrogation times of up to

3 s. Our result, de ¼ "1:3 T 2:0stat T 0:6systð Þ%
10"30 e cm, is consistent with zero and gives
an upper bound of dej j < 4:1% 10"30 e cm at
90% confidence.
An eEDM d

→

e ¼ deŝ—with ŝ a unit vector
along the spin of the electron—subject to an
electric field, E

→
, has an energy of"d

→

e & E
→
. The

essence of an eEDM search is to measure the
energy shift when ŝ is aligned with E

→
com-

pared with when it is antialigned. The size
of the observable shift scales with the size
of E

→
, and thus many existing (11–13) and pro-

posed (14–17) eEDM experiments use elec-
trons embedded inside polar molecules, where
intramolecular electric fields can be ∼105
times larger than what can be directly ap-
plied in the lab. These internal electric fields
can be aligned in the lab frame by orienting
the molecules with modest external electric
fields.
Our measurement uses HfFþ molecular ions.

In an applied electric field of∼58 V cm"1, the
3D1 v ¼ 0; J ¼ 1ð Þ “science” state of the mo-
lecule is split into a series of doublets (Fig. 1A).
In two of these doublets, highlighted in col-
or, the molecule is oriented (18); the upper
doublet (orange) has the intramolecular axis
parallel to the applied field, whereas the lower
doublet (blue) is antiparallel. This intramolec-
ular axis defines the direction of an effective
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Fig. 1. Experiment outline. (A) Level structure of the eEDM-sensitive 3D 1 v ¼ 0; J ¼ 1ð Þ state. The horizontal axis indicates mF , the projection of the total angular
momentum onto the externally applied electric field. The vertical axis indicates the energy of the states. The direction of the electron spin and effective electric field,
Eeff, is indicated for each of the states used in the experiment. (B) Schematic of ion trap, composed of eight radial electrodes and a pair of endcap electrodes. (Inset)
Fields applied during experimental sequence: the rotating electric bias field, E

→

rot, and the quadrupole magnetic field, B
→0.
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of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,

interpreted in terms of eEDM and Cs

also constraints NSM of 19F

3

of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,
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Nuclear Schi! moments (NSMs) are sensitive probes for physics beyond the Standard Model
of particle physics, signaling violations of time-reversal and parity-inversion symmetries in atomic
nuclei. In this Letter, we report the first-ever calculation of a NSM in a nuclear ab initio framework,
employing the no-core shell model to study the fluorine isotope 19F. We further perform quantum-
chemistry calculations to evaluate the sensitivity of the hafnium monofluoride cation, HfF+, to the
NSM of 19F. Combined with recent high-precision measurements of the molecular electric dipole
moment of HfF+ [1], our results enable the first experimental bound on the NSM of 19F.

Introduction — Rapid advancements in the control
and manipulation of individual quantum states in atoms
and molecules have supercharged progress in the fields
of quantum information, quantum simulation, and the
probing of chemical reactions at the quantum level [2–
4]. Over the years, numerous experiments have leveraged
these quantum-enabled technologies to probe for electric
dipole moments (EDMs) of elementary and composite
particles [1, 5–15]. Measurements of EDMs can help con-
strain the nature of new physics [16–20] and guide us to
a better understanding of the underlying mechanisms of
the universe.

One example of an EDM sensitive to fundamental sym-
metry violations is the molecular EDM induced by a nu-
clear Schi! moment (NSM) of a constituent atom, e.g.,
19F in HfF+. The physics of the NSM has been cov-
ered comprehensively in literature, e.g., Refs. [21–26].
In brief, the NSM arises from nuclear electric moments
that are only partially screened by the surrounding elec-
tron cloud due to relativistic e!ects and the finite size
of the nucleus [27, 28]. Parity-inversion (P) and time-
reversal (T ) violation within the atomic nucleus can gen-
erate a NSM, which in turn induces a measurable EDM
in atoms and molecules. While P, T -violating e!ects pre-
dicted by the Standard Model produce EDMs well below
current experimental sensitivity, many beyond-Standard-
Model scenarios predict enhancements potentially within
reach of ongoing or near-future measurements. As such,
EDM experiments provide powerful probes of new P, T -
violating physics.

A key component of interpreting EDM measurement is
the theoretical connection between experimental observ-
ables and fundamental P, T -violating phenomena. This
requires two key calculations: the molecular sensitivity
coe”cient (WS) which relates the observed EDM to the
NSM (S), and a nuclear structure calculation that con-
nects the NSM to the underlying P, T -violating physics.
The energy shift, #ENSM, of a molecular state due to the

NSM of a constituent nucleus is given by [22]:

#ENSM = WS S

〈
I · n̂
I

〉
, (1)

where I is its nuclear spin vector, I is its magnitude,
and n̂ is the unit vector along the internuclear axis.
The expectation value is evaluated for the specific EDM-
sensitive state utilized in the experiment.
State-of-the-art relativistic quantum chemistry meth-

ods, using ab initio approaches and extended basis sets,
can determine molecular sensitivity factors with high ac-
curacy and uncertainties at the sub-10% level [29–33].
In contrast, solving the nuclear many-body problem

with comparable precision remains a major theoretical
challenge, particularly when linking nuclear structure to
searches for new physics. Traditionally, this connec-
tion has relied on phenomenological nuclear models that,
while powerful, are typically finely tuned and model-
dependent. A striking example is the calculation of nu-
clear matrix elements for neutrinoless double-beta decay,
where model predictions can di!er by more than a fac-
tor of three [34]. Similar discrepancies are observed in
phenomenological estimates of NSMs, which can vary by
an order of magnitude and even disagree in sign [21], un-
derscoring the need for more systematic and predictive
nuclear theory.
Over the past decade, nuclear structure theory has ad-

vanced significantly, driven by improvements in many-
body methods, increased computational power, and more
accurate descriptions of nuclear forces. In particular,
chiral e!ective field theory (ωEFT) provides a system-
atic framework that connects the symmetries of quantum
chromodynamics to low-energy nuclear interactions, en-
abling controlled expansions of nuclear forces at the scale
where protons and neutrons form atomic nuclei [35–37].
These interactions are now routinely used in nuclear ab

initio calculations, o!ering high precision and reliable un-
certainty quantification [38]. Extending ab initio meth-
ods to the calculation of NSMs thus holds promise for
improving the theoretical reliability of NSM estimates,
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discussed above. In this case, the final term on the right-
hand side in Equation (1) evaluates to

∣∣〈 I·n̂
I

〉∣∣ = 1/2
in the 3!1(v = 0, J = 1, F = 3/2,mF = ±3/2) man-
ifold [76]. Moreover, the experimental scheme mea-
sures the energy di”erence between the mF = +3/2 and
mF = →3/2 states, in which the fluorine nuclear spin is
oppositely oriented. A nonzero NSM shifts the energy
of each state in opposite directions, so that the observed
energy splitting corresponds to twice the NSM-induced
shift in a single EDM-sensitive state, i.e.,

hf = 2|!ENSM|. (7)

Combining these considerations with our theoretical
results, specifically the molecular sensitivity factor WS

in Table I and the NSM expression given in Equation (5),
the measured frequency can be related, to two significant
figures, to the underlying P, T -violating ωNN coupling
constants via:

hf = (→220 gḡ0 → 160 gḡ1 → 71 gḡ2) h Hz. (8)

In principle, a P, T -violating electric charge distribution
within 19F could also contribute to the observable molec-
ular EDM. However, as discussed below, this nuclear
EDM contribution is expected to be negligible compared
to the dominant e”ect from the NSM.

Electric dipole moment of the fluorine nucleus — In
molecular ions, the EDMs of atomic nuclei are not com-
pletely shielded [28]. Hence, the nuclear EDM of interest,
in this case of 19F, contributes to the molecular EDM
through the following:

hfEDM = 2 |d · EEEunsc.|, (9)

where d is the nuclear EDM and EEEunsc. is the unscreened
electric field seen by the 19F atomic nucleus:

EEEunsc. =
M

Mmol.

Qmol.

Ze
EEEext., (10)

where M is the mass of the 19F atomic nucleus, Mmol.

is the total mass of the molecular ion, Qmol. is the net
charge of the molecular ion, Z is the number of protons
in the 19F atomic nucleus, e is the elementary charge,
and EEEext. is the applied external electric field.

The nuclear EDM of 19F has been calculated using the
NN-N3LO + 3Nlnl interaction to be [48]:

d = (→0.018 gḡ0 + 0.009 gḡ1 → 0.023 gḡ2) e fm. (11)

In addition, we have computed the EDM of 19F also
with the NN-N4LO + 3N→

lnl and obtained results consis-
tent with Equation (11) well within the 30% uncertainty
quoted in Ref. [48].

At an applied electric field of 58 V/cm [1], Equa-
tions (9) and (11) translate to:

hfEDM = (0.53 gḡ0 → 0.27 gḡ1 + 0.68 gḡ2) h Hz. (12)

TABLE II. Upper bounds (90% confidence level) on
P, T -violating observables. Definitions of ḡ0,1,2 are pro-
vided in Equation (5). The bounds are derived using the
|S(19F)| limit from Equation (13) and the coe!cients in Equa-
tion (5). Each bound is calculated under the assumption that
the corresponding observable is the sole contributor to the
nuclear Schi” moment of 19F. For the conversions, we use
g → 13.5 [17]. These bounds are consistent with previous
constraints [10].

Quantity Limit

|ḡ0| 1.6↑ 10→8

|ḡ1| 2.2↑ 10→8

|ḡ2| 4.8↑ 10→8

The coe#cients in Equation (12) are much smaller than
those in Equation (8). Hence, we shall neglect the e”ect
of the nuclear EDM of 19F in subsequent discussions.
It is important to note a specific detail of the HfF+ ex-

periment. The frequency reported in Ref. [1] corresponds
to a particular experimental configuration optimized for
sensitivity to the electron’s EDM and the NSM of 19F.
This configuration exploits the fact that both observables
depend on the projection of the electron and nuclear spins
onto the internuclear axis. In contrast, the observable
associated with the nuclear EDM of 19F depends on the
projection of the nuclear spin onto the direction of the
applied external electric field. As a result, the frequency
reported in Ref. [1] is not sensitive to the nuclear EDM of
19F. In the terminology of Refs. [1, 77], the nuclear EDM
contributes to the f

B channel, whereas the reported fre-
quency pertains to the f

DB channel, which is sensitive
to the electron’s EDM and NSM of 19F. For a detailed
discussion of these channels and their respective sensitiv-
ities, the reader is referred to Refs. [1, 77].

Discussion — Assuming that both the electron’s EDM
and the scalar–pseudoscalar nucleon–electron coupling
are zero, we can place a bound on the NSM of 19F:

|S(19F)| < 9.0↑ 10↑9
e fm3 (90% confidence level).

(13)
The conversion to a 90% confidence level follows the
methodology described in Ref. [1].
If we further assume that each P, T -violating observ-

able in Equation (5) individually accounts for the en-
tire NSM, we can derive bounds on these observables, as
listed in Table II.
Using ḡ0 ↓ →17.2 ↑ 10↑3

ε̄ [78] and ḡ1 ↓ 3.4 ↑ 10↑3
ε̄

[78, 79], while neglecting the highly suppressed coupling
ḡ2 [80], we can also place a bound on the QCD ε term
related to the strong CP problem [81, 82] :

|ε̄| < 1.1↑ 10↑6 (90% confidence level). (14)

It is worth noting that the constraint on ε̄ derived from
the limit on the scalar–pseudoscalar nucleon–electron
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An improved bound on the electron’s electric
dipole moment
Tanya S. Roussy1,2†, Luke Caldwell1,2†, Trevor Wright1,2, William B. Cairncross1,2‡,
Yuval Shagam1,2§, Kia Boon Ng1,2, Noah Schlossberger1,2, Sun Yool Park1,2, Anzhou Wang1,2,
Jun Ye1,2, Eric A. Cornell1,2*

The imbalance of matter and antimatter in our Universe provides compelling motivation to search
for undiscovered particles that violate charge-parity symmetry. Interactions with vacuum
fluctuations of the fields associated with these new particles will induce an electric dipole moment of
the electron (eEDM). We present the most precise measurement yet of the eEDM using electrons
confined inside molecular ions, subjected to a huge intramolecular electric field, and evolving
coherently for up to 3 seconds. Our result is consistent with zero and improves on the previous best
upper bound by a factor of ~2.4. Our results provide constraints on broad classes of new physics
above 1013 electron volts, beyond the direct reach of the current particle colliders or those likely
to be available in the coming decades.

E
lectric dipole moments of fundamental
particles, such as the electron, are sig-
natures of time-reversal symmetry viola-
tion, equivalent to violation of combined
charge and parity (CP) symmetry (1). CP

symmetry is broken in the standardmodel but
only in the quark sector (2), so the coupling to
leptons is weak and the predicted electron’s
electric dipole moment (eEDM) several orders
of magnitude below current experimental sen-
sitivity (3, 4). Explaining the imbalance of mat-
ter and antimatter in the Universe requires
additional CP violation, beyond that present
in the Standard Model (5–7). Many proposed

extensions predict new particles at energies
higher than any so far discovered, with CP-
violating interactions. These new particles
can induce a much larger eEDM, often within
reach of near-term experiments (8–10). A non-
zero measurement at current experimental
sensitivities would unambiguously signal new
physics, whereas a more precise measurement
consistent with zero imposes challenging
constraints on possible explanations of the
matter-antimatter imbalance. Our measure-
ment uses quantum projection–noise-limited
spectroscopy on samples of hundreds of mo-
lecular ions with interrogation times of up to

3 s. Our result, de ¼ "1:3 T 2:0stat T 0:6systð Þ%
10"30 e cm, is consistent with zero and gives
an upper bound of dej j < 4:1% 10"30 e cm at
90% confidence.
An eEDM d

→

e ¼ deŝ—with ŝ a unit vector
along the spin of the electron—subject to an
electric field, E

→
, has an energy of"d

→

e & E
→
. The

essence of an eEDM search is to measure the
energy shift when ŝ is aligned with E

→
com-

pared with when it is antialigned. The size
of the observable shift scales with the size
of E

→
, and thus many existing (11–13) and pro-

posed (14–17) eEDM experiments use elec-
trons embedded inside polar molecules, where
intramolecular electric fields can be ∼105
times larger than what can be directly ap-
plied in the lab. These internal electric fields
can be aligned in the lab frame by orienting
the molecules with modest external electric
fields.
Our measurement uses HfFþ molecular ions.

In an applied electric field of∼58 V cm"1, the
3D1 v ¼ 0; J ¼ 1ð Þ “science” state of the mo-
lecule is split into a series of doublets (Fig. 1A).
In two of these doublets, highlighted in col-
or, the molecule is oriented (18); the upper
doublet (orange) has the intramolecular axis
parallel to the applied field, whereas the lower
doublet (blue) is antiparallel. This intramolec-
ular axis defines the direction of an effective
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Fig. 1. Experiment outline. (A) Level structure of the eEDM-sensitive 3D 1 v ¼ 0; J ¼ 1ð Þ state. The horizontal axis indicates mF , the projection of the total angular
momentum onto the externally applied electric field. The vertical axis indicates the energy of the states. The direction of the electron spin and effective electric field,
Eeff, is indicated for each of the states used in the experiment. (B) Schematic of ion trap, composed of eight radial electrodes and a pair of endcap electrodes. (Inset)
Fields applied during experimental sequence: the rotating electric bias field, E

→

rot, and the quadrupole magnetic field, B
→0.

D
ow

nloaded from
 https://w

w
w

.science.org at Cern Library on February 13, 2026

Roussy et al., Science 381, 46 (2023)

180Hf19F+ @ JILA 
energy splitting between EDM- 
sensitive molecular states

3

of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,

interpreted in terms of eEDM and Cs

also constraints NSM of 19F

3
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structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
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→ 44.3 h Hz/(e fm3).
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SrF X 2”+ 52
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lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,
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Nuclear Schi! moments (NSMs) are sensitive probes for physics beyond the Standard Model
of particle physics, signaling violations of time-reversal and parity-inversion symmetries in atomic
nuclei. In this Letter, we report the first-ever calculation of a NSM in a nuclear ab initio framework,
employing the no-core shell model to study the fluorine isotope 19F. We further perform quantum-
chemistry calculations to evaluate the sensitivity of the hafnium monofluoride cation, HfF+, to the
NSM of 19F. Combined with recent high-precision measurements of the molecular electric dipole
moment of HfF+ [1], our results enable the first experimental bound on the NSM of 19F.

Introduction — Rapid advancements in the control
and manipulation of individual quantum states in atoms
and molecules have supercharged progress in the fields
of quantum information, quantum simulation, and the
probing of chemical reactions at the quantum level [2–
4]. Over the years, numerous experiments have leveraged
these quantum-enabled technologies to probe for electric
dipole moments (EDMs) of elementary and composite
particles [1, 5–15]. Measurements of EDMs can help con-
strain the nature of new physics [16–20] and guide us to
a better understanding of the underlying mechanisms of
the universe.

One example of an EDM sensitive to fundamental sym-
metry violations is the molecular EDM induced by a nu-
clear Schi! moment (NSM) of a constituent atom, e.g.,
19F in HfF+. The physics of the NSM has been cov-
ered comprehensively in literature, e.g., Refs. [21–26].
In brief, the NSM arises from nuclear electric moments
that are only partially screened by the surrounding elec-
tron cloud due to relativistic e!ects and the finite size
of the nucleus [27, 28]. Parity-inversion (P) and time-
reversal (T ) violation within the atomic nucleus can gen-
erate a NSM, which in turn induces a measurable EDM
in atoms and molecules. While P, T -violating e!ects pre-
dicted by the Standard Model produce EDMs well below
current experimental sensitivity, many beyond-Standard-
Model scenarios predict enhancements potentially within
reach of ongoing or near-future measurements. As such,
EDM experiments provide powerful probes of new P, T -
violating physics.

A key component of interpreting EDM measurement is
the theoretical connection between experimental observ-
ables and fundamental P, T -violating phenomena. This
requires two key calculations: the molecular sensitivity
coe”cient (WS) which relates the observed EDM to the
NSM (S), and a nuclear structure calculation that con-
nects the NSM to the underlying P, T -violating physics.
The energy shift, #ENSM, of a molecular state due to the

NSM of a constituent nucleus is given by [22]:

#ENSM = WS S

〈
I · n̂
I

〉
, (1)

where I is its nuclear spin vector, I is its magnitude,
and n̂ is the unit vector along the internuclear axis.
The expectation value is evaluated for the specific EDM-
sensitive state utilized in the experiment.
State-of-the-art relativistic quantum chemistry meth-

ods, using ab initio approaches and extended basis sets,
can determine molecular sensitivity factors with high ac-
curacy and uncertainties at the sub-10% level [29–33].
In contrast, solving the nuclear many-body problem

with comparable precision remains a major theoretical
challenge, particularly when linking nuclear structure to
searches for new physics. Traditionally, this connec-
tion has relied on phenomenological nuclear models that,
while powerful, are typically finely tuned and model-
dependent. A striking example is the calculation of nu-
clear matrix elements for neutrinoless double-beta decay,
where model predictions can di!er by more than a fac-
tor of three [34]. Similar discrepancies are observed in
phenomenological estimates of NSMs, which can vary by
an order of magnitude and even disagree in sign [21], un-
derscoring the need for more systematic and predictive
nuclear theory.
Over the past decade, nuclear structure theory has ad-

vanced significantly, driven by improvements in many-
body methods, increased computational power, and more
accurate descriptions of nuclear forces. In particular,
chiral e!ective field theory (ωEFT) provides a system-
atic framework that connects the symmetries of quantum
chromodynamics to low-energy nuclear interactions, en-
abling controlled expansions of nuclear forces at the scale
where protons and neutrons form atomic nuclei [35–37].
These interactions are now routinely used in nuclear ab

initio calculations, o!ering high precision and reliable un-
certainty quantification [38]. Extending ab initio meth-
ods to the calculation of NSMs thus holds promise for
improving the theoretical reliability of NSM estimates,
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discussed above. In this case, the final term on the right-
hand side in Equation (1) evaluates to

∣∣〈 I·n̂
I

〉∣∣ = 1/2
in the 3!1(v = 0, J = 1, F = 3/2,mF = ±3/2) man-
ifold [76]. Moreover, the experimental scheme mea-
sures the energy di”erence between the mF = +3/2 and
mF = →3/2 states, in which the fluorine nuclear spin is
oppositely oriented. A nonzero NSM shifts the energy
of each state in opposite directions, so that the observed
energy splitting corresponds to twice the NSM-induced
shift in a single EDM-sensitive state, i.e.,

hf = 2|!ENSM|. (7)

Combining these considerations with our theoretical
results, specifically the molecular sensitivity factor WS

in Table I and the NSM expression given in Equation (5),
the measured frequency can be related, to two significant
figures, to the underlying P, T -violating ωNN coupling
constants via:

hf = (→220 gḡ0 → 160 gḡ1 → 71 gḡ2) h Hz. (8)

In principle, a P, T -violating electric charge distribution
within 19F could also contribute to the observable molec-
ular EDM. However, as discussed below, this nuclear
EDM contribution is expected to be negligible compared
to the dominant e”ect from the NSM.

Electric dipole moment of the fluorine nucleus — In
molecular ions, the EDMs of atomic nuclei are not com-
pletely shielded [28]. Hence, the nuclear EDM of interest,
in this case of 19F, contributes to the molecular EDM
through the following:

hfEDM = 2 |d · EEEunsc.|, (9)

where d is the nuclear EDM and EEEunsc. is the unscreened
electric field seen by the 19F atomic nucleus:

EEEunsc. =
M

Mmol.

Qmol.

Ze
EEEext., (10)

where M is the mass of the 19F atomic nucleus, Mmol.

is the total mass of the molecular ion, Qmol. is the net
charge of the molecular ion, Z is the number of protons
in the 19F atomic nucleus, e is the elementary charge,
and EEEext. is the applied external electric field.

The nuclear EDM of 19F has been calculated using the
NN-N3LO + 3Nlnl interaction to be [48]:

d = (→0.018 gḡ0 + 0.009 gḡ1 → 0.023 gḡ2) e fm. (11)

In addition, we have computed the EDM of 19F also
with the NN-N4LO + 3N→

lnl and obtained results consis-
tent with Equation (11) well within the 30% uncertainty
quoted in Ref. [48].

At an applied electric field of 58 V/cm [1], Equa-
tions (9) and (11) translate to:

hfEDM = (0.53 gḡ0 → 0.27 gḡ1 + 0.68 gḡ2) h Hz. (12)

TABLE II. Upper bounds (90% confidence level) on
P, T -violating observables. Definitions of ḡ0,1,2 are pro-
vided in Equation (5). The bounds are derived using the
|S(19F)| limit from Equation (13) and the coe!cients in Equa-
tion (5). Each bound is calculated under the assumption that
the corresponding observable is the sole contributor to the
nuclear Schi” moment of 19F. For the conversions, we use
g → 13.5 [17]. These bounds are consistent with previous
constraints [10].

Quantity Limit

|ḡ0| 1.6↑ 10→8

|ḡ1| 2.2↑ 10→8

|ḡ2| 4.8↑ 10→8

The coe#cients in Equation (12) are much smaller than
those in Equation (8). Hence, we shall neglect the e”ect
of the nuclear EDM of 19F in subsequent discussions.
It is important to note a specific detail of the HfF+ ex-

periment. The frequency reported in Ref. [1] corresponds
to a particular experimental configuration optimized for
sensitivity to the electron’s EDM and the NSM of 19F.
This configuration exploits the fact that both observables
depend on the projection of the electron and nuclear spins
onto the internuclear axis. In contrast, the observable
associated with the nuclear EDM of 19F depends on the
projection of the nuclear spin onto the direction of the
applied external electric field. As a result, the frequency
reported in Ref. [1] is not sensitive to the nuclear EDM of
19F. In the terminology of Refs. [1, 77], the nuclear EDM
contributes to the f

B channel, whereas the reported fre-
quency pertains to the f

DB channel, which is sensitive
to the electron’s EDM and NSM of 19F. For a detailed
discussion of these channels and their respective sensitiv-
ities, the reader is referred to Refs. [1, 77].

Discussion — Assuming that both the electron’s EDM
and the scalar–pseudoscalar nucleon–electron coupling
are zero, we can place a bound on the NSM of 19F:

|S(19F)| < 9.0↑ 10↑9
e fm3 (90% confidence level).

(13)
The conversion to a 90% confidence level follows the
methodology described in Ref. [1].
If we further assume that each P, T -violating observ-

able in Equation (5) individually accounts for the en-
tire NSM, we can derive bounds on these observables, as
listed in Table II.
Using ḡ0 ↓ →17.2 ↑ 10↑3

ε̄ [78] and ḡ1 ↓ 3.4 ↑ 10↑3
ε̄

[78, 79], while neglecting the highly suppressed coupling
ḡ2 [80], we can also place a bound on the QCD ε term
related to the strong CP problem [81, 82] :

|ε̄| < 1.1↑ 10↑6 (90% confidence level). (14)

It is worth noting that the constraint on ε̄ derived from
the limit on the scalar–pseudoscalar nucleon–electron

(quantum chemistry) 

(nuclear theory)
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initio calculations, o!ering high precision and reliable un-
certainty quantification [38]. Extending ab initio meth-
ods to the calculation of NSMs thus holds promise for
improving the theoretical reliability of NSM estimates,
analogous to recent progress in ab initio studies of neu-
trinoless double-beta decay [39–42].

In this Letter, we present the first nuclear ab initio

calculation of a NSM, focusing on the fluorine isotope
19F. This nucleus is ideally suited for several reasons.
First, its relatively low mass makes it tractable within
the no-core shell model (NCSM), which treats all 9 pro-
tons and 10 neutrons explicitly. Hence, it will serve as
a reliable benchmark for future ab initio e!orts aimed
at calculating NSMs in heavier, octupole-deformed sys-
tems. Second, 19F exhibits a low-lying opposite-parity
excited state (Iω = 1/2→) just → 110 keV above its
1/2+ ground state [43], which strongly amplifies NSM-
induced e!ects [22]. Finally, we show that the recent
high-precision measurement of the molecular EDM in
HfF+ [1], while primarily constraining the electron EDM,
can also be interpreted as a stringent limit on the NSM of
19F. To support this, we also perform quantum-chemistry
calculations of the molecular sensitivity factor for HfF+

and other fluorine-containing molecules. While the re-
sulting bounds on the pion-nucleon-nucleon (ωNN) cou-
pling constants are not yet the most stringent, this work
lays the groundwork for future ωNN constraints that will
be derived from nuclear ab initio calculations.

Nuclear Schi! moment of
19
F — We perform nuclear

ab initio calculations of the 19F NSM using the NCSM
approach [44] in combination with the Lanczos strength
method [45, 46] that was previously applied in NCSM
evaluations of anapole and electric dipole moments of
light nuclei [47, 48]. As input, we use primarily two sets
of parity-conserving (PC) εEFT nucleon-nucleon (NN)
and three-nucleon (3N) interactions: NN-N4LO [49] +
3N↑

lnl [50–52] and NN-N3LO [53] + 3Nlnl [54]. The
leading-order (LO) P, T -violating NN interaction due to
the one-pion exchange is taken in the form introduced
in Ref. [55], which is equivalent to the LO εEFT P, T -
violating NN interaction [56].

The nuclear Schi! moment operator associated with
the charge distribution is given by [21]:

S =
e

10

Z∑

p=1

(
r
2
p ↑

5

3
↓r2↔ch

)
rp , (2)

where e is the elementary charge, ↓r2↔ch the charge radius
of the nuclear ground state, Z is the proton number, rp
is the position vector of each proton p relative to the
center-of-mass of the nucleus, and rp is its magnitude.
In addition to this charge distribution term, a separate
“nucleon component” of the Schi! moment arises from
the intrinsic EDMs of the nucleons. This contribution is
neglected here, as the P, T -violating NN interaction is
expected to dominate [17, 21].

The Schi! moments are evaluated by computing the
matrix elements:

S = ↓A, g.s., Iω, Iz=I|Sz |A, g.s., I, Iz=I↔+ h.c., (3)

where “g.s.” indicates the nuclear ground state, I is the
nuclear spin quantum number, ω is the parity, Iz and Sz

are the z component of the nuclear spin vector and the
Schi! moment operator, respective, with the z direction
defined to be along the intrinsic body axis, and A encap-
sulates all other relevant quantum numbers. We solve
the standard Schrödinger equation using the PC Hamil-
tonian and obtain the |A, g.s., Iω↔ wave function. We
then invert the generalized Schrödinger equation with an
inhomogeneous term,

(EIω

g.s. ↑H)|A, g.s., I↔ = V
PTV
NN |A, g.s., Iω↔ , (4)

where H is the PC Hamiltonian, EIω

g.s. is the energy of
the pure-parity nuclear ground state |A, g.s., Iω↔, and
|A, g.s., I↔ is the ground state wave function that includes
the unnatural parity admixture due to the P, T -violating
interaction, V PTV

NN [48]. See also Equation (S1) in Supple-
mental Material [57]. Note that we shift the calculated
E

Iω

g.s. energy to match experimental excitation energy of

the lowest opposite-parity state (here 1/2→1 ).
Our results yield the following expression for the 19F

NSM:

S(19F) = (↑2.9 gḡ0↑2.4 gḡ1↑2.0 gḡ2)↗10→2
e fm3

, (5)

where g denotes the P, T -conserving pion-nucleon-
nucleon (ωNN) coupling constant; and ḡ0, ḡ1, and ḡ2 are
the isoscalar, isovector, and isotensor P, T -violating ωNN
coupling constants, respectively. A nonzero value of any
of the couplings ḡ0,1,2 would indicate physics beyond the
Standard Model. By varying the NCSM basis size, the
harmonic oscillator frequency, and the εEFT PC inter-
actions, we estimate the uncertainty of the results given
in Equation (5) at about 50%. The calculation details
are given in the Supplemental Material [57].

The NSM of 19F is significantly enhanced compared to
other light nuclei [58] due to the presence of a relatively
low-lying opposite-parity partner of its ground state and
a large Schi! operator matrix element between the two
states. Remarkably, its magnitude is comparable to that
of the much heavier nucleus 129Xe, as obtained from phe-
nomenological large-scale shell model calculations [59].
However, the lighter mass of 19F results in smaller coef-
ficients for the ωNN coupling terms than those in heav-
ier and octupole-deformed nuclei such as 225Ra [60] and
227Ac [61].

Nevertheless, the light mass of 19F enables its NSM
to be computed using ab initio methods that provide
a more detailed and reliable description of the nuclear
structure than approaches typically used for heavier nu-
clei [23, 25, 59, 60, 62–69]. Applying the NCSM with the

no-core shell model by P. Navratil & S. Foster

by L. Cheng
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An improved bound on the electron’s electric
dipole moment
Tanya S. Roussy1,2†, Luke Caldwell1,2†, Trevor Wright1,2, William B. Cairncross1,2‡,
Yuval Shagam1,2§, Kia Boon Ng1,2, Noah Schlossberger1,2, Sun Yool Park1,2, Anzhou Wang1,2,
Jun Ye1,2, Eric A. Cornell1,2*

The imbalance of matter and antimatter in our Universe provides compelling motivation to search
for undiscovered particles that violate charge-parity symmetry. Interactions with vacuum
fluctuations of the fields associated with these new particles will induce an electric dipole moment of
the electron (eEDM). We present the most precise measurement yet of the eEDM using electrons
confined inside molecular ions, subjected to a huge intramolecular electric field, and evolving
coherently for up to 3 seconds. Our result is consistent with zero and improves on the previous best
upper bound by a factor of ~2.4. Our results provide constraints on broad classes of new physics
above 1013 electron volts, beyond the direct reach of the current particle colliders or those likely
to be available in the coming decades.

E
lectric dipole moments of fundamental
particles, such as the electron, are sig-
natures of time-reversal symmetry viola-
tion, equivalent to violation of combined
charge and parity (CP) symmetry (1). CP

symmetry is broken in the standardmodel but
only in the quark sector (2), so the coupling to
leptons is weak and the predicted electron’s
electric dipole moment (eEDM) several orders
of magnitude below current experimental sen-
sitivity (3, 4). Explaining the imbalance of mat-
ter and antimatter in the Universe requires
additional CP violation, beyond that present
in the Standard Model (5–7). Many proposed

extensions predict new particles at energies
higher than any so far discovered, with CP-
violating interactions. These new particles
can induce a much larger eEDM, often within
reach of near-term experiments (8–10). A non-
zero measurement at current experimental
sensitivities would unambiguously signal new
physics, whereas a more precise measurement
consistent with zero imposes challenging
constraints on possible explanations of the
matter-antimatter imbalance. Our measure-
ment uses quantum projection–noise-limited
spectroscopy on samples of hundreds of mo-
lecular ions with interrogation times of up to

3 s. Our result, de ¼ "1:3 T 2:0stat T 0:6systð Þ%
10"30 e cm, is consistent with zero and gives
an upper bound of dej j < 4:1% 10"30 e cm at
90% confidence.
An eEDM d

→

e ¼ deŝ—with ŝ a unit vector
along the spin of the electron—subject to an
electric field, E

→
, has an energy of"d

→

e & E
→
. The

essence of an eEDM search is to measure the
energy shift when ŝ is aligned with E

→
com-

pared with when it is antialigned. The size
of the observable shift scales with the size
of E

→
, and thus many existing (11–13) and pro-

posed (14–17) eEDM experiments use elec-
trons embedded inside polar molecules, where
intramolecular electric fields can be ∼105
times larger than what can be directly ap-
plied in the lab. These internal electric fields
can be aligned in the lab frame by orienting
the molecules with modest external electric
fields.
Our measurement uses HfFþ molecular ions.

In an applied electric field of∼58 V cm"1, the
3D1 v ¼ 0; J ¼ 1ð Þ “science” state of the mo-
lecule is split into a series of doublets (Fig. 1A).
In two of these doublets, highlighted in col-
or, the molecule is oriented (18); the upper
doublet (orange) has the intramolecular axis
parallel to the applied field, whereas the lower
doublet (blue) is antiparallel. This intramolec-
ular axis defines the direction of an effective
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Fig. 1. Experiment outline. (A) Level structure of the eEDM-sensitive 3D 1 v ¼ 0; J ¼ 1ð Þ state. The horizontal axis indicates mF , the projection of the total angular
momentum onto the externally applied electric field. The vertical axis indicates the energy of the states. The direction of the electron spin and effective electric field,
Eeff, is indicated for each of the states used in the experiment. (B) Schematic of ion trap, composed of eight radial electrodes and a pair of endcap electrodes. (Inset)
Fields applied during experimental sequence: the rotating electric bias field, E

→

rot, and the quadrupole magnetic field, B
→0.
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180Hf19F+ @ JILA 
energy splitting between EDM- 
sensitive molecular states

3

of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,

interpreted in terms of eEDM and Cs

also constraints NSM of 19F

3

of 19F where the lowest opposite-parity partner contri-
bution is negligible. The reason for that is a di!ering
structure of the two states: The 1/2+ ground state is
a shell-model like state with large S-wave 18O+p am-
plitude while the 1/2→1 state exhibits ω-clustering with
large S-wave 15N+ω amplitude and a negligible P -wave
18O+p amplitude. Consequently, the matrix elements of
the E1 operator and of the second term of the Schi! op-
erator in Equation (2) (↭ r) are very small while that of
the first term of the Schi! operator (↭ r

2r) is enhanced,
see Ref. [57] for further details.

Molecular sensitivity factors for
19
F-containing

molecules — According to Equation (1), the NSM-
induced energy shift in a molecule is a product of the
NSM and a molecular sensitivity factor proportional
to the gradient of the electron density at the targeted
nucleus [22]. The electron cloud around a 19F nucleus in
a diatomic metal-fluoride molecule is heavily polarized
due to the ionic metal-fluorine bond, enhancing the
molecule’s sensitivity to 19F NSM measurements. We
perform wavefunction-based ab initio electronic struc-
ture calculations for the 19F NSM molecular sensitivity
factors for various molecules of interest. The results are
shown in Table I.

Major challenges in calculations of NSMmolecular sen-
sitivity factors include the high computational costs of
relativistic electron-correlation calculations, the numeri-
cal stability issue in the di!erentiation of electronic en-
ergy with respect to NSM involving a very local inter-
action operator, and the need to go beyond standard
basis sets to describe the local density variation. We
adopted our recent e”cient implementation of relativis-
tic exact two-component coupled-cluster singles and dou-
bles (X2C-CCSD) [69–71] method that reduces the stor-
age requirement by an order of magnitude and computing
time by a factor of four. We employ analytic X2C-CCSD
gradient techniques [72] to avoid tedious and expensive
numerical di!erentiation procedures. Accurate descrip-
tion for the electron density distribution in the immediate
vicinity of the 19F nucleus is beyond the ability of stan-
dard F basis sets for molecular electronic structure calcu-

TABLE I. Computed molecular sensitivity factors to
the nuclear Schi! moment of 19F for select molecules.
WS is expressed in units of e

4ωε0a
4
0
→ 44.3 h Hz/(e fm3).

Molecule Molecular state WS

(
e

4ωε0a
4
0

)

HfF+ a 3!1 115
ThF+ X 3!1 99
SrF X 2”+ 52
BaF X 2”+ 48
YbF X 2”+ 59
TlF X 1”+ 74
RaF X 2”+ 47

lations. We construct an extended basis set for 19F using
the scheme described in Ref. [33]. The resulting ETB0
(30s30p4d3f2g) basis set for 19F provides su”cient flex-
ibility to probe the electron-density gradient at the 19F
nucleus.
Based on a systematic study of relativistic, correlation,

and basis-set e!ects, we expect the errors for the X2C-
CCSD 19F NSM molecular sensitivity factors in Table I
to be well below 10%. For example, the correction to WS

of HfF+ from the triple excitations amounts to less than
2% of the total value. The inclusion of additional basis
functions changes the computed value by less than 1%.
The di!erence between X2C and four-component results
is less than 1%. This error estimate is consistent with
that in benchmark calculations reported in Ref. [33].
Of note, the magnitude of electron density close to

the 19F nucleus is significantly smaller than the nuclei
of heavy metals in these molecules. Therefore, the 19F
NSM molecular sensitivity parameters are a few orders
of magnitude smaller than those for the heavy atoms.

The molecular EDM measurement in HfF
+

and its

NSM interpretation — Experimental EDM measure-
ments of 19F-containing molecules have been reported for
thallium fluoride (TlF) [14, 73], ytterbium fluoride (YbF)
[6, 74], and HfF+ [1, 75]. While all of them are sensi-
tive to the NSM of 19F, the HfF+ result represents the
most precise such measurement to date and its associated
molecular sensitivity is the largest, see again Table I. We
therefore employ the HfF+ result to set the most strin-
gent experimental upper bound on 19F’s NSM. Note that
the hafnium isotope employed in the HfF+ experiment,
180Hf, possesses a nuclear spin of zero (I = 0). Thus,
the measurement is insensitive to nuclear-spin-dependent
contributions from hafnium.
The HfF+ EDM measurements were performed on the

a
3#1(v = 0, J = 1, F = 3/2,mF = ±3/2) states, where

v, J , and F correspond to the vibrational, rotational, and
hyperfine quantum numbers, respectively, and mF is the
projection of F onto the quantization axis. This manifold
was chosen to maximize the molecule’s sensitivity to the
electron’s EDM. In the more precise of the two HfF+

measurements [1], the energy splitting between EDM-
sensitive molecular states was determined to be

hf = (→14.6± 22.8stat ± 6.9syst) h µHz, (6)

where h denotes Planck’s constant. This result was
subsequently used to constrain the electron’s EDM and
the scalar–pseudoscalar nucleon–electron coupling, as re-
ported in Ref. [1]. In addition to these two known sources
of a molecular EDM in 180HfF+, there exists a previously
unaccounted-for contribution: the NSM of 19F.

To relate the HfF+ EDM measurement to the NSM
of 19F and the underlying P, T -violating interactions,
we make use of Equation (1), informed by our ab initio

quantum chemistry and nuclear structure calculations,
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Nuclear Schi! moments (NSMs) are sensitive probes for physics beyond the Standard Model
of particle physics, signaling violations of time-reversal and parity-inversion symmetries in atomic
nuclei. In this Letter, we report the first-ever calculation of a NSM in a nuclear ab initio framework,
employing the no-core shell model to study the fluorine isotope 19F. We further perform quantum-
chemistry calculations to evaluate the sensitivity of the hafnium monofluoride cation, HfF+, to the
NSM of 19F. Combined with recent high-precision measurements of the molecular electric dipole
moment of HfF+ [1], our results enable the first experimental bound on the NSM of 19F.

Introduction — Rapid advancements in the control
and manipulation of individual quantum states in atoms
and molecules have supercharged progress in the fields
of quantum information, quantum simulation, and the
probing of chemical reactions at the quantum level [2–
4]. Over the years, numerous experiments have leveraged
these quantum-enabled technologies to probe for electric
dipole moments (EDMs) of elementary and composite
particles [1, 5–15]. Measurements of EDMs can help con-
strain the nature of new physics [16–20] and guide us to
a better understanding of the underlying mechanisms of
the universe.

One example of an EDM sensitive to fundamental sym-
metry violations is the molecular EDM induced by a nu-
clear Schi! moment (NSM) of a constituent atom, e.g.,
19F in HfF+. The physics of the NSM has been cov-
ered comprehensively in literature, e.g., Refs. [21–26].
In brief, the NSM arises from nuclear electric moments
that are only partially screened by the surrounding elec-
tron cloud due to relativistic e!ects and the finite size
of the nucleus [27, 28]. Parity-inversion (P) and time-
reversal (T ) violation within the atomic nucleus can gen-
erate a NSM, which in turn induces a measurable EDM
in atoms and molecules. While P, T -violating e!ects pre-
dicted by the Standard Model produce EDMs well below
current experimental sensitivity, many beyond-Standard-
Model scenarios predict enhancements potentially within
reach of ongoing or near-future measurements. As such,
EDM experiments provide powerful probes of new P, T -
violating physics.

A key component of interpreting EDM measurement is
the theoretical connection between experimental observ-
ables and fundamental P, T -violating phenomena. This
requires two key calculations: the molecular sensitivity
coe”cient (WS) which relates the observed EDM to the
NSM (S), and a nuclear structure calculation that con-
nects the NSM to the underlying P, T -violating physics.
The energy shift, #ENSM, of a molecular state due to the

NSM of a constituent nucleus is given by [22]:

#ENSM = WS S

〈
I · n̂
I

〉
, (1)

where I is its nuclear spin vector, I is its magnitude,
and n̂ is the unit vector along the internuclear axis.
The expectation value is evaluated for the specific EDM-
sensitive state utilized in the experiment.
State-of-the-art relativistic quantum chemistry meth-

ods, using ab initio approaches and extended basis sets,
can determine molecular sensitivity factors with high ac-
curacy and uncertainties at the sub-10% level [29–33].
In contrast, solving the nuclear many-body problem

with comparable precision remains a major theoretical
challenge, particularly when linking nuclear structure to
searches for new physics. Traditionally, this connec-
tion has relied on phenomenological nuclear models that,
while powerful, are typically finely tuned and model-
dependent. A striking example is the calculation of nu-
clear matrix elements for neutrinoless double-beta decay,
where model predictions can di!er by more than a fac-
tor of three [34]. Similar discrepancies are observed in
phenomenological estimates of NSMs, which can vary by
an order of magnitude and even disagree in sign [21], un-
derscoring the need for more systematic and predictive
nuclear theory.
Over the past decade, nuclear structure theory has ad-

vanced significantly, driven by improvements in many-
body methods, increased computational power, and more
accurate descriptions of nuclear forces. In particular,
chiral e!ective field theory (ωEFT) provides a system-
atic framework that connects the symmetries of quantum
chromodynamics to low-energy nuclear interactions, en-
abling controlled expansions of nuclear forces at the scale
where protons and neutrons form atomic nuclei [35–37].
These interactions are now routinely used in nuclear ab

initio calculations, o!ering high precision and reliable un-
certainty quantification [38]. Extending ab initio meth-
ods to the calculation of NSMs thus holds promise for
improving the theoretical reliability of NSM estimates,
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discussed above. In this case, the final term on the right-
hand side in Equation (1) evaluates to

∣∣〈 I·n̂
I

〉∣∣ = 1/2
in the 3!1(v = 0, J = 1, F = 3/2,mF = ±3/2) man-
ifold [76]. Moreover, the experimental scheme mea-
sures the energy di”erence between the mF = +3/2 and
mF = →3/2 states, in which the fluorine nuclear spin is
oppositely oriented. A nonzero NSM shifts the energy
of each state in opposite directions, so that the observed
energy splitting corresponds to twice the NSM-induced
shift in a single EDM-sensitive state, i.e.,

hf = 2|!ENSM|. (7)

Combining these considerations with our theoretical
results, specifically the molecular sensitivity factor WS

in Table I and the NSM expression given in Equation (5),
the measured frequency can be related, to two significant
figures, to the underlying P, T -violating ωNN coupling
constants via:

hf = (→220 gḡ0 → 160 gḡ1 → 71 gḡ2) h Hz. (8)

In principle, a P, T -violating electric charge distribution
within 19F could also contribute to the observable molec-
ular EDM. However, as discussed below, this nuclear
EDM contribution is expected to be negligible compared
to the dominant e”ect from the NSM.

Electric dipole moment of the fluorine nucleus — In
molecular ions, the EDMs of atomic nuclei are not com-
pletely shielded [28]. Hence, the nuclear EDM of interest,
in this case of 19F, contributes to the molecular EDM
through the following:

hfEDM = 2 |d · EEEunsc.|, (9)

where d is the nuclear EDM and EEEunsc. is the unscreened
electric field seen by the 19F atomic nucleus:

EEEunsc. =
M

Mmol.

Qmol.

Ze
EEEext., (10)

where M is the mass of the 19F atomic nucleus, Mmol.

is the total mass of the molecular ion, Qmol. is the net
charge of the molecular ion, Z is the number of protons
in the 19F atomic nucleus, e is the elementary charge,
and EEEext. is the applied external electric field.

The nuclear EDM of 19F has been calculated using the
NN-N3LO + 3Nlnl interaction to be [48]:

d = (→0.018 gḡ0 + 0.009 gḡ1 → 0.023 gḡ2) e fm. (11)

In addition, we have computed the EDM of 19F also
with the NN-N4LO + 3N→

lnl and obtained results consis-
tent with Equation (11) well within the 30% uncertainty
quoted in Ref. [48].

At an applied electric field of 58 V/cm [1], Equa-
tions (9) and (11) translate to:

hfEDM = (0.53 gḡ0 → 0.27 gḡ1 + 0.68 gḡ2) h Hz. (12)

TABLE II. Upper bounds (90% confidence level) on
P, T -violating observables. Definitions of ḡ0,1,2 are pro-
vided in Equation (5). The bounds are derived using the
|S(19F)| limit from Equation (13) and the coe!cients in Equa-
tion (5). Each bound is calculated under the assumption that
the corresponding observable is the sole contributor to the
nuclear Schi” moment of 19F. For the conversions, we use
g → 13.5 [17]. These bounds are consistent with previous
constraints [10].

Quantity Limit

|ḡ0| 1.6↑ 10→8

|ḡ1| 2.2↑ 10→8

|ḡ2| 4.8↑ 10→8

The coe#cients in Equation (12) are much smaller than
those in Equation (8). Hence, we shall neglect the e”ect
of the nuclear EDM of 19F in subsequent discussions.
It is important to note a specific detail of the HfF+ ex-

periment. The frequency reported in Ref. [1] corresponds
to a particular experimental configuration optimized for
sensitivity to the electron’s EDM and the NSM of 19F.
This configuration exploits the fact that both observables
depend on the projection of the electron and nuclear spins
onto the internuclear axis. In contrast, the observable
associated with the nuclear EDM of 19F depends on the
projection of the nuclear spin onto the direction of the
applied external electric field. As a result, the frequency
reported in Ref. [1] is not sensitive to the nuclear EDM of
19F. In the terminology of Refs. [1, 77], the nuclear EDM
contributes to the f

B channel, whereas the reported fre-
quency pertains to the f

DB channel, which is sensitive
to the electron’s EDM and NSM of 19F. For a detailed
discussion of these channels and their respective sensitiv-
ities, the reader is referred to Refs. [1, 77].

Discussion — Assuming that both the electron’s EDM
and the scalar–pseudoscalar nucleon–electron coupling
are zero, we can place a bound on the NSM of 19F:

|S(19F)| < 9.0↑ 10↑9
e fm3 (90% confidence level).

(13)
The conversion to a 90% confidence level follows the
methodology described in Ref. [1].
If we further assume that each P, T -violating observ-

able in Equation (5) individually accounts for the en-
tire NSM, we can derive bounds on these observables, as
listed in Table II.
Using ḡ0 ↓ →17.2 ↑ 10↑3

ε̄ [78] and ḡ1 ↓ 3.4 ↑ 10↑3
ε̄

[78, 79], while neglecting the highly suppressed coupling
ḡ2 [80], we can also place a bound on the QCD ε term
related to the strong CP problem [81, 82] :

|ε̄| < 1.1↑ 10↑6 (90% confidence level). (14)

It is worth noting that the constraint on ε̄ derived from
the limit on the scalar–pseudoscalar nucleon–electron

(quantum chemistry) 

(nuclear theory)
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initio calculations, o!ering high precision and reliable un-
certainty quantification [38]. Extending ab initio meth-
ods to the calculation of NSMs thus holds promise for
improving the theoretical reliability of NSM estimates,
analogous to recent progress in ab initio studies of neu-
trinoless double-beta decay [39–42].

In this Letter, we present the first nuclear ab initio

calculation of a NSM, focusing on the fluorine isotope
19F. This nucleus is ideally suited for several reasons.
First, its relatively low mass makes it tractable within
the no-core shell model (NCSM), which treats all 9 pro-
tons and 10 neutrons explicitly. Hence, it will serve as
a reliable benchmark for future ab initio e!orts aimed
at calculating NSMs in heavier, octupole-deformed sys-
tems. Second, 19F exhibits a low-lying opposite-parity
excited state (Iω = 1/2→) just → 110 keV above its
1/2+ ground state [43], which strongly amplifies NSM-
induced e!ects [22]. Finally, we show that the recent
high-precision measurement of the molecular EDM in
HfF+ [1], while primarily constraining the electron EDM,
can also be interpreted as a stringent limit on the NSM of
19F. To support this, we also perform quantum-chemistry
calculations of the molecular sensitivity factor for HfF+

and other fluorine-containing molecules. While the re-
sulting bounds on the pion-nucleon-nucleon (ωNN) cou-
pling constants are not yet the most stringent, this work
lays the groundwork for future ωNN constraints that will
be derived from nuclear ab initio calculations.

Nuclear Schi! moment of
19
F — We perform nuclear

ab initio calculations of the 19F NSM using the NCSM
approach [44] in combination with the Lanczos strength
method [45, 46] that was previously applied in NCSM
evaluations of anapole and electric dipole moments of
light nuclei [47, 48]. As input, we use primarily two sets
of parity-conserving (PC) εEFT nucleon-nucleon (NN)
and three-nucleon (3N) interactions: NN-N4LO [49] +
3N↑

lnl [50–52] and NN-N3LO [53] + 3Nlnl [54]. The
leading-order (LO) P, T -violating NN interaction due to
the one-pion exchange is taken in the form introduced
in Ref. [55], which is equivalent to the LO εEFT P, T -
violating NN interaction [56].

The nuclear Schi! moment operator associated with
the charge distribution is given by [21]:

S =
e

10

Z∑

p=1

(
r
2
p ↑

5

3
↓r2↔ch

)
rp , (2)

where e is the elementary charge, ↓r2↔ch the charge radius
of the nuclear ground state, Z is the proton number, rp
is the position vector of each proton p relative to the
center-of-mass of the nucleus, and rp is its magnitude.
In addition to this charge distribution term, a separate
“nucleon component” of the Schi! moment arises from
the intrinsic EDMs of the nucleons. This contribution is
neglected here, as the P, T -violating NN interaction is
expected to dominate [17, 21].

The Schi! moments are evaluated by computing the
matrix elements:

S = ↓A, g.s., Iω, Iz=I|Sz |A, g.s., I, Iz=I↔+ h.c., (3)

where “g.s.” indicates the nuclear ground state, I is the
nuclear spin quantum number, ω is the parity, Iz and Sz

are the z component of the nuclear spin vector and the
Schi! moment operator, respective, with the z direction
defined to be along the intrinsic body axis, and A encap-
sulates all other relevant quantum numbers. We solve
the standard Schrödinger equation using the PC Hamil-
tonian and obtain the |A, g.s., Iω↔ wave function. We
then invert the generalized Schrödinger equation with an
inhomogeneous term,

(EIω

g.s. ↑H)|A, g.s., I↔ = V
PTV
NN |A, g.s., Iω↔ , (4)

where H is the PC Hamiltonian, EIω

g.s. is the energy of
the pure-parity nuclear ground state |A, g.s., Iω↔, and
|A, g.s., I↔ is the ground state wave function that includes
the unnatural parity admixture due to the P, T -violating
interaction, V PTV

NN [48]. See also Equation (S1) in Supple-
mental Material [57]. Note that we shift the calculated
E

Iω

g.s. energy to match experimental excitation energy of

the lowest opposite-parity state (here 1/2→1 ).
Our results yield the following expression for the 19F

NSM:

S(19F) = (↑2.9 gḡ0↑2.4 gḡ1↑2.0 gḡ2)↗10→2
e fm3

, (5)

where g denotes the P, T -conserving pion-nucleon-
nucleon (ωNN) coupling constant; and ḡ0, ḡ1, and ḡ2 are
the isoscalar, isovector, and isotensor P, T -violating ωNN
coupling constants, respectively. A nonzero value of any
of the couplings ḡ0,1,2 would indicate physics beyond the
Standard Model. By varying the NCSM basis size, the
harmonic oscillator frequency, and the εEFT PC inter-
actions, we estimate the uncertainty of the results given
in Equation (5) at about 50%. The calculation details
are given in the Supplemental Material [57].

The NSM of 19F is significantly enhanced compared to
other light nuclei [58] due to the presence of a relatively
low-lying opposite-parity partner of its ground state and
a large Schi! operator matrix element between the two
states. Remarkably, its magnitude is comparable to that
of the much heavier nucleus 129Xe, as obtained from phe-
nomenological large-scale shell model calculations [59].
However, the lighter mass of 19F results in smaller coef-
ficients for the ωNN coupling terms than those in heav-
ier and octupole-deformed nuclei such as 225Ra [60] and
227Ac [61].

Nevertheless, the light mass of 19F enables its NSM
to be computed using ab initio methods that provide
a more detailed and reliable description of the nuclear
structure than approaches typically used for heavier nu-
clei [23, 25, 59, 60, 62–69]. Applying the NCSM with the
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TABLE II. Upper bounds (90% confidence level) on
P, T -violating observables. Definitions of ḡ0,1,2 are pro-
vided in Equation (5). The bounds are derived using the
|S(19F)| limit from Equation (13) and the coe!cients in Equa-
tion (5). Each bound is calculated under the assumption that
the corresponding observable is the sole contributor to the
nuclear Schi” moment of 19F. For the conversions, we use
g → 13.5 [17]. These bounds are consistent with previous
constraints [10].

Quantity Limit

|ḡ0| 2.3↑ 10→8

|ḡ1| 2.8↑ 10→8

|ḡ2| 3.3↑ 10→8

chosen primarily for their strong sensitivity to NSMs as-
sociated with heavy nuclei [33], where relativistic e!ects
and nuclear structure lead to an intrinsic enhancement
of the NSM signal. As a result, the sensitivity of these
molecules to the NSMs of heavy elements can be up to
four orders of magnitude greater than to that of 19F.
Therefore, the contribution of the NSM of 19F to the in-
terpretation of EDM measurements in such systems is ex-
pected to be at the level of 10→4. Although the 19F NSM
exhibits reduced sensitivity to underlying P, T -violating
interactions compared to these heavier nuclei, its sensi-
tivity coe”cients are more accurately determined, as en-
abled by the nuclear ab initio calculation in the present
work, and can be used with greater confidence in con-
straining fundamental symmetry-violating physics.

In the future, and in line with ongoing e!orts to extend
the frontier of ab initio nuclear theory to the heaviest
nuclear systems, ab initio approaches will aim to calcu-
late NSMs of heavy, octupole-deformed nuclei as well.
This remains a challenging task that, to date, has been
addressed only using phenomenological nuclear models.
Recent advances in the treatment of 3N forces [86], global
ground-state calculations [87], and applications in the
208Pb region [88] have pushed ab initio methods toward
heavier mass ranges. Once remaining many-body chal-
lenges — such as e!ectively summing over all opposite-
parity intermediate states coupled by the Schi! operator
or treating nuclear deformation in the mass region be-
yond the doubly magic nucleus 208Pb — are overcome,
the NSMs of heavy, octupole-deformed nuclei are ex-
pected to come within reach of nuclear ab initio frame-
works. Promising developments in this direction include,
for example, the use of non-spherical references to cap-
ture deformation e!ects [89, 90]. In this context, our
(quasi-)exact calculation of the NSM in 19F will provide
a critical benchmark for validating and guiding future ab
initio e!orts —– particularly those that involve trunca-
tions in the model space, Hamiltonian, or operators —–
when targeting symmetry-violating phenomena such as
the NSM in heavier mass regions of the nuclear chart
that are beyond the reach of the NCSM.

Moreover, in molecules where 19F is the only nucleus
with non-zero spin, the nuclear-spin dependent P, T -
violating e!ects in the molecular EDM arise predomi-
nantly from the NSM of 19F. Proposed experiments us-
ing such molecules, e.g., Refs. [91, 92], aim to leverage
long trapping times and high molecular densities, with
projected frequency sensitivities at the 10→8 Hz level,
far exceeding current experimental precision. Such ad-
vances could yield competitive or complementary bounds
on P, T -violating interactions, rivaling the most stringent
existing constraints [10, 15].

Conclusion — We have presented the first ab initio

calculations of a nuclear Schi! moment (NSM), focusing
on 19F. By integrating (i) our nuclear structure calcula-
tions of the 19F NSM, (ii) quantum chemistry analyses
of molecular sensitivity to the NSM, and (iii) a detailed
interpretation of the recent measurement of the electric
dipole moment in HfF+ [1], we have established the first
bound on the NSM of 19F. From this bound, we derive
corresponding limits on the pion–nucleon–nucleon cou-
pling which, while consistent with existing more stringent
constraints, are obtained here for the first time within a
nuclear ab initio framework. This work demonstrates the
power of ab initio approaches in connecting fundamen-
tal symmetries with experimental observables and paves
the way for interpreting future precision measurements
aimed at uncovering new sources of violations of funda-
mental symmetry in the nuclear sector.
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