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Electroweak Nuclear Properties from Single Molecular Ions in a Penning Trap
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We present a novel technique to probe electroweak nuclear properties by measuring parity violation (PV)
in single molecular ions in a Penning trap. The trap’s strong magnetic field Zeeman shifts opposite-parity
rotational and hyperfine molecular states into near degeneracy. The weak interaction-induced mixing
between these degenerate states can be larger than in atoms by more than 12 orders of magnitude, thereby
vastly amplifying PV effects. The single molecule sensitivity would be suitable for applications to nuclei
across the nuclear chart, including rare and unstable nuclei.
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Introduction—Of nature’s four known fundamental
forces, the weak force is the only one known to violate
parity (P) and charge-parity (CP) symmetry. In this context,
precision studies of the weak interaction provide powerful
tests of the standard model, violations of the fundamental
symmetries, and the existence of new physics [1-3].
Accelerator-based experiments and atomic parity violation
studies have provided key insights into the weak interaction
between the electrons and nucleons, mediated by Z°-boson
exchange [4-6]. However, the electroweak interactions
between nucleons are only poorly understood [7-12]. A
clear disagreement exists between measurements [1,13,14].

Recent progress in precision control and interrogation of
molecules has demonstrated powerful routes for precision
studies of symmetry-violating properties [1,15-18]. Parity
violation (PV) can produce unique signatures in the molecu-
lar energy levels, enabling the isolation of weak force effects
from the overwhelmingly dominant strong and electromag-
netic forces [19-21]. The proximity of opposite parity
molecular levels provides high sensitivity to symmetry-
violating properties, which can be several orders of magni-
tude larger than in atomic systems. Moreover, external
magnetic fields can drive these opposite-parity states into
near degeneracy, enhancing their sensitivity to PV properties
[22]. The possibility of about 11 orders of magnitude of
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enhancement of PV-induced state mixing was recently
demonstrated with a neutral beam of *®BaF [23].

In this Letter, we propose and analyze a new method for
measuring PV nuclear properties using single molecular
ions and a Penning trap, which allows for long coherence
times (>>1 ms) [20]. Combined with its well-controlled
electric and magnetic fields, an enhancement in excess of
12 orders of magnitude in PV-induced state mixing relative
to atoms can be achieved, thereby vastly increasing
sensitivity to electroweak nuclear properties. The precision
and versatility of our technique will enable measurements
of many isotopes across the nuclear chart. These include
species that may be difficult to manipulate and measure in
neutral forms, such as short-lived nuclei [18,24,25].

In a diatomic molecule, PV properties are dominated by
the nuclear-spin-dependent PV (NSD-PV) interactions.
These primarily arise from the electron-vector and nucleon
axial-vector (V,Ay) Z°-boson exchange [1], and the elec-
tron electromagnetic interaction with the nuclear anapole
moment [1,26,27] (so far only detected in '3Cs [4]).
Another contribution could come from new interactions
beyond the standard model between electrons and nucleons,
mediated by yet-to-be-discovered gauge bosons [28-30].

Our proposed method should be highly general for
various molecular ions. However, we will focus on 2°SiO+
due to practical and theoretical advantages for the initial
demonstration: Its rotational and electronic structure is
known [31], the ground electronic state is X", and it was
demonstrated suitable for laser cooling [32,33].

© 2024 American Physical Society
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Effective Hamiltonian and electroweak properties—Our
scheme builds on the concepts introduced in [20,34]. The
effective Hamiltonian describing the lowest rotational and
hyperfine energy levels of 2°SiO™, in the absence of PV
effects, can be expressed as

Hy = ByN> + DyN* +yN-S+bl-S+c(I-n)(S-n),

with N = R + L, where R is the mechanical rotation of the
molecular framework, L is the orbital angular momentum
of the electron, S and I are the molecular frame electron and
nuclear spin operator, respectively, and n is the unit vector
along the internuclear axis. The rotational, centrifugal
distortion, and spin-rotational constants are B, D,, and
y. b and c are hyperfine structure constants associated with
the 2°Si nucleus. The rotational constant of 2°SiO™ is far
larger than all the other molecular parameters in H [35].
Thus, N is a good quantum number for levels of energy
Ey ~ BoN(N + 1) and parity Py = (=1)V.

When a magnetic field of a particular magnitude B is
applied (see Fig. 1), sublevels of the N¥ = 0 and 1~ states
can be Zeeman shifted close to degeneracy. For 2°SiO™, this
magnetic field strength is B~ [(E| — Ey)/2ug| ~ 1.5 T,
since the coupling to the electron spin § dominates
the Zeeman shift via the Hamiltonian H; = —gugS - B
with ¢ factor g~ —2, the Bohr magneton up, and the
magnetic field aligned with the z axis B = Bz [23]. This
field is strong enough to decouple S from I and N.
Hence, the rotational and hyperfine levels are better
described in the decoupled basis used for the rest of the
Letter: |N, my)|S, mg)|I, m;).

The NSD-PV interactions can mix opposite-parity levels.
The Hamiltonian Hpy = &' (Gr/V2)(al/I)p(r) [26]

21.6

\S]
=
=~

Energy (GHz)
et
[V}
\

|mSymme)
- |+Y5,45,0) == |-%,—"%,0)
21.0 A [+Y2,—Y,0) |—V4,+V%,0)
|=Y2,—Y2,—1) — | =Y2,4Y2,—1)
pog k=" T 1P —— mleatesl) Sxgd
1.505 1510 1.515 1.520 1.525 1.530
Magnetic Field (T)
FIG. 1. Calculated energies of opposite parity rotational and

hyperfine states in 2°SiO™ for different magnetic field strengths,
based on the Hamiltonian H, and parameters given in [36,37].
The positive parity states |‘I‘%’) are rising, while the negative ones

|¥7) are descending. For details, see text.

describes such PV interactions, where «’ includes all the
NSP-PV contributions. We denote the Fermi constant G,
Dirac matrices vector e, nuclear spin I, and nuclear density
with respect to the nuclear center p(r). An effective
Hamiltonian acting only within the subspace of rotational
and hyperfine levels can be obtained by averaging the
previous Hamiltonian over the electronic wave function,
given by Hy = K'W,C, where W, is a matrix element that
includes the expectation value of Hpy over the electronic
wave function in the 2Z state in the rotating frame of the
molecule, which can be computed numerically using state-
of-the-art quantum chemistry methods with uncertainties as
low as a few percent [38]. C = {[(n x S) -I]/I} contains
the angular momentum dependence of H g and its matrix
elements can be calculated analytically using angular
momentum algebra [21].

Measurement strategy—Our proposed experiment will
be performed in a Penning ion trap. This device is widely
used in precision atomic and nuclear physics [39—-42]. The
trap consists of a strong magnetic and a weak electrostatic
field, allowing three-dimensional trapping of ions (see
Ref. [43] for a review on Penning traps). We use the
trapping magnetic field to Zeeman shift two opposite parity
states into near degeneracy (see arrow in Fig. 1). Moreover,
the intrinsic trap design allows for various magnetic field
strengths for maximal flexibility in the choice of ion species
and rotational-hyperfine states.

Our experimental principle is identical to the one for
neutral molecules in Refs. [20,23]. In the presence of axial
(i.e., aligned with the magnetic field) and radial electric
fields, E, and E,, the effective Hamiltonian of this two-
level system is

u _<a,E3+(x2E§ iW+d-EZ>
*\-iWw+d- E A ’

with the weak interaction matrix element (W (m),m],
my,mp) ='W (7 (miy,my)|CI¥T (my,my)), the expecta-
tion value d of the dipole moment operator, D, between
the two levels and the general wave function,
[P(1)) = e (D)|¥]) + e c_(1)|¥]), of the two-level
system with its eigenstates |W}, ) of parity P and spin
projection myg, and its time-dependent amplitudes cp(7)
[see Refs. [20,23,44-46] and the Supplemental Material
(SM)-B [47] for details]. A is a small detuning of the two
levels from perfect degeneracy and depends on the applied
magnetic field strength B; a, and a, represent the radial and
axial contributions to the differential polarizability of the
two levels [48], while E, and E, are any external radial and
axial E fields.

In the ideal case of a single ion resting in a stable
magnetic field B at ¢y = 0 with zero external electric fields
prepared in the |‘I‘¥> state in the center of our trap, we

measure W using the Stark-interference procedure described
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in Ref. [20]. Thereby, population transfer from the initial
positive |‘I’%r> to the negative [V} parity state occurs due to

the PV matrix element and the interaction with a sinusoidal
electric field. We repeat this measurement for several N,
ions to determine the population transfer probability
by measuring the average signal S = Ny|c_(#)|* (see SM-B
[47] and Refs. [44-46] for details). The existence of
parity violation leads to a nonzero asymmetry, defined
as Apy = {{S(+Eext) - S(_Eext)}/[s(_‘_Eext) + S(_Eext)]}
[23], where S(+E.,) and S(—E.,) refer to the signals
obtained for measurements with zero (+) and = (—) phase
shift in the sinusoidal field.

For 2°SiO*, the population transfer and, hence, the
asymmetry can be estimated using first-order perturbation
theory (see SM-B [47] and Refs. [44-46] for details). For
interrogation times 7, &~ (22N /w.y) ~ (n/A) at integer N,
the PV asymmetry becomes [20]

A Dext
= W on2 (1)

with Qgp = dE,,. Ultimately, W is determined via the
population transfer probability for different values of A,
i.e., magnetic field strengths B we can easily scan in our
setup. Its statistical uncertainty is

A N

T 42N, sin(3E) 7

)

using 17 = (Qr/wex)/(W/A) for the number of mole-
cules N.

To reduce W, we want to minimize A. Since we are
technically limited in arbitrarily reducing A (as discussed
in the following section), we set the interrogation time to
t, = (z/A) once A is minimized. Thus, the precise control
of the interrogation time #, in our trap for a minimal
uncertainty on 6W and precise variation of ¢, to check for
systematic effects, are clear advantages we can leverage
over experiments performed on molecular beams.

From our measurement of W and the calculated W, and
C, we can extract k¥’ &~ k5 + K}, encoding the physics of the
weak interaction that leads to NSD-PV: &, arising from the
V,Ay term in the electron-nucleon-Z’-boson exchange,
and the electron electromagnetic interaction with the ana-
pole moment, ;. Applying our technique to a wide range of
isotopic chains, including radioactive ones [18,24,25],
could allow for a separation of k), and «, based on the
dependence of «} on the nuclear mass A and spin I [20,27].

Experimental details—Trapped ions in a Penning trap
move on three superimposed eigenmotions inside the trap.
The eigenmotions’ frequency, phase, and amplitude can be
controlled and coupled through radio-frequency excitations
on the ion trap’s electrodes [43]. The eigenmotions can be
further cooled by coupling to a resonance circuit at 1K.

Once the ion is located in the trap center in equilibrium
with the [-K environment, it is decoupled from the
resonance circuit using a cryogenic switch. It remains in
a nominally zero E.,, field, allowing for the above
assumptions on the Hamiltonian due to low reheating rates
of ~65 mK/s [49].

An additional, significant advantage of our proposed
method is that the magnetic field strength B experienced by
the molecular ion with charge-to-mass ratio ¢/m can be
precisely determined through a cyclotron frequency v, =
(Bq/27m) determination to the 107! level of precision or
better [50,51].

In our proposed setup, neutral 2°SiO molecules are
produced by laser ablating a silicon rod in the supersonic
expansion of a mixture of oxygen and argon gas [52]. The
molecules are photoionized using resonant laser light [53]
into the ground electronic and vibrational states populating
only low rotational levels [54]. The measurement scheme
shown in Fig. 2 works as follows:

(i) The molecular ions are trapped in the Penning trap,
and a single molecule is selected using the evaporative
cooling technique [55]. Once the ion is located at the trap
center in equilibrium with the 1-K environment (assumed
as the kinetic temperature of the ions moving forward) and
decoupled from the resonant circuit, it is optically pumped
into its rotational ground state [94(3)% fidelity were shown
in Ref. [32] for 28SiO*]. This level is further split into four
hyperfine substates. Given the large splitting between these
substates (>100 MHz), they can be addressed individually
after the rotational cooling using lasers or microwaves to
transfer the population to the state of interest, |‘P?) (Fig. 1,

solid black line), with >90% fidelity.

(i1) To ensure the molecule is not in the negative parity
state |¥7) (Fig. 1, colored lines) even after the state
transfer, the molecule in |‘I‘I> is state-selectively dissoci-
ated via excitation to a higher-lying autodissociating
state [32]. The timescale for this process is ~10 ns, i.e.,
short compared to all inverse frequencies in this measure-
ment; thus, it corresponds to an instantaneous (but condi-
tional) quantum projection onto unaffected states.

(iii) This step constitutes the starting point of the
measurement. It will be executed after step (i) and in

O possible state occupation
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FIG. 2. Schematic layout and measurement principle with a
laser port for the ionization, cooling, and dissociation lasers. Our
measurement procedure, (i)—(iv), is described in the text.
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parallel to step (ii) since |‘P%L) would start to evolve in time
even without an external electric field.

To induce Stark mixing, we have the ion experience, a
sinusoidal electric field E,(f) = E.y - sin(wqt) with
Ei~6V/cm and Qp/27~3 kHz in its rest frame.
This is achieved by exciting the ion to an axial amplitude
of ~0.3 mm in the harmonic trapping potential with a
~20 V single cycle, resonant sinusoidal-wave “kick” to the
trap’s end caps as routinely achieved in practice [56].

(iv) The final state detection is performed by molecular
dissociation of the negative parity state |‘I’I), using the
same autoionizing state as in step (ii) as soon as the
oscillating field in step (iii) is switched “off” by reversing
the sinusoidal “kick.” Since the dissociation process is
parity-state selective, we can perform a “double-dip” mass
measurement [56] in search of 2°SiO*, 2°Sit, or %0+ as a
measurement of the final parity state. If a dissociation had
occurred, we can remove the 2°Si* or 1°0O* ion from the trap
and load a new 2°SiO™ ion. If no dissociation occurs, the
measurement is restarted at step (i).

Figure 3 shows the simulated PV asymmetry, Apy, in
Eq. (1), as a function of A for a range of possible W values.
For SiO*, we assume Qg/27 =3 kHz, ey /27 =
350 kHz, and scan A/2z ranging from —150 Hz to
150 Hz in steps of 50 Hz. Measuring different values of
A was shown to be effective in avoiding various systematic
uncertainties [23,57]. Measuring at other relevant level
crossings will also allow diagnosing systematics.

Heavier molecules with larger weak matrix elements
comparable to A (W 2 100 Hz), such as the potentially
laser-coolable TIF™ [58] (see Table I), do not require
additional external Stark mixing for amplifying the sought
signal. As suggested in Ref. [34], the level crossing shown in
Fig. 1 turns into a pseudocrossing, which can be measured
directly. This approach requires an advanced level of
systematic control which we plan to investigate in the future.

Uncertainty estimates—Here, we estimate the primary
sources and magnitude of uncertainty for 2°SiO* with the

. T
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FIG. 3. Asymmetry for SiO* for different W and A. The

assumed experimental condition is indicated in red with details
provided in the text. The red dots show the expected asymmetry
at A/2z = +100 Hz.

calculated W, /2x = 16 Hz from Table I, corresponding to
W/2x = 0.4 Hz when assuming ' = 0.05 and C = 0.5.

(1) Initial axial amplitude: The main contribution to the
systematic uncertainty is expected to come from the ac
Stark shift of the energy levels of interest due to the
transverse and axial components of the electric field,
with the effects proportional to a,E? and a, E2, respectively.
The uncertainty associated with this shift arising from
the thermal distribution of ion positions and velocities is
expected to be §A/2x ~ 30 Hz (see SM-A [47] for details
of the calculations). To clearly tell apart the two
opposite parity levels of interest, we assume moving
forward a value of A/2z~ 100 Hz, and therefore
t, = /A =5 ms to minimize §W, leading to a maximum
state transfer probability of the positive parity state’s
population of ~0.06% and an asymmetry of ~0.75 (red
dots in Fig. 3).

A second major source of uncertainty is expected to
derive from the thermal noise in the initial axial ampli-
tude of cooled ions. Once cooled and resting in the
center of the Penning trap, the ions’ energy is
Boltzmann distributed with an average initial axial ampli-
tude of zg = \/[2k,Td%,,./(¢ienUoC2)], Where ki, is the
Boltzmann constant, g;,, is the electron charge e, and
we assume 7 =1 K. Based on our trap design [56]
optimized for E-field homogeneity of the electric trap-
ping potential of depth U, = —35 V, characteristic trap
\/O.S(thrap + rfyp/2) =3 mm (with the
central ring electrode’s length z,, and radius ry,,), and
the dimensionless quadrupole constant C, = —0.6. The
initial axial motion is then zy ~ 10 pm, which would result
in an average thermal noise of 6Ey ~ 0.2 V/cm, corre-
sponding to sW/W ~ 3% for 2°SiO*. Both of these effects
are statistical, i.e., they can be reduced by increasing the
number of measurements.

(i1) Magnetic field: Short-term magnetic field instabilities
(for the measurement time of up to many milliseconds) are
expected to be 6B/B < 107'° [59,60]. Observed temporal
changes in the magnetic field tracked in a neighboring trap
center will be used for live adjustment of slow magnetic field
drifts on top of typical temperature and pressure stabilization
of the magnet [56]. With this method, we anticipate
6B/B ~107'0 for the duration of the data taking [61].
Furthermore, deviations from spatial uniformity due to
higher-order field effects not accounted for by shimming
coils are expected to be 6B/B < 107! for the small probed
volume of «0.1 mm? [56]. All of these effects can be
quantified based on precise measurements of v, for well-
known species. These effects lead to a total systematic
uncertainty from the magnetic field of §B/B ~ 1070, or
SA/2n ~ 4 Hz, i.e., SW/W ~ 4% for 2°SiO™.

(iii) Electric field: A relative electric field uncertainty of
S6E/E < 1%, which can be routinely achieved in practice
[56], would have negligible effect on 6W.

length dg =
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TABLEI. Diatomic molecular ions with sizable weak matrix elements W, (of the first-mentioned atom) in units of Hz and their bond
lengths BL in units of A. Data on additional molecular ions can be found in [62]. For details, see text.

System Wa BL System W BL System WA BL
B I9p+ 1 1.21 22TACTBrt 1644 2.72 201 rIH+ 11295 1.89
2sileo+ 13 1.52 TN 1677 2.94 I LI 2745 3.49
205T]19R+ 4472 1.98 229Thl6O* 2506 1.8 261y 19F+ 8826 1.93
2IAcH 1649 2.23 29Th328+ 1752 2.31 261 r2Nat 2425 3.8
2TACIOF+ 1655 2.08 229T80Se* 1588 2.45 201 p35C1 10 158 2.35
ZIAHCLT 1632 2.56 229Th126Te* 1323 2.68 261 39K+ 1658 4.26

We thus anticipate a total systematic uncertainty of
SW/W < 5% for 2°SiO*. To achieve a 10% statistical
uncertainty on the proposed measurement, we need on
the order of 10° trapped molecular ions. Given a meas-
urement cycle of a few seconds (dominated by mass
selection, cooling, and state preparation), a 10% relative
uncertainty measurement would thus be feasible in about
one week of measurement time for 2°SiO*.

Calculated sensitivity factors—We calculated the
molecular matrix element of the anapole moment W,
for the 2%, ground states of BF', #SiO*, and TIF' at
the four-component relativistic Fock-space coupled-cluster
(FSCC) level of theory using the finite field approach. This
formalism includes Hpy as a perturbation to the Dirac-
Coulomb Hamiltonian. The W, factor is obtained as the
first derivative of the total energy to this perturbation [38].
We used the dyall.cv4z basis sets [63,64] and correlated 13
(all), 21 (all), and 51 electrons for BFT, 2SiO™, and TIF*,
respectively. A Gaussian charge distribution represented
the nucleus.

Furthermore, we calculated W, for Ac, Th, and
Lr-containing molecular ions. Here, we used the four-
component relativistic Dirac-Hartree-Fock (DHF) level of
theory. In this case, W was extracted from the off-diagonal
matrix elements of the operator ap(r) acting on the
degenerate Q = |+ 1/2) states in the molecular spinor
basis. We employed the dyall.cv4z basis set for all the
elements [63-66].

The molecular geometries were optimized at the exact
two-component [67,68] coupled-cluster level of theory,
including single and double excitations in the parallel
implementation of the Dirac program package [69]. The
cutoff was set to —20 to 30 a.u. We used the dyall.v3z basis
sets [64—66] for all the systems, except for 2°SiO
(experimental bond length [70]), and BF"/TIF* (s-aug-
dyall.v4z basis sets [63,64]). All results are presented in
Table 1.

Besides 2°SiO* [31-33], spectroscopic information in
the literature among the presented molecular ions is not
available to the best of our knowledge. Hence, prior studies
of each molecular ion are necessary to find the
needed rotational-hyperfine parameters and laser-cooling
transitions.

Outlook—We proposed a new technique that can provide
a highly sensitive route to investigate yet-to-be-explored
nuclear parity-violating properties using single molecular
ions. These measurements will enable stringent tests of the
weak interaction in stable and short-lived isotopes across
the nuclear chart. This technique could be directly applied
to light isotopes, for which PV nuclear properties can
already be calculated on the lattice [71,72] and with
ab initio methods [73]. For diatomic molecules containing
elements as light as the deuteron, challenges with the
required magnetic field strength could be overcome by
using ground-rotational states in polyatomic molecules
[20,25,74]. Furthermore, applying advanced cooling
techniques already demonstrated in Penning traps would
enable reducing the trapped molecule’s kinetic energy
to ~1-100 mK [75-79], resulting in a reduction of the
uncertainty on W by 1 to 2 orders of magnitude.
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