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Spin-precession method for sensitive electric dipole moment searches
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We demonstrate a spin-precession method to observe and analyze multilevel coherence between all hyperfine
levels in the X 2X*, N = 0 ground state of barium monofluoride (\**Ba'*F). The signal is sensitive to the state-
preparation Rabi frequency and external electric and magnetic fields applied in searches for a permanent electric
dipole moment (EDM). In the obtained interference spectrum, the electric field and Rabi frequency become
observable simultaneously with the EDM. This method reduces systematic biases and the number of auxiliary

measurements for such precision measurements.
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Introduction. Searches for a permanent electric dipole mo-
ment (EDM) provide a sensitive test of discrete symmetries in
the standard model [1]. An EDM violates parity () and time-
reversal (7) symmetry. Assuming the combined symmetry
CPT is a symmetry of nature, where C is charge conjuga-
tion, 7 symmetry is equivalent to combined CP symmetry.
Composite systems can have small energy splittings between
opposite parity levels, and therefore the effect of EDMs of
elementary particles and other CP-violating interactions can
be greatly enhanced. This makes searches using atoms and
molecules attractive [2]. Many experiments searching for
atomic or molecular EDMs have been performed [3-9] or are
proposed [10-13]. EDMs of paramagnetic molecules are in
particular sensitive to the electron EDM d, and the scalar-
pseudoscalar electron-nucleon interaction strength Cg [14].
The induced P, T -violating dipole moment of a molecule
p"7 = p* "TF/h, which is along its angular momentum F,
manifests as an extra splitting of magnetic sublevels in an
external electric field (E), and can be disentangled from the
Zeeman shift, the interaction of the magnetic dipole moment
= uF/h, with an external magnetic field (B) due to the
symmetries P and 7. The Hamiltonian is H = —p - B —
D”7 . E. In EDM searches, typically electric and magnetic
fields are applied that are either parallel or antiparallel with re-
spect to each other. The different symmetries of B and E yield
an energy dependence on the relative orientation of the fields
for any nonzero value of D¥7. The aim of an experimental
search for EDMs is an accurate determination of the energy
splitting between selected Zeeman sublevels. The P, 7 -odd
EDM contribution, interpreted in terms of d, and Cs, is
DPTE = —%(der + CsWs)hP(E). Wy, Ws are known as en-
hancement factors and P(E) € [0, 1] is the polarization factor
[15]. The presently most sensitive experimental searches
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employ spin-precession methods with separated oscillatory
fields [16—18], where a superposition of two EDM-sensitive
Zeeman sublevels with an energy difference 2(uB & D" E)
is employed. During a time 7" in magnetic and electric fields,
this superposition state rotates by an angle

¢ =2uB+D"TE)T/h. (1)

A detailed understanding of the spin-precession process is
crucial since the precession phase associated with a limit on
d, < 107*¢cm ranges from mrad to nrad for searches in
diatomic molecules. The experimental challenge consists in
disentangling molecular effects such as the Zeeman effect,
Stark effect, and light shifts from the EDM contribution,
where the latter part changes sign with reversal of the rel-
ative orientation of E and B fields. The ability to separate
these effects depends on the intrinsic sensitivity of the inves-
tigated system, the statistical precision of the measurement,
and limiting of systematic biases. The statistical limit on the
spin-precession phase, given by the quantum projection limit
8¢ = \/Lﬂ for n observed molecules, results in a sensitivity on
new-physics parameters such as d, of

1
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e
This shows the benefit of large n, long interaction time T,
and a high enhancement factor W; and polarization P(E).
Systematic biases depend on the design and execution of the
measurement.

In this Letter, we provide a method to limit systematic
errors on the interpretation of the results by determining key
experimental parameters during an EDM-sensitive measure-
ment. We have developed a description of the measurement
process using the optical Bloch equations (OBEs) and com-
pare this to experimental results obtained using barium
monofluoride molecules (BaF).

©2024 American Physical Society
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FIG. 1. (a) The X %, v = 0, N = 0 ground state and the electronically excited state A >I1», v = 0, J = 1/2 with the hyperfine structure.
The levels are coupled by two laser fields, labeled by Qs and 2p, with orthogonal polarization, typical detuning A = 1 GHz from the
X2 —A%I1, 2 resonance, and two-photon detuning § = wps — wurs(E) of several kHz from two-photon resonance, where wyps(E) =
Vs + Oensor(E). (b) The X 2%, v =0, N = 0 sublevels of the ground state in electric and magnetic fields. The hyperfine splitting in the
absence of external fields ngs is around 66 MHz and the tensor Stark shift for the mp = %1 levels, wensor (E ), is around 10 kHz. The tensor

Stark shift for the my = 0 level, )/

tensor?

is twice that of wiensor With opposite sign. The eigenstates and energies in external fields are determined

by diagonalization of an effective molecular Hamiltonian (e.g., Ref. [19]). (c) The timing sequence of the laser-light pulses with Rabi frequency
Qps, where typical pulse lengths are ¢+ = 80 us and the pulse separation period is 7 = 1 ms. Energy levels and timings are not to scale.

Theory. The superposition state, Eq. (3), is created and read
out by an off-resonant two-photon process, where the F = 0
and F = 1 hyperfine levels of the N = 0 rotational ground
state of the electronic and vibrational ground state X 2%+,
v=0 are coupled via the A2H1/2 manifold (Fig. 1).
Molecules prepared in the |0,0) level are transferred by
a laser-light pulse with two-photon Rabi frequency Qps,
frequency difference wps = wp — wy, and length ¢ to the su-
perposition state

lY) =all, 1) + /|1, —1) + BI1,0) + ¥10,0),  (3)

with the notation |F, myp) for the X >X+, N = 0. For two-
photon detuning § = wps — wurs(E) equal to zero (two-
photon resonance) and Q2pst = m, the molecules are trans-
ferred from |0, 0) to |) with @ = o' = Lz and B =y =0,
which is referred to as a m pulse. In general, an incom-
plete population transfer from |0, 0) to |1, +1) occurs and
the system is transferred to a superposition state for which
a,a’, B,y # 0. After an interaction with a second laser-light
pulse with the same Rabi frequency 2pg and length ¢, the spin-
precession phase is read out by measuring the populations P;
inthe F = 0 and F = 1 levels. The populations after the spin-
precession sequence P, [20] depend not only on the precession
phase ¢. P; is a function of the detunings § and A (including
Doppler shifts), the Rabi frequencies Qp/s, the polarizations
ép/s, the phase differences between the two laser-light pulses
®p/s, the external fields E and B, the lengths of the pulses ¢,
the period between the start of the first and the second pulse
T, and the initial state po, i.e.,

P; = P;(8, A, Qpys, éps, Pps, E, B, 1, T, po). “4)

For two 7 pulses, the experiment reduces to an effective
two-level spin-precession experiment of levels |1, +1), and
the population in F = 1 after the second pulse is Pr—; =

sin’ % In case of incomplete population transfer, coherence
builds up between the superposition state and the two-photon
laser field with a phase 8 =6 - T.
The OBEs describing the dynamics of the eight levels
involved,
ap

1
E = E[H(l), Pl + Leeiax(0), o)

are solved to obtain the populations P, after the spin-
precession sequence. The density matrix o describes an
eight-level system (Fig. 1) and contains the level populations
P: and coherences between the levels. The Hamiltonian H (t)
describes the energies of the eight levels, taking into account
Stark and Zeeman shifts in applied external electric and mag-
netic fields, and couplings due to two applied laser fields. The
effect of damping is included in L., in particular sponta-
neous decay to the ground state and losses to other vibrational
and rotational states.

The OBEs [Eq. (5)] are constructed as in Ref. [21] and
solved in MATLAB by extending the code from Ref. [22]. The
populations P; after the spin-precession sequence are obtained
as a function of the parameters in Eq. (4). The numerical
solution includes incoherent effects, light shifts, effects of all
hyperfine levels, and imperfect laser-light polarization.

In the NL-eEDM experiment, ¢, T, 8, A, ép/s, and Pp/s
are well controlled (see experiment section). However, the
external electric and magnetic fields and two-photon Rabi
frequency have to be measured in the experiment. With the
OBE we investigate how the measured populations P, after
the spin-precession sequence depend on these parameters and
how their effects can be determined from P;. The magnetic and
electric field determine the phase ¢ due to the Zeeman effect
and EDM [Eq. (1)], and the electric field affects the phase
6 = § - T by the tensor Stark effect, since § = wps — [0V —
Weensor (E)] [23].
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FIG. 2. (a) Calculation of Pr_, for different two-photon detuning
8 = wps — wyrs(E) around the working point of the experiment, i.e.,
Qpst ® m, and Ey =2 kV/cm, for ¢/ = 0.50 (blue) and ¢/ =
0.53 (red). (b) The difference between the red and blue curves in
(a), i.e., APp_ for a change of A¢ = 0.037 as a function of the de-
tuning. At § =0, Pr—) & sin2(¢>/2), and therefore APr_; =~ A¢/2.
The dotted line is Pr—; averaged over the interval § = —4 kHz to
6 = 4 kHz. (¢) Pr—; as a function of § for Qpst ~ 7w and ¢ = /2,
for electric fields E = Ey (blue) and E = Ey, + 10 V/cm (red). A
change in the electric field results in a shift of the spectrum, for
an electric-field dependence of the tensor Stark shift wiensor Of 14.9
kHz/(kV/cm). (d) The difference between the red and blue curves
in (b), i.e., APp_; for a change of electric field AE = 10 V/cm. This
provides the sensitivity to the externally applied electric field due to
Wensor (E). The average value (dotted line) remains zero in this case.
The large values of A¢ and AE are chosen for visibility.

The effects of the two phases ¢ and 6 have clearly iden-
tifiable signatures which can be distinguished by analyzing
P; as function of the laser-light frequency wpg, i.e., the spin-
precession spectrum, as shown in Fig. 2. For an increase of ¢,
the population Pr_; increases for all wpg [Fig. 2(a)], while
a change in 6 due to the electric field results in a shift of
the spectrum [Fig. 2(c)]. The spin-precession spectrum thus
allows to distinguish a change in P; due to the phase ¢ from a
change due to the phase 6. The OBE model enables to extract
¢ and 6 and their precision increases with the same statistics
[Eq. (2)]. The dashed line in Fig. 2(b) is the average of APr_;
over the 8 kHz region. The sensitivity to ¢ and hence the EDM
only reduces by about 10% with respect to the sensitivity at
6 =0.

The spin-precession spectrum contains information about
the Rabi frequency Q2ps. In Fig. 4(a) the population Pp_,
is calculated around the working point of the experiment. A
striking feature is that when changing 2pgt from smaller than
7 to larger than 7, the number of fringes reduces by two. The
measurement of the spin-precession spectrum is thus not only
a measurement on the phase ¢, but also a measurement of the
electric field and the Rabi frequency, and can therefore be used
to limit systematic biases on the interpretation of the signal in
terms of the EDM.

Experiment. The spin precession takes place in a homoge-
neous magnetic and electric-field region, the interaction zone.
A five-layer p-metal magnetic shield provides a shielding
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FIG. 3. (a) Observed interference pattern for electric field £ =
1.8900(3) kV/cm (red) and E = 1.9383(3) kV/cm (green). The
electric-field-dependent hyperfine structure wyps(E) is determined
by the center frequency of the interference pattern. The magnetic
field is B = 4.04(7) nT and the timings are 7 = 1 ms and r = 80 ps.
The contrast C is the experimental realization of Pr_;. The uncertain-
ties of the data points are determined by the counting statistics of the
photon counting, which consists of the fluorescence signal and back-
ground light. (b) The hyperfine structure splitting wyrs(E') changes
with electric field by 14.99(7) Hz/(V/cm) at E = 1.9 kV/cm. The
three insets are at 100 times enlarged scale to show the uncertainties
(i.e., 1 V/cm, respectively 20 Hz).

factor ABext/ ABine & 10°, with ABey and ABiy respectively
the external and internal magnetic field change. The inner-
most cylinder has a length of 130 cm and a diameter of
50 cm. Coaxial to this, a cosine coil (length 100 cm, diameter
30 cm) generates a homogeneous B field of several nT and
a homogeneity of O(10 pT) orthogonal to the velocity of the
molecules. A cylindrical glass vacuum chamber (pressure be-
low 10~7 mbar) contains two parallel, 4-cm-separated indium
tin oxide (ITO) coated glass plates (height 10 cm, length
75 cm) generating an electric field E (anti)parallel to the
magnetic field B. Electric fields up to £ =5 kV/cm can be
generated with a homogeneity of AE/E < 107*.

A 10 Hz pulsed beam of '*Ba!'°F molecules from a su-
personic beam source [24] travels through the experimental
setup. The molecules are prepared in F = 0 by optical pump-
ing with approximately 90% efficiency before entering the
interaction zone. This corresponds to y |0, 0) = 0.9/|0, 0). The
velocity of 610(4) m/s [velocity spread Av/v = 0.054(9)]
yields a coherence time of up to 7 &~ 1 ms as the molecules
traverse the homogeneous field region.

The spin-precession measurement sequence is imple-
mented solely with optical techniques: Two overlapped pulsed
laser beams with a frequency difference around wygps couple
the two hyperfine states, creating and reading out a super-
position via a two-photon process. In order to have minimal
phase noise the laser beams are derived from a single laser by
two acousto-optical modulators (AOMs) operated at frequen-
cies wy; and wyer derived from synthesizers with low phase
noise. The pulse timings ¢, T, and frequencies wys], wifr, are
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FIG. 4. (a) Calculation of Pr_; as a function of § = wpg —
wyrs (Ep) and state rotations of Q2pgt ranging from /2 to 37 /2. The
magnetic field B provides a phase ¢ = 7 /2 [Eq. (1)]. Note, that the
number of interference fringes is different by 2 for Qpgt /7 larger, re-
spectively smaller than 1. The red box indicates the region measured
in (b). (b) Observed fringe pattern for different Qpst, at ¢ ~ /2.
The spectra at the top and the bottom are at Qpgt /7 = 1.092(6) and
Qpst/m = 0.853(6). The line through the data points is the result
from OBE. The uncertainties on the data points result from photon
counting statistics of the photon detector (PMT), which consists of
the fluorescence signal and background light.

referenced against a global positioning system (GPS)-
stabilized rubidium atomic clock. Customizable pulse patterns
are generated by gated rf signal driving the AOMs for precise
control of frequency and relative intensities. The first-order
output beams of the AOMs are coupled into single-mode
fibers. The outputs are overlapped on a polarizing beam split-
ter, ensuring orthogonal polarizations ép, ég of the frequency
components. The combined beams are expanded to radius
20(2) mm with a beam divergence of less than 100 urad
and are sent counterpropagating to the molecular beam with
an alignment of better than 300 urad. A two-pulse sequence
[Fig. 1(c)] yields the full spin-precession signal when varying
the frequency difference applied to the AOMs wps = @iy —
w1 and probing the population in F = 0. The molecules are
detected 3650 mm downstream from the supersonic source
by laser-induced fluorescence from a fiducial region of about

1 cm diameter. The fluorescence of the X 23, v =0, N = 0,
J=1/2,— Il3p,J =3/2 transition at a wavelength of
815 nm is detected by an infrared-sensitive photomultiplier
tube (PMT, H7422-50 Hamamatsu) in the photon counting
mode. The uncorrelated background counting rate at the PMT
is typically of the same order as the fluorescence signal. This
transition is used to probe the ground state population due to
the PMT’s increased sensitivity at lower wavelengths, as well
as the desirable absence of optical cycling from the transition.
In addition, the scattered 860 nm two-photon transition light
can be optically filtered out before the PMT due to the 45 nm
difference between the transitions.

The sensitivity of spin-precession signal to the electric field
E due to the tensor Stark shift wensor (E) [Fig. 2(b)] has been
experimentally verified as shown in Fig. 3. The shift of the
spin-precession spectrum in frequency per electric field is the
slope of the tensor Stark shift with electric field, dwensor/dE .
We determined this slope to be 14.99(7) Hz/(V /cm) and field
changes smaller than 0.1 V/cm become observable.

The dependence of Pr—; on the Rabi frequency has been
experimentally verified (Fig. 4) and compared to the results
from the OBE calculations while keeping the timings at ¢ =
80 us and T = 0.8 ms. A frequency range of 12 kHz around
owyrs(E) permits the determination of Qpgt with an uncer-
tainty of better than 1% [Fig. 4(b)]. The interference pattern is
in excellent agreement with the OBE calculations [Fig. 4(b)].
The determination of these parameters improves with increas-
ing photon counts.

Conclusion and outlook. Major systematic biases on
the interpretation of spin-precession measurements in EDM
searches arise from the control of experimental parameters
such as the electric-field strength and spin rotation 2pgt.
We demonstrated the implementation of an all-optical spin-
precession method which exploits the complex interference
signal. The combination of laser fields counterpropagating to
the molecular beam for the state manipulation and a calcu-
lation of the state evolution in an OBE framework, permits
precise measurements of the experimental parameters when
a frequency range around the hyperfine structure splitting
wyrs 18 observed. This reduces significantly the amount of
necessary auxiliary measurements of experimental parame-
ters without compromising the statistics for EDM searches.
This method is particularly suited for precision experiments
relying on spin-precession methods in systems with more than
two levels. This is being exploited in the ongoing NL-eEDM
experiment.
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