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We present a quantum logic scheme mitigating systematic effects in the measurement of magnetic
properties of ions caused by temporal magnetic field fluctuations through comagnetometry. This is
achieved through simultaneous interrogation of a spectroscopy ion and a cotrapped reference ion with a
precisely known g factor confined in a Paul trap. This allows measurement of the ground state g factors of a

single “*Ti" ion with uncertainties at the 10~ level in the weak B-field regime. The experimental scheme
can be applied to many ions, including those that cannot be directly laser cooled. We compare the
experimentally determined ¢ factors of “*Ti™ with new theoretical predictions using a combination of
configuration interaction and second-order many-body perturbation theory. Theory and experiment agree

within the expected level of accuracy.

DOI: 10.1103/1x4h-5ycp

Landé ¢ factors quantify magnetic moments associated
with angular momenta of particles. Precise knowledge of
these allows the use of atomic systems as magnetic field
probes in laboratory [1-4] and astrophysical settings [5,6].
Currently, the most precise g factor measurements are
performed in Penning traps [7]. There, g factors can be
measured independent of the precise magnetic field
strength by relating it to the trapping frequencies. This
approach mitigates uncertainties due to magnetic field
fluctuations, which would otherwise limit the achievable
precision, allowing for determinations of g with an absolute
uncertainty of < 10™ [8,9]. However, Penning traps
operate at magnetic fields of several Tesla to confine the
charged particle. Such high magnetic fields prevent the
measurement of g; factors for singly charged ions with
weak LS-angular-momentum coupling, since orbital angu-
lar momentum (L) and electronic spin (§) are decoupled in
the Paschen-Back regime. Furthermore, the extended aver-
aging times required for these measurements in Penning
traps hinder the accurate measurement of short-lived
metastable states. Consequently, many atomic states lack
precise ¢ factor measurements and rely on theoretical
calculations [10,11].
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Here, we present a measurement scheme for accurate
determinations of g factors in the weak B-field regime. This
scheme is independent of the specific atomic species and
based on quantum logic in a linear Paul trap. By simulta-
neously interrogating a cotrapped logic ion with a well-
known g factor as a comagnetometer, our scheme enables
precise measurements of the g factor for a wide variety of
atomic states. Measurements of g factors relying on well-
known reference states in the same species [12—14] and in
cotrapped species [15-17], e.g., a cotrapped logic ion, are
an established tool to reduce uncertainty due to insufficient
knowledge and control over the magnetic field. Going
beyond previous implementations for the weak B-field
regime, we present a scheme, where the comagnetometer is
not interrogated interleaved but simultaneously with the
spectroscopy ion, resulting in suppression of systematic
errors due to temporal magnetic field variations. Similar
schemes have been demonstrated in Penning traps [18] as
well as neutral atom experiments [17] and have been
proposed for the characterization and mitigation of sys-
tematic errors in optical clocks [19,20]. We implement this
scheme to determine the g factors of all four |J) states of the
ground state a’F of a single **Ti* ion using the 25 /, ground
state in a *°Ca™ ion as a comagnetometer.

Titanium is an element of significant astrophysical
relevance, as its emission and absorption lines are present
in many cosmic spectra, such as in stellar spectra [21] and
quasar absorption spectra [22]. This provides valuable
information for studies on the variation of fundamental
constants [23] and stellar composition analysis [24]. The
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complex electronic structure of titanium arising from
multiple valence electrons demands for advanced
approaches in atomic structure calculations [25]. By
comparing the experimentally obtained ¢ factors to theo-
retical predictions, this Letter allows for the exploration of
the role of negative energy states [26] and QED effects [27],
thus advancing our understanding of fundamental physics
in these systems.

The energy shift between adjacent angular momentum
projection eigenstates |m;) and |m; + 1) in a magnetic
field B is given by

2
AE:gﬂBBJrg(Z)@qLO(Bﬂ (1)
m,c
with the Landé g factor, the Bohr magneton yg, the electron
mass m,, and the speed of light ¢. ¢/» denotes the second-
order Zeeman coefficient. Since the g factor for the 25, P
state in *°Ca™ is precisely known from Penning trap
experiments [28], measurement of the 25, /2 Zeeman split-
ting energy AE, during the experimental sequence deter-
mines the magnetic field at the position of the ion.
Assuming a spatially homogeneous magnetic field, the g
factor of ¥TiT, labeled as gr;, can, to first order, be inferred
from

AEc,’

9Ti = 9ca (2)

where gc, is the g factor for the cotrapped calcium ground
state [28], and AEr; and AEq, are the Zeeman energy
splittings for titanium and calcium, respectively. In Eq. (2),
higher-order contributions to AE can be neglected due to
sufficiently small g») coefficients for the “°Ca* 2, /, and
the ¥ Ti* a*F fine structure states. A detailed discussion of
the method of calculating ¢'® and the resulting corrections
to gr; are given in Supplemental Material [29].
Experimental setup—The measurement scheme is real-
ized in a linear segmented Paul trap. A detailed discussion
on the design of the trap can be found in Refs. [47,48]. A
two-ion crystal composed of one *°Ca™ and one **Ti* ion
is prepared by loading multiple ions of each species and
splitting the resulting crystal until the desired configuration
is obtained [48]. A detailed description of the implemented
quantum logic methods is given in Ref. [30]; in the
following, the most relevant aspects are summarized.
Operations coupling the |[|) = [S)/,,m; = —1/2) and
the [1) = |Ds/,,m; = —1/2) optical qubit states on the
40Ca™ logic ion are performed with a narrow-linewidth
laser at 729 nm. A pair of magnetic field coils generates a
magnetic field of 0.397 mT, which defines a quantization
axis and results in a “°Ca®™ ground state splitting of
~11.135 MHz. An active stabilization compensates for
magnetic field drifts using a feedback loop. “8Ti* state
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FIG.1. Two-ion crystal trapped in a segmented Paul trap. A pair

of magnetic field coils in Helmholtz-like configuration generates
a magnetic field that defines a quantization axis (blue arrow) and
lifts the degeneracy of the fine structure states in “°Ca™ and **Ti "
into Zeeman states. An in-vacuum antenna couples states with
frequency splittings in the kilo- to megahertz regime (gray
arrows). State readout on the logic ion’s qubit transition is
realized using a highly stable laser at 729 nm (red arrow).
Zeeman state preparation in **Ti* and quantum logic readout is
facilitated using a far-detuned laser (green arrows) driving Raman
transitions.

preparation and quantum logic readout is facilitated using a
far-detuned laser [30,49] with a wavelength of 532 nm
driving Raman transitions. Polarization and orientation of
the two Raman beams with respect to the trap axis allow
population transfer between adjacent Zeeman states as well
as exciting motional modes of the two-ion ensemble. This
way, state information from the spectroscopy ion can be
transferred to the shared motional state and read out on the
logic ion. Radio frequency (rf) fields from an in-vacuum
antenna can couple Zeeman states on both the calcium and
the titanium ion. Figure 1 depicts the logic ion and the
spectroscopy ion confined in the trap, including the relevant
levels for the measurement scheme. Arrows indicate the
directions and polarizations of the relevant lasers for state
manipulation, as well as the orientation of the magnetic
field with respect to the trap.

Measurement of g factors—The experimental sequence
for simultaneously probing Zeeman transitions in the spec-
troscopy and the logic ion starts with ground state cooling
(GSQ), realized by a combination of Doppler, electromag-
netically-induced-transparency (EIT) cooling, and sideband
cooling. The preparation of a stretched state (|m; = +J)1;)
in one of the four a*F, (J €{3/2,5/2,7/2,9/2}) ground
states of “®Ti is achieved by population transfer pulses on a
common motional red sideband that are rendered irreversible
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FIG. 2. Simultaneous rf Ramsey spectroscopy on “*Ti* and
40Ca*. (a) Experimental sequence starting with motional ground
state cooling followed by the preparation of a |J,m; = —=J)p
stretched state in the a*F electronic ground state. Two rf pulses
open Ramsey interferometers on the calcium and titanium ion,
sequentially. After a common wait time of 300 ps, two additional
pulses close the interferometers. After state detection on the
40Ca* qubit transition, the *Tit Zeeman state distribution is
mapped to *°Ca™ after additional GSC and by a red sideband
(RSB) RAP pulse with the Raman laser on *3Ti*. (b) Ramsey
fringes for the “°Ca™ ground state (upper) and titanium a*F
(J = 3/2) state (lower). Solid lines are fits to experimental data.
Note the narrower downward peaks of the fringes for “8Ti*
resulting from a spin rotation in a system with four levels.

by GSC on “°Ca*™ [30,50]. A Ramsey interferometer is
opened on both the “°Ca* 2§, state and one of the
BTit a’F states by applying two rf pulses with individual
times of 1$2/2 (tI/2) with ¢, being the time required for a
rotation of the angular momentum by an angle 8 = z. Aftera
Ramsey dark time of 75 (7})), the two Ramsey interferom-
eters are closed by a 7,/2 pulse on each species. This
Ramsey interferometry sequence converts phase differences
between the local 1f oscillator and atomic transition fre-
quency to detectable Zeeman population imbalances in
40Cat and ®Tit Zeeman manifolds. The *°Ca™ state is
read out through fluorescence detection (FD) after shelving
the Zeeman state information to state |1) of the optical qubit.
The photon scattering during the detection introduces
motion to the system but does not change the population
distribution in the **Ti* Zeeman manifold. Next, the *®Ti*t
Zeeman population is read out using quantum logic. This is
accomplished by cooling to the motional ground state using
the calcium logic ion and mapping the **Ti* Zeeman
population to a motional mode of the two-ion crystal, which
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FIG. 3. Measurement of the g factor of state |J = 3/2) in the

a*F ground state. (a),(b) Allan deviation 6, (n) of the measured
“Cat §,,, ground state splitting (blue dots) and the **Ti"
|J =3/2,m;) - |J =3/2,m; —1) state splitting (red dots),
respectively. (¢) Allan deviation of the calculated g factor. Dashed
lines indicate expected white noise scaling c4q/+/1, Where o is
the standard deviation of the collected data.

is finally read out at the “°Ca*t ion by a rapid-adiabatic-
passage (RAP) pulse on a red sideband of the calcium qubit
transition [51]. The full experimental sequence is visualized
in Fig. 2(a). In Fig. 2(b), a typical measurement result using
R =300 ps and G = ¢f + 11 is shown. The Ramsey
fringes for “*Ti™ are narrower compared to “’Ca™, since they
result from a spin rotation in a system with more than
two levels. A detailed description of the fit function used in
Fig. 2(b) is provided in Supplemental Material [29].

To follow magnetic field drifts, the applied frequency of
the rf pulses was kept on resonance using two individual
servo loops [52]. For each ¥Ti* ion fine structure state, at
least 1000 lock iterations, each comprising ten measure-
ment repetitions, were recorded. The Zeeman splitting
frequency stabilities are analyzed using Allan deviations,
depicted in Figs. 3(a) and 3(b) for the calcium and the
titanium ion, respectively. An Allan deviation for quantum
projection noise-limited measurements averages down with

TABLE 1. Corrections and systematic uncertainties of the
measured ¢ factors. Corrections to the measured values,
Agac rap and Agp,g, arise from the oscillating trap magnetic field
and the static magnetic field gradient, respectively. Systematic
uncertainties of the corrections are given in brackets.

State AGae trap X 10° AGgraq x 109
a'Fy) 24(1) < 1(1)
a'Fs) 51(2) <2(4)
a‘Fy) 53(2) <2(4)
a'Fy) 52(2) <2(5)
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TABLE II.

Theoretical and experimental values of the **Ti* g factors. g, ¢ denotes g factor values calculated

taking only LS coupling into account. The experimental values include correction from the ac-Zeeman shift.
Statistical uncertainties of the experimental values were derived from Allan deviations of the calculated data for the
g factors. Errors given in experiment column are the statistical and total systematic uncertainties.

State grs Theory [10,11] Theory (this Letter) Experiment (this Letter)
a4F3/2 0.39990 0.39853 0.3986 0.3984860(5 ) gy (1) s
a4F5/2 1.02858 1.02840 1.0284 1 .0283»69(2)Stat(4)Sys
a4F7/2 1.23813 1.23839 1.2384 1.238378(2) 4100 (4) 55
a4F9/2 1.33339 1.33388 1.3339 1.333875(4) 0t (5) sys

« 4/ 1/n corresponding to white frequency noise, where n
is the number of measurements. For “*Ti* white noise
behavior is observed only on short timescales. On longer
timescales, the frequency variation is dominated by mag-
netic field fluctuations resulting in a deviation from the
1/ 1/n scaling of the Allan deviation. Because of its higher
g factor, *°Ca* is more sensitive to fluctuations in the
magnetic field. As a result, field variations already domi-
nate the Allan deviation on timescales where the servo can
track the line accounting for the deviation of all the *°Ca™

points from the /1/n scaling in Fig. 3(a). However, the
recovery of the white frequency noise scaling of the Allan
deviation for gr; demonstrates the robustness of the scheme
against such fluctuations [see Fig. 3(c)]. This enables a
determination of the g factor with a statistical uncertainty
on the 107 level. The final statistical uncertainties are
limited by the measurement time (for details see
Supplemental Material [29]). Systematic effects, such as
the electric quadrupole shift and the nonlinear Zeeman
effect are estimated to be well below the statistical
uncertainties. However, trap-drive-induced ac-Zeeman
shifts result in a significant shift, Ag, yp, Of the measured
g factors. The final systematic accuracy of the measured ¢
factors is limited by the uncertainty of the static magnetic
field gradient, O Mgy resulting in different magnetic field

strengths for the two ion positions and the uncertainty in the
determination of the oscillating trap magnetic field that
causes the ac-Zeeman shift. The former uncertainty is
assumed to partially average out due to switches in the
ions’ positions and could be further reduced by controlling
the ordering of the two-ion crystal or by installing gradient
compensation coils. Leading corrections and their uncer-
tainties are summarized in Table I. A detailed discussion of
all systematic shifts can be found in Supplemental Material
[29]. The measured g factors for the fine structure of the a*F
ground states including corrections from ac-Zeeman shifts
are summarized in Table II.

A large fraction of the magnetic field noise in this
experiment originates from the ac line and is therefore most
prevalent at multiples of 50 Hz. Its influence was analyzed
by measuring the ¢ factor of the |/ =3/2); state for
different time delays between the start of the experimental

sequence and the ac line [53]. As shown in Fig. 4, both
frequency measurements vary according to the changing
magnetic field, while the variation of the extracted g factor
is strongly suppressed. This demonstrates the success of the
comagnetometry Ramsey scheme.

Theory—In addition to the experimental determination
of the a*F g factors, we have performed theoretical
calculations using an approach combining the configura-
tion interaction (CI) with the second-order many-body
perturbation (MBPT) method [34,35] (see Supplemental
Material [29] for more information). A pure CI calculation,
together with the multiconfigurational Dirac-Fock
approach used in Ref. [10], accounts for valence-valence
correlations, whereas MBPT describes core-valence corre-
lations. When combined within the CI+ MBPT frame-
work, these methods enable a simultaneous treatment of
both types of correlations. Our analysis demonstrates a low
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FIG. 4. Measurement of the |J = 3/2)y; state’s g factor in
dependence of an additional delay between the ac line trigger and
the start of the experimental sequence. Blue squares, relative
deviation from the mean (RDM) of all frequency data of the
measured °Ca™ /2 splitting; red circles, relative deviation from
the mean of all frequency data of the measured Zeeman splitting
in the 8Ti* J = 3/2 manifold. For the frequency data, error bars
indicate standard error of the mean. Black diamonds, extracted g
factor; errors indicate statistical uncertainty propagated from the
uncertainty of the frequency measurements. Sine functions were
fitted to the frequency data to guide the eye. Lower: deviation of
the extracted ¢ factor from the mean value (dashed line).
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sensitivity of the g factors presented in Table II to the core-
valence correlations. The ¢ factors obtained within the
framework of CI+ MBPT are only slightly [by
~(3-5) x 107°] larger than the pure CI values. Our
Letter demonstrated that these core-valence correlations
already contribute at that level of accuracy. This implies
that the additional digits reported in Ref. [10] were not
intended to be taken as significant, as no theoretical
uncertainty was provided.

Our results show only a small discrepancy with the
experimental data. The small residual difference between
theory and experiment cannot be analyzed within the
accuracy of the present calculations. Higher-order QED
contributions and the effects of negative-energy states,
which are not included in our approach, may contribute
at the level of the achieved experimental precision [29]. In
few-electron systems, such as highly charged ions, it has
been shown that the inclusion of these contributions lead to
a better agreement of the theory with the experimental data
[16]. The theoretical and experimental values for the g
factors from this Letter as well as the theoretical values
from Refs. [10,11] are listed in Table II.

Conclusion—We have measured the Landé g factors of a
single ion with an absolute uncertainty on the 10~ level by
using a simultaneous Ramsey interrogation on a Zeeman
transition of a cotrapped logic ion in a Paul trap. The low
uncertainty is enabled by a strong suppression of magnetic
field noise-induced systematic errors using this comagne-
tometry scheme. The presented method is transferable to
other trapped ion systems and allows one to put strong
bounds on QED and negative-energy state contributions for
systems where theory and experiment achieve similar
accuracy. In addition, the precise knowledge of magnetic
properties in atomic species is relevant for the determi-
nation of systematic effects in many applications such as
optical atomic clocks or in high-precision spectroscopy in
general. Further, we provide new theoretical values for the
g factors and see a good agreement with other theoretical
predictions [10]. This measurement constitutes the first g
factor measurement of the “*Ti* ground state.
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