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We characterize and model the Stark effect due to the radio-frequency (rf) electric field experienced by a
molecular ion in an rf Paul trap, a leading systematic in the uncertainty of the field-free rotational transition.
The ion is deliberately displaced to sample different known rf electric fields and measure the resultant shifts
in transition frequencies. With this method, we determine the permanent electric dipole moment of CaHþ,
and find close agreement with theory. The characterization is performed by using a frequency comb which
probes rotational transitions in the molecular ion. With improved coherence of the comb laser, a fractional
statistical uncertainty for a transition line center of as low as 4.6 × 10−13 was achieved.
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Significant efforts are currently devoted to achieve
precision spectroscopy and quantum state control of
molecules. A much larger variety of molecules exists,
compared to atoms, and they possess richer structures that
promise entirely different functionalities and increased
suitability for certain tasks, for example, greater sensitiv-
ities for various tests of fundamental physics [1–4]. High
internal state coherence and the potential for conversion of
quantum information across many decades in frequency
also make molecules attractive for quantum information
processing [5–9]. Despite impressive progress in recent
years, quantum state preparation, detection, and control of
molecules remains more difficult than for atoms [10–14].
Quantum-logic spectroscopy (QLS) [15] shows great

promise and versatility for the study of charged particles in
general and molecular ions in particular. It relies on an
atomic “logic” ion species for performing sympathetic
cooling of the joint translational motion and for state
readout, and enables quantum-state preparation, manipu-
lation, and spectroscopy of charged particles (“spectros-
copy” ions) that are difficult to control otherwise [16–18].
All lasers addressing the molecular ion in our experiments
drive far-detuned stimulated two-photon Raman transitions
that do not rely on a particular level structure of a molecule.
This, along with the fact that sympathetic cooling of
translational degrees of freedom and quantum-logic readout
can also be performed with few requirements on the details
of the molecular structure, makes QLS available to a wide
variety of ion species.
To explore new applications ofmolecules, it is also critical

to measure transition frequencies and other properties with
high resolution and to account for minute systematic effects
that become relevant at this unprecedented level of preci-
sion. In particular, spins and the relativemotion of nuclei add

degrees of freedom and coupling mechanisms to the
environment that are not present in atoms. For example,
the ac Stark shift suffered by neutral polar molecules when
trapped in optical lattices or tweezers needs to be carefully
controlled to retain long coherence times [12,19,20], and
understanding of trap shifts due to electric and magnetic
fields are critical for high-precision molecular spectroscopy
in ion traps [3,21,22]. Most molecules possess a permanent
electric dipole moment, which can couple to other dipoles
or external electric fields. Ab initio calculation of the
dipole moment requires precise knowledge of the mole-
cule’s electronic structure. Measuring the dipole moment
of molecular ions is challenging due to the strong
Coulomb interaction with external electric fields [23,24].
Determining the dipolemoment can help confirm theoretical
molecular structure calculations, as well as provide infor-
mation on the strength of rotational transitions driven by
electric fields, or the strength of the dipole-dipole interaction
that could be used to perform quantum logic gates between
molecular ions [6].
In this Letter, we improve the resolution of two-photon

stimulated Raman spectroscopy on the rotational states of
the CaHþ ion by an order of magnitude compared to our
previous work [17], which enables precise investigation of
the effects of the radio-frequency (rf) electric field in a rf
trap on rotational transition frequencies. We perform
spectroscopy at sub-part-per-trillion precision by driving
a rotational transition at ∼2 terahertz with a highly coherent
frequency comb. rf electric fields at the molecular ion
position can lead to coupling and level shifts of order part-
per-billion that can be precisely measured. By independent
in situ sensing of the rf electric field with the Caþ logic ion,
we characterize the Stark shift and determine the permanent
electric dipole moment of the molecular ion.
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Trapped ions in rf traps can undergo micromotion
[25,26]—position-dependent driven motion at the angular
frequency Ωrf ¼ 2πfrf of the rf drive that provides confine-
ment of the ions. Some ion traps are specifically designed
to have high symmetry to minimize the rf electric field at
the trap center, but even then the time dilation shift and
Stark shift due to the rf electric field need to be accurately
measured and controlled for precision experiments [27].
Various methods have been developed to characterize
micromotion and the electric field that drives it [25,26].
In dipolar molecular ions, the rf electric field E⃗rf can
interact with the permanent electric dipole moment d⃗ of the
molecule via the interaction Hamiltonian

H ¼ −d⃗ · E⃗rf cosðΩrftÞ; ð1Þ

and thereby affect rotational states jJ;Mi with principal
quantum number J and projection quantum numberM. For
linear molecules with no component of the angular
momentum along the molecular axis, the perturbation in
H first order in E⃗rf vanishes [28,29]. The second order
yields the matrix element between rotational states jJ;Mi
and jJ0;M0i for the quadratic Stark effect

hJ0;M0jHð2ÞjJ;Mi ¼ 1

4h

X

i

hJ0;M0jd⃗ · E⃗rf jiihijd⃗ · E⃗rf jJ;Mi
frf − νJ;i

þ hJ0;M0jd⃗ · E⃗rf jiihijd⃗ · E⃗rf jJ;Mi
−frf − νJ;i

;

ð2Þ

where the sum runs over all intermediate states with
nonzero matrix elements, namely, jii ¼ jJi;Mii, 0 ≤ Ji ¼
J � 1, Mi ¼ M þ f−1; 0; 1g and jMij ≤ Ji. The frequency
νJ;i ¼ ðEi − EJÞ=h is proportional to the difference
between rotational state energies EJ and Ei, and h is the
Planck constant. Setting Erf ¼ jE⃗rf j reveals that the matrix
elements are of order CJ ¼ d2E2

rf=½4hBR2ðJ þ 1Þ�, small
compared to the rotational energy Erot ≈ hBRJðJ þ 1Þ
for typical dipole moments and amplitudes of the rf
electric field. For example, the rotational constant of
CaHþ is BR ¼ 142.501 7779ð17Þ GHz [17] while the
matrix elements are ≤ hð1 kHzÞ for typical fields. Only
matrix elements of nearly degenerate states with J ¼ J0 are
non-negligible and frf (∼86 MHz in this Letter) can be
neglected compared to νJ;i in Eq. (2). Higher order rota-
tional constants [17] can be taken into account for EJ, but
will contribute below 10−3 relative to the lowest order
proportional to BR for the states we explored experimen-
tally. In this approximation the matrix element for J ¼ 0 is

Hð2Þ
0;0 ¼ −

d2E2
rf

12hBR
: ð3Þ

For fixed J > 0, jMJj ≤ J and the rf field decomposed into
spherical components (see Ref. [29]) E⃗rf ¼ Erfðϵ−1n⃗σ−þ
ϵ0n⃗π þ ϵ1n⃗σþÞ, the nonzero matrix elements hJ;M0j
Hð2ÞjJ;Mi ¼ Hð2Þ

M;M0 are

Hð2Þ
M;M ¼ CJ

JðJ þ 1Þ − 3M2

Jð2J − 1Þð2J þ 3Þ ½2ϵ
2
0 − ðϵ2−1 þ ϵ21Þ�;

Hð2Þ
M;Mþ1 ¼ CJ

3ð2M þ 1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J þ J2 −MðM þ 1Þ

p
ffiffiffi
2

p
Jð2J − 1Þð2J þ 3Þ ϵ0ðϵ1 − ϵ−1Þ;

Hð2Þ
M;Mþ2 ¼ CJ

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðJ −M − 1ÞðJ −MÞðJ þM þ 1ÞðJ þM þ 2Þp

Jð2J − 1Þð2J þ 3Þ ϵ−1ϵ1: ð4Þ

For an rf field along the quantization axis, ϵ0 ¼ 1,

ϵ−1 ¼ ϵ1 ¼ 0, Hð2Þ
M;M agrees with the result in [28],

Chap. 10, Eq. (10.8) when setting the average square of
the rf electric field equal to E2

rf=2.
We evaluate the effect of the trap rf electric field by

driving transitions within and between rotational mani-
folds of the CaHþ ion subjected to a variety of rf electric
field configurations. That reduces the contribution of the
rf electric field to the systematic uncertainty of the field-
free frequency of a rotational transition by more than an
order of magnitude [17]. Additionally, characterizing the

effect of varying the magnitude of trap rf electric field at
the molecular ion enables measurement of the molecular
electric dipole moment of the CaHþ ion for the first time.
The electric dipole moment of other suitable molecular
ions could be determined through the same procedure.
The steps to prepare a pure quantum state of the

molecule have been described before [17]. In brief,
Doppler cooling, electromagnetically induced-transparency
cooling, and resolved sideband cooling of the Caþ-CaHþ

ion crystal is performed on the Caþ ion. Several of the
motional modes shared by both ions are cooled to the
ground state, including the axial out-of-phase mode, which
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is used for QLS. A series of motional sideband pulses on
the molecule involving the QLS mode followed by ground
state cooling on the atomic ion (“pumping cycles”) [16] are
used to drive the molecule from a mixture of states
determined by the thermal environment towards certain
target states in rotational manifolds with 1 ≤ J ≤ 6 within
the 1Σ vibronic ground state. Each target state has an
associated “signature transition” with a unique frequency.
Sequentially driving motion-adding sidebands on the sig-
nature transitions can add a quantum of motion to the QLS
mode if the molecule was in the corresponding target state.
The quantum of motion can be detected by driving a
motion-subtracting sideband on the Caþ ion and reading
out its final internal state. Ideally, if the readout indicates a
successful motion-subtracting transition on Caþ, the mol-
ecule is projected into the final state of its preceding
motion-adding transition. The sequence prepares the mol-
ecule in a known pure quantum state and heralds it
nondestructively.
Following preparation, further spectroscopic pulses can

be driven, which may change the molecular internal state. If
the spectroscopic pulse changes the state of the molecule,
departure from the initial state can be detected in a similar
way as arrival during preparation, signaled by a negative
result. Repeated cycles allow for accumulation of statistics.
Stimulated Raman two-photon transitions that change J by
�2 are driven by a Ti:sapphire frequency comb centered at
∼800 nm, as described in more detail in [17]. Compared to
that work, the comb has been improved. Following [30], a
small fraction (≈40 mW) is split off the frequency comb
output and spectrally broadened with a nonlinear fiber to
facilitate stabilizing the repetition rate to a narrow-line-
width continuous-wave laser as an optical frequency
reference [29]. The optical frequency reference improves
the comb coherence, which enables longer probe times and
higher spectral resolution of transitions in our setup.
The unbroadened main portion of the frequency comb
output, after proper power control, is used to perform
rotational spectroscopy as described in [17]. Because the
magnetic moment of the hydrogen nucleus and the rota-
tional magnetic moment couple together, energy eigen-
states of CaHþ are superpositions of the product states
jJ;Mij1

2
;� 1

2
i, where the second ket represents the magni-

tude and projection of the proton spin on the quantization
axis. We use the notation jJ;m; ξi [16,17], where
m ¼ M � 1=2 denotes the joint projection of rotational
angular momentum and proton spin along the quantization
axis, which remains a good quantum number and
ξ ¼ fþ;−g labels one of the two eigenstates that share
the same J and m, except for jJ;m ¼ �ðJ þ 1=2Þ;�i ¼
jJ;�Jij1=2;�1=2i. After preparing the molecule in
j2;−5=2;−i, a 128 ms square envelope pulse train of
the Raman beams derived from the frequency comb is
applied to the molecular ion, followed by an attempt to
detect the initial molecular state. Figure 1 depicts the result

of scanning the frequency difference between the Raman
beams over the resonance of the transition to
jJ0 ¼ 4;−7=2;−i at ∼2 THz (line Q ≈ 3.3 × 1011). A fit
to a Rabi line shape for a square spectroscopy pulse [31]
yields a statistical uncertainty of the line center of ∼0.9 Hz,
corresponding to a fractional statistical uncertainty of
4.6 × 10−13. This compares favorably with the resolution
of rotational spectroscopy on molecular ions in other
experiments [21,22].
To characterize the effect of the rf electric field on

rotational transitions in the molecular ion, we vary and
measure the direction and amplitude of the field at the
molecular ion. As schematically shown in Fig. 2, we utilize
nearby electrodes to manipulate the position of the ions and
thereby the rf electric field amplitude and direction expe-
rienced by the molecular ion. Imperfections of the electrode
geometry of the trap used in our experiments results in a
nonzero minimal rf-field amplitude of approximately
1 kV=m. We can characterize the rf electric field by
exchanging the positions of the atom and the molecule
and using the atom to probe the rf-electric field amplitude
and direction by measuring the micromotion sideband-to-
carrier Rabi-rate ratios of the narrow 729 nm quadrupole
transition [26] (also see Supplemental Material [29]). Three
729 nm laser beams are directed along the magnetic
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FIG. 1. Population in the initial jJ ¼ 2; m ¼ −5=2;−i rota-
tional state vs the Raman difference frequency offset to the center
of the line model (dashed red line) of the j2;−5=2;−i →
j4;−7=2;−i rotational transition at approximately 2 THz. Error
bars indicate a 68% confidence interval. The number of probes
ranges for each data point from 10 to 65 and was given by the
probabilistic preparation of the initial state of the molecule.
Dashed line shows the least squares fit of a Rabi line shape with
free parameters of center frequency offset, remaining population,
contrast, and Rabi rate, with pulse duration fixed. The fit yields a
0.9 Hz statistical uncertainty (95% confidence). The 128 ms
probe time is a substantial fraction of the observed lifetime of the
initial state, resulting in reduced contrast of the line.
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quantization axis as well as two directions orthogonal to
that axis and each other, respectively. The experimentally
determined Rabi-rate ratios can, with some assumptions, be
inverted to yield three orthogonal components of the rf
electric field amplitude [29].
Rotational states of CaHþ with the same J can have

energy splittings smaller than 1 kHz in the approximately
0.36 mT static magnetic field in our experiment. The
rf electric field can cause significant mixing of near-
degenerate electric field-free eigenstates of the molecule
[16] and modeling of transitions becomes quite involved
[29]. A relatively simple case where spin, rotation,
and electric field decouple arises for the extreme
jJ;�ðJ þ 1=2Þ;�i states when rf electric field and static
magnetic field are parallel [29], but technical constraints in
our setup prevent changing the rf electric field magnitude in
this arrangement. Because the J ¼ 0 rotational level is the
most sensitive to the rf electric field, we measure the
frequency of the ∼855 GHz transition j2;−3=2;−i to
j0;−1=2;−i as a function of the electric field amplitude
due to the rf drive, as shown in Fig. 3. Vertical error bars
represent the 95% confidence interval of the line center
when fitting transition line shapes similar to the one shown
in Fig. 1, while horizontal errors are set by uncertainty
in determining the electric field at the position of the
molecule [29]. Fitting of the slope and intercept is per-
formed by parametric bootstrapping [29]. The rf electric
field-free transition frequency can be found from the
intercept of this fit with a 95% confidence interval of
[-82, 80] Hz. This uncertainty is more than 1 order of

magnitude smaller than that in the previous measure-
ments [17].
The dependence of the rotational transition frequency on

the rf electric field can be used to determine the electric
dipole moment of the molecule. In particular, we can bound
the shift of the initial state j2;−3=2;−i, which has a
particularly small dependence on the rf electric field, by
modeling the effect of the field on the eigenstates of the
molecule and their energies [29]. We find that j2;−3=2;−i
shifts by no more than 50 Hz for any of the rf amplitudes
used in the experiments and account for this by adding
50 Hz in quadrature to the frequency uncertainties shown in
Fig. 3. In this approximation, the frequency shifts can be
attributed to the state j0;−1=2;−i, described by Eq. (3),
and only depend on the amplitude of the rf electric field
experienced by the molecule. The slope of the fit function
shown in Fig. 3 yields a value of d ¼ 17.81� 0.63 ×
10−30 Cm (5.34� 0.19 Debye) for the permanent electric
dipole moment of CaHþ, with the 95% confidence interval
found by parametric bootstrapping, in agreement with the
theoretical value of 5.310 Debye [35]. To the best of our
knowledge, this is the first experimental determination of
the permanent dipole moment of a molecular ion using this
method.
In future work, we can improve the uncertainty of field-

free transition frequency measurements due to the rf
electric field by using a more symmetric trap with smaller
minimal rf electric field amplitude at the position of the

FIG. 2. An ideal linear rf trap forms an electric quadrupole field
with a null along the trap axis. Ions positioned off of the null
experience a rf electric field. Because of the electrode geometry
of the trap used in our experiments, the rf-electric field along the
ion-ion axis has a finite minimal amplitude. By adjusting the
voltages applied to the dc electrodes and the more distant dc bias
electrode, the ions can be intentionally shifted from this minimum
to sample different rf electric field magnitudes and directions.
Three 729 nm laser beams are used to measure micromotion
along approximately mutually orthogonal directions, k̂1 parallel
to the magnetic quantization axis B⃗, k̂2, and k̂3.

FIG. 3. Red markers show the measured shifts in frequencies of
the j2;−3=2;−i to j0;−1=2;−i transition as a function of the
squared rf electric field amplitude at the molecular ion location.
Spectroscopic probe times varied from 2.5 to 20.5 ms for different
data points. The blue marker shows the rf electric field-free
transition frequency (95% confidence interval ½−82; 80� Hz)
obtained through extrapolation to zero field with uncertainties
determined by parametric bootstrapping. The dashed green line is
a linear fit to the data. Its slope can be used to determine the
permanent dipole moment of the ion.
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molecule. Uncertainties in determining micromotion could
be improved by better control of the 729 nmbeamdirections,
or by using different methods [26]. State preparation can be
more efficient by using the frequency comb and/or a micro-
wave source addressing the J00 ¼ 0 to J0 ¼ 1 transition to
preparemolecules in a target rotational state. Our approach is
suitable for molecular spectroscopy and electric dipole
measurements on a variety of other molecular species, given
that the molecule of interest is not too disparate in charge-to-
mass ratio from that of the logic ion. We demonstrate
versatile control techniques based on QLS that are stepping
stones towards interrogating increasingly complex mole-
cules, such as polyatomics, with the potential to distinguish
isotopomers, isomers, and possibly even the chirality of
molecular ions, which may be particularly advantageous for
tests of fundamental physics [36,37].
In conclusion, we characterize the Stark effect due to the

rf electric field experienced by the molecular ion and
account for its effect on the measured transition frequen-
cies, improving the systematic uncertainty of a rf electric
field-free rotational transition frequency in the molecular
ion by an order of magnitude from our previous work [17].
In addition, we determine the electric dipole moment of the
CaHþ molecular ion, illustrating the use of the rf field in an
ion trap for measuring a molecular property. We demon-
strate sub-part-per-trillion resolution rotational spectro-
scopy of CaHþ using methods that are suitable for a wide
range of molecular ion species, including some of interest
for tests of fundamental physics.
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