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Control of the external degree of freedom of trapped molecular ions is essential for their promising applica-
tions to spectroscopy, precision measurements of fundamental constants, and quantum information technology.
Here, we demonstrate near ground-state cooling of the axial motional modes of a calcium mono-oxide ion via
sympathetic sideband cooling with a cotrapped calcium ion. We also show that the phonon state of the axial
out-of-phase mode of the ion chain is maintained while the mode frequency is adiabatically ramped up and/or
down. The adiabatic ramping of the motional mode frequency is a prerequisite for searching for the proposed
molecular dipole-phonon interaction [W. C. Campbell and E. R. Hudson, Phys. Rev. Lett. 125, 120501 (2020);
M. Mills et al., Phys. Chem. Chem. Phys. 22, 24964 (2020)].
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I. INTRODUCTION

Molecular ions are promising candidates for precision
spectroscopic measurements, such as determination of molec-
ular properties [1,2], searching for the possible time variations
of the electron-to-proton mass ratio [3–7], and determination
of the electron electric dipole moment [8–10]. For these ex-
periments, it is a prerequisite that the motional energy of
molecular ions is reduced to eliminate systematic effects such
as Doppler shifts. Molecular ions can be translationally cooled
through Doppler cooling cotrapped atomic ions with bene-
fits for spectroscopy and understanding chemical reactions
[11–13]. In quantum logic spectroscopy experiments in which
molecular ions’ internal states are mapped to their motional
states, the molecular ions need to be further cooled to near
the ground state of motion [14–19] for higher signal-to-noise
ratio. This motional ground state cooling is achieved via
sympathetic resolved sideband cooling with cotrapped atomic
ions [20].

Recently, a quantum logic scheme based on the interaction
of the permanent electric dipole of trapped diatomic molecular
ions and their quantized harmonic motion known as dipole-
phonon quantum logic (DPQL) has been proposed [21]. In
Ref. [22], a list of cationic alkaline-earth-metal monoxides
and monosulfides, which can be produced from commonly
trapped atomic ions, were studied as potential candidates for
DPQL. From this list of molecular ions, calcium monoxide
(40Ca 16O+) is a promising candidate, because the �-doublet
transition frequencies of its low-lying rotational states are
calculated to be within the range of typical ion trap secular fre-
quencies [14,22,23]. Note that from here on the same isotopes
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of calcium and oxygen are used unless otherwise specified.
One way to implement DPQL with a Ca+-CaO+ ion chain is
to slowly ramp the motional mode frequency through a res-
onance with CaO+’s �-doublet splitting to achieve adiabatic
passage between the two dressed states of �-doublet states
and phonon states. At the end of this process, the �-doublet
state change of CaO+ is mapped to its motional state, and
either a phonon appears in the system, indicating a change
from the upper to the lower �-doublet state, or a phonon
disappears, indicating the reverse process. The motional state
change is read-out via a red sideband operation on the co-
trapped Ca+. During this process, cooling the ion chain to near
the motional ground state is an advantage, as the detection
can become single shot, similar to quantum logic schemes
[14–18]. The ramping process, on one hand, has to be fast
to prevent motional heating from deteriorating the signal-to-
noise ratio. On the other hand, the ramping process needs to be
slow to meet the requirement for adiabaticity and ensure that
the motional state change is due to the dipole-phonon inter-
action instead of a diabatic perturbation of the motional state
[22]. Beyond direct applications to DPQL, adiabatic motional
dynamics in ion shuttling and separating has been studied
both theoretically [24,25] and experimentally [26–28], and
adiabatic motional frequency ramping has been demonstrated
with single Ca+ [29,30] and 40Ca+-42Ca+ ion chain [30].

In this paper, we demonstrate near-ground-state cooling of
both the axial in-phase and out-of-phase motional modes of
a Ca+-CaO+ ion chain. We also demonstrate the ability to
adiabatically ramp the out-of-phase mode frequency over the
calculated �-doublet splitting of the ground rotational state
of CaO+ while maintaining the phonon state of the ion chain.
While we have not made a significant effort to observe the
dipole-phonon interaction thus far, this work demonstrates
the external state control and preparation necessary to search
for the dipole-phonon interaction with CaO+. Besides the
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application to DPQL, this technique may also benefit quantum
logic spectroscopy of molecular ions [29,30] by controlling
the zero-point fluctuations in momentum or benefit ultracold
ion chemistry [31] by further controlling collisions [32]. This
paper is arranged as follows. In Sec. II, we analyze the heat-
ing mechanisms that may occur during adiabatic ramping. In
Sec. III, we introduce our experimental system and sideband
cooling techniques. In Sec. IV, we discuss the results of
ground-state cooling and adiabatic ramping before summariz-
ing in Sec. V.

II. HEATING MECHANISM ANALYSIS
IN ADIABATIC RAMPING

Implementation of DPQL depends on precise measurement
of the number of phonons. The key systematic error that
interferes with the measurement is motional heating. More-
over, motional heating limits the fidelity of the dipole-phonon
interaction [22]. In this section, we analyze two potential ion
heating mechanisms and determine the sufficient experimental
parameters to measure DPQL.

A. Axial motional mode heating rate analysis

The heating rate of the motional mode needs to be low
enough to support a clean signal-to-noise ratio for the DPQL
signal. The pseudopotential experienced by a single Ca+

ion in an RF trap is of the form: U (x, y, z) = 1
2 mω2

x x2 +
1
2 mω2

y y2 + 1
2 mω2

z z2, where m is the mass of Ca+, ωx and
ωy are radial secular frequencies, and ωz is the axial secular
frequency. Now consider a two-ion chain of Ca+-CaO+ in the
above potential. The two ions are located equidistantly from
the center of the trap by a distance of d0 = 3

√
e2/16πε0mω2

z
along the axial direction due to Coulomb interaction, where
e is the element charge and ε0 is the vacuum permittivity.
Around the equilibrium positions, two ions behave as coupled
harmonic oscillators, which results in two normal motional
modes: the in-phase mode (i), where the two ions move in
the same direction, and the out-of-phase (o) mode, where the
two ions move in opposite directions. The two motional mode
frequencies, ωi and ωo, are calculated as [33]

ωi,o =
√

1 + μ ∓
√

1 − μ + μ2

μ
ωz, (1)

where μ = 1.4 is the mass ratio of CaO+ to Ca+ and the
minus and the plus in the equation correspond to the in-phase
mode and out-of-phase mode, respectively.

Here, we consider typical motional heating mechanisms
in ion traps, which are spatially uniform, stochastic electrical
fields from fluctuating patch-potentials and thermal electronic
noise [34]. The corresponding heating rates �0→1

i,o from the
ground state (|n = 0〉) to the first excited state (|n = 1〉) for
both i and o axial modes are [20]

�0→1
i,o = e2SE (ωi,o)

4mh̄ωi,o

⎛
⎝bi,o +

√
1 − b2

i,o

μ

⎞
⎠

2

. (2)

Here, SE (ω) is the spectral density of electric field fluctuations
in the unit of (V/cm)2 Hz−1, and bi,o are the components of

the normalized eigenvectors of the normal motional modes of
Ca+ with bi = 0.58 and bo = −0.81. Assuming a white noise
spectrum around the trap frequency, we can normalize Eq. (2)
with the single Ca+ heating rate �0→1

Ca = e2SE (ωz )/4mh̄ωz of
the same electric potential and calculate the following ratios:

�0→1
i = 1.78�0→1

Ca , (3a)

�0→1
o = 0.06�0→1

Ca . (3b)

This indicates that the out-of-phase motion of the two ions
is hardly heated by this heating mechanism compared to the
in-phase motion, since the anticorrelated motion of the out-
of-phase mode is unperturbed in the spatial uniform electrical
fields. Based on the above analysis, the out-of-phase mode has
the advantage of a lower heating rate compared to the in-phase
mode and thus is used for adiabatic ramping in the following
experiments.

B. Phonon-phonon interaction from radial modes

Another heating mechanism that needs to be avoided is
the phonon-phonon interaction between the axial mode and
radial modes, since the uncooled radial modes act as a hot
bath during the adiabatic ramping process. We consider two
cases of this interaction here. One is due to imperfect micro-
motion compensation. In a linear Paul trap, ions are trapped in
the pseudopotential φ(ri = x, y) along the radial directions x
and y:

φi ≈ (eV0)2

4miR4ω2
rf

r2
i . (4)

Here, V0 and ωrf are the radio-frequency (rf) voltage and
frequency, mi is the mass of the ith ion, and R is the distance
from the ion to the rf electrodes. We ignore radial potential
changes from axial end-caps as they are small compared to
the radial pseudopotential. As Eq. (4) shows, ions of different
masses see different radial potential depths in a mixed-species
ion chain. As a result, this ion chain is no longer along the
trap axis if there are any residual stray electric fields along
the radial direction, since each ion is displaced from the rf
null as a function of mass [23]. Consider a two-ion chain of
Ca+-CaO+. Suppose a residual stray field along the x axis and
the angle between the interion axis and the trap axis is θ � 1.
The position difference along the x axis 	x ≡ |xCaO − xCa| is
no longer 0 but rθ , where r is the interion distance. In this sit-
uation, the axial and radial cross terms appear in the potential

as | ∂2V
∂xi∂z j

| = 3mω2
z

2 θqixq jz. Here, qix and q jz are the x and z posi-

tion operators for the harmonic motions of Ca+(i, j = 1) and
CaO+(i, j = 2). The corresponding perturbation Hamiltonian
	H1 is

	H1 =
2∑

i, j=1

(−1)(i− j)3mω2
z θqixq jz. (5)

Phonon-phonon interaction between radial and axial motion
happens when the radial mode frequency is in resonance with
the axial mode frequency in the presence of an uncompensated
radial stray field as shown in Eq. (5). When the frequencies
of axial and radial out-of-phase modes overlap, the phonon
exchange rate could be as high as 1% of ωz even with θ as
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FIG. 1. Ca+-CaO+ ion chain mode frequencies with respect to
single Ca+ mode frequencies. (a) Ca+-CaO+ ion chain axial out-of-
phase mode frequency ωo and radial out-of-phase mode frequency
ωxo with respect to single Ca+ axial mode frequency under radial po-
tentials ωx = 1.2, 1.1, 0.8, and 0.6 MHz [for horizontal lines from top
to bottom, same as in panel (b)]. (b) Ca+-CaO+ ion chain frequency
differences between radial in-phase mode ωxi and out-of-phase mode
ωxo, and axial out-of-phase mode frequency ωo with respect to single
Ca+ axial mode frequency under different radial potentials ωx . Each
of the crossing points between ωo and ωxo or ωxi-ωxo represents
phonon-phonon interaction occurrences, which need to be avoided
in the adiabatic ramping experiments.

low as 0.01. In Fig. 1(a), we plot both the radial and the axial
out-of-phase mode frequencies ωxo and ωo of a Ca+-CaO+

ion chain with respect to the single Ca+ ion axial secular
frequency ωz under different radial secular frequencies ωx.
In our experiment, the radial secular frequency is carefully
chosen to avoid the frequency overlapping point as shown in
Fig. 1, so that the axial out-of-phase mode is isolated from the
radial modes during the ramping process.

Another phonon-phonon coupling mechanism comes from
the anharmonicity caused by Coulomb interaction between
ions [35]. Performing a Taylor expansion to the third order of
the potential V of the Ca+-CaO+ ion chain around the equi-
librium positions, we can get the anharmonicity Hamiltonian
	H2 as a perturbation to the harmonic potential:

	H2 = −1

6

2∑
m,n,p=1

3∑
i, j,k=1

∂3V

∂rmi∂rn j∂rpk

∣∣∣∣∣
0

qmiqn jqpk, (6)

where rm is the position of the mth ion and rmi = (xm, ym, zm)
with i = 1, 2, and 3. This shows that energy can be transferred
once the frequency sum or difference of two modes is near
resonant with another mode frequency. Equation (6) can be
simplified to Eq. (7) based on the fact that Ca+ primarily
participates in the radial in-phase mode while CaO+ primarily
participates in the radial out-of-phase mode:

	H2 =
2∑

i=1

3mω2
z

4z0
q1iq2i(q23 − q13). (7)

The above equation shows that phonon-phonon interaction
happens once the frequency difference between radial in-
phase and radial out-of-phase modes is in resonance with
the axial out-of-phase mode frequency. We plot the axial
out-of-phase mode frequency and the radial frequency differ-
ence with respect to the single Ca+ axial secular frequency
ωz and a set of various single-ion radial secular frequencies
ωx in Fig. 1(b). The coupling strength is 2π × 8.2 Hz for
an out-of-phase mode frequency around 2π × 320 kHz and
ωx = 1.1 MHz in Fig. 1(b). Similarly to the consequence
of the findings from Fig. 1(a), the radial secular frequency
is chosen to avoid crossing points on the axial out-of-phase
mode of Fig. 1(b).

C. Ramping parameter analysis

A simple model for the adiabatic passage under the dipole-
phonon coupling is obtained using a dressed state picture:
|+〉 = | f , nq〉 and |−〉 = |e, nq + 1〉, where | f 〉 and |e〉 are the
upper and lower �-doublet states, respectfully, and nq is the
phonon number of the motional mode q. In this picture, an
avoided crossing between |+〉 and |−〉 is formed when ω(t ) is
near resonance with the resonant frequency of the �-doublet
splitting, denoted as ωmol. The energy gap of the avoided
crossing is 	E (t ) = h̄

√
g2

mol + (ω(t ) − ωmol)2 , where ω(t )
is the time-varying phonon mode frequency, gmol ≡ dE0 =
d
e

√
2μmω3

o/h̄
√

1 − b2
o is the vacuum Rabi frequency of the

interaction, E0 is the electric field amplitude at the position
of CaO+ due to a single phonon in the out-of-phase mode,
d = �/

√
J (J + 1)DP is the dipole moment of the �-doublet

transition, � is the projection of the total electronic angular
momentum along the internuclear axis, J is the total angular
momentum, and DP is the permanent dipole moment. The nar-
rowest part of this energy gap, 	Emin = h̄gmol, sets the limit
for the ramping speed dω(t )/dt . For a high-fidelity trans-
fer, dω(t )/dt � g2

mol must be satisfied [36]. For the ground
rotational state of CaO+, � = J = 3/2 and DP is 8.7 De-
bye [22]. In a Ca+-CaO+ ion chain, gmol = 2π × 2.6 kHz
for the ground rotational state of CaO+ in the out-of-phase
mode. Thus, the ramping speed should be less than 2π ×
42.5 kHz/ms. Given that the starting and ending points for the
frequency sweep are chosen to be 10 gmol from the resonance
ωmol in order to minimize coupling between the �-doublet and
the phonon state, a total ramping time of several milliseconds
is needed.

Since the dipole-phonon coupling puts a much more strin-
gent limit on the ramping speed [22], the diabatic motional
state excitation is negligible during the ramping process. Thus,
a simple linear voltage ramping for the end-cap voltages (Vend)
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FIG. 2. Schematic of the experimental system. The magnetic
field is aligned in the vertical direction and is perpendicular to the
polarization of the 729-nm laser. The imaging lens stack (not shown)
is also aligned in the vertical direction outside the vacuum chamber
with its center positioned directly above the ions.

is used. Despite ω(t ) ∝ √
Vend, the linear voltage ramping

shape results in an almost linear secular frequency ramping
shape, since the ramping range (20 gmol) is much less than
the secular frequency itself (∼200 gmol). The other limit on
ramping time is the heating rate of the system, as the motional
heating decreases the signal-to-noise ratio for long ramping
time. To avoid this, the ramping time could be further reduced
in a nonlinear ramping process, as studied in Refs. [30,37].

III. EXPERIMENTAL METHODS

A. Experimental system

A schematic of our experiment system is shown in Fig. 2.
Our linear Paul trap [14,23] sits in an ultrahigh vacuum,
octagonal chamber (Kimball Physics MCF800-SphOct-
G2C8) with a typical pressure of 2 × 10−11 Torr. The radial
potential is created by four wedge-shaped electrodes, two rf
electrodes (x axis), and two segmented dc electrodes (y axis).
The distance from the ions to the electrodes is r0 = 1.0 mm.
The rf electrodes are driven by a helical resonator with a fre-
quency of 2π × 19.2 MHz. There are two rods, one above and
one below the trap, that are parallel to the trap axis to provide
micromotion compensation. The trap has typical secular fre-
quencies of (ωx, ωy, ωz )/2π = (1.12, 1.08, 0.45) MHz for a
single Ca+ ion. A magnetic field of 6.2 G generated by perma-
nent magnets is applied to lift the degeneracy of Zeeman states
and defines the quantization axis along the vertical direction.
A lens stack (not shown) is set up above the trap to collect
fluorescence for a photomultiplier tube (Hamamatsu H7360-
02) and a high-sensitivity camera (Princeton Instruments
Cascade 1K).

The voltage control of dc electrodes and two micromotion
compensation rods is achieved using a 16-bit digital analog
converter (DAC) board (M-Labs Zotino) with an output cutoff
frequency of 2π × 75 kHz. The DAC outputs are amplified
by a factor of 11 using operational amplifiers (LTC6090) and
then passed through RLC passive low-pass filters before being
applied to the electrodes and rods. The cutoff frequency of the

filters is 2π × 1.5 kHz, which is chosen to filter out ambient
electromagnetic noise and rf pickup around the secular fre-
quencies while passing the ramping of the dc voltages on the
trap electrodes and compensation rods.

The DAC sequence is controlled by a Kasli FPGA module
and programed using ARTIQ (Advanced Real-Time Infrastruc-
ture for Quantum physics) provided by M-labs [38,39] using
tools developed as part of the Duke ARTIQ extensions (DAX)
[40,41]. Each ramping sequence step contains voltages for
two pairs of end-cap electrodes and two micromotion com-
pensation rods. The end-cap voltage sequence is designed for
a linear sweep, while the micromotion compensation voltages
are generated via an interpolation of optimized micromotion
compensation voltages for different end-cap voltage setups.
The synchronized DAC outputs have a refresh time of 4.8 μs,
which is the limiting factor on the discretization of the ramp-
ing sequence. The designed ramping sequence is preloaded
into the system memory and can be played back on demand
during the experiment.

Ca+ ions in the trap come from photoionization of the
neutral Ca atom beam, which is generated by a heated Ca oven
near the trap. The photoionization process is implemented by
a combination of 423- and 379-nm lasers. Ca+ ions are then
Doppler cooled by a 397-nm laser and an 866-nm laser at an
angle of 45◦ to the z axis. A 729-nm laser with horizontal
polarization along the z axis is used to address the quadruple
transition |S1/2, mS = −1/2〉 → |D5/2, mD = −5/2〉 for side-
band operations. The 729-nm light is from an injection-locked
laser diode (HL7301MG-A). The seed laser for injection lock-
ing is locked to a high-finesse low-thermal-expansion cavity
via the Pound-Drever-Hall method, and the transmitted light
of the cavity is used for injection locking. An 854-nm laser is
used to pump Ca+ ions from the D5/2 manifold to quench the
excited state and accelerate sideband operations.

CaO+ ions are synthesized by introducing O2 into the
chamber. To begin, two Ca+ ions are trapped and cooled in the
ion trap. Then, O2 is leaked into the chamber via a manual leak
valve. The vacuum pressure is kept around 5 × 10−9 Torr until
one of the Ca+ ions reacts to form CaO+ and becomes a dark
ion in the trap. Since, for the electronic state of Ca+ (2S1/2),
this reaction is endothermic by 1.7 eV, it presumably proceeds
as Ca+(2P1/2)+O2 → CaO+ + O. In our system, CaO+ stays
for about 20 min before it reacts with background gas and
turns into CaOH+. We confirm whether the dark ion is CaO+

or CaOH+ by measuring the axial secular frequency [42] to a
precision of 1 kHz by resonant excitation with an oscillating
electric field.

B. Pulsed sideband cooling

Pulsed sideband cooling is used in our experiments to cool
either a single ion or a two-ion chain to motional ground states
[30]. In this technique, the 729- and 854-nm lasers are turned
on and off sequentially so that the transition frequencies are
less effected by light shifts induced by the other laser. The
pulse sequences are shown in Fig. 3(a). After Doppler cooling,
the Ca+ ion is in a thermal state with the average axial phonon
number n around the Doppler cooling limit �397/2ωz ≈ 25,
where �397 ≈ 2π × 21 MHz is the natural line width of the
S1/2 ↔ P1/2 transition. In this thermal state, ∼40% of the

013108-4



ADIABATICALLY CONTROLLED MOTIONAL STATES OF A … PHYSICAL REVIEW A 108, 013108 (2023)

FIG. 3. (a) Experimental sequence. The ions are first Doppler
cooled and, subsequently, a multiorder sideband cooling method is
employed after spin polarization, as detailed in the text. Depending
on the experiment, we either ramp the trap frequency or allow for
an idle period before measuring the red sideband via shelving to
the D5/2 state. (b) Fock-state-dependent transition probability for a
single ion for the first-order [green (light gray) line] and second-order
[red (dark gray) line] sidebands for a carrier Rabi frequency of
�0 = 2π × 70 kHz at times τ1 and τ2, respectively.

population is out of the Lamb-Dicke (LD) regime. This highly
energetic portion of the motional state satisfies η2(2n + 1) �
1, where η ≈ 0.15 is the LD parameter for a single Ca+ ion
along the axial direction and n is the Fock state number. To
begin ground-state cooling, first a spin-polarization process
is performed utilizing the |S1/2, mS = 1/2〉 → |D5/2, mD =
−3/2〉 transition to initialize |S1/2, mS = −1/2〉. This process
is repeated periodically during sideband cooling to reinitialize
the ground state and keep the ion inside the cooling loop.
Taking advantage of the fact that such a high-n population
is sensitive to higher-order sideband transitions, we cool in
three stages. The first stage uses second-order sidebands for
cooling. The second and third stage use first-order sidebands.
The first and second stage contain four repetitions, each of
which includes 20-s first-order red sideband pulses and a
round of spin polarization. The third stage contains ten pulses
and uses half of the 729-nm optical power of the first two
stages to avoid off-resonant coupling to the carrier transition.
The pulse numbers provide enough redundancy to cool the ion
even when the axial secular frequency is halved. The sideband
cooling pulse lengths of the three stages are fixed based on

FIG. 4. Sideband measurements after sideband cooling of axial
motion of a single Ca+ ion. The plot on the left shows the spectral
profile of the first red sideband whereas the right shows the profile
of the first blue sideband. Here, the axial secular frequency is 2π ×
390 kHz, which corresponds to an average phonon number of n̄ =
0.06(2). The frequency step between each point is 2π × 4 kHz. Each
point is an average of 100 experiments. The solid line is a fit to the
sideband data.

expected initial quanta and measured Rabi frequencies. For
example, we show in Fig. 3(b) how the first- and second-stage
pulse lengths will drive the different initial Fock states for a
typical coupling strength (carrier Rabi frequency for |n = 0〉)
of �0 = 2π × 70 kHz. For sideband cooling of the ion chain,
similar techniques are used, except that the in-phase and the
out-of-phase modes are cooled serially in each stage.

IV. RESULTS AND DISCUSSION

A. Sideband cooling of a single Ca+ ion and heating
rate measurements

The axial sideband cooling results for a single Ca+ ion
with an axial secular frequency of 2π × 390 kHz are shown
in Fig. 4. By comparing the amplitude of the red sideband
and the blue sideband, we calculate the average phonon num-
ber after sideband cooling to be n = Pr/(Pb − Pr ) = 0.06(2),
where Pr/b is the red/blue sideband amplitude. The spectral
profile of the red and blue sideband data is fitted via the
following model:

ρr/b =
∑

n

nn

(n + 1)n+1

�2
r/b

	2 + �2
r/b

sin2
(√

	2 + �2
r/bt/2

)
,

(8)

where n is the Fock state number, �r/b is the red/blue side-
band Rabi frequency, and 	 is the detuning. The heating rate
measurement results of the axial mode at this frequency are
shown in Fig. 5. A heating rate of 11.4(7) s−1 is measured at
this secular frequency by fitting the average phonon number
change with the idling time, In the inset of Fig. 5, heating rate
measurements at various axial secular frequencies are shown.
The heating rate increases as the secular frequency decreases.

013108-5



LU QI, EVAN C. REED, AND KENNETH R. BROWN PHYSICAL REVIEW A 108, 013108 (2023)

FIG. 5. Average phonon number of a single Ca+ ion as a function
of idling time at ωz = 2π × 390 kHz. A linear fit yields a rate of
11.4(7) s−1. The inset shows the heating rate measurements for the
axial secular frequency ωz = 2π × 240, 320, 390, and 440 kHz. The
line is to guide the eye.

B. Sideband cooling of a Ca+-CaO+ ion chain and heating
rate measurements

The results of sideband cooling the two axial modes of a
Ca+-CaO+ ion chain are shown in Fig. 6. We use the same
method as outlined above to determine the average phonon
number. We can see that both the in-phase and out-of-phase
modes are cooled to near the motional ground state: the in-
phase mode is cooled to ni = 0.12(6) and the out-of-phase
mode is cooled to no = 0.03(1).

We also measured the heating rate of both modes and
plotted the results as shown in Fig. 7. It was found that the
in-phase mode has a heating rate of 23.8(1.5) s−1, which is
twice the heating rate of a single ion at a similar potential
depth. Meanwhile, the out-of-phase mode has a heating rate
of 0.5(2) s−1, which is 5% of the single-ion heating rate.
Comparing the above experimental results with the predic-
tions from Eq. (3), we find the out-of-phase mode heating
rate agrees with theoretical prediction. However, the in-phase
mode heating rate is ∼20% higher than the theoretical pre-
diction. This is likely due to the less precise determination
of phonon numbers above 1 in the heating rate measurement.
Because of its low heating rate, the out-of-phase mode is able
to support a voltage ramping time on the order of tens of mil-
liseconds without accruing any significant motional heating
during the ramping time.

C. Adiabatic ramping of a Ca+-CaO+ ion chain

We first show how the average phonon number of the
out-of-phase mode of the two-ion chain is affected by a linear
single-direction ramping sequence. Based on the above anal-
ysis of ramping parameters and measured heating rates, we
chose the parameters as follows. The ramping range of out-
of-phase mode frequency is from 2π × 492 to 2π × 421 kHz
with a ramping speed of 2π × 10 kHz/ms. This range cov-
ers the predicted �-doublet splitting of the ground rotational
state of CaO+, which is calculated to be 2π × 450 kHz.
Figures 8(a) and 8(c) show the out-of-phase motional side-
bands at the beginning and end of the ramping, respectively.

FIG. 6. Sideband measurements after sideband cooling the axial
(a) in-phase mode and (b) out-of-phase mode of the Ca+-CaO+

ion chain. Here, the single Ca+ axial secular frequency was set
to ωz = 2π × 364 kHz. The frequency step between each point is
2π × 4 kHz, and each point is an average of 100 experiments. By
comparing the amplitudes, the average phonon number of the in-
phase mode after sideband cooling is ni = 0.12(6), while the average
phonon number of the out-of-phase mode is no = 0.03(1).

FIG. 7. Heating rate measurements of the axial in-phase (upper
line) and out-of-phase (lower line) modes of the Ca+-CaO+ ion
chain. Note that the error bars on the out-of-phase data points are
not visible because they are smaller than the plotted points.
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FIG. 8. (a) Out-of-phase motional sidebands after sideband cooling with ωo = 2π × 492 kHz and n̄o = 0.08(2). (b) Theoretical secular
frequency change during the ramping and measured secular frequency at different points of the ramping. The small difference between
theoretical frequency and measured frequency is attributed to environmental magnetic noise. The theoretical ramping sequence is used in
a simulation of the dynamics of the dressed states | f , n = 0〉 (green line, initial state population of 1) and |e, n = 1〉 (red line, initial state
population of 0) with a heating rate of 0.5 s−1. In the simulation, the frequency changes with a step of 4.8 μs. (c) Out-of-phase motional
sidebands after sideband cooling at ωo = 2π × 492 kHz and then ramping to ωo = 2π × 421 kHz using the ramping schedule in panel (b). We
find n̄o = 0.12(2).

The measured phonon number after ramping is n̄o = 0.12(3)
compared to n̄o = 0.08(2) before ramping. We do not observe
a coherent excitation of the ion’s motion, which was observed
in other adiabatic ramping [30] and ion shuttling experiments
[43]. We attribute this to the slow ramping speed and careful
alignment of the axial trap position.

In Fig. 8(b), we show the simulation results of the dipole-
phonon interaction as the motional mode frequency is swept
through resonance with the �-doublet. The heating rate in
the simulation is set to be 0.5 s−1, and the ramping sequence
is set to be the theoretical secular frequency change with a
refresh time of 4.8 μs. Initial motional state of Fig. 8(a) is
measured and used in the simulation. The results show that if
the dipole-phonon interaction were to happen in the exper-
iment, it would either add a phonon to the motional mode
(|n = 0〉 → |n = 1〉) or change inversely (if the initial phonon
state is prepared in |n = 1〉). For the former case, the resulting
red sideband would have the same height as the blue sideband
in Fig. 8(a), and the resulting blue sideband should have a
height comparable to that of the resulting red sideband. For
the latter case, the resulting red sideband changes inversely
and disappears.

In Fig. 9, we compare ramping experiment results with
those from experiments in which no ramping was performed.
In the latter, the ions were allowed to idle for an amount
of time equal to the ramping time. The ramping range of
2π × 200 kHz, compared to 20 gmol ≈ 2π × 52 kHz from the
above analysis, leaves space for small calculation inaccuracy
or frequency shifts such as Zeeman shifts. We chose a back-
and-forth ramping sequence in these results to test whether
motional adiabaticity is preserved in both ramping directions.
This ramping sequence simplifies phonon-state detection be-
cause the secular frequency returns to its initial value after
ramping, enabling the 729-nm laser to remain in the same
frequency [30,37]. Two total ramping time periods Tr , 10 and
20 ms, were chosen for the experiments. Here, it is shown that
the out-of-phase mode phonon state is preserved during the
ramping process. For Tr = 10 ms, the phonon number after

FIG. 9. Results of measuring the amount of ion heating induced
by adiabatic ramping over (a) 10 ms and (b) 20 ms plotted with a
control experiment in which the ion is allowed to idle for the same
amount of time. Here, the light points (both red and blue) represent
the adiabatic ramping experiments with these data fit to a light gray
line while the dark points and the black line represent the control
experiments.
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ramping is 0.08(2) compared to 0.05(2) when idling for the
same amount of time. For Tr = 20 ms, the phonon number
after ramping is 0.12(2) compared to 0.07(5). For ramping
time Tr = 20 ms, the ramping speed is 2π × 20 kHz/ms and
the fidelity loss in a linear ramping process is calculated to
be 3.5% according to the Landau-Zener equation [22]. Both
results demonstrate the potential for faster sweeping without
exciting the phonon mode, which will be used to implement
faster and nonlinear sweeping in future searches of the dipole-
phonon interaction.

Our current experimental results show a low-heating rate
and suggest the signal-to-noise ratio will be high enough to
measure the DPQL signature. Besides the test of adiabatic
motional state control, we do not expect to see the DPQL
signal due to the perpendicular alignment of the magnetic field
to the trap axis in our current setup. This alignment results
in the electric field due to the ion motion coupling molecular
states with 	m = ±1. The energy difference between these
states is dominated by the Zeeman shift, which is expected to
be 2π × 2 MHz/G [22] and will be ∼2π × 12 MHz for our
experiment, falling outside the range of frequencies covered
by our current ramping experiments. However, by changing
the orientation of the magnetic field along the trap axis, we
can bring the energy difference within the ramping range.

V. CONCLUSION

We have demonstrated the sympathetic cooling of the axial
modes of a Ca+-CaO+ ion chain to near the ground state of

motion via pulsed sideband cooling on the cotrapped Ca+ ion.
We have also shown the ramping of the out-of-phase mode fre-
quency over the predicted ground rotational state �-doublet
frequency splitting at a rate compatible with adiabatic state
transfer. We find that the ramping leads to a minimal increase
in phonon number, which we attribute to ion heating. This
background rate is compatible with starting a search for the
DPQL signal.

Two additional steps are required to observe the DPQL
signal. The first step is to change the magnetic field orientation
to be parallel with the trap axis such that the dipole-phonon
interactions drive 	m = 0 transitions. The second step is
the preparation of the molecule into the ground state. One
method is to use DPQL to project into the desired state. At
room temperature, we expect that the ground rotational state
population is only 0.5%. Although its population is low, the
ground state has a black-body limited lifetime of 4 s [22]. The
lifetime will enable us to perform hundreds of experimental
trials after an initial detection before the state changes. An
alternate approach would be to set up the experiment in a
cryogenic environment.
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