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We report Raman sideband cooling of 2 Mg™ to sympathetically cool the secular modes of motion
in a 2Mg* - 27A1" two-ion pair to near the three-dimensional (3D) ground state. The evolution of
the Fock state distribution during the cooling process is studied using a rate-equation simulation,
and various heating sources that limit the efficiency of 3D sideband cooling in our system are
discussed. We characterize the residual energy and heating rates of all the secular modes of motion
and estimate a secular motion time-dilation shift of —(1.9 4 0.1) x 107'® for an 2"Al" clock at a
typical clock probe duration of 150 ms. This is a 50-fold reduction in the secular motion time
dilation shift uncertainty in comparison with previous 2”Al™ clocks.

PACS numbers: 37.10.Rs, 37.10.Ty

Trapped and laser-cooled ions are useful for many ap-
plications in quantum information processing and quan-
tum metrology because of their isolation from the am-
bient environment and mutual Coulomb interaction [1-
6]. The Coulomb interaction establishes normal modes of
motion, called secular modes, which enable information
exchange and entanglement between ions. For many op-
erations in quantum information processing and metrol-
ogy, these secular modes should ideally be prepared in
their ground state. For example, in state-of-the-art
trapped-ion optical clocks [7], uncertainty in the Doppler
shift due to the residual excitation of these modes is a
dominant contribution to the total clock uncertainty [8—
10].

All trapped-ion optical clocks to date have been op-
erated with the ions’ motion near the Doppler cooling
limit [7-10]. For clocks based on quantum-logic spec-
troscopy of the 'Sy <+ 3Py transition in 27AlT [11], the
smallest uncertainty has been achieved by performing
continuous sympathetic Doppler cooling on the logic ion
(Mg") during the clock interrogation [8]. Due to the
difficulty of performing accurate temperature measure-
ments of trapped ions near the Doppler cooling limit,
the uncertainty of the secular motion temperature was
limited to 30 % [8].

To reduce the secular motion time-dilation shift and its
uncertainty, sub-Doppler cooling techniques can be em-
ployed [12-17]. These schemes have not previously been
implemented in ion-based clock experiments due to high
ambient motional heating rates, the need for extra cool-
ing laser beams, and the difficulty of characterizing the
resulting motional state distribution, which can be non-
thermal [8, 10, 18]. For example, in sideband cooling, a
non-thermal distribution can result from zero-crossings
in the cooling transition Rabi rate as a function of the
Fock state [19, 20] and from cooling durations insuffi-
cient to reach equilibrium. Although sideband cooling
can reach extremely low energies, a small non-thermal
component of the distribution may contribute more than

90 % of the total energy [21], rendering the temperature
measurement technique using motional sideband ratios
unsuitable for determining the energy [12, 13].

Here we demonstrate sympathetic cooling of a
Mgt -27A1" two-ion pair to the 3D motional ground
state with high probability. This is accomplished with
Raman sideband cooling, selected for its low cooling limit
and experimental convenience. The ion trap used here
has motional heating rates less than 12 quanta/s [21], two
orders of magnitude lower than those achieved in previ-
ous 2"Al" clocks [8]. The evolution of the Fock state
distribution during the cooling process is investigated by
using rate-equation simulations which is verified by com-
parison with experimental measurements. The cooling
pulse sequence is optimized according to the model. We
discuss the various heating mechanisms and the secular
motion time-dilation shift uncertainty in this system.

One 2°Mg™ and one 27Al" are trapped simultaneously
in a linear Paul trap to form a pair aligned along the
trap (z) axis. The energy levels of 2?Mg™ and laser beam
geometry are shown in Fig. 1. Mutually orthogonal direc-
tions x and y are transverse to z. Along each axis there
are two motional modes, the “common” (COM) mode
where mode vectors of the two ions are in the same di-
rection and the “stretch” (STR) mode where they are
opposed. Our trap is operated with axial mode frequen-
cies of 2.7MHz (COM) and 4.8 MHz (STR) and trans-
verse mode frequencies in the range of 5 to 7.5 MHz [21].
We begin each experiment with 2ms of Doppler cool-
ing on the »Mg*t [|) = |25’1/2, F=3 mp=-3)
|2P3/2, F =4, mp = —4) cycling transition to cool all
motional modes close to the Doppler limit and pre-
pare 2®Mg™ in |}). The subsequent sideband cooling
and motional state diagnosis are implemented with stim-
ulated Raman transitions between the [}) and [f) =
|25’1/2, F =2 mp = —2) states. For efficient cooling
of all modes, we employ two sets of Raman beams
(Fig. 1 (a)). The axial (BR-a) and transverse (BR-t)
blue Raman beams in combination with the red Ra-
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FIG. 1: (color online). (a) Geometry of laser beams.
(b) *Mg" energy level diagram (not-to-scale). Quantum
states |F,mp) are labeled by the total angular momen-
tum F and the projection along the quantization direc-
tion mp. The Raman laser detuning from the transition
1)) « |2P3/2, F =3, mp =-3) is approximately 50 GHz
and the magnetic field is about 1 Gauss. D: Doppler cool-
ing. R: repumping. RR: red Raman. BR-a: axial blue Ra-
man. BR-t: transverse blue Raman. BR-co: co-propagating
blue Raman. Clock: 27AlT laser beam driving the 1Sy <2 Py
clock transition.

man beam (RR) generate the differential wavevectors
to cool the axial and transverse modes of motion re-
spectively. Raman laser beams are transmitted through
optical fibers for mode filtering and reduction of beam-
pointing fluctuations [22]. Raman “carrier” pulses denote
transitions with no change in motional quanta, while red-
sideband (RSB) and blue-sideband (BSB) pulses corre-
spond to ||, n) —=[1,n—An) and ||,n) —[1,n+An) tran-
sitions respectively, where n is the initial Fock state and
An, the order of the sideband transition, represents the
number of quanta changed in a single pulse. After a RSB
cooling transition, 2?Mg™ is in [1) which is then optically
pumped to ||) by applying a pulse sequence with three
pulses that drive the [1) to [*Pss, F =3, mp = —3)
transition, between which are inserted two Raman car-
rier pulses that drive the 2S5, F =3, mp = —2) to [1)
transition by applying RR and BR-co simultaneously.
The 2°Mg™ atomic state is determined at the end of
each experiment by collecting photons scattered from the
cycling transition and converting the photon count his-
togram to the transition probability [21].

In general, when the Lamb-Dicke limit is not rigor-
ously satisfied, resolved sideband cooling becomes com-
plicated due to the presence of Fock-state population
“traps” where the Rabi rate of the RSB transition ap-
proaches zero [19, 20]. For example, the 15¢ order RSB
Rabi rate for the z-COM mode (Lamb-Dicke parameter
1 = 0.18) nearly vanishes for n = 44. Numerical simula-
tions indicate that the 2"4 order RSB pulses are signifi-
cantly more efficient at reducing populations in high Fock
states, depending on the Lamb-Dicke parameter and the
time for repumping during each cooling cycle. Multiple
27d order RSB cooling pulses are applied before the 15
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FIG. 2: (color online). Rabi oscillations of the 1% RSB (red,
circle), the 1°* BSB (blue, down triangle) and carrier (green,
up triangle) Raman transitions of the axial mode for a sin-
gle Mgt after different numbers of pulses in the sideband
cooling sequence. Carrier Rabi oscillation curves are shifted
by —0.5 for visibility. The cooling sequence consists of 17
274 order RSB pulses followed by 8 1°° order RSB pulses to
prepare the ion near the motional ground state. Solid lines
are given by the rate equation simulation without any free
parameters [21]. The simulated population evolution of the
first 10 Fock states during the cooling process are shown in
the insets. We include 150 Fock states in the simulation.

order RSB pulses for the two axial modes in our experi-
ment [21]. After sideband cooling, all RSB signals nearly
vanish, indicating the two-ion pair is close to the 3D mo-
tional ground state [21].

Residual motional excitation can be determined by
measuring the ratio of the BSB and RSB transition prob-
abilities [12, 13]. However, this method is accurate only
in thermal equilibrium, which is generally not true af-
ter sideband cooling [23]. To overcome this problem, we
develop a rate equation model to simulate the sideband
cooling process. We model the cooling dynamics using
the coherent RSB transition probability [24]

1 _
P, (t) = 5(1 —e " cos(2Qnntant)) Platan(0), (1)

where An is the order of the RSB pulse, Q, n4+An is the
Rabi rate for the transition ||, n + An) — [, n), v is the
decoherence rate, and t is the pulse duration. Following
Ref. [25], we treat the heating as an interaction with a
thermal reservoir. We validate our model by comparing
it with experimental data at intermediate times during
the cooling sequence. Separate calibrations for the Rabi
rates, decoherence rates, and Lamb-Dicke parameters, in



combination with the Fock state distributions from our
simulation, are used to produce Rabi-oscillation curves
of the secular motion along the z direction for a single
Mgt with no free parameters. As shown in Fig. 2,
Rabi oscillations from our simulation yield good agree-
ment with experimental data throughout the sideband
cooling process. Simulations also reveal the non-thermal
distribution after sideband cooling [21], and indicate the
energy of ions after sideband cooling may be underesti-
mated by orders of magnitude in certain situations if it
is determined using the BSB-RSB ratio method.

During the sideband cooling process, ions experience
recoil from both Raman and repumping pulses. The
recoil heating due to Raman beams arises from transi-
tions through the [Py /) excited states [26]. The heat-
ing rate due to Raman scattering is estimated to be
< 10~* quanta/us for each motional mode [21], both the-
oretically and via calibration experiments on a single
Mg"t for a given Raman beam intensity [27]. The
Rayleigh scattering rate due to the Raman beams is esti-
mated to be 50 % of the Raman scattering rate [26]. The
resulting heating is independent of the frequency differ-
ence between Raman beams and all motional modes will
heat each time the Raman beams are applied to the ions.
For this reason, while the heating rates are small this
mechanism contributes significantly to the ions’ final en-
ergy.

The recoil heating in the repumping sequence is mea-
sured by preparing ions in the motional ground state and
then applying a carrier pulse followed by a repumping se-
quence multiple times. This heating scales with n? and
is about 0.027 quanta per cycle in the z-COM mode. Al-
though this value is relatively large, the effective heating
due to repumping needs to be multiplied by the probabil-
ity of population not in the ground state, which becomes
negligible at the end of the sideband cooling process.

Effects of off-resonant coupling to the carrier transi-
tion during RSB pulses are discussed in [13]. For an ion
in the motional ground state, the probability of motional
excitation due to this mechanism scales as 1/w?, where
w is the motional frequency. Another important source
of heating results from the combination of spontaneous
emission due to Raman beams and the RSB pulses. After
a spontaneous decay to [), the RSB pulse will add one
motional quantum to the mode addressed. The probabil-
ity of motional excitation due to this mechanism depends
on the RSB pulse duration and scales as 1/n. This mech-
anism is only present when Raman transitions are used
for sideband cooling; optical transitions are immune to
this effect. Heating from electric field noise is measured
as 7 ~ 10 quanta/s and 1 quanta/s for the COM and STR
modes respectively [21]. The heating due to off-resonant
coupling to the BSB transitions is not considered in our
simulation because of its relatively small transition rate
which scales as 1?/w?.

To experimentally constrain the motional energy after
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FIG. 3: (color online). Red sideband Rabi oscillations on
the | ) — | 1) transition of ?Mg™ for the six *Mg™ - 2"Al"
motional modes after Raman sideband cooling. Blue data
points are the average of about 50000 experiments and the
error bars are the standard deviation of the mean. Solid line:
double-thermal distribution fit. Dotted line: single-thermal
distribution fit. Dashed line: rate-equation simulation. The
red shaded regions represent the range of the off-resonant car-
rier transitions of double-thermal distribution fit, which is
significant for the z-COM mode but not the other motional
modes [21]. The insets represent the average occupation num-
bers from fits and the simulation. Diamond: rate-equation
simulation. Circle: single thermal distribution fit. Square:
double thermal distribution fit. Circles overlay diamonds to
within less than the size of the symbol. Green error bars rep-
resent the experimental uncertainties of average occupation
numbers after sideband cooling. The upper bound of energy
is given by the 95 % confidence interval of the double thermal
distribution fit.

Raman sideband cooling, we focus on Rabi oscillations
of RSB transitions to investigate the population not in
the ground state. Motivated by the simulation results,
we fit our experimental data to a linear combination of
two thermal distributions [21]. Simulation results, fits,
and experimental data are plotted in Fig. 3. The mean
occupation number, 7, extracted from different methods
and the energy uncertainties after sideband cooling are
shown in insets. The upper bound of this uncertainty
is given by the 95 % confidence interval of the fit to the
double thermal distribution, which gives the highest en-
ergy compared to our simulation and the estimate from
single thermal distribution fit. The lower bound is set to
zero. We do not claim the double thermal distribution
is a complete description of the experimental data, but
we think it provides a conservative upper limit on the
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FIG. 4: (color online). (a) Rabi oscillation of 2” A1t 1Sy 33 Py
clock transition. Red circles: continuous sympathetic Doppler
cooling, Qpoppier = 2w x 1.126(3) kHz. Blue squares: 3D
sideband cooling, Q. = 27 x 1.258(6) kHz. Lines are from fit-
ting to an exponential decaying sinusoidal function. (b) Com-
parison of the secular motion time dilation shifts in two differ-
ent clock operating conditions. Blue: clock operating near the
motional ground state. Solid line is the fractional frequency
shift and the the region in blue represents the uncertainty. For
a typical clock interrogation time of 150 ms, the secular mo-
tion time-dilation shift is —(1.94:0.1) x 107*%. Red: clock op-
erating at the Doppler limit [8]. This represents the sum of the
secular motion time-dilation shift, —(16.3 £ 5.0)7'%, and the
AC Stark shift from the Doppler cooling light, —(3.6£1.5) 8.

time-dilation shift due to the secular motion.

To further verify that all motional modes of the
ZMg™ - 27A1" two-ion pair are cooled close to the zero-
point energy, we compare the Rabi oscillation frequencies
of the 27Al1™ 18 ++3 Py clock transition in two conditions
and show results in Fig. 4(a). We first operate the clock
near the Doppler limit by sympathetic Doppler cooling
during the clock interrogation [8]. Since the damping
rate from the Doppler cooling is much larger than the
Rabi rate of the clock transition, the entire Fock state
distribution is averaged over a thermal distribution dur-
ing a single clock pulse and the Rabi oscillation main-
tains coherence. In a second experiment we operate the
clock by sideband-cooling all motional modes before the
clock interrogation pulse. We expect the Rabi rate of the
Doppler cooled optical clock (Qpeppier) will be 11(2) %
smaller than that of the sideband cooled optical clock

(Qsc) due to the Debye-Waller effect [24],

Q O er — n
oI ?

where 7, and 7, represent the Lamb-Dicke parameter of
2TA1" and the average occupation number at the Doppler
limit of motional mode p respectively. The uncertainty of
the prediction is due to the uncertainty in the motional
energy estimation near the Doppler limit. Experimen-
tally, we observe a 10.5(4) % difference between the two
clock operating conditions, which agrees with the theo-
retical prediction.

After preparing ions in the 3D motional ground state,
there is no additional cooling light during the clock inter-
rogation and we can eliminate the associated light shift
reported in the previous 27AlT optical clocks [8]. The
average occupation number of the ions in a specific mo-
tional mode p during a clock interrogation of duration ;
can be expressed as

(p(t0)) =0 + 5iph 3)
where n, o is the energy after sideband cooling given in
Fig. 3 and 7, is the heating rate due to the ambient
electric field noise. Angle brackets denote an average
over the clock interrogation time. A comparison of the
secular motion time-dilation shift using sideband cool-
ing here with continuous Doppler cooling from Ref. [§]
is shown in Fig. 4(b). The heating rates of motional
modes are the average of measurements spanning several
weeks [21]. Using the 20 uncertainty of our heating rate
data to estimate the secular motion time-dilation shift
uncertainty, we expect df /f = —(1.9 £ 0.1) x 10~ !® for
a 150 ms clock interrogation time [21]. The overall fre-
quency shift is dominated by the zero-point energy, which
can be accurately determined, and the uncertainty is
dominated by the energy uncertainty after sideband cool-
ing. This is roughly an order of magnitude reduction in
the shift and a factor of 50 reduction in the uncertainty
due to secular motion time-dilation in comparison with
—(16.3 £+ 5.0) x 107'8 reported in the previous 27Al"
optical clock [8]. Extending the clock interrogation time
to 1 s [28-31], the fractional time-dilation shift due to
secular motion is estimated to be —(5.7 £ 0.3) x 1078,

In conclusion, we have sympathetically cooled a
Mgt -27A1T two-ion pair to near the 3D motional
ground state using stimulated Raman sideband cooling.
A rate-equation simulation has been performed to char-
acterize the secular motion energy of the ions in our ion
trap, which agrees with experimental data throughout
the sideband cooling process. The fractional frequency
shift of the 27AlT 1Sy <33Py clock transition due to secu-
lar motion is estimated based on the characterization of
ion motion and heating rate measurements. The shift due
to secular motion time-dilation is reduced by an order of



magnitude while the uncertainty is reduced by a factor of
50 in comparison with the previous 27Al" optical clock.
Our model may benefit other experiments utilizing side-
band cooling to design efficient cooling pulse sequences.
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