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Abstract

Excess micromotion of trapped ions leads to several adverse effects, such as modulating the absorption spectrum, shifting the
transition frequency, and causing extra motional heating of ions. Moreover, it is hard to deal with, if there is no rf null point
in a Paul trap. In this paper, two methods are proposed to control these adverse effects introduced by excess micromotion.
The first method can eliminate the spectral modulation effect while keeping the micromotion unaffected by phase modulat-
ing the related laser. The second one can control the amplitude of micromotion or compensate it completely to remove the
frequency shift effects by applying ac voltage to the dc electrodes. With these two methods, we are not only able to control
the micromotion amplitude in a Paul trap without rf null point, but also to realize effective sideband cooling and quantum
state manipulating when ions still undergo large excess micromotion.

1 Introduction

The excess micromotion of ions in a radio frequency (rf)
trap has gained much attention from researchers on opti-
cal frequency standards [1, 2], quantum computing [3-6],
and other related high-precision measurement [7, 8]. That
is mainly because the excess micromotion will lead to some
adverse effects: (1) extra ac-stark shift and second-order
Doppler shift will arise [9], which will greatly affect the
accuracy of optical frequency standard system. (2) The
absorption spectrum will be affected [9, 10]: for the transi-
tion whose natural linewidth is comparable or wider than
the micromotion frequency, the absorption spectrum will be
broadened, which leads to ion heating (cooling) effect when
the laser frequency is in red (blue) detuning range [11]. On
the contrary, if natural linewidth of the transition is much
narrower than the micromotion frequency, then the micro-
motion sideband is resolvable, the carrier transition will
be remarkably weakened. (3) The micromotion may lead
to additional heating to the motional state of trapped ions,
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especially for large number of not-so-cold ions [12—15].
Nevertheless, the non-uniformly distributed Rabi frequen-
cies induced by micromotion were utilized to realize quan-
tum state entanglement [16] and single ion addressing [17,
18]. What is more, a scheme was even proposed to improve
both the fidelity and speed of the quantum logic gates by
utilizing the micromotion [6]. Therefore, controlling the
excess micromotion is very important for the application
of trapped ions.

Detailed analysis of excess micromotion has been pre-
sented for two decades. The detection methods of micromo-
tion include rf-photon correlation [9], sideband spectrum
detection, pulsed spectroscopy [10], ion-trajectory analysis
[19], and so on. Excess micromotion can be classified into
two types. One is induced by stray electric field near the trap
center which pushes the ion away from the rf null position
of the ac electric field. This type of micromotion can be well
compensated using a dc voltage to push the ion back to the
nodal position. The other type origins from the absence of
rf null point in some specific traps, which may come from
the asymmetry of rf electrodes or the rf phase mismatch
between them. This kind of micromotion is collectively
referred as phase error excess micromotion (PEEM) in the
following, which could be very remarkable in amplitude and
can’t be compensated by a dc voltage.

In this paper, we propose two methods to control the effect
of PEEM with experimental demonstration. First, we demon-
strate that the spectral modulation effect of PEEM can be com-
pensated by inverse modulating the phase of the interacting
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laser. Although the excess micromotion still exists physically,
the phase-modulation effect of the interacting laser is elimi-
nated. This method can be applied in experiments to meas-
ure the spectral in the presence of PEEM or to explore the
motional effect of the micromotion. Second, a large amplitude
PEEM in the axial direction in a linear trap is well compen-
sated by adding a proper ac voltage to the end-cap electrodes.
This method eliminates the PEEM-induced ac-stark shift and
second-order Doppler shift; therefore, it should be useful for
quantum information processing and quantum precision meas-
urement applications. Using these two techniques, the source
of the axial PEEM in our linear trap is analyzed and the heat-
ing effect of rf on a single cold-trapped ion is measured.

2 Eliminating the micromotion-induced
laser-phase-modulation effect

Considering an ion undergoes rf-driven excess micromotion
whose amplitude and frequency are much larger than those of
the secular motion, the ion’s displacement x can be expressed
as

x=asin(Q+ ¢y), (1)

where a and Q are the amplitude and frequency of the micro-
motion, respectively, ¢, is the phase of ion’s motion. We
assume that the electric field of the interacting laser has
amplitude E,, frequency w, phase ¢,;, and wave vector k.
For simplicity, we also assume that the laser wave vector
takes the x-direction. The electric field of this laser can be
expressed as

E =Re(Eyexp (i(wt —kx + ¢,))). 2)

In the rest frame of an ion undergoing excess micromotion,
the laser field can be expressed as

E' =Re{Eexp [i(wt — kasin (of + ¢¢) + ¢,)] }- 3)

Therefore, the laser is phase modulated by the ion’s excess
micromotion. This will lead to many spectral effects such as
adding spectral sidebands to an electric quadruple transition
or broadening the absorption spectrum of an electric dipole
transition, which will complicate the heating rate measurement
based on Doppler recooling menthod [20, 21]. To compensate
for the micromotion-induced laser-phase-modulation effect,
we modulate the phase ¢, of the laser beam as msin (Qr + ¢, ).
and the laser’s field is turned into

E' = Re{Eyexp |i(wt — kasin (wt + ¢¢) + msin (Q1 + ¢,,))] }.
= Re{E,exp [i(wt + f;sin (Q + ¢'))]}.
C))
Here the phase ¢’ is not concerned and the spectral modula-
tion index f can be expressed as
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B, = \/m? +K2a? — 2mkacos (dy, — ). )

When g, =0, the spectral modulation effect of ion’s
micromotion will be eliminated even though the excess
micromotion still exist. This can be easily realized by choos-
ing the modulation phase ¢, =¢,; and modulation amplitude
m=ka. If g, # 0, according to the Bessel function expan-
sion, the spectrum can be expressed as:

E,exp [i(a)t + f, sin (1 + (l)))]

= Egexp(iot) . J,(B,) exp [in(Qt + ¢)]. ©

Therefore, by introducing a phase modulation to the
laser field, the spectral sidebands are now determined by
the spectral modulation index g rather than micromotion
modulation index introduced in [9]. This equation shows
the energy distribution among different spectrum lines,
and also determines the transition strength for the ith order
of micromotion sidebands by er.abi = yEOJi<ﬂs)/h. Using
this relation, the spectral modulation index f, can be deter-
mined experimentally, by measuring the Rabi frequencies
of the carrier transition and several orders of micromotion
sideband.

In our experiment, a “°Ca* ion is confined in a blade-
shaped trap. The absorption spectrum of transition
S, <> Ds), is measured by electron shelving technology
[22]. Due to the geometric defects of the trap, axial PEEM
still exists after optimizing compensation voltages of the
radical dc electrodes. An electro-optic modulator (EOM)
is used to modulate the phase of 729-nm laser beam and
compensate for the micromotion-induced laser-phase-
modulation effect. The transition strengths of micromotion
sidebands are reduced from a higher order to the lowest
one successively, by carefully adjusting the amplitude and
phase of the modulation signal. Under the optimal param-
eters, i.e. m = ka and ¢, = ¢, the spectral modulation
index f can be suppressed to around 0.05. By varying ¢,,
between 0 and 7, the spectral modulation index f; can be
adjusted from O to 2ka, according to Eq. (5). In this way,
we have measured the transition strengths of the carrier
and several micromotion sidebands of the lowest order
with different g,. The result is shown in Fig. la. It is in
good agreement with the theoretical value of the Bes-
sel function expansion, with the free parameters uE,/#,
m = ka and (¢,, — ¢,;) being derived by optimal fitting all
the measured data. The calculated g, by optimal fitting is
also shown in Fig. 1b with respect to the rf phase. Under
the optimal parameters, the micromotion sidebands are
almost completely eliminated, indicating that the spec-
trum modulation effects of PEEM is greatly suppressed
in this transition. According to the experimental data,
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Fig. 1 Controlling the spectral modulation effect by varying the EOM
modulation phase. a The Rabi frequencies of the carrier and side-
bands vary with the modulation phase. The dots on the graph repre-
sent the measured data, and the solid lines represent the best fit for
all the measured data with the laser intensity, rf phase, and the micro-

the amplitude of the PEEM is as large as 290 nm, corre-
sponding to a micromotion modulation index of 2.5, which
means that the energy of carrier component occupies only
less than 5% of the total energy. In such a condition, we
still accomplished resolved sideband cooling in this direc-
tion to a 98% ground state population and recovered the
carrier transition to nearly 100% of the total energy, by
phase modulating the sideband cooling laser.

This technology makes it possible for many experi-
ments, especially for those that cannot be realized in the
presence of large micromotion. For example, effective
sideband cooling and practical quantum operation [23],
which previously could not be realized in the case of large
amplitude PEEM, for the strong coupling strength needed
is weakened by micromotion modulation, can be real-
ized now by phase modulating the interacting laser field.
What’s more, since the phase modulation is realized by
EOM, the switching between different modulation depths
can be performed very fast. This may find applications in
large-scale quantum simulation using planar ion crystal
[4, 24, 25]. In such a case, each ion has different distances
away from trap axis and, therefore, has different micro-
motion amplitudes and phases. This method allows us to
operate every specific ion with different laser modulation
parameters.

Although our experiment is realized with electric quad-
rupole optical transition, this technique can also be applied
to other transitions such as magnetic dipole transition and
electric dipole transition. The latter is widely used in Dop-
pler cooling, and the laser phase-modulation method can
eliminate the PEEM-induced linewidth broadening and
restore the cooling efficiency. In addition, when the heating
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motion modulation index being fitted parameters. Black (red, blue,
brown, and purple) lines and dots correspond to carrier (the first to
fourth order sidebands) transition. b The relationship between spec-
tral modulation index f; and the rf phase. The squares are calculated
with data in a and the solid line is the best fit

rate is measured by Doppler recooling method, the difficulty
of spectrum shape distortion caused by PEEM [20] can also
be overcomed.

3 Eliminating the PEEM by ac voltage
counter driving

In the previous section, we have discussed the elimination
of the excess micromotion-induced phase-modulation effect;
however, the trapped ion still undergoes micromotion in real-
ity. In this section, we will introduce a method to minimize
the PEEM amplitude of an ion in the axial direction.

The method is demonstrated with the setup shown in
Fig. 2a. The frequency of the ac voltage source (oscillator)
is set exactly equal to that of the trap rf (13.6 MHz). The
phase of the oscillator is referenced to the trap rf signal.
After power amplifying, it is coupled to the end caps by
LC resonant circuit. This signal forces the ion to vibrate
the same way as excess micromotion with the amplitude
proportional to the amplitude of ac voltage. Let us assume
that in the absence of micromotion, the amplitude and phase
of the vibration driven by this ac voltage are b and ¢,., the
final micromotion modulation index can be derived the same
way as Eq. (5):

By = kJa? + b2 — 2abcos (¢, — ). %)

By appropriately choosing relative phase and amplitude
of the rf signal, the forced motion will cancel the excess
micromotion, leading to g, = 0. Otherwise, by varying the
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Fig.2 a Experimental setup of the PEEM controlling. Phase of the
oscillator is referenced to the trap rf signal and the amplitude and
phase are adjustable. b The micromotion amplitudes at different posi-
tions measured by moving ions along the trap axis. Data measured

phase of the ac signal on end caps, the final micromotion
modulation index f,, can be adjusted from 0 to twice of the
unaffected one.

In this experiment, 1.4 MHz trap frequency is achieved
by applying around 900 V dc voltages to the end caps. After
power amplifying, an ac signal with adjustable amplitude
and phase is coupled to the end caps through a resonator.
The overall voltage gain is about 50 dB. When the amplitude
of the ac signal source is about 0.25 vrms and its phase is
opposite to that of the micromotion, the micromotion side-
band almost disappears. The residual micromotion modula-
tion index g, is as low as 0.05, which corresponds to an
oscillation amplitude of 5.8 nm.

To explore the spatial characteristics of the PEEM in the
axial direction, we move the ion along the trap axis for about
250 uym away from the trap center by varying dc voltage
on one end cap, and the micromotion modulation index is
measured at several locations with the method mentioned
in the previous section. At first, the ac compensation volt-
age is turned off, the measured curve shows a monotonous
profile and no rf null point is found, as is shown in Fig. 2b
marked with black square. Then the ac compensation voltage
is turned on and the parameters are optimized to compensate
for the micromotion of ion at the trap center. The residual
micromotion modulation index is measured again for ions at
different positions along the trap axis. The measured data is
shown in Fig. 2b marked with red circle. We found the dif-
ference of the f,, between these two cases have no obvious
spatial heterogeneity. Since the difference is proportional to
the compensation effect provided by ac compensation volt-
age, it can be concluded that the compensation or driving
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before and after the PEEM compensating are represented by black
squares and red circles, respectively, and negative value means oppo-
site phase. The blue triangles represent the differences between the
measured data before and after compensating

effect of ac voltage on the end caps is nearly uniform for the
center positions.

Therefore, we deduce that the inhomogeneous distribu-
tion of micromotion amplitude is most probably caused by
blade electrodes due to their imperfect shape or assembly
error, because they are closer to the trap center than the end
caps. The inhomogeneous distribution is not necessarily all
disadvantages, they also can be used to address a single ion
in a string [17, 18].

Compensating for the PEEM by applying ac voltage to
electrodes has the advantage over laser-phase-compensation
method that the micromotion is truly compensated; there-
fore, the accompanied ac-stark shift and second-order Dop-
pler shift can be overcomed, which is very important for
precision measurement applications with trapped ion. In
addition, f,, can be adjusted by only changing the phase,
which provides us an opportunity to investigate the dynam-
ics of trapped ions under large micromotion amplitude.
However, since the micromotion is not uniform alone the
trap axis, the laser-phase-compensation method together
with single-ion addressing method still plays an irreplace-
able role in quantum operations.

4 Measuring the heating rate under large
ion micromotion

Heating rate is one of the most concerned features in a quan-
tum information processing oriented ion trap, which limits
the coherence time of a motional state and the fidelity of a
quantum logic gate [26]. The heating effect mainly comes
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from the electrical noise near the trap, but may also be intro-
duced by rf field.

Numerical simulations based on ion cloud shows that
the rf-induced heating effect depends greatly on the tem-
perature of trapped ions, and the heating effect is negligible
when the effective temperature of the trapped ions is below
0.5 K [14]. Since the collision between ions is the major
source of rf heating for an ion cloud, situation is quite dif-
ferent for a single trapped ion. However, additional heating
effect may still exist if there are kinetic energy exchange
channels between micromotion and secular motion such as
nonlinear resonance [27]. However, to verify this in experi-
ment is difficult, because neither of the two main methods
for measuring the heating rate is applicable in the case of
larger micromotion amplitude. One method is to measure the
increasing rate of mean phonon number by fitting the Rabi
flopping curve of the blue sideband transition after the ion
being cooled to ground state [23]. This method relies greatly
on the transition strengths of carrier and secular-motion
sidebands, and, therefore, lost its measurement accuracy or
even cannot be accomplished due to laser-phase-modulation
effect of PEEM. The other method is the so-called Dop-
pler recooling method, which is to obtain the mean phonon
number by fitting the emitted fluorescence during Doppler
recooling process after the ion has been heated up far beyond
the ground state [28]. This method relies on the fluores-
cence emitting law, which will be greatly affected by the
combined effect of the micromotion and Zeeman splitting
under moderate magnetic field. Therefore, the complicated
deformation of absorption spectrum with multi-level energy
structure have to be considered [21].

Stage DC SBC Heating | PNM
Duration (ms) | 1 5 0-8 0.3-1

A |

866

854

729

3970
Electrode AC

EOM

Counter .
(a)

Fig.3 Measurement of the relationship between heating rate and
micromotion amplitude. a The experimental time sequence (DC,
SBC, PNM are abbreviations of Doppler cooling, sideband cooling
and phonon number measurement, respectively. The 397L, 866, 854,
729, and 397¢ represent corresponding laser beams). The ac volt-
age on electrode and EOM phase modulation are all kept on during
the whole experiment. The counter is used to count the photon num-
ber within 0.3 ms at the PNM stage. For each experimental run, the

Here, we are able to solve these problems by the combi-
nation of the aforementioned two methods. The process is
shown in Fig. 3a. First, we compensate for the micromotion
of a single “°Ca™ by applying proper ac signal to end caps.
Secondly, the micromotion modulation index is controlled
between 0 and 2ka by varying the phase of the ac modula-
tion signal within z. Controlling the micromotion amplitude
by varying the phase rather than the amplitude of rf signal
removes the possibility of heating rate variation due to rf
power induced electrode temperature variation. In this way,
the only possible factor of the heating rate variation is the
varied excess micromotion amplitude. Then, the mean pho-
non number is cooled down to less than 0.2 by Doppler cool-
ing and sideband cooling for each experiment run. This cool-
ing limit is basically limited by the reduced Doppler cooling
efficiency under large PEEM, since our Doppler cooling
laser is not phase modulated by EOM. After that, all the
lasers are blocked for a variable time duration, and the ion
will be heated up gradually. At the last step, the Rabi oscil-
lation of the blue sideband transition is recorded to obtain
the mean phonon number. In both steps of sideband cooling
and phonon number measurement, the phase-modulation
effect of the sideband driving laser is well compensated by
a phase-modulation EOM.

The result is shown in Fig. 3b. It shows that heating rate
of a single ion in our trap has no significant relationship with
the ion’s micromotion with the modulation index up to 3.5.
This experiment is restricted to the parameter region where
micromotion modulation index is less than 3.5 (micromotion
amplitude is about 406 nm). Because our Doppler cooling
lasers are not phase compensated, the broadened absorp-
tion spectrum cannot provide sufficient Doppler cooling
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micromotion amplitude is controlled and varied by tuning the phase
of ac voltage on electrode. Meanwhile, the phase and amplitude of
the EOM driver are well calibrated to cancel the spectral modula-
tion effect of the 729 nm laser. The duration of heating stage is swept
from O to 8 ms to derive the heating rate. b Results of the measure-
ment, where the error bars are origin from fitting errors of the PNM
data
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efficiency to reach the Lamb—Dick region and the sideband
cooling fails. However, it is not a fundamental limit, fur-
ther investigation could be accomplished with simultane-
ously phase-compensated Doppler cooling lasers. Besides,
phase-compensated Doppler cooling lasers can also find
applications in fast measurement of the heating rate in a
surface electrode trap where the Doppler recooling method
is preferred.

5 Conclusion and discussions

In our paper, two methods which can eliminate the adverse
effects of PEEM in a Paul trap have been experimentally
demonstrated. The laser-phase-compensation method ena-
bles us to accomplish effective sideband cooling and quan-
tum state operation in the presence of large micromotion,
which makes it possible to effectively manipulate the quan-
tum state of a single ion in a planar ion crystal. Besides, the
Doppler recooling method to measure the heating rate in ion
traps can now be conveniently extended to the case where
the PEEM cannot be compensated. Although the experi-
ment is demonstrated on a narrow optical quadruple transi-
tion, this method is generic and should also work for other
optical- or microwave-driven transitions. Another method
to compensate for the PEEM itself by adding ac voltage to
the electrodes can remove the PEEM accompanied ac-stark
shift and second-order Doppler shift. It can be applied in
precision measurements. Moreover, the amplitude of micro-
motion can be adjusted without changing the ion position or
the power of compensation ac voltage. These two methods
allow us to investigate the difference of ion’s dynamics with
or without PEEM. As an example, we measured the heating
rate with a single cold ion of different PEEM amplitude,
no significant heating effect related to PEEM is found. It is
worth mentioning that these two methods provide tools to
fully control the PEEM and facilitate the utilizing of micro-
motion to improve the quantum logic gates [6].
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