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Abstract Ion chains consisting of different species play an
important role in new applications in quantum information
processing as well as in optical frequency standards. We
demonstrate generation and stabilization of ion chains con-
sisting of Ca+ and In+. The Ca+ chains with In+ located
at specified positions are synthesized using resonant photo-
ionization, real-time imaging and trap field control tech-
niques. A specific configuration of an ion chain is stabi-
lized by destabilizing other configurations via selective exci-
tation of vibrational modes using amplitude modulation on
the cooling laser beam. New approaches to an indium ion
optical clock are proposed using the ions chains.

1 Introduction

Cold ions trapped and laser-cooled in rf traps supply ideal
quantum systems with well-defined position and virtually
unlimited interaction time with optical fields [1]. This fea-
ture, realized by combination of steep trap potential and
laser cooling, is exploited in many applications in quantum
information processing (QIP) and in optical frequency stan-
dards. Various small-scale QIP protocols have been realized
with up to 14 ions [2, 3]. Unprecedented accuracy in opti-
cal frequency measurement with a fractional uncertainty of
10−18 level has been demonstrated in systems based on Hg+
and on Al+ [4, 5]. An important step toward further develop-
ment is to overcome the anomalous motional heating arising
from current fluctuations of the trap electrode surface [6],
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which degrades the fidelity of quantum gate operations as
well as that of detecting the quantum states after the clock
laser illumination. However, once a quantum state is written
to an ion, laser cooling cannot be used as a measure against
the heating, because it relies on emission of photons accom-
panying destruction of the quantum states. One possible so-
lution is sympathetic cooling with refrigerator ions inserted
in the target ion chain [7]. In this method only the refrigera-
tor ions are subject to cooling laser beams, and any motional
energy excited in the target ions is cooled via Coulomb cou-
pling without disturbing the quantum state of the target ions.
The first essential step toward this direction is preparation
of two-species ion chain [8]. We report on synthesis, sta-
bilization and an application of the two-species ion chains
consisting of Ca+ and In+.

40Ca+ is one of the most popular ion species in QIP, and
milestone experiments including 14-ion entanglement have
been demonstrated with the ion [2, 3]. In these studies the
2S1/2–2P1/2 transition depicted in Fig. 1(a) (397 nm, natu-
ral linewidth 20 MHz) supplies a convenient way to cool and
observe the ion. 115In+ has an alkaline-earth-like electron
configuration and the 1S0–3P0 transition shown in Fig. 1(a)
(237 nm, natural linewidth 0.8 Hz) was previously pro-
posed as an optical frequency standard with an uncertainty
of 10−18 level [10], although reported measurement still re-
mains at 10−13 level [11, 12]. Besides the clock transition,
In+ supplies a convenient transition (1S0–3P1, 230 nm, nat-
ural linewidth 360 kHz) for sideband cooling [13]. The com-
bination of the two species is an essential step toward two
applications. In the first application, In+ ions are inserted
in between Ca+ ions and are continuously laser-cooled to
keep the Ca+ qubits at cold temperatures [8]. This supplies
an essential step toward large-scale QIP, in which the qubits
have to stay in the motional ground state while waiting for
the next gate operations in microtraps [9]. In the second ap-
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Fig. 1 (a) Energy levels of 40Ca+ and 115In+. Transition wavelengths
and linewidths are shown. (b) Experimental setup

plication, Ca+ ions serve as the refrigerator and an In+ is
used as a reference of an optical frequency standard. The
quantum logic spectroscopy (QLS) uses the refrigerator ion
also as the logic ion [4, 5], but its use solely for cooling
would contribute to improve the performance of the In+ op-
tical clock by supplying continuous cooling. In both appli-
cations the essential building block is an ability to gener-
ate Ca+ chains with In+ placed at specified locations. We
demonstrate a simple way of synthesizing such ion chains
using real-time imaging, resonant photo-ionization and trap
field control techniques in a traditional linear trap. A novel
method for stabilizing a specific ion configuration is demon-
strated using destabilization of other configurations via se-
lective excitation of vibrational modes by amplitude modu-
lation on the cooling laser beam.

2 Experimental setup

The experimental setup is outlined in Fig. 1(b). The trap is
a traditional linear trap made of stainless steal, character-
ized by a dimension of r0 = 1.8 mm (center to electrode
distance), 2z0 = 10 mm (trap length) driven at a frequency
of 12.6 MHz. The rf voltage ±V0/2 is applied to two pairs
of diagonal rf rods. Two supporting plates of the four rods
are insulated from the rods by ceramic spacers, and are used
as the endcaps that control the axial trapping potential by
DC voltages. The indium oven is located 5 mm bellow the
trap center, while the calcium oven is placed 3 mm away
from the indium oven. The vacuum part is contained in
a stainless chamber and evacuated down to 1 × 10−8 Pa.
Laboratory-made external-cavity diode lasers (ECDLs) at

Fig. 2 (a) Image of 10 Ca+. (b) Time evolution of the intensity profile
of a Ca+ chain along axial direction during the Ca+ chain preparation.
Time evolves from top to bottom. The arrows show the ‘kick-out’ op-
erations to reduce Ca+. In this example, Ca+ chains containing from
one up to eight ions are obtained by stopping the reduction procedure
at the desired number

423 and 390 nm are used for photo-ionization of calcium,
while a single ECDL at 411 nm serves as the indium ioniza-
tion laser. To avoid amplified spontaneous emission back-
ground from the ECDLs causing unwanted excitation to ex-
traneous energy levels, the ECDLs at 397 and at 866 nm
each incorporate a filter cavity similar to the system reported
previously [14] . Fluorescence of Ca+ at 397 nm is imaged
onto an image-intensified CCD (ICCD) camera via a single
lens with a magnification of about 20, and real-time image
is processed on a PC after averaging for 300 ms as shown
in Fig. 2(a). The ion chains are monitored on the PC dis-
play using a labview-based program, which also shows the
intensity profiles along trap axis. The rf and DC voltages are
controlled based on the observation outcome.

3 Ion chain synthesis

Our ion chain synthesis consists of three steps. In the first
step a chain of Ca+ is generated in a linear trap by reso-
nant photo-ionization of a neutral calcium beam, followed
by laser cooling with a 397-nm and a 866-nm diode lasers.
The number of Ca+ is identified and adjusted in real time
by imaging the fluorescence at 397 nm. In the second step,
In+ ions are added in the Ca+ chain by resonant photo-
ionization of an indium beam. In+ ions are identified as dark
sites appearing in the chain. A chain consisting of specified
number of Ca+ and In+ is prepared at this point, and the lo-
cations of In+ are adjusted in the final step. DC voltages ap-
plied to the trap endcaps are lowered so that In+ ions expe-
rience random hops to various locations in the chain. Upon
encountering the desired location pattern the DC voltages
are raised to freeze the pattern. Details of the procedure is
described in the following.

A chain of Ca+ with a specified number is prepared in
the first step. With illumination of the cooling and photo-
ionization laser beams the calcium oven is heated for 60 sec-
onds to load Ca+ to the trap. The trapping secular frequency
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is set to wr/(2π) = 830 kHz and wz/(2π) = 110 kHz for
radial and for axial directions, respectively. Ion chains with
more than 10 Ca+ are obtained, but the number depends
on such parameters as laser power and detuning, and was
not constant in the present setup. A period of lower rf volt-
ages for one second, which we call ‘kick-out’ pulse, is ap-
plied to the rf electrodes repeatedly to remove the ions one
by one until the desired number is reached. With an ap-
propriate value of the low rf voltage, the reduction process
worked with high probability and reproducibility as shown
in Fig. 2(b). The secular frequency of the low voltage period
was wr/(2π) = 103 kHz in the experiment. We also tried
one-by-one loading strategy, but it was not successful due to
excess Ca+ ions appearing even after the oven is turned off,
presumably because of slow rate of initial cooling.

In the next step, indium ions are loaded to the Ca+ chain
by resonant photo-ionization. The ionization process is ac-
tually a two-step excitation, but both transitions are excited
with a single 411-nm laser with a power of 2 mW due to co-
incidence of the two wavelengths [15]. The indium oven was
heated while the ionization laser illuminated the trap cen-
ter. A bandpass interference filter centered at 397 nm was
placed in front of the ICCD camera to block scattering at
411 nm and to observe the Ca+ chain continuously. Time
evolution of the 397-nm fluorescence profile along the trap
axis is shown in Fig. 3(a), in which we tried to insert one In+
to a four-Ca+ chain. In+ is identified as dark sites appearing
in the chain. This diagnosis method is valid as long as the
ions keep the crystallized state. Occasional melt of the chain
into a cloud state is shown in Fig. 3(a) as long dark periods
indicated by dashed arrow. In the cloud state Ca+ are not
visible anymore due to Doppler broadening. The ion cloud
is brought back to the chain by inserting a period of lower
rf voltage to reduce rf-heating. No Ca+ was lost during the
loading process. Although individual In+ is identified, due
to slow speed of initial sympathetic cooling excess In+ ions
appeared to the chain even after the oven current was turned
off. The excess In+ ions were discarded again in the same
way as in the first step to remove the excess Ca+. In this
step, the lower voltage of the kick-out was set so that only
In+ is swept out from the trap. The voltage can be chosen
in this way, because the radial secular frequency is inversely
proportional to ion mass, and In+ feels 40/115 ∼ 0.35 of the
trapping frequency of Ca+. This procedure is also shown in
Fig. 3(a), in which two excess In+ were removed and only
one In+ was kept in the chain.

In the final step the desired configuration of Ca+ and In+
is obtained by randomizing it deliberately first and then by
freezing it upon finding the proper pattern. The hopping rate
of In+ in the chain can be controlled by the DC voltages ap-
plied to the endcaps. The hop is completely forbidden with
high voltages, whereas the rapid hops that cannot be cap-
tured in one imaging frame occur with too low voltages. The

Fig. 3 (a) Procedure of inserting one In+ to a four-Ca+ chain. In+
are identified as hopping dark sites. Three In+ ions were added first,
but were removed one by one until one In+ is present. The dashed
arrow denotes melt of the chain, while the solid arrows represent the
moments when the kick-out pulses are applied. (b) Procedure of ran-
domizing and of fixing the In+ locations. The arrow indicates the in-
stant when the DC voltages are increased. The final ion pattern is (Ca+,
Ca+, In+, Ca+, In+)

rate of the rapid hops is larger than 3 Hz estimating from the
integration period of the imager. We assume the change in
the confinement along the axial direction is responsible for
the change in the hopping rate. With appropriate interme-
diate voltages the patterns of Ca+–In+ arrangement change
frequently but each pattern stays for several imaging frames.
This enables adiabatic raise of the DC voltages to freeze
the pattern upon observing the desired pattern in the fluo-
rescence profile. This randomizing and freezing technique
is shown in Fig. 3(b). In this example, the DC voltages were
raised from 10 to 22 V with 0.1 V step in 1 second to fix the
pattern as (Ca+, Ca+, In+, Ca+, In+).

Distances between the neighboring ions in the chain do
not depend on the ion species as long as they are singly
charged [8]. This fact leaves a possibility that our dark ions
might be some ions other than In+, for example, those ion-
ized from residual gas. This possibility is easily excluded
by the fact that the dark sites are observed only in the pres-
ence of both the neutral indium atomic beam and the 411-nm
ionizing laser. As an additional diagnosis of the dark ions
without using a resonant light source for In+, we demon-
strate frequency measurement of vibrational modes of two-
species chain. The mode frequency of the chain along axial
direction depends on the mass as well as the arrangement
of the ions, and can be calculated numerically [8]. For an
ion chain consisting of two Ca+ and two In+ the lowest fre-
quencies are calculated as 0.689, 0.702 and 0.703 relative to
that of two-Ca+ center-of-mass mode. Experimentally the
modes are excited by rf voltage applied to one of the end-
caps, and the resonance is observed as enhanced amplitude
of Ca+ motion along the trap axis. Figure 4 shows this mea-
surement. For the trapping voltage corresponding to center-
of-mass mode frequency of 110.8 kHz of Ca+ in Fig. 4(a),
the frequencies calculated for the chain with two Ca+ and
two In+ are located in between 76.3 and 77.9 kHz. The mea-
surement shown in Fig. 4(b) is in good agreement with this
calculation, and this verifies the dark sites as In+.
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Fig. 4 (a) Mode frequency measurement of two Ca+. Frequency is
scanned from 100 to 120 kHz and the resonance is found at 110.8 kHz
marked with the horizontal line. (b) The measurement with two Ca+

and two In+. Frequency is scan from 60 to 90 kHz. The resonance is
observed as a band in between 76.3 and 77.9 kHz, both marked with
solid lines

Fig. 5 Configurations of one In+ and two Ca+. In+ is indicated by the
dark site. (a) (Ca+, In+, Ca+). (b) (In+, Ca+, Ca+). (c) (Ca+, Ca+,
In+). The frequencies of the lowest vibrational mode are shown in each
configuration

4 Stabilization of ion configuration

Although the basic method for generating the In+–Ca+
chains is demonstrated in the previous section, the config-
urations have to be kept stable for a long period in real ap-
plications. A simple method for stabilizing a specific con-
figuration is discussed in this section. A chain consisting of
one In+ located at the middle of two Ca+ obtained in the
way described in the previous sections is shown in Fig. 5(a).
This configuration is ideal for further measurement and ma-
nipulation of the In+, but this target changes into unwanted
ones shown in Figs. 5(b), (c) after seconds. The time evolu-
tion of the intensity distribution along the horizontal axis is
shown in Fig. 6(a), which indicates that the target configu-
ration occupies only a small fraction of time. The transition
might be due to momentum kick by spontaneous emission,
or by collision with background gas, but complete suppres-
sion of the transition was not viable.

Fig. 6 Time evolution the In+–Ca+ chain. (a) The transition occurs
frequently without applying amplitude modulation to the 397-nm laser.
(b) The unwanted configurations are immediately destabilized by im-
pinging the amplitude modulation at 98.5 kHz to the cooling laser upon
they are found. (c) Only the unwanted configurations are destabilized
with 98.5-kHz excitation. (d) The target configuration is destabilized
at 100.5-kHz excitation

A novel method for stabilizing the target is implemented
by exciting vibration of the unwanted configurations. The
frequency of the lowest mode along the trap axis depends
on the configuration, and is calculated numerically as shown
in Figs. 5(a)–(c) [8]. Although the frequency difference is
small, selective excitation is easily realized by adding am-
plitude modulation to the 397-nm laser beam. Figure 6(c)
shows that only the configurations (b) and (c) are disturbed
when the resonant frequency is applied. This should be con-
trasted to the opposite case shown in Fig. 6(d). By optimiz-
ing the modulation parameters, fast destabilization of the un-
wanted configurations can be realized. Manual switching of
the modulation upon encountering the unwanted configura-
tion keeps the target during the most of the period as shown
in Fig. 6(b), which would be automated easily.
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The frequency difference of the vibrational frequencies
of different configurations becomes smaller with decreasing
mass ratio, and this limits application of the destabilization
method. Larger frequency difference of higher modes [8]
might be useful in extending the applicable mass ratio range.
In the optical clock application described in the next sec-
tion, the stabilization periods can be inserted before and af-
ter the clock laser illumination. In quantum information ap-
plications the stabilization method cannot prevent ions from
switching positions during quantum gate operations but it
is useful in preparing the same initial ion configurations re-
peatedly.

5 Optical clock with a sympathetically-cooled indium
ion

The ion chains prepared in our method provide a platform
for a new optical frequency standard with In+. The origi-
nal proposal with a single ion optical clock with an alkaline-
earth-metal-like electron structure was made already in 1982
[10], but the predicted uncertainty in the order of 10−18 has
not been achieved until recently due to difficulty in cooling
and observing the ion with vacuum ultraviolet (VUV) ra-
diation. The issue has been solved by employing quantum
logic spectroscopy (QLS) which eliminates the need for the
VUV radiation. The unprecedented fractional uncertainty of
8.6 × 10−18 was reported with 27Al+ using QLS [5]. An-
other promising candidate for an inaccuracy of 10−18 is in-
dium ion (115In+), whose blackbody radiation shift is esti-
mated be smaller than those of other neutral and ionic clock
candidates except Al+ [16].

Energy levels and transitions of the In+ ion are shown in
Fig. 1(a). The original idea of the In+ single-ion clock as-
sumes the use of the 1S0–1P1 transition at 159 nm for laser
cooling as well as for state detection [10]. Due to the diffi-
culty in generating the single-mode coherent radiation in the
vacuum ultraviolet (VUV) region, an alternative approach
to use 1S0–3P1 (230 nm, linewidth 360 kHz) has been de-
ployed previously [11, 12]. We propose another approach,
in which an In+ in the Lamb–Dicke regime is prepared by
sympathetic cooling by 40Ca+ as described in the previous
sections. Sideband cooling of the ion chain using the 2S1/2–
2D5/2 of the Ca+ would bring the In+ to a lower temper-
ature [17]. Diagnosis on the quantum state of the In+ af-
ter irradiation of the clock transition (236.5 nm, linewidth
0.8 Hz) is made by one of the following three methods. The
first method uses QLS as in Al+ after initialization of an ion
chain including a Ca+ and an In+ to the vibrational ground
state of the center-of-mass motion. The QLS makes the di-
agnosis faster by detection of Ca+ 2S1/2–2P1/2 transition
(linewidth 20 MHz) instead of the In+ transition. In the sec-
ond method the 1S0–1P1 transition (159 nm) is directly ex-
cited by 5th harmonic pulses of a 795-nm femto-second Ti:S

laser generated in xenon gas jet located at the beam waist of
an enhancement cavity [18]. If sufficient power is available
for the excitation, the large decay rate (1.1 GHz) of the 1P1

state reduces the diagnosis time significantly. In the third
method the 1S0–3P1 transition (230 nm) is used as in the
previous studies, but our approach deploys a 237-nm clock
laser stabilized to a strontium optical lattice clock via opti-
cal frequency comb to assure the frequency stability of the
clock laser during the rather long diagnosis period over 100
seconds. This hybrid optical clock approach might provide
an ultimate optical clock by combining the ultimate stabil-
ity of the optical lattice clock and the ultimate accuracy of
the single-ion clock. Effort to establish the new In+ optical
clock by employing these three methods to the sympatheti-
cally cooled In+ is in progress at our institute.

6 Conclusion

In summary, we have demonstrated a simple way to pre-
pare two-species ion chains containing Ca+ and In+ based
on standard technologies of ion trapping. A novel tech-
nique for stabilizing the target ion chain has been demon-
strated by destabilizing the unwanted configurations via se-
lective excitation of configuration-dependent vibrational fre-
quency. A new optical frequency standard based on the
sympathetically-cooled indium ion has been proposed using
three schemes, namely, QLS, VUV direct excitation, and hy-
brid clock. We emphasize that the hybrid optical clock might
realize an ultimate optical clock by combining the stability
of the optical lattice clock and the accuracy of the single-ion
optical clock.

Besides the applications in the two research fields, our
method might be useful in applications of various cold ions.
Conventional laser-cooling methods exclude application to
ions without cyclic optical transitions including molecular
ions, but our method supplies a convenient way to prepare
such ions at specified locations with µm-level spatial reso-
lution at low temperatures as well as to identify them even
without a resonant light source. The fact that 115In+ was
sympathetically cooled with 40Ca+ down to a temperature
to form a crystallized state suggests that heavier ions can
be cooled efficiently even with lighter ions. Use of heavier
refrigerator ions such as 138Ba+ and 172Yb+ might extend
applicable mass range of our method. We note that the cru-
cial requirement of our method is access to resonant photo-
ionization.
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