
1	 Introduction

State-of-the-art technologies that enable control and 
measurement of quantum systems that involve the behavior 
of photons and atoms is considered a required element to 
establish quantum node technology, which should perform 
optimum quantum control of the optical signals that come 
and go through the trunk lines of an information network. 
The ionic-quantum system — brought to a quiescent state 
through laser cooling and held in an ion trap — exhibits 
some distinguished characteristics including: measurable 
and controllable on individual quantum state levels using 
a laser and other tools, and controllable on all quantum 
state levels through the interaction of trap potential and 
coulomb potential [1]. It is also known that the quantum 
state of a photon and ion can be mutually converted by 
coupling them with the quantum field inside an optical 
cavity [2]. These characteristics make ionic-quantum sys-
tems the objective of studies in broad areas such as quan-
tum computers [1], quantum simulators [3], and optical 
frequency standards [4], as well as in the application as a 
quantum node. NICT has undertaken research and devel-
opment on state-of-the-art technology to control and 
measure calcium (40Ca+) and indium (115In+) ions aiming at 
the application for optical frequency standards. This report 
outlines the process and results of these research undertak-
ings.

The characteristics of the laser-cooled ionic quantum 
system in an ion trap are summarized as below (for detailed 
descriptions, see reference [1]). The linear ion trap is the 
device most commonly used to accumulate multiple ions 
(the construction is shown in Fig. 1(a)). This device, placed 
in a high-vacuum chamber and driven by applying alterna-
tive and direct electric fields of several hundred volts, is 
capable of trapping ions in the vicinity of its center sur-

rounded by electrodes. Because the ion trap itself does not 
possess a feature to cool ions, a technique called laser 
cooling is concurrently used. The ion, when brought into 
a quiescent state, is a subject of direct observation: fluores-
cent photons emitted from the ion can be captured by a 
feeble light imaging device (Image-intensified CCD:ICCD). 
Figure 1(b) shows a fluorescence image of laser-cooled Ca+ 
ions that are aligned in the trap. This state — i.e. the ions 
are completely isolated from the environment and localized 
in the region below the wavelength of light — can be 
sustained for a prolonged period, even for several days, 
enabling observation and control on an individual quantum 
state basis. Applications of ionic quantum systems, typi-
cally a quantum node, is based on these characteristics.

Section 2 of this report outlines research and develop-
ment on coherent light sources, which constitute a basic 
tool to realize state-of-the-art control and measurement of 
ionic quantum systems. Section 3 describes research and 
development on sympathetic cooling, which plays an im-
portant role in kinematic control of In+ that defies easy 
laser cooling. Section 4 outlines how we implemented In+ 
clock transition frequency measurement based on the re-
sults of our research and development. In Section 5, we 
summarize the results from our research and development 
and take a look at future perspectives.

Fig.F 1　(a) Linear ion trap (b) image of laser cooled calcium ions
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2	 Coherent light sources for controlling 
ionic quantum system

A variety of operations involved in measurement and 
control of ionic quantum systems — ion generation, laser 
cooling, quantum state initialization and measurement — 
make use of a single-mode coherent light. Because an ion 
has its characteristic resonance frequency, a coherent light 
source with the same wavelength must be provided. In 
addition, its linewidth must be narrow enough in com-
parison with that of the targeted transition. Major transi-
tion wavelengths and the linewidth of the two species, Ca+ 
and In+, are shown in Fig. 2. Transition wavelengths of Ca+ 
all fall in the region where they are excitable using a 
semiconductor laser, making it relatively easy to construct 
a coherent light source system. In contrast, transitions of 
In+ fall in the ultraviolet region, requiring one or more 
auxiliary techniques, such as wavelength conversion of the 
laser, to construct a coherent light source. This section 
outlines the research and development undertaken to real-
ize coherent light sources for In+ and Ca+.

2.1	 Linewidth reduction by means of optical 
feedback

In the study described in this report, Ca+ is directly 
laser-cooled and is used in turn for sympathetic cooling of 
In+. For this approach to become feasible, a coherent light 
source that excites the 2S1/2-2P1/2 transition (397 nm) in Ca+ 
(see Fig. 2 (b)) is required. In view of this objective, the 
linewidth (around 1 MHz) produced by a diffraction grat-
ing controlled ECDL (Extended-Cavity Diode Laser) 
should be narrowed down for the implementation of laser 
cooling in optimum conditions. We devised an optical 
feedback approach [5] and confirmed that the linewidth 
can be reduced to 7 kHz (at measurement time 1 second) [6]. 
In this method, all the output light is introduced into a 
3-mirror traveling wave filter cavity and a portion of the 

output light is fed back to the ECDL. This filter cavity 
approach provided an additional benefit of reducing 
strength in the broad background of the spontaneous ra-
diation by more than 30 dB [5]. This effect helps remove 
a known problem associated with ECDL: the spontaneous 
radiation background excites the 2P3/2 level (shown in Fig.2 
(b)) of Ca+ inducing transition to metastable 2D5/2 state 
leading to inhibition of effective laser cooling. In addition 
to the filter cavity approach used in the ionic quantum 
system reported here, the authors experimented with an-
other approach — i.e. an integration oriented planar opti-
cal circuit that uses an optical fiber cavity — and proved 
its operational feasibility [7].

2.2	 UV light generation through two-step 
wavelength conversion

Two transitions in Fig. 2 (a) are used in In+ application: 
1S0-3P1 transition (230 nm) for the observation of the 
quantum state of In+, and 1S0-3P0 transition (237 nm) for 
clock transition excitation. As these wavelengths cannot be 

Fig.F 2	 Relevant energy levels, transition wavelengths and linewidth 
of In+(a) and Ca+(b)
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generated directly by laser oscillation, they were generated 
through two-step wavelength conversion utilizing spectra 
from a semiconductor laser: 922 nm for the former, and 
946 nm for the latter. Figure 3 shows the schematic diagram 
of the optical system used to generate the 230-nm radia-
tion. From the fundamental wave (922 nm, 150 mW out-
put) emitted by the distributed Bragg reflector diode laser 
(DBRDL), a second harmonic (461 nm) is produced using 
a periodically polarization-reversed KTP crystal (PPKTP), 
followed by another second harmonic generation by BBO 
crystal, resulting in the generation of coherent light at 230 
nm. Figure 4 shows the intensity time variation of the 
coherent light (230 nm). Despite the use of a relatively 
complex optical setup for performing two-step wavelength 
conversion, satisfactory light intensity is maintained for a 
sufficiently long period for quantum state observation of 
In+. The basic configuration of this optical system was also 
used in the clock transition frequency measurements of In+ 
described later, but with some improvements and modifica-
tions: DBRDL was replaced with a combination of ECDL 
and a tapered optical amplifier, and PPKTP crystal was 
replaced with a simpler waveguide-type PPLN crystal.

2.3	 Vacuum UV light generation using higher-
order harmonics

The most commonly used identifier in quantum state 
observations is the fluorescent photon emitted from an ion. 
For example, to distinguish if the quantum state of In+ is 
either in 1S0 or 3P0 (see Fig. 2 (a)), a good method is to 
excite 1S0-1P1 transition (159 nm) and observe the response 
of the system. If a fluorescent photon is observed, we can 
say that the system is in 1S0 state with almost 100% cer-
tainty, and it is in 3P0 otherwise [4]. It is generally very 
difficult to generate single-frequency coherent light in this 
wavelength range. Therefore, an alternative method is used 

to measure the quantum states of these ion species. In the 
case of In+, 1S0-3P1 transition (230 nm) is used as an alter-
native choice. However, fluorescent intensity from this 
transition is very weak — approx. 1/60 of Ca+ ion’s 2S1/2-

2P1/2 
transition (397 nm), one of the most common used transi-
tions in quantum information processing — causing the 
measurement to require a longer time to obtain quantum 
state information. This factor places restrictions on the 
speed of repetitive quantum state measurements. Another 
transition of In+ ion, 1S0-1P1 (159 nm), also falls in the 
vacuum UV range, but its transition probability is 570 
times as large as that of 1S0-3P1. Therefore, it raises the 
possibility of quantum state observation at higher speed, 
only if a relevant excitation method becomes available. To 
realize a high-speed method to measure In+ quantum states, 
the authors conducted research and development on coher-
ent light generation in the vacuum UV range by utilizing 
higher-order harmonics of a femtosecond mode-locked 
laser [8].

The mode-locked laser can produce an extremely in-
tense optical electric field through coherent superposition 
of a multitude of frequency modes. This extremely intense 
optical electric field gives rise to non-linear effect, enabling 
efficient generation of higher-order harmonics. In this re-
search, the authors attempted to generate a 5th-order 
harmonic (159 nm) using the experimental configuration 
shown in Fig. 5: the output from a mode-locked 
Titanium:Sapphire (Ti:S) laser is accumulated in an exter-
nal cavity with the same optical path length as the laser 
resonator to further enhance the intensity of the optical 
electric field, and Xe gas is blown into the cavity to provide 
a medium for nonlinear excitation. The 159-nm light thus 
generated was drawn out of the cavity through a specially 
designed, fluoride coated, output coupler. Figure 6 shows 
the spatial mode pattern of the vacuum UV coherent light, 

Fig.F 5　Configuration of the experiment system (vacuum UV is generated via higher-order harmonics)
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which was obtained by irradiating the light on a fluorescent 
screen placed outside the cavity. Its intensity profile is quite 
similar to Gaussian distribution, promising feasibility to 
collimate on a single ion.

Figure 7 shows the intensity profile of 159-nm light as 
measured outside the cavity. The horizontal axis in the 
figure represents fundamental leakage from the cavity. The 
maximum output at 159 nm reached 6.4 μW against 650 
mW Ti:S laser input, and the input-output relation indi-
cated a good fit to the 5th power curve (i.e. The intensity 
of output light is proportional to the 5th power of funda-
mental wave intensity). This promises availability of 
stronger output light by enhancing the fundamental wave.

The output light at 159 nm consists of as many fre-
quency modes as about 1.9 × 105, but only a few of them 
are capable of resonating with 1S0-1P1 transition of In+. The 
authors evaluated the number of 159-nm fluorescent pho-
tons that should be observed when the resonant frequency 
modes were used in quantum state measurement of a 
single In+. Assuming ideal collimation and measuring 
conditions, the calculation indicated the following: 87 
photons/sec/μW. In view of the currently available output 
power (6.4 μW), the above calculation predicts 550 photons 
per second, which roughly corresponds to the typical 
number (approx. 500/sec) that would be available if the 
alternative method — use of 1S0-3P1 transition — is em-
ployed. Note that there is still space for improvement to 
perform quantum state measurement of In+ at a higher rate. 
Some of the possibilities include the pursuit of long-term 
system stability, and implementation of an optical system 
for efficient introduction to the ion trap.

3	 Sympathetic cooling of indium ion

The ion trap is a device designed for stable accumula-
tion of charged particles, but it does not feature the ability 
to cool them by itself. To control and/or measure quantum 

states of ions, they must be brought into a quiescent state 
by employing a cooling method. The most common 
method used for this purpose is laser cooling, but with 
limited applicability because it shows selectivity to specific 
ion species. In+ is an example of an ion that defies easy 
laser cooling because of the lack of relevant optical transi-
tions. In this research, the authors targeted Ca+ (relatively 
easy to laser cool) as the media to sympathetically cool In+ 
for control and measurement.

3.1	 Observation of sympathetically cooled indium 
ion

The motions of multiple of ions accumulated in an ion 
trap exhibit a collective nature under the influence of the 
trapping electric field and inter-ion coulomb force, and can 
be described as a collective vibration mode. Laser cooling 
an ion translates into cooling of a collective vibration mode 
in its entirety. This cooling method, called sympathetic 
cooling, enables cooling of ion species that are not readily 
cooled independently. The authors conducted experiments 
to sympathetically cool In+, for which Ca+ and In+ are ac-
cumulated in a linear ion trap, and Ca+ was laser cooled.

Figure 8 (a), (b), and (c) show resonance fluorescence 
images from Ca+ ions captured by a feeble-light imaging 
device. These images represent the array of three ions: an 
In+ ion is added to the two laser-cooled Ca+ ions by way 
of resonance photoionization. These images were obtained 
by driving the trap under application of very weak voltage 
that only suffices to interchange positions among the ions, 
and indicates the existence of a non-fluorescent ion. The 
frequency at which the ion array vibrates collectively is 
determined by the arrangement and mass of the constituent 
ions. Based on this principle, the non-fluorescent ion can 
be identified to be In+ (mass 115) using the vibration mode 
frequency measurement method described below.

Fig.F 7　Intensity profile of the 159-nm lightFig.F 6　Fluorescent image of the vacuum UV coherent light
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3.2	 Array control of two ion species
As described above, it was confirmed that even an ion 

species that defies direct laser cooling can be brought into 
a quiescent state by utilizing sympathetic cooling. The next 
issue is to control the arrangement of the ions: the target 
ion must be positionally controlled for its quantum state 
to be measured. For example, In+ ion should preferably be 
positioned as in Fig. 8 (a) in view of optical frequency 
standard applications. For this purpose, the authors devel-
oped a method to maintain specific ion arrangements, 
whereby the dependency of the collective vibration mode 
frequency on the arrangement and mass of each ion species 
is utilized [9]. The calculated in-phase frequencies (all ions 
vibrate in coordinated phase along the array axis) were ν1 
(=100.5 kHz) for array (a), and ν2 (=98.5 kHz) for arrays 
(b) and (c). Figure 9, from (1) to (4), represents time 
evolution of the array, in which time (vertical axis) is plot-
ted against coordinate values of the array axis (fluorescence 
intensity is color-coded against the background). 
Spontaneous emission from Ca+ (as shown in (1)) can 
produce recoil leading to random transpositions among the 
ions as shown in (a), (b), and (c). This situation can be 
simulated by controlling the trap potential appropriately. 

Applying the frequency characteristic to array (b) and (c) 
(i.e. ν2) to trap potential excites a mode of collective vibra-
tion that makes the arrays (b) and (c) unstable as shown 
in (2). This unstable situation is resolved at the moment 
the array is reconfigured to (a). Conversely, applying the 
frequency of array (a) (i.e. ν1) to modulate the intensity of 
a 397-nm laser (used for laser cooling of Ca+) makes the 
array unstable and induces its transition to (b) and (c) to 
regain stability (see (3)). Figure 9 (4) represents the situa-
tion in which array (a) is constantly maintained: at the 
moment array (b) or (c) arises, ν2 is applied to destabilize 
the system to induce a return to array (a). This selective 
destabilization approach enables control and measurement 
of quantum states with In+ always positioned at the center. 
The authors consider this approach applicable to systems 
consisting of a larger number of ions.

3.3	 Sideband cooling
The vibrational state of ionic motion, when quantized 

in an ion trap, can be specified by the number of phonons 
(a quantum number) existing in the system. The elec-
tronic state of the ions is manipulated by the laser, thus the 
number of phonons in the system can be controlled by 
adjusting the laser frequency. By removing the phonons 
from the system one by one through careful adjustment of 
the laser frequency, the vibration state can be brought into 
the ground state. This approach is called sideband cooling. 
The authors conducted research [10], in collaboration with 
researchers from Osaka University Graduate School of 
Engineering Science, whose objective was to implement 
sideband cooling in a two-ion system (an ionic array 
consisting of a Ca+ and an In+) whereby electronic transi-
tion of Ca+ is exploited. When sideband cooling is applied 
to the system while it is vibrating in an out-of-phase mode 
(one of the vibration modes in a two-ion system where the 
ions vibrate antiphase to each other), the average number 
of phonons was found to be 0.096 [10]. This value indicates 

Fig.F 9　Control of ion array
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that the system was cooled to its vibrational ground state. 
It also implicates the applicability of quantum logic spec-
troscopy to retrieving quantum state information of In+ 
through manipulation of phonons [11], and the possibility 
of reducing frequency shift of optical frequency standards 
(caused by relativistic time dilation) down to 10-17 or below.

4	 Measurement of indium ion clock 
transition frequency

The ionic quantum system described above served for 
further research and development in the NICT Space-Time 
Standards Laboratory with an aim to develop state-of-the-
art control and measurement technologies to be applied in 
optical frequency standards. Optical frequency standards 
involve such techniques as stabilization of laser frequency, 
and feedback control of the stabilized frequency to the 
central frequency of atomic/ionic narrow linewidth transi-
tion (clock transition) to realize universally available 
highly accurate optical frequency. The optical frequency is 
converted to the frequency in the microwave domain to 
establish an exact second signal, whereby a tool called an 
optical frequency comb is used to convert frequency with-
out compromising accuracy. One of the two main methods 
to establish optical frequency standards, the single-ion 
frequency standard, was proposed by H. Dehmelt in the 
1980s. Research conducted in line with this method used 
27Al+ and 171Yb+ as the frequency references, and reported 
that it involved uncertainty on the level of 10-18 [4].

In+ was also included among the candidate ions pro-
posed by him as the ions species to establish single-ion 
frequency standards, and recent theoretical research [4] 
predicted uncertainty on the level of 10-18 due to small 
frequency shifts it may involve. An additional merit inher-
ent to In+ is the fact that it allows the use of relatively 
simple techniques to measure quantum state. Other candi-
dates require complicated technologies. An alternative 
multi-ion optical frequency standard, which takes advan-
tage of these merits and integrates the features of the 
currently mainstream two approaches, has also been pro-
posed [4]. Up to the present, only two research projects 
have been published on the subject of In+ application to 
clock frequency measurement, and the uncertainty re-
ported by these papers remained on the level of 10-13 [12][13]. 
It is also noted that the reported frequencies have discrep-
ancies larger than about 1 kHz, which lies beyond the range 
ascribable to experimental errors. The authors conducted 
clock frequency measurements using In+ as the frequency 

reference, the first-stage objective of which was to reduce 
uncertainty in measurements to help establish the transi-
tion frequency.

In past experiments, laser cooling was performed using 
In+ ion itself, and clock transition frequency was measured 
in reference to the frequency standard that had been cali-
brated in other organizations. In the experiments described 
in this report, frequency measurements were performed 
against In+, sympathetically cooled using Ca+, with refer-
ence to two in-house (NICT) calibrated frequency stan-
dards. Fluorescent light from 1S0-3P1 transition (see Fig.2 
(a)) was measured to determine the quantum states of In+: 
coherent light (clock laser) was first irradiated to excite 
clock transition, and the response of In+ was observed 
using a 230-nm coherent light source. If a fluorescent 
photon is captured in this observation, then the clock 
transition was not excited, and non-capture of it indicates 
successful excitation. Based on these data, excitation prob-
ability was calculated and the spectrum of clock transition 
was obtained. In this experiment, the number of photons 
emitted from In+ was around 250 in one second. Figure 10 
shows an example of spectra. Two symmetrically distrib-
uted spectra (centered at the clock transition frequency ν0) 
were obtained by changing the initial state of In+ and by 
changing the polarization of  the clock laser. The fre-
quency ν0 was determined by averaging ν+ and ν- (center 
values of these peaks) of these spectra. While the spectrum 
was being measured, the clock laser frequency was deter-
mined with reference either to NICT-generated Coordinate 
Universal Time (UTC (NICT)) or to a Sr optical lattice 
clock. The measurements were taken 36 times and a set of 
ν0 values was obtained from these experiments. The clock 
transition frequency was determined as the average of these 

Fig.F 10　In+ clock transition spectrum
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values. After evaluating various factors — systematic shift 
in In+ due to residual magnetic fields and other physical 
conditions, systematic shift due to frequency link from the 
frequency standard, and others — the clock frequency was 
finally determined to be 1 267 402 452 901 049.9 (6.9) Hz. 
The frequency values obtained in this study and those re-
ported in the past research are compared in Fig.11 
(“Garching, 2000” indicates the values from reference [12], 
and “Erlangen, 2007” from reference [13]). As described 
above, the measurements reported here successfully deter-
mined In+ clock transition frequency with the least uncer-
tainty ever (5.4 ×10-15) [14]. Zeeman shift due to residual 
magnetic fields is the most dominant factor affecting the 
magnitude of uncertainty. Therefore, further improvements 
in terms of polarization in magnetic sublevels and imple-
mentation of an effective magnetic shield are expected to 
reduce uncertainty, leading to realize more reliable optical 
frequency standards.

5	 Summary

In this report, we described research and development 
of state-of-the-art control and measurement methods tar-
geted at ionic quantum systems. This work was conducted 
as a part of our efforts to explore quantum node applica-
tions. As a step to achieve our goal, we constructed a coher-
ent optical source system that enables manipulating and 
observing an ionic quantum system, and established a 
technique to sympathetically cool In+ using Ca+. The 
sympathetically-cooled In+ ion was applied to clock transi-
tion frequency measurements leading to the first successful 
measurements on the 10-15 level. Additional application of 
sideband cooling, with some improvement in the current 
method, places expectations on reducing frequency shift 

due to time dilation down to the level of 10-17. Realization 
of quantum state measurement of In+ by means of vacuum 
ultraviolet light promises another expectation: substantial 
upgrade of the stability of optical frequency standards 
under operating conditions.

The optical frequency standards based on ions are cur-
rently operated solely in single-ion mode. However, a 
combination of a type of ion trap technique — suited for 
sympathetic cooling and multi-ion operation — and a 
quantum state measurement method such as presented in 
this report is expected to lead the way to a new scheme 
called “multi-ion optical frequency standard [15]” that will 
provide significant progress in stability. In addition, trans-
fer of the quantum state associated with the clock transition 
of sideband-cooled In+ to Ca+ through the action of linear 
ion trapped phonons enables the creation of the state of 
quantum entanglement with the In+ ticking standard time-
base within a separate ion trap. Actualization of such 
quantum state operations promises the future implementa-
tion of ultimate quantum networks among atomic 
clocks [16].
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