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Abstract

The oscillator of which frequency is stabilized to an atomic transition is
called the atomic clock. Recently, the lasers stabilized to the transitions in
optical region, called optical clocks, have been developed. Uncertainties of
the optical clocks referenced to transitions of long lifetimes in trapped single
ions [1] or ensemble atoms in optical lattices [2] reach approximately 1075,
This value is two orders magnitude better than that realized in best atomic
clocks in microwave. The best uncertainty at this moment is realized using
trapped single aluminum ions [1]. Considerable attention arises to the optical
clocks of such low uncertainties from the application to experimental studies
of the fundamental physics. Long-term comparison of frequency ratio of the
optical clocks referenced to the transitions of different sensitivities to the
variation of the fine structure constant o has been conducted to search for
a temporal variation of a. Precise measurement of isotope shifts is proposed
as a method for search for an unknown particle related with new physics
beyond the standard model of the particle physics [3].

In this thesis, we have established the systems and techniques for single-
ion spectroscopy of the 2S)/2—2?Ds, and 2Si,,—2Ds) electric quadrupole
transitions in YbT. 1"'Yb* has magnetic-field insensitive clock transitions of
mp = 0-mp = 0 with relatively simple hyperfine structures owing to the
nuclear spin of 1/2. The 231/2 —2D3/2 transition in "*Yb™ is involved in the
list of the secondary representation of the second. Its uncertainty, reported
to be the order of 1071¢, are potentially improved, as well as that of the
29, /2 ~2D; /2 transition. Improving the uncertainties of the two quadrupole
transitions are essential in the search for a temporal variation of a using only
'Yb*. The 251/2—2F7/2 transition, to be compared, has a large sensitiv-
ity to « variation of which sign is opposite to those of the two quadrupole
transitions and an optical clock referenced to the 25, /2 [ /2 transition has
been reported with a better uncertainty of 3 x 107!8 [4]. We could explore
other effects of temporal variations by frequency ratio measurement of the
two quadrupole transitions because the two have similar sensitivities to «



variation. Yb™ has five stable even isotopes which have no hyperfine struc-
tures. The 25, /2 2D /2 transition is suitable for precise measurements of the
isotope shifts.

The feature of this study are as follows. (i) We developed a computer-
controlled spectroscopy system for single Yb* ions. (ii) We established the
techniques required for single-ion spectroscopy of the 25 /o —2Ds 5 transition
in '""Yb*. Laser cooing and spectroscopy of '"'Yb™ are complicated because
of the hyperfine structures. Unlike previous works, we prepared independent
lasers to drive all transitions for closing laser-cooling cycle, and determined
the experimental condition. (iii) We investigated the resolved-sideband spec-
tra. The spectra are used for evaluation of the residual translational energy,
which is a large factor of the uncertainty of the single-ion optical clock. We
investigated the relation of the structures in the resolved-sideband spectra
to the residual displacement of the time-averaged ion position from the trap
center that simultaneously causes excess micromotions.

In Chapter 1, we describe the background of this study. Then, we clarify
the purpose and features of this study in the development of the optical clock.

In Chapter 2, we introduce the theories and principles related with this
thesis. We briefly describe the principles of RF trap and laser cooling. Then,
we explain the excess micromotion. The micromotion is the motion driven
by the RF voltage for trapping. Excess micromotions are induced by the dis-
placement of the time-averaged ion position from the trap center caused. The
displacement is caused by a stray DC electric field. Minimization of excess
micromotion is inevitable to reduce the uncertainties caused by the transla-
tional energy of the trapped single ions. The detection methods for excess
micromotions are briefly described. Finally, we summarize the properties of
Ybt.

In Chapter 3, we describe the experimental setup used in this thesis.
Radiation at 370 nm used for laser cooling is generated via sum frequency
mixing of two extended-cavity laser diodes (ECLD) at 822nm and 671 nm.
To maintain cooling of single Yb' ions for a long time, we stabilized the
frequency of the cooling radiation based on the offset locking of the ECLD
at 822nm to the master laser in the clock laser system for the 25)/5—2Ds o
transition. The drift of sum frequency was reduced below 200 kHz/h. This
is sufficient for long-term laser cooling. Then, we constructed a computer-
controlled high-speed spectroscopy system containing an FPGA with a small
dead time. The precise frequency scanning using an offset locked laser or
an external acousto-optic modulator was developed. The details of the RF
traps used are also described.
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In Chapter 4, we describe laser cooling of Yb™ ions. First, we established
the techniques required for laser cooling using !™Yb* ions which have no
hyperfine structures. We controlled the number of the trapped ions using
stepwise increase in the fluorescence intensity caused by one-by-one loading
of Yb™ ions into the trap. We minimized an excess micromotion along the
cooling beam by detecting it using RF-photon correlation method. Second,
laser cooling of 1"™'Yb*, which have hyperfine structures, was performed. We
determined the power of the subcooling laser for driving of the 25} o (F = 0) —
*Pyjo(F = 1) transition to eliminate optical pumping in the 25 (F = 0)
state. We investigated the optimal intensity and direction of the magnetic
field for efficient cooling of the two isotopes to eliminate optical pumping in
the magnetic sublevels.

In Chapter 5, we describe the single-ion spectroscopy of the 25 5 —2Dj o
transition in 'YbT. Yb™ in the 2Dj/, state decays to the 2Fy/; state of a
branching ratio of 80 %. Because of the extremely long lifetime of several
years of the 2F7/2 state, we easily detect the excitation to the 2D; /2 state by
observing the electron shelving in the 2F; ), state. To continue probing the
2512 —2Ds s transition, we depopulate '™ Yb" ions from the *F% /5 state to the
251 state by driving the 2F7 /5 —'D[5/2]5/, transition. We conducted single-
ion spectroscopy of the Am; = +£2 transitions selected from ten Zeeman
components by applying the magnetic field perpendicular to the polarization
of the clock laser. Then, we resolved the m; = —1/2—mj = —5/2 transition
in two Am; = —2 transitions by applying a sufficient large magnetic field.
We observed the carrier and the resolved-sideband spectra of the transition
caused by the secular motions of single '"Yb™ ions.

In Chapter 6, we describe the single-ion spectroscopy of the 2S5 —2D3 /s
transition in '*Yb*. The hyperfine structure of "*Yb* complicates the pro-
cedure for the spectroscopy. We determined the parameters in each step of
the spectroscopy. First, we measured that the power of the main repump-
ing laser, with which the *Dj)o(F = 1)-?D[3/2]1/o(F = 0) is driven, is
required to be smaller than 1 mW to decouple the 2D s (F = 2) state from
the cooling cycle by eliminating saturation broadening. Second, we adjusted
the time required for pumping to the initial state of the spectroscopy of
the 25} 2(F = 0, mp = 0) by blocking the subcooling laser. Subsequently,
we conducted the spectroscopy of the 2S)2(F = 0)=2D30(F = 2) transi-
tion. We improved the resolution from separating all Zeeman components of
Amp =0, £1, £2 transitions to observing the carrier and resolved-sideband
spectra of the mp = 0—mp = 0 transition. By compensating the frequency
drift of the clock laser, we obtained the spectral width of the carrier spectrum
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to be 380 Hz. The width is approximately limited by the linewidth of the
clock laser.

In Chapter 7, we describe detailed investigations of the resolved-sideband
spectra of trapped single ions using the 251/2—2D5/2 transition in "Yb*.
We found that the resolved-sideband spectra had structures of subsideband.
From the measurement of the dependence of the RF electric resonance signal
on the voltages applied for trapping, we revealed that the subsidebands were
generated from mixing of the phase modulation by the secular motions in the
different directions. The strong subsideband intensity indicates that the sin-
gle ion was confined out of the Lamb-Dicke region. We three-dimensionally
minimized excess micromotions by detecting them using RF-photon corre-
lation in two different directions and the pseudopotential modulation. This
resulted in great reduction of the subsidebands in the resolved-sideband spec-
tra. This observation indicated that the heating rate was increased as the
residual displacement of the time-averaged ion position from the trap center,
which induced excess micromotions, was larger.

The progress made through this study will enables us to stabilize the
clock laser frequency to the 2Si5(F = 0, mp = 0)=2D3)o(F' = 2, mp =
0) transition in '"YbT and evaluate the uncertainties in various factors of
the frequency shifts towards realization of an single-ion optical clock. The
optical clocks based on the 25 5(F = 0, mp = 0)=2D5,o(F' = 2, mp = 0),
and 281 2(F = 0, mp = 0)-2F;;p(F' = 3, mp = 0) transitions are also
feasible. Frequency ratio measurements among the three optical clocks will
contribute to the redefinition of the second through the evaluation of their
reproducibilities and to a more reliable search for a temporal variation of a.
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Chapter 1

Introduction

1.1 Background

The oscillator of which frequency is stabilized to an atomic transition is
called the atomic clock. Some atomic clocks have extremely low uncertain-
ties. Uncertainties of the atomic clocks referenced to the transition between
the hyperfine structure in the ground state of caesium atom in microwave
region reach the order of 107! [5]. The frequency of this transition is used
for one of the seven defining constants of the International System of Unit
(SI). Recently, the lasers stabilized to the transitions in optical region, called
optical clocks, have been developed [1,4,6,7]. The fractional instability of
the atomic clock is evaluated in terms of the Allan variance o} (7). The root
of Allan variance is inversely proportional to the quality factor and signal-to-
noise ratio of the reference transition. When the noise is a white frequency
noise, o, (7) is expressed in [§],

11 1 Av 1 T

where N is the number of the atoms, @) = vy/Av is the quality factor of the
reference transition given by the transition frequency vy and the linewidth
of the transition Av, M = T'/7 is the number of the measurements given by
the measurement duration 7" and the total measurement duration 7. The op-
tical frequency is 10* times higher than the microwave transition frequency
in caesium atom. Therefore, the optical clock is an attractive to improve
the uncertainty of the frequency standard. Uncertainties of approximately
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1078 have been reported in the optical clocks referenced to transitions of
long lifetimes in cold atoms or ions in vacuum [1,2,4]. Two methods have
been realized for providing the reference transition of such low uncertainties;
one is trapped single ions, and the other is ensemble atoms in optical lat-
tices. The former, the single-ion clock is based on single ions confined using
electromagnetic field [9]. Although use of only single ion limits the frequency
stability owing to the worst signal-to-noise ratio, the single-ion clocks have
good uncertainties. So far, the best uncertainty at this moment of 9.7 x 10~1°
has been reported in an aluminum ion clock [1]. The latter, the optical lattice
clock is based on ensemble atoms in periodic potentials produced by interfer-
ence of lasers [2]. Because approximately 1000 atoms trapped in the lattice
can be used, optical lattice clocks realize better frequency stabilities. A large
factor of uncertainty of light shifts caused by the light field of the optical
lattice has been reduced by introducing the concept of the magic wavelength
of the optical lattice, where the light shifts to the upper and lower states of
the clock transition are the same.

Such low uncertainties are attractive for application to experimental stud-
ies of the fundamental physics. One of the applications of the optical clocks
is to search for a temporal variation of the fine structure constant «. Vari-
ations in the fundamental constants is possible in the theories that unify
the gravitation to the other three fundamental interactions [10]. The search
is conducted by observing the differential variation in two clock transitions
of different sensitivities to variation of . The frequency of the electronic
transition fg can be described as

fE = CRcF(a), (1.2)

where C' is a numerical constant, R, is the Rydberg constant, ¢ is the speed
of light, and F'(«) is a dimensionless function of a. The temporal variation
of fg can be written as

Ofg  0ln(Ruc) Olna
o ot +4 ot ’ (13)

where A is the sensitivity to variation of a;, which can be described as

Ol F(a)

A= Olna (14)
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The value of A depends on transitions. A possible temporal variation of the
Rydberg constant would be a common value in all of transitions. Conse-
quently, we can observe a temporal variation of a by measurement of fre-
quency ratio between different optical transitions as [11,12]

a(fEl/fE2) . Olna
or - oA

(1.5)
The sensitivity A of each transition used as a reference in the optical clock
is listed in Table 1.1 [13]. Recently, precise measurement of isotope shifts is
proposed as a method for search for an unknown particle related with new
physics beyond the standard model of the particle physics [3].

1.2 Ytterbium ion optical clock

Singly ionized ytterbium (Yb™) is one of the candidates which provides refer-
ence clock transitions used for optical clocks. Yb™ has alkalimetal-like level
structure. It has strong transitions which can be used for Doppler cooling,
and weak transitions of long lifetimes for the reference of a clock. An advan-
tage of Yb™ is that 171 isotope has a nuclear spin I of 1/2. The odd isotopes
of atoms having alkalimetal-like level structure possess mrp = 0—mp = 0
transitions which are insensitive to 1st-order Zeeman effect in low magnetic
fields. Owing to I = 1/2, '"Yb™ has relatively simple hyperfine structures
and magnetic sublevels.

Yb™ has three clock transitions in the blue and violet region: the 25, /2
2F7/2 electric octupole transition, and the 251/2—2D3/2 and the 251/2—2D5/2
electric quadrupole transitions. The 255 —2Fy; and 25 /2 —2Ds 5 transitions
are involved in the list of the secondary representation of the second. The
2851 /9—2Fy )5 transition has an extremely long lifetime of several years [14].
An uncertainty of 3 x 107*® is demonstrated using the 25}/, —2Fy, transition
as a reference of an optical clock [4].

For the %Si/,—2?Dj), transition, the present uncertainty of the order of
10716 [15] can be potentially improved, as an optical clock referenced against
the quadrupole transition in strontium ion has an uncertainty of 1.2x 107 [16].
Note that the 2Dy /2 state is included in the laser cooling cycle in even iso-
topes of Yb* that have no hyperfine structures. In '™ Yb*, the 2D;/(F = 2)
state is decoupled from the cooling cycle and the 25 jo(F = 0) —2D3 o (F = 2)
transition is used for the clock transition. Therefore, techniques for decou-
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’ Atom ‘ Transition ‘ Sensitivity A ‘

H 151/2*251/2 2.4 x 107
Ca 1So—3P, 0.016
St 1Sy 3P, 0.06
Yb 1S0—3Fy 0.31
Hg 180*3.[:)0 0.81

’ Ion ‘ Transition \Sensitivity A‘

AT
In*
Ca™
Srt
Ba™®

Yb*

HgJr

1Sy 3P,

15073[)0
2S1/2—2Ds)s
251/2*21)5/2
251/2—21)3/2
251/2*21)5/2
251/2*2193/2
251/2* 2D5/2
251/2 *2F7/2
25'1/2*2133/2

S1/2—°Ds)3

0.008
0.18
0.15
0.43
2.5
2.4
1.00
1.03
-6.0
-1.5
-2.9

Table 1.1: Sensitivity to variation of fine structure constant a.
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’ Isotopes \ Nuclear spin \ Natural abundance ‘

168
170
171
172
173
174
176

0
0
1/2
0
5/2
0
0

0.00123(3)
0.02982(39)
0.1409(14)
0.2168(13)
0.16103(63)
0.32026(80)
0.12996(83)

Table 1.2: Nuclear spin and natural abundance of stable isotopes of ytter-

bium.
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pling and transition detection are required. Pioneering work on this topic
has been conducted in [17,18].

The 25, /2 2Dy /2 transition is less attractive for the use for the reference
in an optical clock owing to a shorter lifetime. The uncertainty of 2 x 101° was
reported in 1999 [19]. If we could increase the averaging time longer, however,
2512 —2Ds /5 transition would have a similar potential in uncertainty to the
251/2—2D3/2 transition. In addition, the le/g—zDg,/Q transition is easily
detected in even isotopes using the decay to the 27/, state with a branching
ratio of 80 %.

These transitions are useful for the application to the fundamental physics.
The 25, /2 —2F /2 transition has a large sensitivity to variation of a.. As listed
in Table 1.1, its sensitivity is the largest in the clock transitions which have
been so far used in optical clocks [20]. The 2S;/2—2Ds/; and 2S;/2—2Djs
transitions have sensitivity signs that are opposite to that of the 25, /2 —2F; /2
transition. Therefore, we can search for a temporal variation of o using only
Yb*. This simplifies the experimental setup and removes common-mode fre-
quency fluctuations and shifts such as the gravitational red shift by using the
same single Yb* ion in the same trap. The 25)/,—2Dj/, and 252 —2Djs
transitions have similar sensitivities to « [20]. This enables us to examine
other effects that cause temporal variations.

Yb' has five stable even isotopes, and therefore is suitable for precise
measurement of isotope shifts. The natural abundance of the stable isotopes
and the nuclear spin quantum number of Yb are listed in Table 1.2. The
25, /2*2D5 /2 transition is easily detected in even isotopes. This is a target
transition used for precise measurement of isotope shifts. From the applica-
tion not only to the optical clocks but also to the fundamental physics raised
above, improvement of the uncertainties of optical clocks referenced to the
two quadrupole transitions is essential.

1.3 Outline of thesis

In this study, we have established the systems and the techniques for single-
ion spectroscopy of the 251/2—2D3/2 and 251/2—2D5/2 electric quadrupole
transitions in Yb™. The features of this study are as follows. (i) We devel-
oped a computer-controlled fast spectroscopy system for the two quadrupole
transitions in single Yb™ ions. (ii) We established the techniques required for
conducting single-ion spectroscopy of the 25 o(F = 0)—2D3o(F = 2) tran-
sition in Yb*. (iii)) We conducted detailed investigations of the resolved
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motional-sideband spectra.

For (i), to measure the excitation probability, we need to repeat the exci-
tation trial considerable number of times because we can only know whether
the excitation succeeds or not from one excitation trial to a single ion. There-
fore, to detect spectra of single ions, we developed a fast measurement sys-
tem including a digital delay generator configured by employing a field pro-
grammable gate array (FPGA) containing a processor (National Instruments
myRIO).

For (ii), as described in Section 1.2, owing to the hyperfine structures, the
technologies are required for faster cooling and single-ion spectroscopy of the
transition: eliminating and completing optical pumping to the 25 5(F =
0) state for laser cooling and initialization in the spectroscopy procedure,
respectively, and decoupling the 2Dj/o(F = 2) state from the cooling cycle.
Unlike previous works, we prepared independent lasers to drive all transitions
used for laser cooling of '"*Yb*. We determined the conditions required for
the spectroscopy from the detailed measurements.

For (iii), the resolved motional-sideband spectra is important because
they are used for evaluation of the translational energy of the trapped single
ions, which is a large factor for the uncertainty. We found that the resolved-
sideband spectra had subsideband structures. We investigated the origin of
the structures and the effect of the displacement from the trap center of the
time-averaged position of a single ion on the structures through minimization
of excess micromotions.

In Chpater 2, we describe the theories and principles required for under-
standing this thesis.

In Chapter 3, we present the experimental setup. To cool the trapped
Yb™ ions for a long periods of time, we improved the frequency stability of
the cooling radiation based on offset locking of one of the ECLD used for
sum-frequency mixing generating the cooling radiation to the master laser in
the clock laser system for the 25}/, —2?Dj, transition.

In Chapter 4, we describe laser cooling of Yb™ ions. First, we established
the techniques for laser cooling of '™Yb™* which has no hyperfine structures,
including a method for loading single ions. Then, we laser cooled "'Yb™
by eliminating the optical pumping in the hyperfine structure in the 25,
ground state.

In Chapter 5, we describe the single-ion spectroscopy of the 2S; 5 —2Ds /s
transition in Yb*. To conduct spectroscopy, we developed the spec-
troscopy system with a small dead time. We separated Amp = £2 Zeeman
components from all Zeeman components of Ampr = 0, 1, £2 transitions.
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Then, we probed m; = —1/2—m; = —5/2 transition and observed the car-
rier and resolved motional-sidebands spectra.

In Chapter 6, we describe the single-ion spectroscopy of the %S/, —?Ds /s
transition in '"'Yb*. First, we determined the parameters in each step of
the spectroscopy using our system. Subsequently, we conducted the spec-
troscopy improving the resolution from separating all Zeeman components of
Amp =0, £1, £2 transitions, to detecting the carrier and resolved motional-
sidebands of the mp = 0—mp = 0 magnetic-field insensitive transition. Fi-
nally, we probed the carrier spectrum of the mp = 0-mp = 0 transition
with higher resolution with compensating of the drift of the clock laser.

In Chapter 7, we describe the detailed investigation of the resolved motional-
sideband spectra using the 25; /2 —2Dj o transition in '™Yb*. We revealed
that the subsideband structures in the resolved-sideband spectra were caused
by mixing of the phase modulation induced by the secular motions in the dif-
ferent directions, when the single ions were confined out of the Lamb-Dicke
region. We developed three dimensionally minimization of excess micromo-
tions detecting them by combination of RF-photon cross correlation using
two different directions cooling beams and modulation of the pseudopoten-
tial depth. This simultaneously resulted in reducing the structures in the
resolved motional-sideband spectra and cooled the secular motions close to
the Doppler cooling limit.

In Chapter 8, we conclude this study including future plans.



Chapter 2
Principle

In this chapter, we describe the theories and principles required for under-
standing this study.

Long interaction time and localization of atoms in small space are es-
sential for exploring or using properties of atoms. The ions confined using
electromagnetic field are suitable for such proposes. We describe the principle
of the Paul or RF trap used for confinement ions in Section 2.1. In the prac-
tical experiments, excess micromotions are almost always encountered [21]
and they increase the translational energy of trapped ions. In Section 2.1,
we also summarize this problem. In Section 2.2, we describe the principle
of laser cooling used for reducing the translational energy of trapped ions.
As described in Chapter 1, we chose Yb' as an ion to investigate towards
realization of optical clocks. We describe the properties of Yb™ including
level structures and lifetimes of the levels.

2.1 Paul trap

According to the consequence of Laplace equation, potential generated by
only static electric field cannot form a potential minimum point. However,
time averaged potential minimum point can be realized by an alternating
electric field as was proposed by W. Paul [22].

Arrangement of Paul trap is shown in Fig. 2.1. When a single ion is
confined in a quadrupole potential that has a reflection symmetry in xy-
plane and a rotational symmetry around z-axis, the potential, generated by
applying an electric voltage that Vj = Vpo + Vac cos 2t between two endcap
and a ring electrodes, is described in cylindrical coordinates in the form
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N

Figure 2.1: Arrangement of Paul trap. The inner surfaces of electrodes are
hyperboloids described as r? + 22 = 72. The radius of ring electrode ry and
the half distance between endcap electrodes have the ratio of /2y = V2.

10
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r? =% +y? as

r2 — 222

o(r, z,t) = (Vbe + Vac cos Qt)m,

(2.1)

where Ve and (2 are the amplitude and the angular frequency of an AC
driving voltage, respectively; Vp¢ is the DC voltage used for adjusting the
ratio of the potential depths in the radial and axial directions; 2rg is the inner
diameter of the ring electrode; 2z; is the minimum distance between endcap
electrodes. Typically, the radial and axial distances exhibits the relation
rd = 2z2.

The motion of a single ion of mass m and a charge () in the potential
given by Eq. (2.1) is expressed by the Mathieu equation:

92
U; + (a; + 2q; cos Qt)zuZ =0 (i=r2), (2.2)

where the parameter a; and ¢; are defined as

8QVbc
“ “ mrd(2? (2.3)
4QVac
= —2 = — . 24
1 a mrd (22 (2:4)

When |a;] < 1 and |¢;| < 1, the first order solution to Eq. (2.2) is given by
w; ~ uy,; cos(wit + ¢;) (1 + % COS Qt) : (2.5)

with

9] q?
= 2o+ & 2.6
w 5 a+2 (2.6)

where ¢; is the phase determined by the initial condition. The harmonic
motion of an amplitude u;; and an angular frequency w; is called the secular
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motion.

2.1.1 Excess micromotion

In the practical setup, a stray DC field E;; exists. This modifies the equa-
tion of motion and the first-order solution given by Eqs. (2.2) and (2.5),
respectively as [21]

U; + (a; + 2¢; cos Qt)%u, = %, (2.7)
and
wi(t) ~ [uo,; + w1, cos(w;t + ¢;)] <1 + %Cos Qt) : (2.8)
respectively, where
Ug; ~ 1. QB (2.9)

2 P
m (ai + %) 2

The displacement ug,; caused by the stray field £ ; induces an excess micro-
motion of an amplitude %Uo,iq@'- The kinetic energy of the ion averaged over
a period of the secular motion is given by [21]

2,2 )2
mq; Uo,iQ

16

1 1 1
(Bii) = gm{i) = gmus, (w? + gq?fzz) i

(2.10)
The first term is the averaged energy owing to the secular motion, while the
second term is the one contributed by excess micromotion. The excess micro-
motion cannot be efficiently laser cooled because the motion is always driven
by the trap AC voltage. Therefore, minimization of the excess micromotion
by compensation of the stray electric DC field is necessary. A phase differ-
ence in the AC driving voltage applied to the electrodes is another cause of
the excess micromotion [21]. We will discuss the detection methods for the
excess micromotion in Section 2.3.
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2.1.2 Anharmonicity

The actual trap potential has a small deviation from the ideal harmonic
potential. The trap electrodes typically have a reflection symmetry in the xy-
plane. The leading anharmonicity is a small octupole potential, i.e., [23,24]

1 1 5 3
AV = 2V, 0,4 (—4> (2% — 3223 + =r?). (2.11)
2 o 8
This potential induces higher harmonics of secular frequencies and couples
the radial and axial secular motions [25]. Note that the anharmonicity in-

creases with the distance from the trap center as excess micromotions do.

2.2 Laser cooling

The ions trapped in a RF trap are typically thermalized to a temperature of
several thousand Kelvin. When the confinement of the ions in Lamb-Dicke
region of optical wavelength is required, we must reduce the translational
energy of the trapped ions, and laser cooling is used [26]. In this section, we
describe the theory of laser cooling.

Laser cooling is performed using radiation pressure generated from inter-
action between the ion and cooling-laser beam. For simplicity, we assume a
two-level ion, which has a resonance frequency of wy, in the one-dimensional
harmonic potential without micromotion. The ion motions at velocity of
v = vcos(wt)x in cooling beam field with a wavevector ky, = kpa traveling
along the direction of the ion’s motion. The photon absorption from the cool-
ing beam gives the ion the momentum Ap = hky, in the beam-propagation
direction, while the spontaneous emission from upper level transfers no mo-
mentum on average because the spontaneous emission is isotropic. Therefore
the ion is accelerated when the ion moves along the propagation direction
of the cooling beam, and is deaccelerated when the ion moves against the
propagation direction. If the laser frequency wy, is detuned lower than wy,
the absorption probability increases when the ion velocity and the beam
propagation direction are opposite, and it decreases when they are the same
because of the Doppler shift —kp, - v as shown in Fig. 2.2. It is called Doppler
cooling.

We will discuss the cooling rate and the cooling limit quantitatively. If
the spontaneous decay rate of the upper state I" is much faster than motion

13



2.2 Laser cooling Chapter 2. Principle

frequency of the ion (I" > w), the ion’s position and velocity can be regarded
as constant during a cycle of photon absorption and spontaneous emission.
In this case of what is called weak-binding limit, we can consider that the ion
receives radiation pressure averaged over many cycles of photon absorption
and spontaneous emission. The averaged radiation pressure is given by [27]

dp
F,=|(— | =hkp[p, 2.12
(dt) Lip ( )

where p is the probability of the ion in upper state

. 80/2
- 1—|—SO—|—4<AL—’€L'U)2/F2’

p (2.13)

so = 202%/I'* is the saturation parameter at the resonance composed of Rabi
frequency (2g, A, = wi, — wp is the laser detuning. When the ion’s velocity v
is small so that the Doppler shift —kp, - v is smaller than the laser detuning
Ay, and the decay rate I', Eq. (2.12) can be expanded in v as

F, ~ Fy(1 — pv), (2.14)
where I and [ are
80/2
Fy = hkp I , 2.15
0 MU+ so 4+ 4(AL/T)? (2.15)
SkA/I?
8= L/ (2.16)

1+ 5o+ 4(AL /T

In the condition of Ay, < 0, 8 works as friction coefficient that provide
viscous drag for the ion. Because the averaged velocity of the ion in harmonic
potential (v) is 0, the cooling rate is given by

dEcool
dt

= (Fv) = Fy((v) — B{v*)) = —=BF(v*). (2.17)

The final temperature reached by Doppler cooling is limited by the photon-
recoil energy which the ion receives when photon absorption and spontaneous
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2.2 Laser cooling
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Figure 2.2: Process of Doppler cooling.
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2.2 Laser cooling Chapter 2. Principle

emission occur. From conservation momentum and energy of the ion and the
photon, the recoil energy from an absorbed photon R,,s and that from an
emitted photon R..,; are described as

hlky|)?

Rabs = ( |277];D s (218)
h kemi 2

Remi = ( ‘Qm ‘) 5 (219)

where |Kemi| = Wemi/¢, and m is mass of the ion. Because the photon absorp-
tion and spontaneous emission occur in different geometry, we define scaling
factor £ due to the angular pattern of the spontaneous emission. Then, the
heating rate is described as

dE heat
dt

(hkL)2
2m

= (Rabs + Remi)Fp =

(1+&)Ip, (2.20)

The final temperature can be expressed by the equilibrium between the cool-
ing rate and the heating rate from Eqgs. (2.17) and (2.20)

1 hl

1 9 r 2A;,
- = kT = —"(1 1 —_— 4 —. 2.21
gt =gt = -t o{aragg+ 25 e
For Ay, = —v/1+ 59 I'/2, the temperature achieves minimal value as
hi'y/1
B

where kg is the Boltzmann constant. The temperature in the limit of sq — 0
is called as Doppler cooling limit.

In the case of Yb™, the 2S;/5—2Py/, transition, of which spontaneous
decay rate is I'/2m = 19.6 MHz, is used for laser cooling described in Sec-
tion 2.4. For the isotropic photon emission (§ = 1/3), the Doppler cooling
limit of the transition is about 0.31 mK.
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2.3 Detection method of excess micromotion

To minimize the excess micromotion, high sensitive detection methods for the
excess micromotions is inevitable. The RF-photon correlation method [21,28,
29], modulating the psuedopotential [18,21], and parametric resonance [30]
are widely used. The sensitivities of these methods have been extensively
discussed [21,29]. We use a RF-photon correlation method and modulation
of the pseudopotential as we will describe later. The former detects a Doppler
shift to a cooling beam caused by the micromotion. Because the cooling laser
is detuned lower than the resonance frequency, the excitation rate changes
with the Doppler shift. The latter modulates the restoring force. This results
in a modulation in the time-averaged ion position when a stray DC field
exists.

2.3.1 RF-photon correlation method

From Eq. (2.8), the velocity of the ion owing to the excess micromotion is
given by

1
Umicro,i@) == _inJQZQSln(Qt) (223)

The velocity induces the Doppler shift to the cooling laser frequency wy, as,

—Kk1, - Umicro = 82sin(2t), (2.24)
where
6—1Zk~ " (2.25)
— 9 = L,iU0,:4;- .

For simplicity, we assume that the Doppler shift is much smaller than the
spontaneous decay rate (|3f2| < I') and the intensity of the laser is suffi-
ciently weak to ignore saturation. Then, the detected fluorescence rate is
described as

(I/2)?

R = Rmax (]—1/2)2 + (AL — ﬁQ Sin(.Qt)2>

(2.26)
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where R, is the maximum fluorescence rate detected using the laser. If the
laser frequency is detuned to be Ay, = —1'/2, Eq. (2.26) can be simplified as

N 1 B0
R~ Ryax (5 + N sm(Qt)) . (2.27)

More detailed investigation including the saturation is developed in [29],
where the maximum sensitivity is not obtained as A, = —I'/2. As shown
in the Eq. (2.27), the fluorescence of the ion induced by the cooling laser is
modulated by the excess micromotion. Therefore, the excess micromotion
can be detected using correlation between the fluorescence rate and phase
of the trap AC voltage, which is called RF-photon correlation method. The
practical sequence of the method is described in later Section 4.1.3. Note
that the method is insensitive to excess micromotion in the direction perpen-
dicular to the beam propagation ky. For minimization excess micromotion
in insensitive direction, the other beam irradiated along different direction
from first one or other methods that are sensitive to the excess micromotion
perpendicular to the beam are required.

2.3.2 Modulating pseudopotential method

According to Eq. (2.9), displacement of the ion due to the excess micromotion
is inversely proportional to the depth of pseudopotential. We consider the
ion located in the center of the cooling laser beam, which has a Gaussian
intensity profile given by

I(z) = Iyexp (_j?) . (2.28)

For simplicity, we assume that Vpc is 0V and the modulation of the trap
RF amplitude AV is small as AVxc/Vac < 1. When the modulation of
the trap RF amplitude is applied at frequency wpoq < (2, variation of the
displacement is described as

Aug; ngyiﬁ COS Winodl- (2.29)
Vac
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Here, we define the d as the unit vector perpendicular to the propagation of
the beam kr. The maximum variation of the beam intensity which the ion
receives is described as

M) _ (2.30)

A[max = IO exp ( 2

Wy

When we ignore saturation of the transition, maximum variation of the flu-
orescence AR, is given by

ARmax A[max
= . 2.31
Rmax IO ( )

Therefore, the excess micromotion can also be detected as the fluorescence
variation caused by the modulation of trap AC voltage. Note that, unlike
the RF-photon correlation method, this method is sensitive to the excess
micromotion in the direction perpendicular to the beam propagation.

2.4 Level structure of Yb™

Yb has the atomic number of 70 and belongs to the lanthanoid atoms included
in the rare earth element. Yb does not react with water at room temperature,
and hardly oxidizes. The natural abundance and the nuclear spin number of
the seven stable isotopes are already shown in Table 1.2. The features and the
current status of optical clocks referenced to the three clock transitions, i.e.,
the 251 /2 —2Fy )5, 2512 —2D3)2, and 25} o — > Dy 5 transitions in Yb*, and their
application to experimental exploration in the field of fundamental physics
are discussed in Section 1.2. The transitions and their lifetimes related with
this study are shown in Table 2.1.

The energy level structure of ™Yb* relevant to this thesis is shown in
Fig. 2.3. The 25, /2 2P /2 transition at 370 nm is driven for Doppler cooling
and detection of the ion. To end the cooling cycle, the 2Ds /2 state is deexcited
to the ground state by driving the ?D3 /5 —*D[3/2]; )5 transition at 935 nm [35].
We observe spectra with resolved motional sidebands by driving the 25 /5 —
?D5 /5 quadrupole transition at 411 nm in single *Yb™ ions [33]. Yb™ in the
2Dy o state has a lifetime of 7ms [36] and decays to the 2, state, of which
lifetime of several years [14] with a branching ratio of 80 % [33]. Therefore, we
detect the excitation to the 2Ds /5 state by observing the electron shelving in
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’ State ‘ Lifetime ‘ Reference ‘
22P1/2 8.10(13) ns [31]
D35 52.15(100) ms [32]
; *Dys /9 7.2(3) ms 33]
1D[5/2]5/2 < 160 ms [19]
2Fy o < 10year [14]

Table 2.1: Lifetimes of the states in Yb™.
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the 2F7/2 state. To continue probing the quadrupole transition, we deexcite
YDb* ions from the 2Fy ), state to the ground state by driving the 2Fy /5 —
'D[5/2]5/2 transition at 638 nm [33].

1"1Yb+, which is suitable for optical clock, has hyperfine structures. The
partial term scheme of 1'Yb™T related with this study is shown Fig 2.4. The
cooling and repumping transitions are the same as those for "#Yb*, i.e.,
281 /9—2Py 3 and ?D3/5—3D[3/2]1 /2 transition, respectively. Although '™Yb*
has the hyperfine structures, it has a cycling transition for laser cooloing i.e.,
the 281/2(F = 1)*2P1/2(F/ = 0) and the 2D3/2<F = 1)*3D[3/2}1/2<F/ = 0)
transitions. This is an advantage in only the atoms having I = 1/2 among
the atoms having alkari-metal-like level scheme. However, pumping to the
251 /9(F = 0) or ?D35(F = 2) state is possible via off-resonant excitation of
the transitions to the other hyperfine levels.

To deplete those hyperfine levels, we simultaneously drive the 2S; 5(F =
0)—2Pyjo(F" = 1) and 2Dy o(F = 2)-2D[3/2]1o(F" = 1) transitions as the
sub-cooling and sub-repumping transitions, respectively, with independent
light sources. Previously, depletion of the %S 5(F = 0) state was conducted
via frequency switching of an extended-cavity laser diode (ECLD) [17], mod-
ulation of the injection current of a LD [18], a second-order sideband gener-
ated using an electrooptic modulator (EOM) [37,38], or microwave-radiation-
induced driving of the 25} 2(F = 0) 2Py o(F" = 1) transition [19,39)].
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2.4 Level structure of Yb™
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Figure 2.3: Partial term scheme of even isotope of Yb™.
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Figure 2.4: Partial term scheme of "*Yb*. The relevant hyperfine splittings
are as follows: A%S) /5 = 12.6 GHz, A?P, )5 = 2.1 GHz, A?Dj3;, = 0.86 GHz,

and A3D[3/2]1/2 = 2.5GHz [17]
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Chapter 3

Experimental setup

In this chapter, we describe the experimental setup i.e., light sources for laser
cooling and spectroscopy of the clock transitions, RF traps and the systems
to conduct laser cooling and single-ion spectroscopy.

3.1 Light sources

All lasers used in spectroscopy system of Yb™ are produced from diode lasers.
The 399 nm and 392 nm radiations are used for photoionization. The 370 nm
and 935 nm radiations are employed for laser cooling. The 411 nm and 435 nm
radiations are used for probe of the clock transitions. The 638 nm radiation
is used for deexcitaion from 2F7/2 to the ground state. The properties of
lasers are summarized in the following sections.

3.1.1 Cooling lasers

The 370 nm radiation is generated via sum frequency mixing (SFM) of ra-
diation from two extended-cavity laser diodes (ECLDs) at 822 and 671 nm
using a power build-up cavity that resonates the two wavelengths [40]. The
schematic of this cooling laser system is shown in Fig. 3.1. The ECLD fre-
quency at 822nm is stabilized to the resonance of a temperature-controlled
reference cavity, the length of which is adjusted using a piezoelectric trans-
ducer (PZT). Then, the resonance of the power build-up cavity is locked to
the stabilized frequency of the ECLD at 822nm using a PZT. Finally, the
ECLD frequency at 671 nm is locked to the resonance of the power build-up
cavity using a PZT. The stability of the sum frequency is, therefore, lim-
ited by that of the ECLD at 822nm. Its slow frequency drift is removed
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through offset locking to the master laser in the clock laser system for the
251/2—2D5 transitions, to cool the Yb* for a long period of time. The
master laser is linenarrowed to a resonance of a high-finesse cavity. We will
describe this later in detail. The drift of the master laser has been mea-
sured to be 20kHz/h. When the 822nm ECLD for SFM is offset locked,
its frequency fluctuation of the relative to the high-finesse-cavity-stabilized
ECLD is smaller than 100 kHz at an averaging time of 0.1 s, corresponding
to a sum-frequency fluctuation of less than 200 kHz. The sum frequency is
roughly tuned to the main cooling transition of Yb* or "'Yb™, respec-
tively, by observing the absorption spectra of Yb* in a hollow-cathode lamp
(Hamamatsu L2783). Further, the sum frequency is fine tuned by changing
the offset frequency as we observe the fluorescence rate of the Yb™ ions.

The sub-cooling radiation required for laser cooling of "' Yb™ is generated
from an ECLD at 370nm. The diode chip is operated at 18.5°C to tune
the frequency to the sub-cooling transition. The base-plate temperature,
on which the components of the ECLD are fixed, is controlled at 20°C to
maintain single-frequency operation around the sub-cooling transition for a
long period of time. Continuous frequency tuning through adjustment of the
ECLD cavity length using a PZT can only be achieved over a range of 1 GHz,
because the chip does not have a special antireflection coating on the output
facet. We sweep the injection current in a synchronous manner with a scan
of the ECLD frequency using the PZT. This results in continuous frequency
tuning up to 10 GHz. The ECLD frequency is adjusted by observing the
absorption spectra of Yb' in a hollow-cathode lamp. Note that a similar
ultraviolet ECLD has been reported in [41].

3.1.2 Repumping lasers

The main and sub-repumping radiation is generated from ECLDs at 935 nm.
Each ECLD frequency is stabilized to the resonance of an independently pre-
pared temperature-controlled reference cavity. The wavelengths of the main
and sub-repumping lasers are tuned using a wavemeter with an uncertainty of
1 x 1075 (Bureleigh WA1500). Their frequencies are fine tuned by observing
the fluorescence rate of the Yb™ ions.
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Figure 3.1: Main cooling laser system generated via SEM of radiation from

ECLDs at 822 and 671 nm.
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3.1.3 Clock lasers

System for 25, —?Dj5/, transition

A schematic diagram of the clock laser system for driving the 255 —2Ds o
transition is shown in Fig. 3.2.

The clock laser system is composed of three stages, i.e., a master laser
linenarrowed to a resonance of a high-finesse cavity, slave laser phase-locked
to the master laser with a variable offset frequency for frequency scanning,
and second-harmonic generator [42]. Two ECLDs at 822 nm are used for the
master and slave lasers. The master laser has a prenarrowing stage. First,
the ECLD is fast frequency stabilized to a side of the resonance of the confo-
cal cavity, which has a full-width at half maximum(FWHM) of the resonance
and a free-spectral range(FSR) of 15 MHz and 2 GHz, respectively, using the
injection current of the LD and a piezoelectric transducer (PZT) controlling
the cavity length of the ECLD. This prenarrowing is aimed at maximizing
the power concentration to the carrier and narrowing the carrier to be smaller
than the resonance width of the high-finesse cavity. The measured prelinenar-
rowed linewidth is 10kHz. Subsequently, the prelinenarrowed master laser
is further linenarrowed to a resonance of the high-finesse cavity using FM
sideband technique [?]. The high-finesse cavity, made of ultra-low thermal
expansion glass, has a finesse and a FSR are 25000 and 2 GHz, respectively,
and is placed in a temperature-controlled vacuum chamber. The fast fluctu-
ation is feedback controlled using an acousto-optic modulator (AOM) con-
nected externally to the ECLD. The slow fluctuation is feedback controlled
using a PZT that controls the cavity length of the confocal cavity used in
the pre-linenarrowing. The linewidth of the master laser is narrower than
500 Hz from the beat between two similar clock laser systems.

The beat between the linenarrowed master and the slave lasers is mixed
down with a reference from a RF synthesizer using a double-balanced mixer.
The injection current and the PZT adjusting the extended-cavity length of
the slave laser are controlled to phase lock the beat to the reference. We
frequency sweep the slave laser by changing the reference frequency. The
second harmonic of radiation from the slave laser is generated using 10-
mm-long $-BaByO, crystal placed in a power build-up cavity. We generate
radiation at 411 nm of 1.6 mW from a cavity input power of 70 mW.
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Figure 3.2: Schematic diagram of clock laser to drive 251/2 —2D5/2 transition.
EOM: electrooptic modulator; FR: 45° Faraday rotator; PS: phase shifter.
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System for 2S); —?Dj3/ transition

A schematic diagram of the clock laser system for driving the 2S)/5—2Dj/s
transition is shown in Fig. 3.3. An ECLD at 871 nm is linenarrowed to the
resonance of a high-finesse cavity, using the FM sideband technique [43].
The high-finesse cavity is simultaneously used to linenarrow the clock laser
at 822nm, which is also referenced for frequency stabilization of the main
cooling radiation as described above. We do not use an offset laser for fre-
quency scanning in this clock laser system at 871 nm. Instead, the frequency
scanning of the clock laser is conducted using a double-pass acoustooptic
modulator (AOM). The driving frequency is generated from a synthesizer
(Agilent E8663D) referenced to a Global Positioning System (GPS) clock,
and is fed to the AOM after being amplified for maximum diffraction. Then,
the second harmonic is generated using a 5mm long KNbOj crystal placed
in a power build-up cavity with a fundamental enhancement factor of 72.
A maximum second harmonic power of 300 uW is generated from a funda-
mental power of 5.5 mW. We expect the linewidth of the clock radiation at
871 nm to be 500 Hz as we evaluated the linewidth of the master laser in the
clock laser system at 822nm described above.

3.1.4 Deexciting laser

The deexciting laser used for clearing out the ion in the *Fy/; metastable
state to the 25;,, ground state is generated from ECLD at 638nm. The
laser frequency is stabilized to the reference confocal cavity, of which the
temperature is sensed by AD590 and controlled by heater. The wavelength
is measured using the wavemeter as well as the repumping laser, and tuned
not to appear the quantum jumps in cooling fluorescence signal caused by the
ion pumped to the ?F% /5 state while the clock laser for 25} o —2Dj 5 transition
is irradiated.

3.1.5 Photoionizing lasers

Yb™ ions are loaded through photoionization of neutral Yb atoms inside the
trap [44]. The photoionization is conducted via two-step photoionization of
Yb atoms. Driving of the 1Sy —1P; transition at 399 nm is the first step; this
is followed by excitation from the ' P; beyond the ionization potential using
radiation with a wavelength shorter than 394 nm. We use an ECLD at 399 nm
and a LD at 392nm for the first and second excitations, respectively. The
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Figure 3.3: Schematic diagram of clock laser to drive 2Si,(F = 0)-
?D3o(F = 2) transition. EOM: electrooptic modulator; FR: 45° Faraday
rotator; PS: phase shifter.
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ECLD frequency for the first excitation is tuned by observing the absorption
signal of the Yb atoms in a hollow-cathode lamp.

3.2 RF Trap

We use two identical RF traps of a conical cut [45] as 2rp = 0.8 mm. We
call one used for single-ion spectroscopy of "'Yb* trapl, the other used
for investigation of micromotion minimization trap2. RF driving voltages of
2/27 = 13.25 MHz and 14.135 MHz for trapl and trap2, respectively, and are
applied between the ring and the endcap electrodes. Using helical resonators
having quality factors of 250. The amplitude of the RF voltages are the same
Vac = 100V in the two RF traps.

The compensation of the stray DC field is realized in the same manner for
the two RF traps to minimize excess micromotions. To compensate the stray
DC field in the axial direction, a DC voltage is applied to one of the endcap
electrodes. For compensation in the radial direction, we introduce two pairs
of compensation electrodes. Each pair of the compensation electrodes is
composed of two wires: one is placed between the ring and one of the endcap
electrodes, and the other between the ring and the other endcap in the same
azimuthal angle to the rotational symmetry axis of the trap. Both pairs of
compensation electrodes are fixed approximately at right angle to each other.
We apply the same DC voltage to each pair of the compensation electrodes to
minimize changes in the axial compensation voltage. Three pairs of coils are
placed to cancel the environmental magnetic field and to apply a magnetic
field in an arbitrary direction and strength.

Yb atoms are generated from an oven composed of a tantalum tube heated
by a passing current. Small flakes of isotope-171-enriched or isotope-174-
enriched metal are filled in two independent ovens. Yb™ ions are loaded
individually, and the step-wise increase in the fluorescence rate is observed,
as reported in [46]. Loading of a single Yb™ ion is completed by blocking the
ionization beams after the single-step increase.

3.3 Fluorescence detection
We detect the fluorescence emitted for a spontaneous decay from the 2P /2

to the 255 states upon driving the 25) /5 —2Py 5 cooling transition, using a
photomultiplier tube (PMT). The fluorescence detection systems in the two
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Figure 3.4: Picture of the RF trap used in this study (trap2). The numbers
shows as follows: 1: ring electrode, 2: endcap electrodes, 3: compensation
electrodes, 4: ytterbium oven. Two identical trap electrodes are used in this
study, except that the edges of two compensation electrodes are wound in
trapl.
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trap apparatus are similar. The fluorescence generated by driving the cool-
ing transition is corrected in a solid angle of 0.20 Sr, is focused on a pinhole
of a diameter of 400 um, and is detected by a photomultiplier using photon
counting method. The output pulses from the PMT are amplified, discrimi-
nated from the dark noise, and shaped. The shaped pulses are counted by a
universal counter (Agilent 53230a or Pendulum CNT-91). The overall fluo-
rescence detection efficiency is 2.6 x 1073. We measure a typical count rate
of 15000 per second when we laser-cool a single '™ Yb™ ion, after excess mi-
cromotions are minimized using a single cooling beam. For a single '"'Yb*
ion, the count rate decreases to 4000 per second because of the branches to
the magnetic sublevels in the ground state [47].

3.4 System for spectroscopy

Schematic of the experimental setups for single-ion spectroscopy of the 25, /2
?Ds o transition in 'Yb™ and 2S) /2 —?Ds)» transition in *'Yb* are shown
in Figs. 3.5 and 3.6, respectively.

For the 25} 2 —?Dj 5 transition in '™Yb*, we mainly use trap2. All beams
are transferred by polarization maintaining fibers. The cooling beam is di-
vided into two beams. The first cooling beam is colinearly overlapped with a
repumping beams by a dichronic mirror. The second cooling beam is prop-
agated nearly perpendicular to the first cooling beam. The second cooling
beam propagating in a different azimuthal angle to the trap axis is required
to cool the degenerated radial secular motion when the trap has a rota-
tional symmetry [48,49]. The clock beam is colinearly propagating with the
first cooling beam. The clock deexcitation beam is irradiated against the
first cooling beam. The powers measured at the windows of the vacuum
chamber and the beam diameter estimated at the trap are 3 W, 30 pum;
3mW, 200 pm; 500 nW, 100 pm; 250 pW, 80 pm; 300 pW, 100 pm; and 5 uW,
100 pm, for the cooling, repumping, clock, clock-deexcitation, first ionization,
second ionization beams, respectively. The cooing beam is splitted to two
beams of 1.5 uW when two beams are used for cooling. The polarization of
each beam is adjusted using a half-wave plate. The polarizations of the re-
pumping and clock beams are vertical to the magnetic field of 300 ¢'T, which
is applied vertically to the propagation directions of the cooling and clock
beams.

For the 251 /5—?Dj/5 transition in '™Yb*, we use trapl. The beams for
cooling, repumping, and clock excitation are transferred by the polarization-
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3.4 System for spectroscopy

638 nm

F repump

AOM

399 nm
1st excitation

392 nm
2nd excitation

411 nm

PMT

Clock

370 nm

AOM

=~ -

7

Cooling

935 nm

AOM

Repump

Figure 3.5: Schematic diagram of experimental setup for single-ion spec-

troscopy of 2515 —2Dj, transition in "Yb*.
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Figure 3.6: Schematic diagram of experimental setup for single-ion spec-
troscopy of 251/2—2D3/2 transition in ''Ybt.
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maintaining fibers, except for one single-mode fiber that is used for the
sub-cooling beam, and collinearly overlapped by dichroic mirrors and po-
larization beam splitters. The beams for photoionization are combined in a
polarization-maintaining fiber, and are introduced to the trap from the side
opposite to the other beams. All beams are focused at the trap center. The
beam diameters at the focal point (measured outside the trap apparatus) of
the main and sub-cooling beams, the main and sub-repumping beams, and
the clock beam are 60, 60, 190, 190, and 80 um, respectively.

To conduct single-ion spectroscopy of the clock transitions in '"#Yb* and
1"Yb*, the beams are sequentially introduced and blocked using AOMs,
which are required for fast switching. Further, the dead time in interrogation
sequence should be minimized to realize rapid detection of the spectra to
realize a future plan of frequency stabilization. This is achieved using a
digital delay generator configured by employing a field-programmable gate
array (FPGA) board containing a processor (National Instruments myRIO)
controlled by the LabVIEW program (National Instruments). The delay
generator has eight outputs that can be simultaneously operated with a time
resolution of 1 us. The measurement sequence is initiated by sending a trigger
to the board. The board then generates and transmits the pulse sequence
to the AOMs according to the procedure described in each experimental
chapter and sends a trigger pulse to the universal counter at the start of
the state detection. The count result obtained with the programmable gate
time is transferred to a computer via a GPIB cable. The state detection
and calculation of the excitation probability are performed by the computer.
The measurement with one clock-laser excitation is completed with a total
dead time of approximately 4 ms. Then, the frequency of the clock laser is
changed using the synthesizer via a LAN cable. The synthesizer is allowed a
10 ms settling time before the next measurement of the excitation probability
is initiated. Note that the delays in communication through the GPIB and
LAN cables(1 or 2ms) are acceptable in this work.
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Chapter 4

Laser cooling of single Yb ion

As described in Chapter 1, we investigate the condition of laser cooling using
independent lasers for each related transitions as is different from previous
work.

To obtain reference spectra free from the firest-order Doppler shift, we
trap and laser cool single Yb" ions in Lamb-Dicke region. In Section 4.1,
we describe how to load single Yb" ions, adjusting the magnetic field to
maximize the fluorescence rate, and detection of RF-photon cross correlation
used for minimization of excess micromotions. These are conducted using
1"Yb*, which has no hyperfine structures. In Section 4.2, we describe laser
cooling of ' Yb*, which has hyperfine structures but an useful isotope for
optical clocks because it has magnetic-field insensitive clock transitions.

4.1 Laser cooling of ™Yb™"

4.1.1 Loading of single '™Yb™ ions

1Yb* ions are loaded through photoionization of 1™Yb atoms inside the
trap. We generated a flux of Yb atoms by applying a current of 2.0 A to
the Yb oven and conduct two-step photoionization [44]. We simultaneously
irradiate with cooling and repumping beams. We can observe the fluorescence
of the ionized Yb atoms. As the flux of Yb atoms is decreased, Yb™ ions
are sufficiently cooled and bright fluorescence was observed from Yb™ ions
concentrated to the center of the trap as a result of laser cooling. When
we further decrease the flux of Yb atoms, we can load Yb* ions one-by-one.
Figure 4.1 shows a sample of increase of the fluorescence with one-by-one
loading.
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Figure 4.1: Increase of fluorescence caused by one by one loading of 1"Yb*
ions.
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4.1.2 Adjustment of magnetic field

To apply a magnetic field of desired direction and strength, the ambient
magnetic field at the position of the trapped ions is once canceled by observ-
ing the dark states in the ?D3, —*D[3/2]; )5 transition [50] as follows. First,
we trap a single '"Yb* ion and observe the fluorescence. Then, we adjust
the intensity of the magnetic field B, along propagation of the repumping
beam as the fluorescence intensity is minimized. Now, the direction of the
residual ambient magnetic field is perpendicular to the repumping beam.
Subsequently, we adjust the intensity of the magnetic field B, perpendicular
to the direction of polarization of the repumping beam. When the ambient
magnetic field perpendicular to the polarization is removed, the fluorescence
is minimized by optical pumping in the magnetic sublevels in the ?Dj 5 state.
Finally, we rotate the polarization to 90° and adjust the magnetic field of
residual direction B, to minimize the intensity of fluorescence. The fluores-
cence intensity in near zero magnetic field is shown in Fig. 4.2.

4.1.3 Micromotion minimization using RF-photon cor-
relation detection

As described in Section 2.1.1, excess micromotion minimization is almost
always required for cooling of the ions confined in a RF trap. To reduce ex-
cess micromotions, we detect it using RF-photon correlation. In RF-photon
correlation, we detect the change of the excitation probability caused by the
change of the Doppler shift generated from the micromotion. The micro-
motion is forced motion by the AC driving field and is synchronized with
the the AC driving voltage. We detect the correlation as follows. We start
the time interval measurement when the photon of the fluorescence from the
trapped ion is detected, and end it at the fixed phase, i.e., the upward zero
crossing in our measurement, of the AC driving voltage of the trap. We re-
peat this time interval measurement and collect the number of trials that the
measured time interval agrees with each time bin. We set the time bin to be
7.0 x 1071%s corresponding to ~ 1/100 period of the AC driving voltage. We
repeat the time interval measurement 20000 times to obtain the correlation.
One correlation measurement consumes 10s.
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Figure 4.2: Fluorescence of '™Yb* near zero magnetic field, when intensity
of applied magnetic filed was varied. The stray fluorescence level is approxi-
mately 3000. B,: magnetic field along the propagation of repumping beam;
B,: magnetic field directed orthogonally to repumping beam in the hori-
zontal plane; B,: magnetic field directed along to vertical plane. First, we
varied the intensity of B,. Subsequently, we varied the intensity of B,. Fi-
nally, we vareid the intensity of B, after we adjusted the intensities of B,
and B, to minimize the fluorescence intensity and rotated the polarization
of the repumping beam to direct vertically to the direction of B,.
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4.2 Laser cooling of ''Yb*

For efficient cooling of a '™ Yb* ion by depletion of the 25/, state, we ad-
justed the power of the subcooling beam and simultaneously observed the
fluorescence rate. The result is shown in Fig. 4.3. Only a few nanowatts
were required for depletion of the 25 /(F = 0) state. We set the power
of the subcooling beam to approximately 100 nW, which alleviated the fre-
quency stability and tuning requirements, while still being sufficiently small
to prevent the increase of any stray light.

4.2.1 Adjustment of magnetic field

We optimized the applied magnetic field to avoid optical pumping in the
magnetic sublevels in the 25;2(F = 1) state. Note that optical pumping
also occurs in the main repumping transition. To simplify the observation,
we adjusted the polarization of the main repumping beam to that of the
main cooling beam in every case. Further, it was necessary to remove the
ambient magnetic field before application of an appropriate magnetic field.
This was achieved as follows. The main cooling beam propagated parallel
to the optical table on which the trap apparatus was placed. Thus, we
defined the horizontal plane as that parallel to the table, for convenience of
explanation.

First, we removed the component of the ambient magnetic field perpendic-
ular to the beam propagation direction in the horizontal plane. We adjusted
the magnetic field in the perpendicular direction as the fluorescence rate was
minimized, while the polarization of the main cooling beam was set to hori-
zontal. As a result, the direction of the residual ambient magnetic field was
directed along the vertical plane, in accordance with the beam propagation
direction. Then, we removed the component parallel to the beam propaga-
tion direction to extinguish the fluorescence, as described above, with the
vertical polarization of the beam. The residual ambient magnetic field was
then directed vertically. Then, we rotated the polarization to 45° and the
fluorescence was recovered. Finally, we removed the vertical component to
extinguish the fluorescence; the ambient magnetic field was completely re-
moved.

Following cancellation of the ambient magnetic field, we applied a mag-
netic field vertically and observed the fluorescence rate as the polarization
angle of the main cooling beam was rotated. At this stage, the main cool-
ing beam power was at 3 uW at the trap chamber window. The results are
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Figure 4.3: Dependence of fluorescence rate emitted from 2P, 2 to 2s, /2
state on sub-cooling beam power. The curved line shows the fitted func-
tion. The sub-cooling beam diameter is 60 um. The saturation intensity is
1.09 x 1072 W/ m?.
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shown in Fig. 4.4, in which the fitting curve was derived with reference to [50].
Note that the optimum magnetic field strength depends on the intensity of
the main cooling beam [50]. We typically applied a magnetic field with a
strength of more than 300 'T. Further, maximum suppression of the optical
pumping theoretically occurs when the polarization angle of the main cool-
ing beam is 55° relative to the magnetic field. Here, the magnetic field was
applied at 45°, meaning that the fluorescence rate decreased by only 10 %.
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Figure 4.4: Dependence of cooling fluorescence on polarization angle of main
cooling laser relative to magnetic field direction. The curved lines show the
fitted functions, with reference to [50].
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Single-ion spectroscopy of
231/2—2195/2 clock transition in
174Yb—i—

We start single-ion spectroscopy from the 2S; /5 —2D5 /o transition in ™Yb*
to establish a spectroscopy system, because '™Yb* has no hyperfine struc-
ture and the it is easy to detect the excitation to the *Dj 5 state by observing
electron shelving to the subsequent decay to the 2Fy/, state of a very long
lifetime. We select the Zeeman components of Am; = £2 and further im-
prove the resolution to detect the resolved motional sideband spectra of the
m; = —1/2-mj = —5/2 transition from four components of Am; = £2
transition as described in Section 5.2.

5.1 Interrogation sequence of the 25, /2—2D5 /2
transition

Spectroscopy of the 2Sj/,—?Dj/s transition is conducted according to the
sequence shown in Fig. 5.1. (1) A single '™Yb™ ion is laser cooled by irradi-
ation with radiation at 370 nm and 935nm. (2) The cooling beam at 370 nm
is blocked to avoid light shift, and a clock pulse of radiation at 411 nm is
applied during 5ms. (3) Irradiation with radiation at 370 nm and 935 nm
is conducted and the fluorescence is measured during a gate time of 10 ms
for the state detection. If no fluorescence is detected, the excitation to the
2Ds /2 state is detected because of subsequent decay to the 2F, /2 state. Then,
the ion is deexcited from 2F7/2 state to the 25; /2 state by irradiation with
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radiation at 638 nm . The time required for the deexcitation is ~ 100 ms.
(4) Repeating the procedures (1)-(3) enables us to determine the excitation
probability to the 2Dj /2 state. In our spectroscopy system, a measurement
cycle with one clock-laser excitation of (1)-(3) is completed in 40 ms when a
™YbT jon is not excited in the ?Dj, state. We perform this trial 50 times
at a fixed frequency of the clock laser to determine the excitation probability.
(5) Then, we measure the excitation probability as we frequency sweep the
clock laser to obtain a spectrum in a single 1™Yb*.

5.2 Zeeman components and resolved-sideband
spectra of 251/2—21)5/2 transition

We conducted single-ion spectroscopy of the 25, /2 —2Ds /2 clock transition in
17Yb*. The 25, /2 —2Ds /2 transition is composed of ten Zeeman components
corresponding to Am; = 0, £1, £2 as shown in Fig. 5.2. First, to sim-
plify observed spectra, we applied a small magnetic field perpendicular to
the polarization of the clock laser to select the Am; = £2 Zeeman compo-
nents which include four transitions: m; = 1/2-my = —=3/2, m; = —1/2—
mj = —5/2, mj =1/2-mjy =5/2, and m; = —1/2—mj = 3/2 transitions
as shown in Fig. 5.2. We probed the four components by applying the mag-
netic field of 70 p'T with the clock-laser power of 30 uW. The result is shown
in Fig. 5.3. When the magnetic field of 70 uT is applied, the splits of the com-
ponents are calculated to be 2.0 MHz and £2.8 MHz with relative strength
of 5/6 and 1/6, for m; = —1/2-my = —5/2 and m; = 1/2-mj = —3/2
transitions, respectively. We observed an overlap of Am; = +2 components
caused by saturation broadening of the clock transition. Second, we changed
the strength of applied magnetic field to 200 T, and probed the same Zee-
man components. We observed the partially resolved Am; = £2 components
as shown in Fig. 5.4. In this strength of magnetic field, the estimated splits
are £5.6 MHz and £7.8 MHz, respectively.

Finally, we reduced the clock-laser power to 1 4W and probed the m; =
—1/2-mj = —5/2 transition in Am; = —2 components with a resolution
of 2kHz. The result is shown in Fig. 5.5. Motional sidebands were resolved
from the carrier by the intervals of secular frequencies of several hundreds
hertz. The spectral width of the carrier spectrum was 20 kHz.

The asymmetry in the Zeeman components and the resolved-sideband
spectra shown in Fig. 5.3 ~ 5.5 were caused by the drift of the master laser
in the clock laser system. The compensation of this drift is introduced in the
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subsequent Chapters and the details are described in Section 6.3.2.
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Figure 5.1: Interrogation sequence for spectroscopy of 2Sj2 —2Dj/o transi-
tion.
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Figure 5.2: All Zeeman components of 251/2—2D5/2 transitions. The green
components represent Am; = 0, the red components represent Am; = £1,
and the blue components represent Am; = +2 transitions.
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Figure 5.3: Am; = £2 Zeeman components of the 25’1/2—2D5/2 transition in
a magnetic field of 70 4T. The frequency interval is 200 kHz. The excitation
probability is determined from 50 clock-laser excitation.
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Figure 5.4: Am; = +2 Zeeman components of the 251/2 —2D5/2 transition in
a magnetic field of 200 4T. The frequency interval is 200 kHz. The excitation
probability is determined from 50 clock-laser excitation.
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Figure 5.5: Carrier and resolved-sideband spectrum of m; = —1/2-m; =
—5/2 transition in Am; = —2 components. The frequency interval is 2 kHz.

The excitation probability is determined from 50 clock-laser excitation.
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Chapter 6

Single-ion spectroscopy of
29, /2—2D3 /2 clock transition in
171Yb—i—

In this chapter we describe our scheme and results of single-ion spectroscopy
of the 257 )5(F = 0)—2D3o(F" = 2) clock transition in ' Yb*. Spectroscopy
of the clock transition requires decoupling of the ?Dj 5 (F = 2) state from the
laser-cooling cycle. We investigate this decoupling of the D3 (F = 2) state
by using independent light sources for driving of all the transitions between
the hyperfine structures contained in the cooling and repumping transitions.
We increase the resolution of the spectroscopy to the Zeeman components
and the motional sideband of the mr = 0—mp = 0 magnetic-insensitive
transition. We investigate the carrier spectra of this clock transition with
the best resolution at this moment by removing the frequency drift of the
clock laser.

6.1 Preparation for spectroscopy: decoupling
Dy 5(F = 2) state from cooling cycle

To conduct single-ion spectroscopy of the 2Sy,5(F = 0)—2Dj)(F' = 2)
transition, we must decouple the 2Dj/o(F = 2) state from the cooling cy-
cle [17]. For this purpose, we blocked the subrepumping beam and adjusted
the power of the main repumping beam. When the power of the latter was
sufficiently large, saturation broadening and off-resonant excitation depleted
the D55 (F = 2) state, as shown in Fig. 6.1(a). Dark periods were observed

95



6.2 Procedure of spectroscopy of. .. Chapter 6. Single-ion. ..

in the fluorescence as the power of the main repumping beam was decreased,
which were caused by population of the D5 (F = 2) state, as shown in
Fig. 6.1(b). Detection of the dark period enabled us to detect the ions in
the 2Ds/o(F = 2) state. As regards the fluorescence rate, a minimum gate
time of 10 ms was required to determine the dark duration. We measured the
rate of detection of the dark periods as a function of the power of the main
repumping beam to investigate the appropriate power range of that beam.
The result is shown in Fig. 6.2. As the power of the main repumping beam
was decreased to below 50 uW, the fluorescence rate decreased as a result
of the slow repumping rate. Therefore, we adjusted the power of the main
repumping beam to 200 pW.

6.2 Procedure of spectroscopy of 251/2—2D3/2
transition

The interrogation sequence shown in Fig. 6.3 is as follows: (1) a single
1Yb+ jon is irradiated with the main and subcooling lasers, and with the
main repumping laser for 20 ms to cool the ion; (2) the subcooling laser is
blocked for 10ms in order to initialize the ''Yb" ion to the 2S;,5(F = 0)
state. The initialization time of 10 ms was determined as described later;
(3) the main cooling laser and the main repumping laser are intercepted and
the probe laser pulse is applied; and (4) the main and subcooling lasers,
and the main repumping laser are introduced for state detection. The state
detection is performed using the fluorescence rate observed for a 10 ms gate
time. No fluorescence is observed when the "'Yb* ion is excited to the
the 2Dj3/5(F=2) state. We observe the fluorescence rate repeatedly with the
10 ms gate time until the fluorescence recovers. Then, we repeat the cycles
from (1) to (4) and determine the transition probability. In our spectroscopy
system, a measurement cycle with one clock-laser excitation is completed in
50ms when a Yb™ ion is not excited in the 2Dy o(F = 2) state. Several-
tens of measurements are repeated to determine the excitation probability.
Next, we obtain the spectrum via measurement of the transition probability
during sweeping of the probe laser frequency. As the subrepumping beam is
not required for cooling of the '"Yb* ion, we block the subrepumping beam
during the spectroscopy after loading. Note that the subrepumping beam is
useful for accelerating the detection cycle by clearing the D3 (F = 2) state
after the state detection. Further, in our present measurement scheme, we
must wait for the period in which the '"'Yb™ ion remains in the >Dy o (F = 2)
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Figure 6.1: Fluorescence rate with 10-ms gate time for main repumping beam
powers of (a) 9.5mW and (b) 270 uW. For a sufficiently large power, the
2D3)o(F = 2) state is depleted by saturation broadening and off-resonant
excitation, as shown in (a). By adjusting the power, pumping to the
*D3)o(F = 2) state via spontancous decay from the 2Py »(F = 1) state is
detectable as dark periods.
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Figure 6.2: Relation between main repumping beam power and rate of spon-
taneous decay to 2Ds/o(F = 2) state.

o8



Chapter 6. Single-ion. .. 6.3 Spectra of 25 /5(F =0)—...

state for a lifetime of 52 ms [36].

For the procedure (ii), we determined the blocking duration of the sub-
cooling beam required for initializing a single *Yb™ ion in the 25, s2(F =0)
state. We measured the decrease of the fluorescence rate after the subcooling
beam was blocked. The result is shown in Fig. 6.4. This is similar to that
reported in [46]. We fixed the blocking duration of the subcooling beam to
be 10 ms in order to complete the initialization.

6.3 Spectra of *S)y(F = 0)—2Dss(F’ = 2) tran-
sition
6.3.1 Zeeman components and resolved-sideband

The 251 )5(F = 0)—2D3,o(F' = 2) transition is composed of five Zeeman
components corresponding to Amp = 0,+1, +2 transitions. In this study, in
order to identify the mp = 0—mp = 0 magnetic-insensitive component, we
probed the entire Zeeman structure via frequency sweeping of the clock laser
over a large span of approximately 420 MHz. We applied a magnetic field
of 800 u'T to resolve the Zeeman components, although the fluorescence rate
was somewhat decreased. The magnetic field was directed at 45° from the
vertical direction to the beam propagating direction. The polarization of the
clock beam (and, also, the main cooling beam) was vertical. The results are
shown in Fig. 6.5. The mp = 0 — mp = 0 component was identified as the
center component. Note that spontaneous decay from the 2Py ;o(F = 1) to
the 2Dy /5(F = 2) state was detected, even during the state detection. This
caused an offset of 0.08 in the excitation probability.

Then, we conducted spectroscopy of the mrp = 0—mp = 0 component
and resolved sidebands generated from the axial and radial secular motions,
as shown in Fig. 6.6. From the relative intensity of the sidebands to the
carrier spectrum, we could estimate the temperature of a single "Yb™ ion.
Although the frequency sweep involving 20 kHz intervals was too coarse for
a precise estimation, we roughly determined the temperature to be approxi-
mately 7mK.

6.3.2 Carrier spectrum of mp = 0—mp =0 component

Finally, we probed the carrier spectrum of the mp = 0—mpg = 0 component
with higher resolution. Before performing a high-resolution scan, we mea-
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Figure 6.3: Time sequence for spectroscopy of 25} /2(F = 0)—2D3(F' = 2)
transition.
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Figure 6.4: Measurement of pumping rate to 2S,»(F = 0) state. Fluores-
cence decay caused by pumping to 25, /2(F = 0) state after subcooling beam
is blocked. The pumping time is determined to be 2.2(1) ms.
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Figure 6.5: All Zeeman components of 25 5(F = 0)—2Dy;o(F’ = 2) tran-
sition are detected using a single '™'Yb* jon. The frequency interval and
excitation duration of the clock laser are 20 kHz and 10 ms, respectively. The
excitation probability is determined from 50 measurements of the excitation

at a single fixed probing frequency.

62




Chapter 6. Single-ion. .. 6.3 Spectra of 25 /5(F =0)—...

0.4
-f

b V4
503 | -f +f +f
© r r z
o)
o
502 |
9
I
S0.1
L )

0 1 1 1

-1000 -500 0 500 1000

Detuning/ kHz

Figure 6.6: Resolved motional sidebands in mp = 0—mp = 0 component
of 251 )5(F = 0)—2D3o(F" = 2) transition. The frequency interval and ex-
citation duration of the clock laser are 20 kHz and 10 ms, respectively. The
excitation probability is determined from 50 measurements of the excitation
at a single fixed probing frequency. The magnetic field is 600 pT.
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sured the linear frequency drift of the clock laser by detecting the carrier
spectra a small number of times at various intervals. The drift was feed-
forward compensated by 32 Hz in 1s intervals while the frequency sweeping
of the clock laser was being conducted. Then, we recorded the carrier spectra
twice by changing the frequency sweep direction of the clock laser to cancel
any residual linear frequency drift as shown in Fig. 6.7. We obtained the
spectrum shown in Fig. 6.8 after the drift cancellation. The full width at
half maximum of this spectrum is 380 Hz.

We suppose that the possible contributions to the spectral width are the
linewidth and stabilization of the clock laser, estimated to be 500 Hz (as
shown in Ch. 3), the Fourier transform limit of 200 Hz, and the feed-forward
compensation step of 32 Hz. Therefore, the observed spectral width is some-
what narrower than expectation. The clock-laser linewidth was estimated
from half the beatnote between two systems. We assume that the linewidth
of the clock laser used for spectroscopy should be superior to that of the other
system used for linewidth estimation. The natural linewidth of the 25, /2
Dy transition is 3Hz [36]. Therefore, we require hertz-level linewidth in
the clock laser. This simultaneously allows us to extend the excitation dura-
tion and decrease the Fourier transform limit. We will improve the isolation
from vibrational and acoustic noise on the cavity resonance as we refer to
the clock lasers used in the optical clocks with uncertainties of 10718,
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Figure 6.7: Carrier spectrum of mp = 0—mpg = 0 component after cancel-
lation of linear drift in clock laser. The frequency interval and excitation
duration of the clock laser are 20Hz and 5ms, respectively. The excita-
tion probability is determined from 50 measurements of the excitation. The
clock frequency is feed-forward compensated by 32 Hz in 1s intervals during
measurement.
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Figure 6.8: Carrier spectrum of mp = 0—mpg = 0 component after cancel-
lation of linear drift in clock laser. The frequency interval and excitation
duration of the clock laser are 20Hz and 5ms, respectively. The excita-
tion probability is determined from 50 measurements of the excitation. The
clock frequency is feed-forward compensated by 32 Hz in 1s intervals during
measurement.
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Chapter 7

Resolved-sideband spectra and
minimization of excess
micromotions

The translational energy of a trapped single-ion causes second-order Doppler
shift, which is a major factor of the uncertainty of an optical clock. To
evaluate the translational energy, the relative intensities of the sidebands in
the resolved-sideband spectra is measured [51]. The precise measurement
of the resolved-sideband spectra is also important for a m-pulse excitation
using the carrier transition and for sideband cooling using the lower first
sideband. In this chapter, we conduct precise measurements of the resolved-
sideband spectra in single ions using the 2S;/5—2Ds/» transition in '™Yb™*
ions with higher resolution than that described in Chapter 5. This study was
first motivated to reveal the origin of the subsidebands accompanied with
the carrier spectra at a few tens kHz offset. From high resolution scanning
of the entire resolved-sidebands, however, we found that all sidebands had
structures of subsidebands.

In this chapter, we investigate the structures in the resolved-sideband
spectra. We measured the dependence of frequencies of the sidebands on the
trap parameters. We revealed that mixing of phase modulation by the secu-
lar motions in the different directions generated the subsideband structures.
Therefore, we supposed that improvement of the micromotion minimization
simultaneously reduce the structures in the resolved-sideband spectra. We
described the detailed investigation of the relation between micromotion min-
imization and the structure. We found that not only the subsideband but
also the secular motions were reduced after micromotions were minimized in
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all-degree of freedom.

7.1 Resolved-sideband spectra with one-directional
micromotion minimization

First, we introduced only the first cooling beam into the trap. We eliminated
the RF-photon correlation by adjusting the compensation voltage applied to
the one of the endcap electrodes. We conducted single-ion spectroscopy of
the 25, /2 2Dy /2 transition using the clock laser beam colinearly introduced
with the cooling beam. We show a spectrum of the m; = —1/2-m; = —5/2
component in the 251/2—2175/2 transition in Fig. 7.1, and the RF-photon
correlation signal in Fig. 7.2 when the spectrum was detected. The frequency
drift of the clock laser was feedforward compensated during the frequency
scanning as introduced in Chapter 6. We resolved motional sidebands in the
spectrum caused by the axial and the radial secular motions. Moreover, we
observed structures in the carrier and the sidebands in the spectrum.

To reveal the origin of the structures, we measured the RF resonance
caused by the motions of a trapped ion. We applied a probe RF voltage
between the endcap electrodes. The motions of the trapped ion are excited
when the frequency of the probe RF voltage agrees with that of one of the
ion motions. This results in the disappearance of the fluorescence. When the
trap potential has anharmonicities, the radial and axial secular motions are
coupled as shown in Eq. (2.11). This enables us to detect the radial secular
motion and the nonlinear motions by increasing the amplitude of the probe
RF voltage, even when the probe is applied in the axial direction [25].

To identify the motions detected by the RF resonance, and to investigate
which sidebands in the spectra were identified with the RF resonances, we
measured the dependence of the RF resonances and the resolved-sideband
spectra on Vac. The results are shown in Fig. 7.3. We could easily identify
the axial secular frequency f, because it was excited by a small probe RF
voltage. We detected two more weaker RF resonances of the frequencies f;
and fy (we defined as f; < f».) and identified the corresponding sidebands
in the spectra, as indicated in Figs. 7.1 and 7.3.

The identification of the motions with f; and f5 according to the depen-
dence on Vic was enabled by two factors: f, and f, — f,, or f, and f,. The
latter shows a breaking of the axial symmetry. To determine the appropriate
factor, we measured the dependencies of the RF resonances on Vpe. In the
former case, f; and fy; show the opposite dependence on Vpc. In the latter,
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Figure 7.1: Resolved-sideband spectrum of 254 5(m; = —1/2) —2Dj5(mj =
—5/2) transition in single 1" Yb™, when excess micromotions were minimized
by eliminating RF-photon correlation detected using only one cooling beam.
The secular and nonlinear-coupled frequencies generating the sidebands are
identified in the figure: a = f, — 2f., b= f. = fi,c=f. — fr = fo, d = 2f,,
e=f., f =2(f, — f-). The identification method is described in the text.
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Figure 7.2: RF-photon correlation signal when the spectrum shown in 7.1
was detected. We show the correlation during close to one period of the AC
driving voltage.
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Figure 7.3: RF resonance frequency as a function of V. Offset frequencies
of the corresponding sidebands from the carrier observed in the resolved side-
band spectra are shown as well. The probe RF voltage was applied between
the endcap electrodes to detect the RF resonance. Two weak resonances were
assigned as f; (plus marks) and f; (crosses) (we defined them as f; < fo).
The strong resonance was identified with the axial secular motion f, (cir-
cles). The corresponding offset frequencies of the sidebands in the spectra
are indicated with diamonds, rectangles, and triangles for f, fo, and f,,
respectively.
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the same dependence. As shown in Fig. 7.4, f; and f; show an opposite
dependence and f; + fo = f,. In addition, according to Eqgs. (2.3) and (2.6),
f» and f, shows the opposite dependence on Vpe. Therefore, we concluded
that fi = f, and fo = f. — f.. Because we revealed that one of the large
subsidebands was caused by a coupled motion of f, — f,, we assumed that
the other subsidebands were also caused by mixing of the axial and radial
secular motions. The identification of the motions is shown in Fig. 7.1. We
confirmed the validity of this identification from the dependence of each side-
band frequency on Vac. The observed subsideband structures are generated
from mixing of the phase modulations caused by the secular motions in dif-
ferent directions when the modulation index are large, 7.e., the single ion is
confined out of the Lamb-Dicke region. The electric field in the laser of which
frequency wy, modulated by the radial and axial secular frequencies of w,, w,
is described as

Ey, =F cos(wpt + my cos w,t + mg cos w,t)
=F{coswrt cos(my cosw,t + my cosw,t) (7.1)

— sinwy t sin(m;y cosw,t + mg cosw,t)}.

The laser phase modulated by secular frequencies of w,, wz generates the
beats between the laser frequency of wy, and the secular frequencies. For a
small modulation indexes, i.e., my, my < 1, the Eq. 7.1 can be approximated
using the first-order term as

Ey ~ Ecoswit — F {ﬂ [sin(wr, + w;)t + sin(wy, — w;)?]
2 (7.2)

m

—72 [sin(wr, + w, )t + sin(wy, — wz)t]} :
The second and third terms correspond to the first sideband caused by the
radial and axial secular motions, respectively. When the modulation indexes
of my, my become larger, including higher order components is necessary in
the expansion. For example, cos(my cosw,t + msy cosw,t) in the first term of

72



Chapter 7. Resolved-sideband . .. 7.2 Micromotion minimization in. ..

Eq. 7.1 is expanded within the second order component as

E{ ~F coswyt [1 — (my cosw,t ;m2 cos Wzt>2]

2 2 2 2
m m m m
=coswr,t { { -t —2] — Il cos 2w, t — Tgcos 2wzt}

{cos [wL, + (w, + w,)]t + cos [w, — (w, + w.)] t}

(7.3)

mimes

mims

{cos [wr, + (W, — w,)] t + cos [wr, — (W, — w,)] t}.

The second and third terms of Eq.7.3 shows the subsidebands of w, + w..
More precisely, Eq. 7.1 can be described using a Bessel function of the first
kind of J,(m) as

> > m(n+n
b, =F Z Z [Jny (1) Ty (Ma)] cos (th + nqw,t + now,t + %) )

n1=—00 N2=—00
(7.4)

Because the cooling and clock laser beams are colinearly introduced into
the trap, the secular motions in the directions, which can be detected using
clock laser, were once cooled. The observed spectra indicates a high heat-
ing rate after the cooling beam was blocked for spectroscopy of the clock
transition to avoid the light shifts. The clock beam colinearly propagated
along the cooling beam and was insensitive to the motions perpendicular to
the cooling beam. The resolved sideband spectra exhibited the sidebands
of considerable intensities generated by not only nonlinear motions but also
fundamental secular motions. This indicated that the anharmonicity in the
pseudopotential couples the motions perpendicular to the cooling and clock
beams with those parallel to them.

7.2 Micromotion minimization in three dimen-
sions

We investigated the resolved-sideband spectra as we further reduced the
translational energy of the trapped single ions. Owing to the rotational
symmetry of our trap, two degrees of freedom in the radial potential are de-
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Figure 7.4: Dependence of RF resonance frequencies on Vpe superimposed
to Vac driving voltage. The plus marks, crosses, and circles show f;, f,
f», respectively, which are the same as these in Fig. 7.3. We identified that
fi=frand fo = f, — f, because f; and f, indicated an opposite dependence
and that f; + fo = f..
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generated and the radial secular motion perpendicular to the cooling beam is
uncooled [48]. To cool the degenerated radial secular motions and to improve
excess micromotion minimization, we introduced the second cooling beam
along a different azimuthal angle to the trap axis from that of the first one.
We adjusted compensation voltages to eliminate the RF-photon correlation
signals detected using both cooling beams to improve excess micromotion
minimization. The compensation voltages were adjusted as follows. We set
the compensation voltages to the endcap electrode using the first cooling
beam as described in Section 4.1.3 and we observed the correlation using the
second cooling beam. If we detected a residual correlation using the second
cooling beam, we changed the compensation voltage to the endcap electrode
slightly, minimized the correlation using the first cooling beam by adjust-
ing the compensation voltages to the compensation electrodes this time, and
then observed the correlation using the second cooling beam. We repeated
the procedure above until the correlations using both cooling beams were
simultaneously minimized.

We show a resolved-sideband spectrum after excess micromotion mini-
mization using the RF-photon correlation detected by two cooling beams in
Fig. 7.5; additionally, the RF-photon correlation signals when the spectrum
were detected in Fig. 7.6. Although the secular motions in all degrees of free-
dom were cooled and the excess micromotions along the two cooling beams
were simultaneously minimized, we could still observe the structures in the
resolved-sideband spectrum.

Even though two cooling beams were used to detect the RF-photon cor-
relation, it was impossible to detect the micromotion along the line that
corresponded to the intersection between the two planes perpendicular to
the two cooling beams. This excess micromotion is only one component of
the residual large translational energy and could be a heating source.

To detect the residual excess micromotion using RF-photon correlation,
a third cooling beam in a direction different from those of the two beams is
required. Otherwise, other methods that are sensitive to the excess micromo-
tion perpendicular to the two cooling beams are required. We adopted one
of the later methods, i.e, the modulation of the trap pseudopotential [18,21].
When the residual stray DC field after the compensation using RF-photon
correlation detected using the two cooling beams has a component perpen-
dicular to the two cooling beams, the change in the ion position by the
pseudopotential modulation results in a synchronous modulation in the flu-
orescence intensity, owing to the Gaussian profile of the cooling beam. The
principle was shown in Section 2.3.2.
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Figure 7.5: Resolved-sideband spectrum of %Sy 5(m; = —1/2)=2Dj5j5(mjr =

—5/2) transition when excess micromotion was minimized by eliminating
RF-photon correlation detected using two cooling beams.
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Figure 7.6: RF-photon correlation signals measured using each of two cooling
beams when the spectrum shown in Fig. 7.5 was detected. (a): correlation
detected using the first cooling beam; (b): using the second cooling beam.
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Figure 7.7 shows an example of fluorescence-intensity modulation caused
by a slow modulation of Vic. We measured the variation in the fluores-
cence intensity caused by the modulation of Va¢ as a function of the voltage
applied to one of the pairs of the compensation electrodes (compensation
electrodes 1). The results are shown in Fig. 7.8. At each voltage to compen-
sation electrodes 1 at which we measured the fluorescence-intensity modula-
tion shown in Fig. 7.8, we eliminated RF-photon correlation signals detected
using the two cooling beams by adjusting the compensation voltages applied
to the endcap electrode and the other pair of the compensation electrodes
(compensation electrodes 2) before the modulation detection of Vac. These
voltages are plotted in Fig. 7.9. The compensation voltages determined from
RF-photon correlation detected using the two cooling beams were linearly
changed with respect to the voltage applied to compensation electrodes 1.
This result shows that the residual stray DC field had a fixed direction to
generate the excess micromotion perpendicular to the two cooling beams.

Figure 7.10 shows a resolved-sideband spectrum after we three-dimensionally
compensated the stray DC field. Not only the subsideband structures were
suppressed, but also the heating rate of the trapped single ion was greatly
reduced. When we measured this spectrum, we decreased the clock power to
10nW to avoid saturation in the carrier spectrum. Below the saturation, we
can determine the temperatures of secular motions from the relative intensi-
ties of the sidebands to the carrier [52]. The results are 0.9 mK and 4.3 mK
for the radial and the axial secular motions, respectively. We do not under-
stand the reason for the difference between the radial and axial temperatures.
The radial temperature was slightly higher than the Doppler cooling limit
of the cooling transition of 0.47 mK estimated from the lifetime of the 2P, /2
state [53]; this is explained by the saturation of the cooling transition [27].

7.3 Discussions

One possible explanation of the observed high heating rate is that the residual
displacement of the time-averaged ion position from the trap center would
induce the crystal-cloud phase transition. The crystal-cloud phase transition,
including a chaotic regime in the case of more than two ions, was extensively
investigated in [54,55]. When we introduce two cooling beams, the secular
motions are laser cooled in all degree of freedom. If the residual displacement
is large and the single ion is in the cloud regime, however, the residual motion
of the excess micromotion is rapidly thermalized to the secular motions and
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Figure 7.7: Modulation in photon-counting rate of fluorescence intensity by

amplitude modulation of Vy¢. The modulation frequency and the modulation
index are 200 mHz and 0.4, respectively.
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Figure 7.8: Variation in photon-counting rate measured by amplitude modu-
lation of V¢ as a function of voltage applied to one of pairs of compensation
electrodes, indicated as compensation electrodes 1. The variation means the
difference between the maximum and minimum photon-counting rate during
the amplitude modulation of Vj¢; measurement data are shown in Fig. 7.7.
Measurement was conducted after we first set the voltage to compensation
electrodes 1 and then eliminated RF-photon correlation detected using two
cooling beams simultaneously by applying compensation voltages to one of
the endcap electrodes and the other pair of the compensation electrodes in-
dicated as compensation electrodes 2 in Fig. 7.9.
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Figure 7.9: Relation among three compensation voltages when the measure-
ment shown in Fig. 7.8 was conducted. At each voltage to compensation
electrode 1, the RF-photon correlation detected using two cooling beams
were eliminated by applying compensation voltages to one of the endcap
electrodes and compensation electrode 2.
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Figure 7.10: Resolved sideband spectrum of 251 jo(m; = —1/2)—2Dj 5 (my =
—5/2) transition when excess micromotions were three-dimensionally mini-
mized. Excess micromotions were minimized by detecting RF-photon cor-
relation using two cooling beams; subsequently, the residual displacement
from the trap center was eliminated by detecting it using pseudopotential
modulation.
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the subsideband structures are generated. Now we succeeded in minimizing
the residual displacement and the residual displacement is controllable. This
enables us to investigate the proposal above.

As we showed in this chapter, the resolved-sideband spectra are sensitive
to the displacement of the time-averaged ion position from the trap center.
The subsideband structures in the resolved-sideband spectra could be at least
a measure of the residual displacement which causes excess micromotions.
In contrast to the RF-photon correlation method, which has a sensitivity to
the excess micromotion only along the cooling beam, the resolved-sideband
spectra has a sensitivity three-dimensionally, as in the parametric resonance
method [30].

It should be noted that the observed subsideband structures shown in
Section 7.1 can be explained as nonlinear motions induced by anharmonicity
in the trap pseudo potential as shown in Section 7.2. The nonlinear mo-
tions and excess micromotions have a common source of enhancement of the
time-averaged ion position from the trap center. Therefore, the elimination
of a residual displacement through the minimization of excess micromotions
would result in the reduction of the subsideband structures. The traps used
in this study were fabricated by following the design described in Section 2.1,
where C; in Eq. 2.11, i.e., the lending term of the anharmonicity was elimi-
nated. However, we cleaned the electrode surface and reassembled the elec-
trodes a few times. This may introduce an anharmonicity to the traps. An
evidence of the trap anharmonicity was the detection of the RF electric reso-
nance caused by the secular motion in the radial direction and by the coupled
secular motions even when the probe RF field is applied between the endcap
electrodes.

The RF-photon correlation method is sensitive to excess micromotions
only along the cooling beam. Therefore, the direction of the residual dis-
placement is determined by detecting and minimizing excess micromotions
by the RF-photon correlation method using two cooling beams. Combining
any other methods that are sensitive to the micromotion perpendicular to
the two cooling beams is a convenient scheme to minimize excess micromo-
tions three-dimensionally, instead of introducing a third cooling beam. In
particular, for ions trapped in a potential of a cylindrical symmetry such
as ours, two cooling beams propagating along different azimuthal angles to
the trap axis are inevitable for three-dimensional laser cooling of secular mo-
tions. Therefore, the two cooling beams that can be used for the RF-photon
correlation method are inevitably introduced.

In the conventional RF trap, the secular frequencies exhibit a relation
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that f, ~ 2f, according to Eqgs. (2.4) and (2.6). Therefore, the frequency
|f- — 2f;| falls into ~ 0 (In the linear RF trap, |f, — f,| ~ 0). When this
frequency exhibits a small nonzero value and the corresponding subsideband
spectra are not resolved from the carrier, the carrier spectrum is broadened
and the quality factor as a reference spectrum is degraded, when the inten-
sities of this subsidebands are not sufficiently small. The center frequency
of the overlapped carrier spectrum would be shifted when the intensities of
the corresponding upper and lower sidebands were different. To check the
intensity of the subsideband close to the carrier, it is useful to observe the
carrier spectrum as Vp¢ is scanned.
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Chapter 8

Conclusions

8.1 Conclusions

In this thesis, we have established systems and techniques for single-ion spec-
troscopy of two electric quadrupole transitions in Yb*: the 25 /2—2D5 /2
transition in *#Yb™ and the 25;/, —2Dj/, transition in ™Yb*.

In Chapter 1, we briefly introduce the current status of the optical clock
and its applications for the fundamental physics. We emphasis the advantage
of Yb™ ions.

In Chapter 2, we describe the theories and principles required for this
study, i.e., the RF trap and laser cooling. The excess micromotion and the
nonlinearity in the trap potential, which are essential in this study, are also
described. We summarize the properties of Yb™.

In Chapter 3, we describe the experimental setup developed to conduct
this study. We stabilized the frequency of cooling radiation to maintain cool-
ing the ion for a long term. We achieved the stability better than 200 kHz.
This value was sufficiently smaller than the linewidth of the 25, /2—2P1 /2
cooling transition. To probe the two quadrupole transitions precisely, we
linenarrowed the two clock lasers using the resonances of the same high-
finesse cavity. We built different precise frequency-scanning methods for
the two quadrupole transitions. For a rapid detection of the spectra of the
quadrupole transitions in single ions, we developed a system for fast switch-
ing lasers with a small dead time between each step of the sequence. One
measurement, cycle for one clock-laser excitation is completed with a total
dead time of approximately 4 ms.

In Chapter 4, we describe laser cooling of '™Yb* and '"'Yb™* ions. First,
we laser cooled 1™Yb* ions which have no hyperfine structures. We con-
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trolled the number of trapped "Yb" ions using stepwise increase of fluo-
rescence intensity caused by one-by-one loading. The observed count rate
was 15000 ~ 20000 per second for a single ion. It was sufficiently strong to
distinguish individual ions. We can load the arbitrary number of trapped
ions by blocking the photoionization laser. We canceled the ambient mag-
netic field at the trap center to apply an magnetic field of arbitrary intensity
and direction. This is conducted by observing optical pumping in the mag-
netic sublevels in the ?Dsy state, which occurs when the >Dj o —*D[3/2]1 /2
repumping transition is driven. Second, we laser cooled "'Yb* ions which
have hyperfine structures. We investigated the dependence of the fluores-
cence intensity on the intensity and direction of the magnetic field relative
to the polarization of the main cooling laser. For efficient cooling of "' Yb™*,
elimination of optical pumping in the magnetic sublevels in the 25} 5(F = 0)
state, which occurs when the 25y )5(F = 1) 2P, 5(F = 0) main cooling tran-
sition is driven, is required. We found that the magnetic field of a strength
grater than 300 4T in the direction of 55 degree from the polarization direc-
tion of main cooling laser resulted in the highest fluorescence intensity. We
determined the power of the subcooling laser with which the 25 jo(F = 0)—
2Py jo(F = 1) transition is driven to eliminate pumping to the 2S;5(F = 0)
state. We found that 1nW of the subcooling beam power is sufficient for
saturating the transition.

In Chapter 5, we describe single-ion spectroscopy of the 2S; j, =2 Dy 5 tran-
sition in '™YbT. The 80% of Yb* in the ?Dj), state decays to the 2F
state, which has long lifetime of several years. Detection of the excitation
to the 2D5/2 state via electron shelving to the 2F7/2 state and deexcitation
from the 2F7/2 state are involved in the computer-controlled spectroscopy
sequence. We conducted single-ion spectroscopy of the Am; = £2 transi-
tions selected from ten Zeeman components by applying the magnetic field
perpendicular to the polarization of the clock laser. Finally, we resolved the
mj = —1/2-mj = —5/2 component in Am; = —2 components by applying
a magnetic field with a strength of 200 4 T. We observed the resolved carrier
and sideband spectra of the transition. The width of the carrier spectrum was
20kHz. This value was limited by an AC magnetic field and the resolution
of the frequency scanning of the clock laser.

In Chapter 6, we describe single-ion spectroscopy of the 2S; , =Dy 5 tran-
sition in '"'Yb*. The hyperfine structure of ''Yb™ complicates the proce-
dure for the spectroscopy. First, we determined the parameters of spec-
troscopy for our system using four independent lasers, which were used to
drive the cooling and repumping transitions between the hyperfine structures.
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Chapter 8. Conclusions 8.1 Conclusions

The 2D, /2 state, the final state of the clock transition, must be decoupled
from the laser cooling cycle. We decreased the power of the main repumping
beam, with which the 2Ds/o(F = 1)—?D[3/2]/2(F = 0) transition is driven,
to suppress off-resonant excitation of the ?Dyo(F = 2)-3D[3/2],2(F = 1)
sub repumping transition by saturation broadening, while the main repump-
ing power has a lower limit to sufficiently repump the 2Dj /2(F = 1) state.
From the observation of spontaneous quantum jumps from the 2Py o(F = 1)
state to the 2Dso(F = 2) states, we determine the power range of the main
repumping beam to be from 100 4uW and 1 mW. Sequentially, we determined
the time required for optical pumping to the 2S;,5(F = 0, mp = 0) state,
which is the initial state of spectroscopy. We measured that blocking the sub-
cooling beam for 10 ms, with which %S 5(F = 0)—2Py2(F = 1) transition
is driven, was sufficient for the initialization. Subsequently, We conducted
single-ion spectroscopy of 25 o(F = 0)—2Ds/5(F = 2) transition using the
determined parameters.

We resolved all Zeeman components of Amp = 0,41, 2 transitions by
applying a magnetic field of 800 T and identified the mp = 0—mp = 0
magnetic-insensitive transition. We observed the resolved carrier and motional-
sideband spectra of the mp = 0—mp = 0 transition by frequency sweep of
a higher resolution. For further improvement of the resolution, we mea-
sured the frequency drift of the clock laser by tracking the center frequency
of the carrier spectrum at various time intervals. The measured frequency
drift was feedforward compensated to the clock laser during the frequency
sweep. We canceled the residual drift, observed even after the feedforward
compensation, by taking the carrier spectra twice by reversing the frequency
sweep direction of the clock laser We measured a spectral width of the carrier
spectrum to be 380 Hz. This value was primarily limited by the clock-laser
linewidth.

In Chapter 7, we investigate the resolved motional-sideband spectra of
trapped single ions using the 25} /2 —2Ds 5 transition in "™Yb*. The resolved-
sideband spectra is important because they are used for evaluation of the
energies of the secular motions, which is a large factor of the uncertainty. We
found that the resolved-sideband spectra accompanied with subsidebands.
We measured the dependence of the RF electric resonance signal caused
by the ion motions on the voltages applied for trapping, i.e, the amplitude
of the AC driving voltage and the DC voltage adjusting the potential depth
between the axial and radial directions. From this measurement, we identified
the subsidebands with the coupling of the secular motions in the different
directions. This is understood that large phase modulations by the secular
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motions generated the subsidebands of mixing of the secular frequencies in
the different directions. This observation indicates that the single ion was
confined out of the Lamb-Dicke region. The subsideband structures were even
observed when we laser cooled the secular motions of all degree of freedom
by introducing two cooling beams in different directions into the trap. We
three-dimensionally minimized excess micromotions by detecting them using
RF-photon correlation in two different directions and the pseudopotential
modulation. This greatly reduced the subsidebands. We evaluated that the
energy of the secular motions were cooled close to the Doppler cooling limit.
This observation indicated that the heating rate was increased as the residual
displacement of the time-averaged ion position from the trap center, which
induced excess micromotions, was larger.

8.2 Prospect

As described above, we have established the method of cooling single Yb™
ions to near Doppler cooling limit, cooling !"*Yb™ which has the clock transi-
tions insensitive to the magnetic field, and single-ion spectroscopy of the two
electric quadrupole transitions. Owing to the progress on this paper, the re-
alization of the single-ion optical clock is feasible by stabilization of the clock
laser frequency to the 25y o(F = 0, mp = 0)—2D3o(F' = 2, mp: = 0) transi-
tion and evaluation of the uncertainty in various frequency shifts. Similarly,
we aim at realization of optical clocks based on the 251/2(F =0, mp=0)-
2D5/2(F/ = 2, mpgr = 0), 251/2(F = O, mprp = O)*2F7/2(F/ = 3, mpgr = O)
transitions. The frequency ratio measurements among the three optical
clocks enable us to contribute the redefinition of the second, and search for a
temporal variation of the fine structure constant o with investigating other
effects which causes temporal variations.
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