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Abstract

The present research was initiated with the development of a laser capable
of spectrally resolving clock transitions (i.e. clock laser). Given that clock
transitions exhibit a narrow spectral width, clock lasers typically employ
high-speed feedback control to narrow the oscillation line width, thereby
achieving resonance within a high-finesse optical cavity. The infrared region
is where the clock transition of Ba™ is located, which poses a significant
challenge in the procurement of both the laser itself and the high-reflectivity
mirrors required for the high-finesse optical cavity. In the clock laser that
excites the 1.76 um 2S;,, - D5/ transition, the laser with a wavelength of
881 nm was first narrowed in linewidth to the resonance of a high-finesse
optical cavity. The generation of the second harmonic of the 1.76 ym laser,
followed by the detection of the beat with the narrowed linewidth 881 nm
laser and phase-synchronisation, resulted in the creation of the clock laser.
The linewidth of the 881 nm laser was evaluated at 200 Hz, in comparison to
a laser with a linewidth narrowed by resonance in a different optical cavity.
Given that the wavelength of the laser under comparison was 822 nm, the
optical frequency comb (optical comb) was phase-locked to this, narrowing
the linewidth of each mode of the optical comb. This was then used as an
intermediary for comparison. The linewidth of the 1.76 pym laser is estimated
to be 100 Hz, half of that.(this thesis, Chapter 3)

The 2S; /2 - ’D, /2 clock transition, which is necessary to achieve the final
goal, has a wavelength of 2.05 ym, and it is difficult to obtain a frequency-
tunable laser. Therefore, we decided to use the method of generating a
narrow-linewidth laser beam by phase-synchronising two lasers with the afore-
mentioned line-narrowed optical comb and then mixing their difference fre-
quencies. In this study, the difference frequency was set to 1.76 um, and the
linewidth was evaluated in comparison to the aforementioned clock laser. The
spectral width of the beat signal of the two lasers was 100 Hz, demonstrating
the effectiveness of this method. It is possible to achieve a narrow linewidth
laser beam with a wavelength of 2.05 um by changing the wavelength of the



laser that generates the difference frequency. The observed linewidth is more
than one order of magnitude narrower than the oscillation linewidth pre-
viously reported for difference frequency generation using a similar optical
comb (Chapter 4).

Subsequently, a technique was established for the capture and cooling
of a single Ba™ ion in a linear RF trap. Given that the ultimate objective
is the utilisation of multiple ions, a linear RF trap that can cool multiple
ions along the trap axis was adopted. However, the primary objective of
this study was to establish a technique to cool a single trapped ion to the
Lamb-Dicke bound condition, where the range of ion motion is less than
the wavelength of the clock transition, so that a carrier spectrum without
Doppler shift can be clearly observed. In addition, Ba reacts violently in the
air and is difficult to process; therefore, a getter was used as the source of
Ba atoms. This represents a novel application of a getter in this context,
and the study has demonstrated the efficacy of this approach for trapping a
single Ba™ ion. The generation of Ba atoms from the getter, their subsequent
trapping through photoionisation within the trap, and their cooling through
laser cooling via the 493 nm ?S; /5 - 2Py /5 transition, with repumping through
the 650 nm 2D3/2 - 2P, /2 transition to complete the cooling cycle, were all
achieved. The light sources employed were all semiconductor lasers or their
second harmonic. The generation of Ba atoms from the getter was found
to be distributed over a wide area, and the evaporation rate was found to
be difficult to control. This made it difficult to introduce ions one by one
into the trap. Therefore, a method was established for easily measuring the
number of ions introduced by irradiating them with an LED. In real traps,
unintended electrostatic fields usually occur, and the ions are not captured
at the centre of the trap. If they are displaced from the centre of the trap,
the RF electric field used in the trap becomes stronger, and the ions are
excessively excited (excessive micromotion). The detection of this excessive
micromotion was first achieved through the utilisation of a cooling laser ir-
radiated from two directions, at an angle of 3 degrees from the axis, and
then from the axis. The subsequent minimisation of this motion was accom-
plished through the superimposition of a DC voltage on the electrodes, thus
demonstrating the efficacy of the method. Subsequently, a clock laser with
a narrowed line width was utilised to perform single-ion spectroscopy of the
S, /2 - 2D5/2 clock transition. This process enabled the observation of vi-
brational sidebands, arising from the permanent motion of the ions, through
their separation from the carrier spectrum. Furthermore, a spectrum was de-
tected in which the carrier exhibited a significant magnitude superior to the
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sidebands. With regard to the trap axis direction, the temperature reached
by the permanent motion was evaluated to be 3.5 mK, thereby confirming the
achievement of the Lamb-Dicke bound condition (Chapter 6). Concurrently,
we successfully trapped and laser-cooled a single odd-mass isotope, 3"Bat.
The odd-mass isotopes *Bat |, 13"Bat possess hyperfine structures, neces-
sitating the utilisation of two cooling lasers and three repumping lasers with
distinct frequencies to excite all of the hyperfine structures. We configured
independent lasers and phase-synchronised them as required to stabilise the
frequencies. It was determined that the optical ionisation method employed
in this study is incapable of separating **Ba* and *"Ba*. However, it was
ascertained that if the ions are single, they can be introduced into the trap
and laser cooled for specific isotopes (Chapter 7).
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Chapter 1

Introduction

Singly ionized barium (Ba™) has been attracted for use in various experiments
using ion trap technique, such as optical frequency standards or simply called
optical clocks [1], tests of the fundamental physics [2], and quantum infor-
mation processing [3,4], since the pioneering work of laser cooling [5] and
observation of single ions [6] have been demonstrated using Ba™ ions con-
fined in radiofrequency (RF) traps. Regarding to the application to optical
clocks, Ba™ has clock transitions of narrow natural widths suitable for the
reference frequencies. It has also cooling transitions of short lifetime for laser
cooling, which are simulatneously used for state detection by detecting the
fluorescence emitted from the upper state. As for the clock transitions, the
lifetimes of the D35 and *Ds, states are 79.8(4.6)s [7] and 31.2(0.9)s [8],
respectively. These are fairly long in the ion species used with ion trap tech-
nique. Long lifetime is essential for the clock transition referenced in the
single-ion optical clock to make use of an advantage in ion trap techniue of
long interaction time. Therefore, the %S, /2 2D, /2 transition at 20 nm and
the 2S; /2~ 2D5/2 transition at 1762 nm have potentials for the references
used in optical clocks.

In addition, the ?Ds/, state in the odd isotopes *>13*"Ba* has the F' = 0
hyperfine state, owing to the nuclear spin I = 3/2. Therefore, the 2S;/, —
Dy transition in >3 Bat is predicted to be insensitive to electric-field
gradient owing to a very small electric quadrupole moment. [1] This prop-
erty enables us to increase the number of trapped ions without degrading
the uncertainty in the reference frequency. The S/, — 2Djo transition, of
which the frequency was measured using single *®Ba™ ions with an uncer-
tainty of 107> level, [9] is also proposed to be applied to the multi-ion clock
when dynamic decoupling techniques are applied. [10,11] The 2S5 — ?Ds)s
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Chapter 1. Introduction

transition is also useful in the quantum information processing for operation
of an optical qubit [12,13] or application to state detection, [12] and sideband
cooling. [14] In this work, we develope a system of a single-ion spectroscopy
of the 281/2 — 2D5/2 transition in *¥Ba™ using diode-laser-based light sources
towards realization of an opticlal clock.

For driving the 2S;,5 — 2Dy transition at 1762 nm, a color-center laser
was first used. [15,16] Then, thulium-doped fiber lasers have been applied as
more convinient light sources. [12,14] Diode lasers around 1.76 ym has been
available several years ago and this allows us to easily build up tunable lasers
as we compose extended-cavity diode lasers (ECDLs). [17] A few works using
diode lasers at 1.76 ym have been reported so far. [9,13] To linenarrow and
frequency stabilize the clock laser, the high-finesse cavities is used as a refer-
ence to be feedback controlled. High reflection coatings for the high-finesse
cavity are available in 1.76 um region. [13,14] As an altanative approach,
phase locking to a mode of an optical frequency comb (OFC) phase locked
to a linenarrowed laser at a different wavelength was used. [9] In this work,
we phase lock an ECDL at 1.76 um to a high-finesse-cavity-stabilized ECDL
at 881 nm via second-harmonic generation (SHG). We show that this is also
useful for another altanative scheme of the clock laser. The linewidth trans-
fer via SHG has a potantial for a better scheme than that via OFC. The
power of the second harmonics could be larger than that of one mode of
OFC. The linewidth at the fundamental laser is reduced by half from that of
the high-finesse-cavity-stabilized laser.

We have one more reason why we adopt this scheme of clock laser. We
have a plan of frequency comparison to the clock transitions in singly-ionized
ytterbium ions (Yb™). This enables us to evaluate the uncertainty and repro-
ducebility. Moreover, the %S, /2~ 2F7/2 transition in Yb™ at 467 nm has the
largest sensitivity to the variation of the fine sturucture constant o among
the known clock transitions in atoms and singly-ionized ions. [18] The 2S;
— ?Dg/9,5/2 transitions in Ba™ have modest sensitivities to the a variation,
which are opposite sign to that of the ?S;/; — ?F7/5 transition in Yb*. [18]
The comparison bewteen the Bat and Yb™ transitions enhances the sen-
sitibity by % from the comparison between the ?Sy/ — *D3/5 and the *Sy o
— 2F7), transitions in only Yb™. [19,20] Therefore, we develop a clock laser
system by sharing one high-finesse cavity for the doubled frequency of the
2S1/2 — ?Dj)o transition in Bat at 881 nm and the half frequency of the 2S; 5
- 2F7/2 transtion at 934 nm. It could be possible to cancel the drift of the
resonances of the high-finesse cavity when we conduct the future plan of the
comparison.
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Moreover, we have conducted two research subjects as a next step towards
realization of a multi-ion optical clock using the ?Sy /s - ?Dj3/5 transition in
135Bat 13"Bations. One is the development of the clock laser described in
Chapter 3 and the other the isotope-selective photoioniztion loading of single
137Ba+ions.

the F' = 0 hyperfine state in the D3/, in the odd isotopes "**Ba™ and
137Ba™ has very small electric quadrupole moment owing to the nuclear spin
I = 3/2. [1] Therefore, the ?S;/p—2Dj/, clock transition to the FF = 0 in
the 2D3/2 state is insensitive to electric field gradient, and this allows to
increase the number of trapped ions without degrading the uncertainty in
the transition frequency. The wavelength of the S;/5—?D3/s clock transition
is 2052nm. Up to the present, a clock laser system based on a fiber laser has
been developed [21]. The sophisticated techniques are required for realizing
frequency tunability with narrow-line single-frequency oscillation in the fiber
laser.

The phase locking of the two fundamental lasers to a line-narrowed optical
frequency comb (OFC) is a potential scheme to realize a line-narrowed dif-
ference frequency radiation. We need one high-finesse cavity, which is used
for line-narrowing a master laser to which the OFC is phase locked. The
spectrum of the master laser is transferred to all modes of the OFC [22,23].
This scheme of narrow-line difference frequency has been realized using an
OFC based on a mode-locked fiber laser and was applied to molecular spec-
troscopy, where the linewidth was measured to be 3.5kHz [24].

To line-narrow the difference frequency, we adopt difference frequency
generation (DFG) to obtain coherent radiation at 2052nm. To realize a
narrow-line clock laser, fast feedback control to a resonance of a high-finesse
cavity as shown in Chapter 3 is performed. When a laser is not available at
the wavelength of the clock transition, nonlinear frequency conversion such
as second-harmonic generation and sum or difference frequency generation
is performed. When a sufficient power is generated in the sum or difference
frequency generation, the narrow-line radiation is realized by controlling only
one of the two fundamental lasers, as we analyze the frequency fluctuation
using the generated radiation. [25,26] In many cases, however, the gener-
ated radiation does not have a sufficiently large power. Two fundamental
lasers are required to be independently line-narrowed before the generation.
It is elaborating to develop two systems involved high-finesse cavities be-
cause considerable efforts are required to isolate the high-finesse cavity from
vibrational and acoustic fluctuations.

The phase locking of the two fundamental lasers to a line-narrowed optical
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frequency comb (OFC) is a potential scheme to realize a line-narrowed dif-
ference frequency radiation. We need one high-finesse cavity, which is used
for line-narrowing a master laser to which the OFC is phase locked. The
spectrum of the master laser is transferred to all modes of the OFC [22,23].
This scheme of narrow-line difference frequency has been realized using an
OFC based on a mode-locked fiber laser and was applied to molecular spec-
troscopy, where the linewidth was measured to be 3.5kHz [24].

In this thesis, we investigate the potential of the scheme for realizing
narrow-line difference frequency radiation. We generate the difference fre-
quency radiation at 1762nm. This is because we have independently devel-
oped a line-narrowed ECDL at 1762 nm for driving the ?S; 52Dy, transition
in Ba' as described in Chapter 3. We evaluate the absolute linewidth by
comparing to the line-narrowed ECDL.

As mentioned above, because the odd isotope Ba ion has a nuclear spin
of 3/2, two cooling laser beams and three repumping laser beams with dif-
ferent frequencies are required. We prepared independent lasers and phase-
synchronised them as necessary to stabilise the frequency. Although the pho-
toionisation method used in this study cannot separate *°Ba* and *"Bat,
it was found that it is still possible to introduce single ions into the trap and
laser cool specific isotopes.

The structure of this paper is as follows. First, Chapter 2 describes the
important principles of this research. Chapter 3 describes the clock laser
based on ECDL, and Chapter 4 describes the clock laser based on difference
frequency generation. Chapter 5 describes ion trap technology and laser
cooling technology. Chapter 6 describes clock transition spectroscopy using
the clock laser described in Chapter 3. Chapter 7 describes laser cooling
technology for odd isotope Ba™ ions. Finally, in Chapter 8, we summarise
the research and discuss future prospects.



Chapter 2

Principle

2.1 Barium ion

Barium (Ba) is an alkaline earth metal with an atomic number of 56. The
pure element is highly reactive and difficult to handle, and there are seven
isotopes of Ba. The isotope with the largest abundance is *®*Ba, which ac-
counts for 71.7%. Furthermore, the abundance of odd-numbered isotopes
is notably high, with 3°Ba and '¥"Ba accounting for 6.59% and 11.2%, re-
spectively. The transition structure of Ba™ is illustrated in Figure 2.1. As
illustrated in this figure,Bat exhibits the ?Sy /o - *Py /o transition with a life-
time of 8 ns, which can be utilised for Doppler cooling, the 2S;/; - 2D3/s
transition with a lifetime of 81 s, advantageous for clock transitions, and the
2, /2 - ’D; /2 transition with a lifetime of 31 s. Furthermore, the odd isotopes
135Ba and 3"Ba possess a nuclear spin of I = 3/2, resulting in a hyperfine
structure. Consequently, numerous lasers are required to cool them, yet the
transition (*Si9, ' = 2,mp = 0) — (*D3j2, F = 0,mp = 0) exhibits the
following characteristics

e As this transition involves a change in mg from 0 to 0, it does not
undergo a first-order Zeeman shift.

e Furthermore, given that D3/, has F' = 0, the ?Sy 5 - D3/ transition
undergoes a minor frequency shift due to the quadrupole field.

Consequently, if the ?S;/; - ?Ds/o transition of the odd isotopes **Ba’ or
137Bat is adopted as the clock transition, a frequency standard with high
frequency stability can be achieved without increasing the uncertainty by
capturing and using multiple odd isotopes of Ba*.
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Figure 2.1: level structure of Ba™



Chapter 2. Principle 2.2 Paul trap

2.2 Paul trap

Ion traps are technologies that use electromagnetic fields to trap ions in
a ultra-high vacuum. There are two types of ion trap: the Penning trap,
which uses an electrostatic field and a static magnetic field to trap ions, and
the Paul trap, which uses an electrostatic field and a radio frequency (RF)
field. The Paul trap is also known as an RF trap. Because the Penning
trap uses a magnetic field to trap ions, the energy levels of the ions are split
by the Zeeman effect. On the other hand, Paul traps do not use a large
magnetic field to trap ions, and the energy level shift due to the Zeeman
shift is relatively small. Therefore, in this study we used a linear RF trap,
which is a type of RF trap. The outline of the structure is shown in Figure
2.2. Here the z axis is referred to as the axial direction of the trap and
the x and y axes are referred to as the radial directions of the trap. In the
linear RF trap used in this study, ions are trapped in the radial direction by
the effective central force due to the RF voltage Vjcos(f2t)and in the axial
direction by the electrostatic field. As shown in Figure 2.2, the potential
when an RF voltage Vj cos(£2t) is applied to the electrode is given by

2 2

V(z,y,2,t) = % (1 + z —2y ) cos (2t. (2.1)

To

Where rq is the distance between the trap axis and the electrode. The po-
tential created by the electrostatic field is given by

2,2
U(x,y,z,t):%(zz—x —;—y) (2.2)

Where kappa is a factor determined by the structure of the electrode and z
is the distance between the flat electrodes. The potential formed in the trap
region is the sum of equations (2.1) and (2.2). The electric field in the trap
region is therefore given by

E(z,y,z,t) = -V (V(z,y,z,t) + U(x,y, z,t))

T U
=-W (xe—dey> cos 2t — I{—;(—xem —ye, +2ze,) (2.3)
To &
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Figure 2.2: linear RF trap
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Where e,, e, and e, are unit vectors in the x, y and z directions respectively.
We consider the motion of the ions in the trap region. The equation of motion
for a monovalent cation is given by

d2
eE = md—;; (2.4)

Where w is the position of the ion. If we separate this equation into its x, y
and z components, we get

d?u; )2

dLZ + (a; + 2¢; cos _Qt)IuZ =0 (i=uzy,2). (2.5)
Where
1 4€KJUO

Ay = Qy = iaz = —W, (26)

2eVy
e = —Qy = ——=—=, (¢, =10 2.7
q qy m7“02_(22 q ( )

The x and y components of equation (2.5) are known as the Mathieu equa-
tions. For stable ion trapping, the solutions of this differential equation must
be such that a; and ¢; do not diverge. This gives the conditions for the RF
voltage and DC voltage applied to the electrodes. The solution of equation
(2.5) under the approximation |a;| < 1,|q;| < 1 (i = z,y) is

u;(t) = ug; cos(wgt) (1 + %cos Qt) : (2.8)

Where

02 in
i_— - 1 I 2.
wi = \/a; + 5 (2.9)

The oscillation of the frequency w; and 2 is referred to as secular motion and
micromotion, respectively. Secular motion is due to the time average of the
force exerted by the RF electric field.
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2.3 laser cooling

When ions are loaded in a trap, they are at a high temperature. Furthermore
the RF electric field applied to them heats them up. In order to keep the
ions confined in the trapping region for a long time, it is necessary to cool
them. In this study, we used Doppler cooling, a type of laser cooling, to cool
the ions. Doppler cooling is a cooling method that makes use of the Doppler
effect, which causes the frequency of the laser to change as seen from the
ion. Consider the situation where an ion of velocity v and mass m interacts
with a laser photon of frequency w and wavelength k. If the direction of ion
motion is opposite to the direction of laser irradiation, the frequency of the
laser as seen by the ion is given by

wp =w(l+v/c) (2.10)

It is assumed that v is sufficiently small compared to the speed of light, c. If
the ion absorbs a photon in this case, the momentum of the ion is given by

mv' = muv — hk (2.11)

The ion is slowed down due to the law of conservation of momentum. Sim-
ilarly, the frequency of the laser as seen by the ion, if the direction of the
ion’s motion and the direction of the laser beam are the same, is given by

wr =w(l —v/c) (2.12)
If the ion absorbs a photon, the momentum of the ion is given by
mv’ = muv + hk (2.13)

and the ion is accelerated. The ion that has absorbed a photon is excited to a
level and returns to the ground state by spontaneous emission. The direction
of the photon emitted is random, so the average speed of the ion does not
change. If the frequency of the laser w is detuned to a lower frequency than
the absorption line of the ion, ws will be closer to the peak of the absorption
line of the ion than wy,. Therefore, the probability of interaction will increase
if the direction of the laser beam is opposite to the ion’s motion, and the ion

10
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will be slowed down. To cool the ions to the lowest temperature, it is known
that it is necessary to detune the cooling laser frequency by /2, where 7 is
the natural width. The limit of the Doppler cooling temperature is given by

T= Ty (2.14)
2kp

We consider the laser cooling of the linear RF trap used in this study. Looking
at Eq. (2.3), we can see that the electric field, which changes with time at
a frequency {2, becomes zero at x = y = 0. Therefore, on the trap axis,
the RF electric field leads no force acting on it, and it can be cooled to low
temperatures without being heated. Therefore, by using laser cooling in a
linear RF trap, it is possible to line up several ions in a straight line and cool
them to low temperatures.

2.4 Laser linewidth reduction

In this study, we first prepare a high-finesse optical cavity with a narrow-
linewidth laser controlled at high speed, and use another laser with a nar-
rowed linewidth as a clock laser by phase-locking it to the laser. In this
section, we describe the FM sideband technique for linenarrowing the laser
and the phase-locking technique for transferring the laser linewidth to an-
other laser.

2.4.1 FM sideband technique

Since the natural width of the Ba+ ion clock transition is very narrow, at
several mHz, a narrow-linewidth probe laser is required for the spectroscopic
analysis of the clock transition. To obtain a narrow-linewidth laser, the
frequency of the laser is controlled to resonate with the high-finesse optical
cavity. However, the resonance signal of the optical cavity is symmetric with
respect to the resonance point, so it cannot be used as an error signal as it is.
Therefore, in this study we use the FM sideband technique to detect a signal
that is antisymmetric with respect to the resonance point and to narrow
the linewidth. In addition, the FM sideband technique uses the reflected
light from the optical resonator. This has two advantages. One is that the
response of the reflected light is faster than that of the transmitted light.
The other is that it can be controlled without being affected by the intensity

11
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fluctuations of the laser.

Resonance signal of optical resonator

The resonance signal of a Fabry-Perot resonator can be analysed as follows:
when light with a complex amplitude of Ey, = FEye“! is incident on this
optical resonator, if the complex amplitude of the reflected light from the
optical resonator is E,.f, the amplitude reflectance of the electric field rpp(w)
is given by

Ere i - ioyn—1
rrp(w) = 2 L= —ry + 1 2rpe? Z (7“17”26 9) (2.15)
m n—=1
t127‘2€ie
== PR 2.16
et 1-— 7"17“2619 ( )

Here, r; and t; (i = 1,2) represent the reflectance and transmittance of the
reflectors at each end, respectively. Furthermore, if the free spectral range
(FSR) of the optical resonator is A frsr, the resonator length is L and the
speed of light is ¢, then the formula is

2Lw W
c A frsr

0= (2.17)

In this study, it is assumed that the mirrors at both ends of the optical
resonator are identical, i.e. t; =ty = tandr; = r9 = r, therefore we obtain

Trsr(w) = M (2.18)

1— T2€ie

However, the energy conservation law #2472 = 1 is employed. The frequency
characteristics of the reflectance of the optical cavity, |rpp(w)|?, arg (rpp(w)),
are demonstrated in Figures 2.3and 2.4 In this study, the values of the optical
cavity are substituted for each parameter: r = 0.9999, A fpsg = 1.5 GHz. A
close analysis of these figures reveals that |rpp(w)|? is symmetrical about the
resonance point, thereby indicating that it is not possible to determine the
direction of frequency shift based solely on the information regarding the
optical intensity of the reflected light. However, given the antisymmetrical
nature of arg(rpp) about the resonance point, it becomes possible to ascertain
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Figure 2.3: Frequency characteristics of the magnitude of the reflectance of
a cavity
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frequency / MHz

Figure 2.4: Frequency characteristics of the angle of the reflectance of a
cavity
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the direction of frequency shift, provided that the phase of the reflected light
is taken into consideration.

Phase modulation

Assuming the complex amplitude of the electric field of the laser to be E =
Epe“t, it can be demonstrated that if this laser is phase modulated with a
modulation frequency {2 and a modulation index /3, the electric field becomes

Em _ Eoei(wt+,35in 02t) (219)

If this is expanded using the first kind Bessel function, it becomes

En = Ege™" Y T (B)e™ (2.20)
~ EO (Joeiwt + Jlei(w+(2)t _ Jlei(w—Q)t) (221)

Here, we assume § < 1 and ignore the higher harmonics with |n| > 2.
Assuming the vacuum impedance is Zj, the light intensity of the laser is given
by Py = |Ey|?/(27Zy). Therefore, the light intensity of the carrier isP, = Jy* Py,
and the light intensity of the sideband isP, = J;2P,, as shown in

Py~ P, + 2P, (2.22)

Subsequently, the consideration will be given to the case of the input of this
modulated light into a Fabry-Perot resonator. The substitution of E. =
rppFy into equation (2.21) and subsequent rearrangement will result in

Evet = By (rep(w)Joe™! + rpp(w + 2) /1@ — rpp(w — 02)Jyel D)
(2.23)

The intensity of the reflected light P, = |Fret|?/(2Z0) can be calculated from
this, resulting in

Pref :Pc’rFP(W>’2 + PS (’TFP(UJ —+ Q)‘Z + ’TFP(U) — Q)P) -+

2/ P. P, (Re[R] cos 2t + Im[R] sin 2t) — P, {rpp(w + 2)r* (w + 2)e*? + c.c.}
(2.24)
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However, this will be set as
R :=rpp(w)rpp(w + 2) — rpp(w)rpp(w — £2) (2.25)

In the FM sideband technique, the response to the resonance of the laser
optical cavity is obtained by demodulating P, to extract R. Since R is
contained in the coefficients of sin {2t and cos {2¢, it can be obtained by
heterodyne detection at angular frequency {2 and then removing components
above angular frequency (2 using a low-pass filter. The demodulation of the
cos 2t coefficient is referred to as quadrature-phase demodulation, while the
demodulation of the sin (2t coefficient is termed in-phase demodulation.

Error signal

The demodulated signal varies significantly with modulation frequency; con-
sequently, an appropriate modulation frequency exists for utilisation of the
demodulated signal as an error signal for control. Initially, the scenario will
be examined in which the linewidth (full width at half maximum) of the
resonator resonance is designated as A f;/, ,and there exists a relationship of
(2 < Afi/2 with the modulation frequency.In this instance, {2 is considered
to be sufficiently small, thus resulting in

R~ (rip(e) + T 0) < (o) (ree) - T 0)

d\TFP(w)*q o — dree(@)]”

N 2.26
dw dw ( )

=Re [TFP(W)

Since this value is a real number, the demodulated signal in-phase is zero,
and the demodulated signal in quadrature-phase is given by

d|rep(w)|?

= 2+/P.P,
© dw

0 (2.27)

Subsequently, let us consider the case where §2/27 > Afy/s, i.e. where the
optical resonator is resonating and {2 is near the resonance frequency. Given
that the modulation frequency is sufficiently large, it can be assumed that
the w & 2 component does not resonate. In other words, rpp(w £ 2) = —1.
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Therefore, we have
R ~ —i2 Im[rpp(w)]. (2.28)

This is a pure imaginary number, resulting in a demodulated signal in quadrature-
phase that is zero. Conversely, the demodulated signal in in-phase is given
by

e = —4+/ P.P; Im[rpp(w)]. (2.29)

The demodulated signal for £2/2m < Afy/, is illustrated in Fig.2.5, and for
2/2r > Afis, the signal is shown in Fig.2.6. The parameters for these
figures are identical to those in Fig. 2.3. The red line indicates quadrature-
phase demodulation, while the blue line signifies in-phase demodulation. A
comparison of these figures reveals that quadrature-phase demodulation is
preferable when the modulation frequency is less than half the optical res-
onator’s half-width, and in-phase demodulation is more suitable when the
modulation frequency exceeds this value. A subsequent comparison of the
demodulated signal in quadrature-phase in Figure 2.5 with the demodulated
signal in in-phase in Figure 2.6. reveals that the former decays more rapidly
than the latter when detuned from the optical resonator’s resonance fre-
quency. This observation indicates that the latter possesses a wider range
of controllability in comparison to the former. In summary, it can be con-
cluded that the demodulated signal in-phase with the modulation frequency
(2, which is larger than the half-width of the optical resonator, is more ap-
propriate for use as the frequency control error signal.

2.4.2 Phase locked loop

The phase-locked loop (PLL) is a method of synchronising a target signal
with a reference signal by extracting the phase difference between the refer-
ence signal and the target signal as an error signal. The electric fields E,, ()
of the laser that serves as the reference signal (master laser) and E(t) of the
laser that functions as the target signal (slave laser) are expressed by

Eun(t) = Enoexp {i(wnt + 0n)} + c.c. (2.30
Ey(t) = Egexp {i(wst + 65)} + c.c. (2.31)
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Figure 2.5: demodulated signal in condition of £2/27 < Afi ),
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2.4 Laser linewidth reduction
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Figure 2.6: demodulated signal in condition of £2/27 > Af1 ),
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However, it is important to note that w,, > w,. These lasers are then super-
imposed and incident on a photodiode (PD). The signal vpp(t) detected by
the PD is proportional to the optical intensity I(¢), and is expressed by

(Ew(t) + E(t))?

I(t) = 7 (2.32)
B>  Eo?  [EBuo? Ey?
- Z(‘: 4 ZZ T Z;J exp {i(2wmt + 20m)} + Zz exp {i(2wgt + 26,)} +
EmOESO

EIH ES .
xp {i((wm — we)t + O — 05)} + ZO % exp {i((wm + we)t + O + 05)}| + c.c.
0
(2.33)

However, given the PD’s insensitivity to the optical frequency, the observed
signal is, in fact, expressed by

vpn () = Zﬁo [Fano® + Ea® B Ee exp {i((wm — wo)t + 0 — 0)}]  (2.34)

The coefficient «, which expresses the sensitivity of the PD, is therefore of
significance. Should the DC component of vpp(t) be filtered out, the beat
signal Vpeat(t) = (@BwFs/Zy) exp{i((wm — ws)t + O — 65)} + c.c. can be
obtained, which contains information about the frequency difference w,, —
ws and phase difference 0, — 65 between the two lasers. Subsequently, by
introducing the high-frequency voltage v|(t) = Vi exp{i(wit+6;)}+-c.c., which
possesses an angular frequency w, and vpeat(t) into a multiplier (mixer) and
performing a multiplication, the output will be

_ akEyEq

Umixer(t) - ZO [exp{i((wm — Wy — wl)t + em - 95 - 91)}

+ exp{ (i(wm — ws + @)t + O — Os +6)} + cc. (2.35)

The conversion coefficient of the multiplier, denoted by k, is thus determined.
Subsequent extraction of the previous term, facilitated by a low-pass filter,
and utilisation of an oscillator with (2 = w,, — wy, results in the derivation of

akE B,
Zo

Ve —

exp{i(fm — Os — 0))} + c.c. (2.36)
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When setting A0 = 6, — 05 — 6) — 7/2, it can be seen that

ELE ELE
— Msin@g) ~ kB ks

Al 2.
7 Z (2.37)

Ve

is obtained when A# is small. This is an antisymmetric signal that contains
information about the phase difference signal. Therefore, if this signal is used
as an error signal for control, it is possible to control Af to 0 within the range
of —/2 < Af < /2. Since the differential of the phase is the frequency, the
phase-locked state is an integral control when viewed in terms of frequency.
In the event that the phase fluctuation of the oscillator is sufficiently small,
the phase of the slave laser will match that of the master laser, thus resulting
in

Wy = Wy — W) (2.38)

Furthermore, the phase fluctuation of the slave laser will be almost equal to
that of the master laser.
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Chapter 3

Clock laser for the *S, /5 - “Dj )
clock transition at 1.76 um

We show a schematic of the light source for driving the 2S; /2 - ’D; /2 clock
transition in Fig. 3.4. We linenarrow an ECDL at 881 nm to a resonance
of a high-finesse cavity using FM sideband technique. [27] Then we phase
lock an ECDL at 1.76 um to the linenarrowed radiation at 881 nm with an
offset frequency. To realize this, we generate the SH of the ECDL at 1.76 ym
and phase lock the beat between the two radiations at 881 nm to a reference
frequency from a RF synthesizer. The frequency of the phase locked ECDL
at 1.76 um is precisely scanned by changing the reference frequency when we
conduct single-ion spectroscopy.

We compose an ECDL at 881 nm of a commercially-available anti-reflection
(AR)-coated DL chip (Eagleyard Photonics, EYP-RWE-0940-08000-0750-
SOT01-0000) and a diffraction grating of a pitch of 1800 /mm and a braze
wavelength of 400nm. The first-order diffraction of 4.8% of the incident
power is fed back to the DL chip, while 68% to the zeroth order is available
as an output. The extended-cavity length is 45 mm. We obtain the wave-
length tuning between 863 nm and 945 nm, and the maximum output power
of 43mW at 925nm at the operation current I,, of 90mA. The threshold
current [y, is minimized to be 37 mA at 925 nm. At the operation wavelength
Aop Of 881 nm, the output power P, at I,, of 90mA and [y, are 25 mW and
62mA, respectively. We achieve a continuous frequency tuning range to be
6 GHz.

The finesse and the free spectral range of the high-finesse cavity, made
of ultra-low-thermal expansion (ULE) glass, are approximately 29000 and
1.5 GHz, respectively. The cavity is placed in a temperature-controlled vac-
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uum chamber, although the temperature is not adjusted at that of the zero
thermal expansion coefficient. The cavity is vertically hold with respect to
the optical table to decrease the sensitivity of the cavity length to the vertical
vibration. [28] The fast component of the frequency fluctuation is reduced
by proportion-integration-derivative (PID) control of the injection current of
the DL. The servo bandwidth is achieved to be 1 MHz. The slow component
is controlled by the cavity length of the ECDL using a PZT via an integrator.
The linewidth relative to the resonance of the high-finesse cavity is estimated
from the power spectral density (PSD) of the error signal voltage. It is possi-
ble to infer the error signal from the reflected light signal(Fig. 3.1) from the
optical cavity, and it is possible to calculate the PSD from this error signal.
In addition, by looking at this reflected light signal, it is possible to know
the appropriate servo gain. The error signal voltage is converted to the fre-
quency deviation using the discriminator slope of the cavity resonance signal.
Then, we calculate the mean-square value of the frequency fluctuation Ar?
by integrating the PSD from 50 Hz to 1 MHz, and we estimate the linewidth
§f to be 29Hz using the relation that §f = wAv?/B as we approximate
the frequency fluctuation to be a white noise, where B is the measurement
bandwidth. [29]

We evaluate the absolute linewidth of the linenarrowed laser by comparing
with another ECDL linenarrowed to a resonance of an independent high-
finesse cavity. The wavelength of the compered ECDL is at 822nm. To
bridge the large frequency difference, we phase lock an OFC to the compared
ECDL [30]. We measure the FWHM of the spectrum of the beat between
the linenarrowed ECDL at 881 nm and a mode of the phase locked OFC to
be 200 Hz.

The ECDL at 1.76 pm is composed of a commercially-avairable AR~coated
DL chip (TOPTICA, LD-1700-0030-AR-1) and a diffraction grating of a pitch
of 900 /mm and a blaze wavelength of 1200nm. The first-order diffraction
of 2% of the incident power is fed back to the DL chip, while 87% to the
zeroth order is available. The cavity length of the ECDL is 40 mm. The
maximum Py, is 22mW at 1733nm at I,, of 180mA with I, of 55 mA,
while the oscillation wavelength range is between 1630 nm and 1778 nm. At
Aop 0f 17621nm, F,, and Iy, are 20 mW and 74 mA, respectively. A continuous
frequency tuning range is 3 GHz.

We generate SH of the ECDL at 1.76 pm using a 10-mm-long periodically-
poled lithium niobate (PPLN) crystal. We achieve a quasi phase-matching
(QPM) at the temperature of 170°C. The power of 170nW is generated in
SH from the fundamental power of 18.5 mW. We detect the beat between the

24



Chapter 3. Clock laser for the...

-40

-50

-60
e -70
@ -80 gain good ——
~ 90} gainsmall —— -
% -100 gain large ——— |
ol 410 L 'aser unlock ~

no laser

£

a0

R,

o

3

a -120 |- —
-140 5, M(me&wwﬁ
-160 | | | | |

648 65 652 654 6.56
frequency /MHz

Figure 3.1: Frequency spectrum of reflected light from the optical cavity
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Figure 3.2: beat between 881-nm ECDL and OFC [30]
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SH of the ECDL at 1.76 um and the linenarrowed ECDL at 881 nm with a
signal-to-noise ratio (SNR) of 35 dB with a resolution bandwidth of 300 kHz.
The FWHM of the beat spectrum is 450 kHz, which corresponds to the twice
as wide as the FWHM linewidth of the free running ECDL at 1.76 um. The
phase deviation from the reference at ~ —350MHz from the RF synthesizer
is detected using a double-balanced mixer (DBM). The RF synthesizer is
referenced to a GPS clock. The phase locking is performed by controlling
the injection current of the DL chip at 1.76 pum through a PID controller.
The servo bandwidth is achieved to be 1.2 MHz. The locking is maintained
in long term by controlling the extended-cavity length using a PZT through
an integrator. Figure 3.3 shows the clock laser beat between 1.76 ym SH and
881 nm laser.

We evaluate the residual phase noise to be 0.79 rad using a signal analyzer
(Anritsu 2840A-040 with option 010, 066), by integrating the PSD of the
phase noise in the in-loop beat from 10 Hz to 10 MHz. Because the linewidth
of the linenarrowed ECDL at 881 nm is successfully transferred, we estimate
the linewidth of the ECDL at 1.76 um to be narrower than 100 Hz.
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Figure 3.4: Schematic diagram of clock laser. DL, diode laser; ECDL,
extended-cavity diode laser; PPLN, periodically-poled lithium niobate crys-
tal; EOM, electrooptic modulator; PS, phase shifter; PZT, piezo-electric
transducer; HWP, half-wave plate; APP, anamorphic-prism pair, PBS, polar-
izing beam splitter; FR, 45° Faraday rotator; HF cavity, high-finesse cavity;
DBM, double-balanced mixer; AMP, amplifier; LPF, low-pass filter; PID,
proportion-integration-derivative controller; PI, proportion-integration con-
troller
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Chapter 4

Clock laser using difference
frequency generation and
optical frequency comb

As an alternative approach, we adopt difference frequency generation (DFG)
to obtain coherent radiation at 2052 nm. To realize a narrow-line clock laser,
fast feedback control to a resonance of a high-finesse cavity as shown in
Chapter 3 is performed. When a laser is not available at the wavelength of
the clock transition, nonlinear frequency conversion such as second-harmonic
generation and sum or difference frequency generation is performed. When
a sufficient power is generated in the sum or difference frequency generation,
the narrow-line radiation is realized by controlling only one of the two fun-
damental lasers, as we analyze the frequency fluctuation using the generated
radiation. [25,26] In many cases, however, the generated radiation does not
have a sufficiently large power. Two fundamental lasers are required to be
independently line-narrowed before the generation. It is elaborating to de-
velop two systems involved high-finesse cavities because considerable efforts
are required to isolate the high-finesse cavity from vibrational and acoustic
fluctuations.

4.1 Experimental setup

To generate the radiation at 1762nm, we perform DFG of radiation from
a commercially-available Nd:YAG laser at 1064 nm and from a home-made
ECDL at 664 nm using 45-mm-long 5mol%-magnesium-oxide-doped periodically-
polled lithium niobate (PPMgLN) crystal of the poled pitch of 13.66 pm. The
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two lasers are phase locked to neighbor modes of the line-narrowed fcgo-
stabilized octave-spanning OFC based on a homemade mode-locked Ti:Sa
laser [23]. This is the same OFC used for the linewidth evaluation of the
master laser at 881 nm in the clock laser system in Chapter 3.

The ECDL is constructed using a commercially available diode laser (DL)
(Mitsubishi ML120G21)). The diverging output beam from the DL is colli-
mated using a collimation lens having a numerical aperture of 0.55. We place
a diffraction grating having a pitch of 1800 /mm and a braze wavelength of
250 nm in Littrow configuration. The extended cavity length is 30 mm. The
first order diffraction of 10% from the incident power is fed back to the DL.
The output power is available as a zeroth reflection of 77%. We measure the
wavelength tuning between 654.5 nm and 662.5 nm at room temperature. To
generate the difference frequency at 1762 nm, we increase the temperature of
the DL to approximately 55°C. We obtain the output power of 49 mW at
the operating current of 150 mA and the continuous tuning range of 4 GHz.

The Nd:YAG laser has a maximum output power of 1 W and the linewidth
of 1kHz in the specification (Innolight M1000NE).

We briefly describe the performances of the line-narrowed OFC. The de-
tails are shown in [23]. The homemade mode-locked Ti:Sa laser generating
the OFC is dispersion-controlled by a pair of prisms. The pulse repetition
frequency is ~ 100 MHz. The output power, spectral width and the pulse
duration are 400 mW, 40nm and 23fs, respectively. The output from the
mode-locked laser is passed through a ~ 5-cm-long photonic-crystal fiber to
broaden the output spectrum over one octave. Then, we measure the fogo
using an f-2f interferometer. The SNR of the beat at fcgo is 25 — 35dB
with a RBW of 300 kHz. We phase lock fcgo to a reference frequency from
a RF synthesizer by controlling the pump-laser power using an AOM. We
simultaneously control the angle of the end mirror after the pair of prisms
to maintain the phase locking of fcgo in long term. Then, we phase lock
the fcgo-stabilized octave-spanning OFC to an ECDL line-narrowed to a
resonance of a high-finesse cavity (master ECDL) by phase locking the beat
between one of the modes of the OFC and the master ECDL. The wave-
length of the master ECDL is 822nm and the SNR of the beat is typically
30dB with RBW of 300kHz. The phase-locking is achieved by controlling
the cavity length of the mode-locked laser using a fast piezo-actuated mirror
with a control bandwidth of 80 MHz. The residual phase noise is evaluated
to be 0.35rad from the integration of the PSD of the phase noise between
1Hz to 1 MHz. We maintain the full phase locking over 40 minutes.

The red component of the output beam from the photonic-crystal fiber
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was separated using a dichroic mirror and overlapped with the beam of the
ECDL at 664 nm using a half mirror. The overlapped two beams were dis-
persed by a diffraction grating and were focused to an avalanche-photodiode
(Hamamatsu S2381) to detect the beat between the neighbor modes of the
OFC and the ECDL. We detected the phase deviation in the beat to the ref-
erence frequency from a RF synthesizer using a DBM. Then, we phase locked
the beat to the reference by controlling the injection current of the DL. To
maintain the phase locking, the slow component of the phase deviation was
feedback controlled by the extended cavity length using a PZT.

The method of the phase locking of the Nd:YAG laser was similar to that
of the ECDL. We took the beat using the beam after the second-harmonic
generation in the f-2f interferometer in the system of the OFC. We used
a pin photodiode (Hamamatsu S5973) to detect the beat, and another RF
synthesizer for the reference in the detection of the phase deviation. We
externally place an AOM in the beam pass of the Nd:YAG laser. We feedback
controlled the AOM as used for a phase shifter for the phase locking.

We evaluated the linewidth of the difference frequency by taking the
beat with a line-narrowed ECDL at 1762nm described in Chapter 3. The
linewidth of the ECDL at 1762 nm was estimated to be 100 Hz in Chapter 3.

The beam of the line-narrowed ECDL at 1762nm was transferred from
the different optical table using a polarization-maintaining optical fiber. The
two beams at 1762nm are overlapped using a half mirror and are focused
on to a photodiode (Hamamatsu G12181) having a response bandwidth of
80 MHz.

4.2 Results

We measured that the difference frequency power was proportional to each
of the two fundamental laser powers available in this study. The maximum
difference frequency power of 51 uW was generated from the fundamental
power of 17mW and 460 mW at 664nm and 1064 nm, respectively. The
quasi-phase matching was achieved at ~ 80°C with a temperature tolerance
of

The SNRs of the beats with the nighbor modes of the linenarrowed fcgo-
stabilized octave spanning OFC were slightly higher than 20 dB and slightly
lower than 30 dB for the ECDL and the Nd:YAG laser, respectively, with a
RBW of 300kHz. The servo bandwidth was achieved to be approximately
1 MHz and 130 kHz for the injection current of the ECDL and the external
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Figure 4.1: Beat spectrum between the line-narrowed difference frequency
and the line-narrowed ECDL at 1762 nm. The beat frequency was 45.3 MHz.
The span, resolution bandwidth, and video bandwidth are 5kHz, 1 Hz, and
1 Hz, respectively.

AOM for the control of the Nd:YAG laser, respectively.

We evaluated the residual phase noise from the error signal voltage at
the output of the DBM. We measured the PSD of the error signal voltage
using a fast Fourier transform (FFT) analyzer. We converted it to the PSD
of the phase noise using a discriminator slope of the phase deviation to the
voltage generated at the DBM. We obtained the residual phase noise to be
0.9rad and 0.2rad for the ECLD and the Nd:YAG laser, respectively, from
integrating the phase noise PSD between 1 Hz and 10 MHz.

We detected the beat between the line-narrowed difference frequency and
the line-narrowed ECDL at 1762nm with a SNR of 30dB with a RBW of
300kHz. Figure 4.1 shows the beat spectrum with a RBW of 1Hz when
we phase locked the two fundamental lasers used for the DFG to the line-
narrowed OFC. The FWHM of the beat spectrum was narrower than 200 Hz.
Because the estimated linewidith of the ECDL at 1762 nm was 100 Hz, we es-
timated the linewidth of the line-narrowed difference frequency to be 100 Hz.

We continuously phase locked the entire system during 15 minutes. This
is limited by the duration of which the phase locking of the Nd:YAG laser
maintained. This can be improved by additional control of the length of the
laser cavity via a PZT and/or the temperature of the Nd:YAG crystal.
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4.3 Conclusion

We have developed a system of the narrow-line difference frequency gener-
ation by phase locking of two fundamental lasers to a line-narrowed fcogo-
stabilized octave-spanning OFC. We evaluated the absolute linewidth of the
line-narrowed difference frequency to be 100 Hz. In this system, all phase
locking were successfully transferred the spectra and linewidths. We can im-
prove the absolute linewidth by improving the linewidth of the maser laser
used as a reference for phase locking of the OFC.

This scheme of generating narrow-line difference frequency radiation re-
quires only one high-finesse cavity and widely known techniques. Narrow-line
radiation can be realized in wide wavelength range by exchanging the ECDL
to other wavelengths using an appropriate nonlinear crystal. To realize the
clock laser for driving the 2S; /2—2D3 /2 transition at 2052 nm, the wavelength
of the ECDL is 701 nm.
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Chapter 5

Trapping and laser cooling of
single 1%*Bat in linear-RF trap

A partial-term scheme for Ba™ related to this study is shown in Fig.5.1. The
2S1/2 - 2Py transition is driven by laser cooling at 493nm. In the 2Py
state, Bat decays to the *Ds/, metastable state with a branching ratio of
approximately 1/3. We drive the ?D3/; - 2Py /o transition at 650 nm to close
the cooling cycle as a repumping transition. We observe the fluorescence
emitted by spontaneous emission from the 2Py /5 to the 2S; 5 state for the de-
tection of single Ba™ ions. We conducted single-ion spectroscopy of the 2S; /2
- 2D5/2 transition at 1762 nm. The excitation to the 2D5/2 state is detected
through fluorescence disappearance by electron shelving in the 2Dj /2 state.
To obtain the spectrum of the clock transition in a single ion, we determine
the excitation probability by repeating the excitation of the clock transition.
The lifetime of 31s of the 2Dj /2 state in Ba™ prevents the determination
of the excitation probability within a short time. To repeat the excitation
faster, we drive the 2D /2*2133 /2 transition at 614 nm after state detection. In
addition, to determine the number of trapped Ba* ions, we drive the 2S; /2
2P3/2 transition at 455nm. We determine the number from the step-wise
decrease and recovery in the fluorescence by the decay to the 2Ds /2 state and
subsequent decay to the S;; state, respectively.

Ba™ ions are generated inside the trap by the two-step photoionization
of Ba atoms. For this purpose, we drive the 'Sy - 'P; transition at 553 nm
as the first excitation of the photoionization. [31] We photoionize Ba atoms
in the 'P; state by irradiation with a wavelength shorter than 417 nm.

A schematic of the experimental setup is shown in Fig. 5.2. The details
are as follows.
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Figure 5.1: Partial term schemes for (a) Ba™ and (b) Ba in this study.
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Figure 5.2: Schematic of clock laser. DL, diode laser; ECDL, extended cavity
diode laser; PPLN, periodically poled lithium niobate crystal; EOM, elec-
trooptic modulator; PS, phase shifter; PZT, piezo-electric transducer; HWP,
half-wave plate; APP, anamorphic-prism pair, PBS, polarizing beam split-
ter; FR, 45° Faraday rotator; HF cavity, high-finesse cavity; DBM, double-
balanced mixer; AMP, amplifier; LPF, low-pass filter; PID, proportion—
integration—derivative controller; PI, proportion—integration controller

39



5.1 Light sources Chapter 5. Trapping and laser. ..

5.1 Light sources

We used DLs as we constructed the ECDLs to drive the transitions described
above, except for three. For the second excitation of the photoionization, we
used a DL as it is sufficient to excite Yb atoms above the ionization potential.
We used light-emitting diodes (LEDs) to drive the ?Dj5—?Pj/o transition
at 614nm and the S/, —?P3/, transition at 455nm. [32] The former is for
simplicity and the latter is suitable for measuring the number of trapped
133Ba™ jons.

We constructed the ECDLs as per MacAdam et al. [17] We collimated
a diverging output beam from a DL using a collimation lense, and placed
a diffraction grating in a Littrow configuration. We preferred the Littrow
configuration over other Littmann configurations, because the output power
is higher and an extremely large continuous frequency tuning range is not
required. Adjusting the extended cavity length and diffraction efficiency
of the grating is essential. As we increase the extended cavity length, the
linewidth of the ECDL is narrower; however, the ECDL tends to oscillate
in multiple modes or decrease the continuous frequency tuning range. Dur-
ing construction, we began with an extended cavity length of approximately
100 mm. We then shortened the cavity length until single-frequency oscil-
lation and a continuous frequency-tuning range of more than 3 GHz were
achieved. A solution of 3 GHz was derived from our experience for easy tun-
ing to the transition. Considering the diffraction efficiency, a small efficiency
in the first-order diffraction as feedback indicates that a large output power
is available as the 0-th order reflection. However, an overly small feedback
ratio narrows the oscillation wavelength range, preventing oscillations at the
intended wavelength. We selected a grating to obtain a first-order diffraction
efficiency of 10-20 %. To realize such small diffraction efficiency, the polar-
ization of the DL beam was set parallel to the grating grooves and the blaze
wavelength was shorter than the oscillation wavelength. When we increased
the diffraction efficiency, the blaze wavelength was rendered closer and/or
the polarization was perpendicular.

5.1.1 Cooling laser

Figure 5.3 shows a schematic of the cooling laser, that is, the radiation source
used to drive the cooling transition at 493nm. This was realized by SHG
of radiation from an ECDL at 987nm. SHG was performed using a KNbOj
crystal with a length of 5mm placed in an external cavity with a coupling

40



Chapter 5. Trapping and laser. .. 5.1 Light sources

mirror of a reflectivity of 91%. The cavity resonance was stabilized to the
frequency of the ECDL using the signal detected with the polarization tech-
nique. [33] Phase matching was achieved at 34 °C. We obtained a SH power
of 3.1mW from a fundamental power of 42mW at the cavity input and the
fundamental enhancement factor was determined to be 33. It should be noted
that SH power has been gradually decreasing over years to 300 pW.

The ECDL frequency was stabilized at the resonance of the transfer cav-
ity. The transfer cavity was stabilized to the ECDL frequency at 822 nm,
which was offset-locked to the frequency of the laser line-narrowed to a res-
onance of a temperature-stabilized high-finesse cavity made of ULE glass
(master laser). The frequency drift of the master laser was smaller than
50 Hz/s, although we did not adjust the temperature of the high-finesse cav-
ity to realize zero thermal expansion coefficient. We generated the offset fre-
quency as the zero-crossing frequency of a RF interferometer [34] launched
by the beat between the master laser and transfer laser at 822nm. The
RF interferometer comprised the followings. The beat signal was amplified,
splitted to two arms by a power splitter. Then, the signals through the two
arms were mixed using the DBM. In one of the arms, we inserted a 1-m-long
coaxial cable to introduce a differential delay between the two arms, and
a phase shifter (Mini Circuit ZXPHS-431-S+) to tune the zero-crossing fre-
quency [35]. By tuning the zero-crossing frequency, we adjusted the detuning
of the cooling laser through the offset frequency.

We measured the stability of the interferometer to be £30kHz/h as we
input a RF from the RF synthesizer referenced through the GPS clock. On
offset locking the transfer laser, the in-loop stability of the offset frequency
was measured to be £50kHz/h and its root Allan variance was evaluated
to be < 1 x 107! at an averaging time of 1000 s. The frequency stability,
including that of the master laser, was sufficient for the cooling laser, because
the natural linewidth of the cooling transition is 20.26(3) MHz. [36]. The
tuning range of the zero-crossing frequency by the phase shifter was measured
to be 180 MHz, that is, 360 MHz at 493 nm. This tuning range was covered
for compensating the frequency drift of the cooling laser of approximately
1 MHz and for easily loading Ba™' ions into the trap at the beginning of
the experiments. In our experience, the cooling laser should be detuned by
several tens MHz on the low-frequency side for easy loading. However, on
using this system, we mixed a fixed RF from a RF synthesizer to the beat
between the master and transfer lasers, because the offset frequency required
for the laser cooling was unknown. Once the experimental parameters of
laser cooling is established, the offset frequency could be fixed. The mixed
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RF could be removed by selecting a phase shifter that operates within an
appropriate frequency range.

5.1.2 Repumping laser

To drive the *Dy/5 - *P1 /5 repumping transition at 650 nm, we composed an
ECDL. To frequency-stabilize the repumping ECDL, we constructed another
ECDL at 650 nm, which is frequency-stabilized to a spectrum of a hyperfine
transition in the R(25) line in the 6-5 band in iodine molecules detected
using modulation transfer spectroscopy [37,38]. Then, we phase locked the
repumping laser to the iodine-stabilized laser with an offset frequency.

We performed the modulation transfer spectroscopy of the iodine molecule
in a 100-mm-long glass cell using the latter ECDL. The two beams were
counter propagated through the cell. One of the beams, known as the pump
beam, was frequency modulated using an electro-optic modulator. We de-
tected the signal at the modulation frequency generated in the other beam
called the probe beam. The modulation frequency and the modulation index
are 1.4 MHz and 6, respectively. The SNR of the spectra was 4 through a
low-pass filter with a cutoff frequency of 50 Hz. We frequency-stabilized the
ECDL to the hyperfine component at the second lowest frequency in the line.
We controlled the extended cavity length using a PZT through an integrator.
Then, we phase locked the repumping ECDL to the iodine-stabilized ECDL
with an offset frequency of approximately —420 MHz. The phase fluctuation
in the beat between the two ECDLs to the reference from a RF synthesizer
at the offset frequency was detected using a DBM. Then, phase locking of the
repumping ECDL was achieved by fast feedback control of the injection cur-
rent, whereas slow component was controlled by the extended cavity length
using a PZT to maintain phase locking. The servo bandwidth was achieved
as 2.2 MHz. The residual phase noise integrated from 10 Hz to 10 MHz was
0.44 rad.

5.1.3 Photoionization lasers

Radiation at 553 nm for the first ecxitation of the photoionization of Ba atoms
is realized by SHG of radiation from an ECDL at 1107 nm. We compose the
ECDL using a commercially available AR-coated DL chip (Toptica LD-1120-
0300-1) and a diffraction grating having a pitch of 1200/mm and a blaze
wavelength of 500nm. The first-order diffraction of 11% of the incident
power is fed back to the DL chip, while 85 % to the zeroth order is used for
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Figure 5.3: Schematic of the cooling laser. DL, diode laser; PZT, piezo-
electric transducer; HWP, half-wave plate; QWP, quarter-wave plate; PBS,
polarizing beam splitter; PS, phase shifter; DBM, double-balanced mixer.
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SHG. The external cavity length is 100 mm. The single-frequency oscillation
is realized between 1100 nm and 1125 nm. The threshold current is minimized
to be 42mA at 1116 nm, while it increases to be 59 mA in the region between
1100 and 1107 nm. We obtain the output power of 131 mW at the transtion
wavelength of 1107.404 nm with a operation current of 400 mA.

The second-harmonics is generated from a 10-mm-long PPLN crystal
placed in a power build-up cavity. The quasi-phase matching is achieved
at 122 degree C. The fundamental enhancement factor of 34 is realized using
a coupling mirror of the reflectivity of 92 %. We obtain the second-harmonic
power of 61 mW at 553 nm from a fundamental power of 97 mW. This is the
region where the depletion of the fundamental power is significant. [39]

A part of the second-harmonic beam is introduced into a commercially
available hollow-cathode lamp (Hamamatsu L2783-56NE-BA) to tune its fre-
quency.

For the second excitation, we use a DL having a wavelength of 392 nm.

5.1.4 LEDs

We used two high-power LEDs as described above. One emitted radiation at
approximately 455 nm (Luxeon, LXHL) and the other emitted radiation at
approximately 614 nm (Cree LED, XRCRDO0-L1-000-00M01). Each radiation
source was passed through a band-pass filter and focused on the trap region
using a lens. The DLs that oscillated at 614nm were not commercially
available during this research. Alternatively, the SHG of radiation from the
DL at 1228 nm was used. [14]

5.2 Ion trap

Ba™ ions were confined in a linear RF trap. We adopted the linear RF trap as
a future plan for multi-ion optical clocks. Herein, we describe the trap design
and beam steering for cooling and single-ion spectroscopy. The Ba atoms,
photoionized inside the trap, were generated from the wire of a getter (Saes
Getters, ST14/FD Wire) by increasing its temperature as current passed
through it. We selected the getter as the source of Ba atoms, because Ba
metal is hard and has high reactivity in air, and its products after the reaction
in air are toxic. The trap electrodes and getter wire were placed in a vacuum
chamber and evacuated using an ion pump at an evacuation rate of 20 L/s.
The part of the vacuum chamber surrounding the trap is made of five plates
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of Pyrex glass. The fluorescence was collected by a combination of lenses
placed perpendicular to the trap axis through one of the Pyrex plates, and
was detected using a photomultiplier with a photon-counting method. We
placed three pairs of coils close to the configuration of the Helmholtz coil
to eliminate the environmental magnetic field and apply a magnetic field of
appropriate direction and strength.

5.2.1 Linear-RF trap

Figure 5.4 shows a schematic of the linear RF trap. The voltages applied to
the trap electrodes are shown in the figure. The linear RF trap comprises of
four plates distributed at an equal angle of 90° in the radial direction. We
applied a RF voltage required for the radial confinement to a pair of plates
facing each other, and the other pair at the ground potential about the RF
voltage. One of the ground plates was divided into three groups. DC voltages
for axial confinement were applied to the two side plates, while the center
plate was fixed to the ground potential.

To minimize the radial mircromotion in two dimensions, a DC voltage was
superimposed via a bias-T circuit onto one of the two RF electrodes, and the
other DC voltage was applied to the undivided RF-ground electrode. To
minimize the axial micromotion, the DC voltages applied to the two side
plates for axial confinement were adjusted independently.

We designed the shape of the electrodes using a computer simulation of
the electric field (solution of Maxwell’s equation by the Finite Integration
Algorithm MAFTA). The edge of each plate faced to the trap region has a
cross section of trapezoid. The lengths of the upper and lower sides, equal to
the plate thickness and height were 0.2, 0.8, and 0.2 mm, respectively. The
minimum distance from the trap center to the upper side rq, that is, half of
the radial trap region, is 0.4 mm. In the cross section, the gap angle between
two neighboring plates to the trap axis was 23°. We designed this cross
section to reduce the high-order potential. Expressing the radial potential
as V = a&* + b€? + ¢, where £ is the radial distance from the trap axis
normalized to rg, the ratio of the octupole and quadrupole potential a/b is
3.6 x 1073, In the axial design, increasing of the gap between the center and
side plates increases the unwanted axial RF field when the distance between
the two side plates is fixed. We decided the gap to be 0.15 mm by considering
manufacturing ease, while the distance between the two side plates, that is,
the axial trap region, was 1 mm (the center plate had a length of 0.7mm
along the trap axis).
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Figure 5.4: Electrodes of the linear RF trap. The RF and DC voltage circuits
for trapping and micromotion minimization are shown in Figure. Variable
DC voltages show the compensation voltages for the excess micromotion
minimization (the variable voltage to the one of the electrodes for the axial
confinement includes the confinement voltage.).
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We apply a RF voltage to the electrodes and superimpose DC voltages
in order to minimize an excess micromotion.

5.2.2 Beam steering

The cooling beam was transported using a polarization-maintaining optical
fiber to the table where the linear RF trap system was located. After the out-
put beam from the fiber is collimated, it passes through an accoustoopotic
modulator (AOM) for switching between the introduction and blocking of
the beam to the trap. Then, the cooling beam was split into two beams to
be introduced into the trap at two different radial angles. This is aimed at
three-dimensional cooling of secular motion, even in the case of the degen-
eration of two radial secular motions. The two beams were introduced in
a counter-propagating manner into the trap. One beam, cooling beam #1,
was tilted vertically at an angle of 3° with respect to the trap axis. The
other, cooling beam #2, was first introduced along the trap axis to measure
excess micromotion in the axial direction. After the minimization, the beam
was tilted horizontally at an angle of 3°. The repump laser was placed on
the table on which the trap was located. The beam was transported without
using an optical fiber and overlapped with cooling beam #1. The clock beam
was transported from a different table using a polarization-maintaining fiber.
Then, the collimated beam from the fiber was passed through an AOM for
switching and was overlapped with cooling beam #1. The beams of the first
and second excitation lasers for photoionization were introduced using the
same optical fiber. Although these lasers were placed on the table on which
the trap was located, we used a fiber to ensure overlap of the two photoioniz-
ing beams. Then, the collimated output from the fiber was overlapped with
cooling laser #2 when introduced along the trap axis.

Each beam was focused using a lens, whose focal length is as shown in
Fig. 2, when introduced into the trap. The power of the beams immediately
before the vacuum chamber was 1 W, 40 uW, 40 pW,1.2mW, 200 W, and
200 uW for the clock, cooling #1, cooling #2, repumping, first ionization,
and second ionization beams, respectively.

5.3 Results

To conduct single-ion spectroscopy, we established methods for loading single
138Ba™ ions and minimizing the excess micromotion in three dimensions.
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After describing them, we show the results of single-ion spectroscopy of the
281/2 —2D5/2 transition.

As a common experimental parameter, we applied a magnetic field of
approximately 300 p'T perpendicular to the propagation and polarization di-
rections of the repumping and clock laser beams. This is intended to avoid
generation of the dark states in the repumping transition and increase the
fluorescence intensity, [40] and also to allow to driving only Amp = +£2
Zeeman components in the clock transition. Before applying the desired
magnetic field, the magnetic field was eliminated. To conduct this, we ap-
propriately set the polarization direction of the repumping laser and measure
the current of a pair of coils that minimize the fluorescence intensity from a
single *®*Ba™ ion owing to pumping to the dark state in the repumping tran-
sition. We repeated this measurement for three pairs of coils to eliminate the
environmental magnetic field in three dimensions.

5.3.1 Loading of trapped single **Ba* ions

When we load single *®*Ba* ions using photoionization, we tune the first
excitation laser for the photoionization to the peak of the absorption signal
of the 'S - 'P; transition in the Ba atoms in the hollow-cathode lamp. Upon
loading, we introduce the cooling and the repumping beam simultaneously,
and we observe the fluorescence from the Ba™ ions trapped and laser cooled
during the loading.

A stepwise increase can be observed in the fluorescence accompanying
one-by-one ion loading, as we apply the minimum current to the getter re-
quired for the loading. However, multiple Ba™ ions could be easily loaded
simultaneously. This is because the evaporation rate of Ba atoms from the
getter increased sharply as the temperature increased, and the Ba vapor
from the getter spread widely. Therefore, we determined the number of Ba™
ions after loading. After observing the fluorescence, we immediately blocked
the first excitation laser for the photoionization to stop loading. The LED at
455 nm was then irradiated to observe the electron shelving in the 2Dj ; state,
as shown in Fig. 5.5. We repeated the loading process until we conclude that
a single Ba™ ion was trapped. It was also possible to conduct a one-by-one
release of Bat from the trap by blocking the cooling beam. However, this
method has poor reproducibility.
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Figure 5.5: Stepwise decreases and increases in fluorescence intensity from
(a) single and (b) two trapped 3¥Ba™ ions by electron shelving to and deex-
citation from ?Dj/5 state, respectively. Electron shelving occurs by driving
the 25, /272P3 /2 transition at 455 nm with the LED and subsequent sponta-
neous decay from the 2P3/2 to the 2Dy /2 state. Deexcitation was caused by

the quenching of the ?Ds/o state. This measurement is always performed to
determine the number of trapped **Ba™ ions.
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5.3.2 Micromotion minimization

After loading a single 3®*Ba™, the micromotion was three-dimensionally min-
imized. For this purpose, we detected micromotion using RF-photon cross-
correlation. [41,42] In this measurement, we detected the modulation in the
excitation probability by the Doppler shift caused by micromotion. To ob-
tain the correlation, we repeated the measurement of the time interval from
the detection of a photon emitted from the trapped single *®*Ba™ ion to the
upward zero-crossing of the driving RF voltage and drew a histogram as the
measured time interval was accumulated in each time bin.

First, excess micromotion was detected in the axial direction when the
cooling beam #2 was introduced along the trap axis. We minimized excess
micromotion by adjusting one of the DC voltages for the axial confinement.
Once the axial micromotion was minimized, we tilted cooling beam #2 in
the horizontal plane. Then, we detected the radial micromotion in the ver-
tical and horizontal plane using cooling beam #1 and #2, respectively. We
adjusted the two compensation voltages applied for the radial micromotion
minimization to simultaneously minimize the correlations detected using the
two cooling beams.

Specifically, we did the following. Once the axial micromotion was mini-
mized, the radial micromotion in the vertical plane was minimized detecting
the correlation using cooling beam#1.(Fig. 5.6) We adjusted one of the two
radial compensation voltages V) as the initial value V,.(Fig. 5.7)

Subsequently, we tilted cooling beam #2 in the horizontal plain to detect
the radial micromotion in the horizontal plain. To minimize the micromo-
tion in the horizontal plane, we changed V; to V, —V}, and adjusted the other
compensation voltage V5 to V, + V, to minimize the influence of the vertical
minimization(Fig. 5.8). We finally checked, or finely adjusted the two com-
pensation voltages if required, to simultaneously minimize the correlations
detected using the two cooling beams.(Fig. 5.9)

Figure 5.10 shows the voltage of the DC electrode that minimises axial
micromotion. By finding this line, it is possible to adjust the axial potential
depth while maintaining the micromotion minimised condition.
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Chapter 6

Single-ion spectroscopy of the
281/2 - 2D5/2 clock transition

6.1 Procedure

After the excess micromotions are minimized three dimensionally, we conduct
single-ion spectroscopy of the 2S; /5 - ?Dj /5 transition. Figure 6.1 shows the
time chart of the single-ion spectroscopy. We continuously irradiate with
the repumping beam. The procedures are described as follows. (1) We
laser cool a single *®*Ba™ ion for 100ms. (2) We block the cooling beam by
switching off the driving voltage applied to the AOM to avoid the light shift.
This procedure prepares the '**Bat ion in the 2S;, state. (3) We introduce
the clock beam pulse. The duration is varied 10-100 ms according to the
interaction time intended. (4) We perform the state detection by irradiation
with the cooling beam during 100ms. (5-1) If we observe the fluorescence
from the *Py /5 to %Sy o states, this shows that the **Ba™ ion has not been
excited to the 2Dy state. We start the next interrogation as we go back
to procedure (1). (5-2) If we observe no fluorescence, this shows that the
1%Bat ion has been excited to the ?Dso state. Then, we turn on the LED
at 614nm to accelerate deexcitation from the 2Dy /2 state. The deexcitation
rate was roughly measured to be shorter than 100 ms We continue observing
the fluorescence with a gate time of 100 ms until the fluorescence recovers.
After the fluorescence recovers, we turn off the LED and we start the next
interrogation as we go back to procedure (1). (6) By repeating the trial of
procedures (1)—(5), we determine the excitation probability. We repeat the
trial typically 50 times to determine the excitation probability. (7) We repeat
the determination of the excitation probability as we step-wisely scan the
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Figure 6.1: chart of single-ion spectroscopy of the 2S; 5 - 2Dj 5 transition in
138 3+

frequency of the clock laser by changing the frequency of the RF synthesizer
used for the offset locking of the slave laser in the clock laser system. Then,
we obtain a spectrum of the transition.

6.2 Results

First, we conduct the single-ion spectroscopy in the range of approximately
30 MHz to identify the four Zeeman components. Then, we observe one of
the two stronger components in the four in detail with a smaller frequency
interval of the frequency scanning of the clock laser.

Figure 6.2 shows a spectrum of the m; = —1/2 to m/; = —5/2 component
of the ?Sy /5 - ?Dj 5 transition. The actual offset frequency in the phase locking
of the SH of the ECDL at 1.76 um to the linenarrowed ECDL at 881 nm
was ~ —377MHz. This spectrum was detected with a frequency interval
of 2.5kHz and an irradiation duration of the clock laser beam of 50 ms. We
conducted the interrogation of the clock transition 50 times at each frequency
to determine the excitation probability. The result shows that the carrier
spectrum is clearly identified from the sidebands. We identified the sidebands
generated from the axial and radial secular motions, and estimated the origin
of the higher-order sidebands generated by mixing of the modulation by the
axial and radial secular motions. The identifications are shown in the figure.

We observed the carrier and each sideband spectrum with a higher reso-
lution of 500 Hz interval. The results are shown in Fig. 6.3 with a Lorentz
profiles fitted to the spectra. The full-width at half maximum of the carrier
spectrum was determined to be 1.8 kHz. This value was broader than the
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Figure 6.2: Spectrum of m; = —1/2 to m} = —5/2 component of *S1/2 - ?Dso
transition in single ®®Ba™. The spectrum was detected with a frequency
interval of 2.5kHz and an irradiation duration of the clock laser beam of
50 ms. The excitation probability was determined from 50 trials of the clock
transition excitation at each frequency.
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clock laser linewidth of 100 Hz as described in chapter 3. The possible reason
for the residual broadening is the magnetic field fluctuation.

We estimate the energy of the secular motion from the intensity ratio of
the first sidebands to the carrier. The intensity of n-th order sideband and
the carrier (n = 0) is proportional to a Bessel function of J,(kx;), where
kx; is the Lamb-Dicke parameter with the wavenumber k of the clock laser
and the amplitude x; of a secular motion where i = r, z which indicates the
radial and axial direction, respectively. From the average of the ratio of the
upper and lower first axial sidebands to the carrier, we estimate that kx, =
0.94(15). Because kz, ~ 1, the single *®Ba™ ion was almost confined in the
Lamb-Dicke region of the 2S; /2 - ’D; /2 clock transition in the axial direction.
The temperature corresponding to the axial secular motion is deduced to be
4.8(1.6) mK. In the same manner, we can estimate the temperature of the
radial secular motion to be 3(3) K. The large error is caused by the fact that
the clock laser beam propagates with the small angle to the trap axis and the
radial component of the beam is small. This prevents from precise analysis
of the energy of the radial secular motion.

6.3 Conclusions

We developed a single-ion spectroscopy system for the 2S5 - D5 s clock
transition in Bat. Using this system, we successfully observed resolved-
sideband spectra of the 2S5 - 2Dy, transition in single '**Ba‘t ions. For
the axial direction, we almost confined single **Ba™ ions in the Lamb-Dicke
region of the clock transition, and achieved the temperature of 4.8 mK. The
results show that the clock laser phase locked via SHG is useful for the single-
ion spectroscopy, and the getter is applicable for single '*¥Ba™ trapping as a
source of Ba atoms.

In this work, the small gaps between the electrodes in the radial direction
prevent from introducing the cooling beam in a large angle to the trap axis
owing to generation of a large scattering light. It seems be impossible for us to
irradiate the trapped Ba™ ions also with the clock laser beam without guide
of the cooling laser beam colinearly overlapped. This disables us to precisely
estimate the temperature of the radial secular motions. Moreover, there is a
possibility that the small radial component of the cooling beams would not
sufficiently laser cool the radial secular motions. For a further development,
we need to design the trap electrodes which allows us to introduce the cooling
beams with sufficiently large radial components, and more precisely estimate
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6.3 Conclusions
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are also shown.
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the temperature of the radial secular motions.
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Chapter 7

Trapping and laser cooling of
odd isotopes of Ba™ ions

7.1 Laser setup

Figure 7.1 shows the level structure of the odd isotope Ba®. The odd-
numbered isotope Ba™ has a nuclear spin of 3/2, so it has a hyperfine struc-
ture as shown in the figure. Therefore, in order to laser cool the odd isotope
Ba™ , two cooling lasers and three repumping lasers are required. Figure 7.2
shows the configuration of the cooling lasers. Cooling lasers #1 and #2 are
phase-locked to each other and their frequencies are stabilized relative to each
other. Cooling laser #1 is stabilized by frequency control of the resonance of
a temperature-stabilized optical cavity. The second harmonic of each laser is
generated, the beams are overlapped using a PBS, and the beams are intro-
duced into the trap via optical fibers. Figure 7.3 shows the configuration of
the repumping lasers. The beat between the repumping lasers #1 to #3 and
the stabilised laser using an iodine cell is obtained. The repumping laser #1
is frequency-stabilised by phase-locking, and the frequencies of the repump-
ing lasers #2 and #3 are adjusted manually by free-running. The beams of
each repumping laser are overlapped by a half mirror and introduced into
the trap.

7.2 Results

Initially, we trapped ions. Cooling fluorescence was observed through the
application of a current of approximately 3.6 A to the barium getter, with
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Figure 7.1: level structure of odd isotope Ba™
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Figure 7.3: repump lasers for odd isotope Ba™
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the first ionisation laser being tuned to the resonance frequency of the odd
isotope. It is possible to trap single ions by periodically deactivating the RF
electric field of the ion trap. As illustrated in Figure 7.4, the fluorescence
of the trapped *"BaT is evident. It was observed that when each of the
cooling and repumping lasers was deactivated, the fluorescence diminished,
indicating that all lasers were contributing to the process of laser cooling.
Figure 7.5 illustrates quantum jumps observed using an LED that excites
the 2Si/o - *Pypotransition. It is noteworthy that a single '*’Ba* ion was
found to generate 700 cps of fluorescence.
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Chapter 8

Conclusion

In this study we have established a clock transition spectroscopy technique
for 1%¥Ba™ ions and a laser cooling technique for odd isotope Ba™ ions. The
conclusions of each chapter are summarised below.

First, we developed a laser capable of spectroscopy of the 1.76 ym 2S5
- 2Dj/s clock transition (clock laser). By controlling the 881-nm laser to
resonate with the optical cavity, we narrowed the line width. The clock laser
was achieved by detecting and phase locking the beat between the 881 nm
laser, which had been narrowed by generating the second harmonic of a 1.76
pm laser, and the 881 nm laser. The linewidth of the 881 nm laser was
evaluated at 200 Hz compared to the linewidth of the laser linenarrowed by
resonance in another optical cavity. As the wavelength of the laser being
compared was 822 nm, the optical frequency comb was phase locked with it
and the linewidth of each mode of the optical comb was linenarrowed and the
beat between the comb and the 881 nm laser was observed. The linewidth
of the laser at 1.76 pm wavelength is estimated to be half that at 100 Hz.
(Chapter 3)

A clock laser was developed by generating a narrow linewidth laser beam
by differential frequency mixing using two phase-locked lasers with a narrow
linewidth as described above. In this study, the difference frequency was set
to 1.76 um and the linewidth was evaluated by comparison with the clock
laser described above. The spectral width of the beat signal of the two lasers
was 100 Hz, demonstrating the effectiveness of this method. By changing the
wavelength of the laser that generates the difference frequency, it is possible to
obtain a narrow linewidth laser beam with a wavelength of 2.05 ym. (Chapter
1)

We then established a technique for trapping and cooling a single Ba™ ion
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in a linear RF trap. Since our ultimate goal is to use multiple ions, we adopted
a linear RF trap that can cool multiple ions on the trap axis. However, in this
study we aimed to establish a technique for cooling a single trapped ion to the
Lamb-Dicke state, where the range of ion motion is less than the wavelength
of the clock transition. In addition, a getter was used as a source of Ba atoms.
Ba atoms were generated from the getter, trapped by photoionisation in the
trap, laser cooled using the 493 nm 2S; /2 - 2P, /2 transition and repumped
using the 650 nm ?Dy /s - Py transition to complete the cooling cycle.

In real traps, unwanted electrostatic fields usually occur and ions are not
trapped in the centre of the trap. If they are displaced from the centre
of the trap, the RF electric field used for trapping becomes stronger and
the ions are overexcited (excess micromotion). This excess micromotion was
first detected and minimised in the axial direction. Next, it was detected
and minimised in the radial direction using cooling lasers irradiated from
two directions at an angle of 3 degrees from the axis.(Chapter 5)

We then performed single-ion spectroscopy of the ?Sy 5 - 2Dj 5 clock tran-
sition using a narrow linewidth clock laser. We observed the vibrational
sidebands caused by the continuous motion of the ions by separating them
from the carrier spectrum, and detected a spectrum in which the carrier was
sufficiently larger than the sidebands. With respect to the direction of the
trap axis, we estimated the temperature reached by the secular motion to be
3.5 mK, confirming that the Lamb-Dicke region had been reached. (Chapter
6)

In parallel, we succeeded in trapping and laser cooling a single odd isotope
137TBat. The levels of the odd isotope 3°Bat,!3"Bat each have hyperfine
structures, and two cooling lasers and three repumping lasers are required to
excite all the hyperfine structures. We prepared independent lasers and phase
locked them as necessary to stabilise their frequencies. The photoionisation
method used in this study cannot separate *Ba* and *"Ba*t. However, it
as found that single ions could be introduced into the trap and laser cooled
for specific isotopes. (Chapter 7)

8.1 Prospects

In terms of future prospects, we discuss the realization of a single *¥Ba* ion
optical clock and a multi-ion clock using the odd isotope Bat.
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8.1.1 optical clock using **Ba* ions

The largest frequency shift is the first-order Zeeman shift. We can remove
this shift by measuring the magnetic field dependence on the clock transition
frequency and extraporate the value at the zero magnetic field. Then, we
average the zero-magnetic-field frequency of each Zeeman component and
find the center of gravity of the clock transition.

To measure this precisely, a narrow spectral width is essential. The
main reason for the broad linewidth of the clock-transition spectra in sin-
gle 1¥¥Bat is the fluctuation of the ambient magnetic field mainly caused by
the AC current of the electricity. This can be improved by detecting the
clock-transition excitation synchronously to the electricity, and/or improve
the magnetic shield. Cancellation of the magnetic field fluctuation has be
successfully developed by combination of feedback and feed-forward control
of the current of the coils. [43]

In addition, it is necessary to further improve the linewidth and stability
of the clock laser. The linewidth or short-term frequency stability can be
improved by increasing the servo gain used in the FM sideband technique.
We evaluated the linewidth to be 29 Hz relative to the resonance of the high-
finesse cavity by integrating the PSD of the frequency fluctuation in a large
frequency range. However, we particularly need to evaluate and improve the
close-to carrier components because the absolute linewidth has been achieved
to be 100 Hz. And also, it is inevitable to introduce an anti-vibration table
and improve the method of supporting the optical cavity. Long-term fre-
quency stability or frequency drift can be improved by controlling the tem-
perature of the high-finesse cavity to that of the zero thermal coefficient of
the ULE glass, which is the material of the spacer of the high-finesse cavity.

(Highly accurate optical frequency comparison is required for clock oper-
ation. Therefore, an optical frequency comb locked to another optical clock
is required.) By solving the above problems, an uncertainty of 1077 can be
achieved in single-ion clock using *®*Ba™ ions. Note that the uncertainty of
1.2 x 107! has been achieved in single *¥Sr™ ions, [44] which has the enegy
levels similar to 1**Bat

8.1.2 multi-ion clock using odd isotopes

First, we can trap only single 1¥"Ba™ ions and have not observed more than
two 3"Ba™ ions. This is because the natural width of the 'Sy —'P; transition,
currently used for the first excitation of the photoionization, is greater than
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the isotope shift between the two odd isotopes and selective ionization of the
specific odd isotopes is impossible. To selectively load the one of the two odd
isotopes ¥*Ba® and ¥*"Ba’t, a method for odd-isotope selective excitation
of Ba atoms is required. We need to investigate other schemes including
narrower transitions such as 'Sy —3P; transition.

Second, if is necessary to develop a clock laser at the wavelength of
2.05 um to drive 2S; /2 —2Dgy /2 transition. This can be achieved by improving
the clock laser based on the difference frequency generation developed in this
study. If we change the ECDL at 664 nm, which is one of the fundamen-
tal waves used in the difference frequency generation, to another ECLD at
701 nm, we can achieve a narrow-line radiation at 2.05 pum.

Third, it is difficult or impossible to decouple the F=0 hyperfine state in
the 2Dy />. The hyperfine intervals in the 2Dj ) is smaller that those in '™Yb™,
although the F=2 in the *Dj 5 state in "1Yh T successfully decoupled from the
cooling cycle and single-ion spectroscopy of the 2S;5(F=0)—2D3/s(F = 2)
transition has been performed. [45,46] One possible solution is state detection
by depleting the ions remaining in the %S, /2 after the excitation of the 23, /2
?Dy), transition. This scheme has been realized using '**Ba*, [21] and driving
the 281/2—2D5/2 transition can be used for this purpose [12] using the clock
laser developed in this study.

By solving the problems above, I believe that a multi-ion clock using the
odd isotope Ba't will realize. Then, it is essential to increase the number of
ions to achieve similar frequency stability to that of the optical lattice clock
using atoms. This can be achieved, for example, by increasing the number
of trap electrodes in the axial direction.
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