-~

Characteristics of Ytterbium lons Stored in Rf Traps

February 1996

Kazuhiko SUGIYAMA



Characteristics of Ytterbium Ions Stored in Rf Traps

February 1997

Kazuhiko SUGIYAMA



abstract

In this thesis, we describe the characteristics of buffer-gas-cooled
and laser-cooled Yb'. Yb" is a candidate for providing a frequency
reference in future frequency standards. Owing to the suitability of Yb* for
use in a frequency standard, its potential for it has been extensively
investigated. The growing interest in establishing a new frequency standard
using the transitions of Yb* demands a deeper understanding of the
characteristics of Yb*. The present thesis contributes to this aim.

The characteristics of buffer-gas-cooled Yb* has considerably
clarified by our investigations. The discovery of the YbH' production may
present a new problem in using buffer-gas-cooled Yb* in a frequency
standard. For laser cooling, we succeeded in it from a natural isotope
mixture of Yb as a source. This had seemed to be impossible before our
investigation. Establishment of methods for deexcitation of the “F,, state is
necessary toward the realization of an optical frequency standard using the
’S,, - ’D,, transition (or sometimes using the °S,, - °F,, transition).
Combining establishment of laser cooling and-trapping of single Yb* ions
‘with it, we achieved the preparation for high resolution spectroscopy of the

optical clock transitions of Yb*.

For the investigations, we used two rf traps of different sizes. A
large trap of 2r, = 22.6 mm was used for investigation of buffer-gas-cooled
Yb*. In this trap, we could confine the ions of which number was up to 10°
and successfully detected rf signals of trapped ions. A small trap of 2r, =5
mm was constructed for investigation of laser-cooled Yb*. For laser cooling,
we decreased heat capacities of the oven and the electron source used for

production of Yb* ions in order to avoid collisonal heating with neutral Yb



atoms and electrons.

In detection of trapped ions by rf resonance absorption method, we
focused on the effect of anharmonic oscillation of trapped ions on rf signals.
We found that the shapes and sizes of rf signals depended on the pressure of
buffer gas while the number of trapped ions was fixed. In addition, we
found that the shapes of rf signals changed with the number of trapped ions
while the pressure of buffer gas was fixed. We suggested that the buffer-
gas-pressure and the ion-number dependence of rf signals could be
qualitatively explained if we assume that the space charge potential of
trapped ions has an anharmonicity which changes with buffer-gas pressure
and ion number.

We pointed out that anharmonicity of rf signals limited accuracy in

estimating the number of trapped ions from rf signals.

For detection of the fluorescence and laser cooling of Yb*, radiation
at 369.52 nm is required to drive the °S, - °P,, first resonance line. We
realized tunable cw radiation at 369.52 nm by a simple and inexpensive
method, i.e., sum-frequency mixing of diode-laser radiation at 1310 nm and
argon-ion laser at 515 nm. More than 14W of UV radiation was generated
from a diode-laser power of 21 mW and an argon-ion laser power of 1.3 W
with a B-BaB,0, crystal. We successfully observed the fluorescence of
trapped Yb* ions using this radiation. We found that the phase-mismatching
tolerance became larger when we strongly focused input beams than that
when the beams were collimated. This is caused by the fact that an aperture
length was shorter than the crystal length due to a relatively large double
refraction of this material.

We proposed a simple frequency stabilization scheme of sum

frequency, i.e., stabilization of sum-frequency by controlling only one of
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the fundamental lasers of mixing. We successfully applied this scheme to the
sum-frequency mixing of diode-laser and argon-ion-laser radiation. We
controlled only the diode laser while the argon-ion laser was free-running.
This scheme 1s effective also for difference-frequency mixing.

We found that more powerful radiation at 369.52 nm was required
for laser cooling that that generated by sum-frequency mixing. For this
purpose, we generated radiation at 369.52 mm by second-harmonic
generation of dye-laser radiation using an external cavity technique. We
obtained more than 100 W of UV radiation by an external cavity We
succeeded in laser cooling using this radiation.

For laser cooling, the *D,, metastable state must be depleted. For
this purpose, we drove the “D,, - ’[3/2],, transition at 935 nm with radiation
generated by a Ti:AL O, laser. We detected optogalvanic signals of this
transition of Yb* in a lamp and determined the isotope shifts of it, which
were not well known. It was necessary to know the isotope shift of this
transition for laser cooling, in particular, in the case that a natural isotope

mixture of Yb* is used as is the case with us.

In our investigation of buffer-gas-cooled Yb*, we focused on the
characteristics of it continuously irradiated at 369.52 nm. During over five
years of our investigations, great progress in the understanding of this
phenomenon has been made. It is well known that the fluorescence of
trapped Yb* ions fades with continuous driving the *S,, - *P, , transition with
irradiation at 369.52 nm in the presence of buffer gas. For the cause of the
fluorescence decay, it was proposed that population trapping in the °F, , state
of which lifetime is calculated to be over 1000 days.

We found that, in some conditions, the rf signals disappeared as well

as the fluorescence faded. Then, we noticed that some gases were
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responsible for the rf-signal disappearance, and proved this proposal by the
observation that the disappearance was enhanced when we introduced O, or
H,0 gas into the vacuum chamber. We suggested that chemical reaction of
Yb* in excited states to produce molecular-ions should occur with the rf-
signal disappearance from the change in the resonance point of rf signals.

To investigate these observations more quantitatively, we developed
mass selective detection of trapped ions by combining a quadrupole mass
analyzer with our rf trap. We found that YbH" was produced by chemical
reaction of Yb* in excited state with residual H, gas. The YbH" production is
one of the causes of the fluorescence decay. The YbH" production occurs in
the same time scale of the fluorescence decay, and rf signals did not
disappear and the resonance point of them just shifted in accordance with
the mass change. We found that wavelengths of 369.482 nm, 369.202 nm,
and 368.947 nm, formerly assigned as wavelengths for deexcitation of Yb*
in the °F,, state to the ®S,,, ground state, are actually photodissociation lines
of YbH". _

To investigate the disappearance of rf signals, we introduced O, gas
into the vacuum chamber and detected trapped ions mass-selectively. We
found that YbO* was produced by chemical reaction of Yb* in exited states
with O, gas, as we predicted. We first considered that the disappearance of
rf signals indicated the loss of ions from the trap. However, the results
obtained by mass-selective detection in the presence of O, gas indicated that
the number of trapped ions did not decrease to the minimum detectable level
by rf signals. Further investigations should be required to clarify the causes
of the rf-signal disappearance. -

With a view to establishing a frequency standard using buffer-gas-
cooled Yb* ions, the production of YbH* may limit the performance of the

frequency standard owing to- the difficulty in removing H, gas from the
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vacuum system.

We describe a positive application of our results. Knowledge of the
wavelengths of photodissociation lines of molecular ions enables the use of
laser-cooled ions in the field of molecular physics and chemistry in low
temperature. For example, cooled single molecular ion photodissociation

spectroscopy is proposed.

In our investigations of laser cooling of Yb*, we demonstrated that it
is possible to laser cool Yb* from a natural isotope mixture of Yb as a source
by carefully setting the frequencies of the two cooling lasers. It was possible
to directly laser cool one of the three major even isotopes without serious
laser heating of the other isotopes, owing to relatively large isotope shifts of
the *D,, - *[3/2],, transition at 935 nm.

It was possible to trap and laser cool single *Yb* ions also from a
natural isotope mixture. We introduced two compensation electrodes to
resolve the problem of an unexpected dc field. Applying condensation
voltages to the compensation electrodes and one of the endcap electrode, we
observed narrow spectra of single Yb* ions. We evaluated saturation
broadening of the °S,, - *P,, cooling transition, then, determined the
temperature of a laser-cooled single *Yb* ion to be 150 mK. However, we
suppose that residual linewidth of the spectra was still caused by
imperfection of the dc field compensation.

We observed quantum jump signals by pumping to the °F,, state.
This signal was useful to determine the number of ions. To observed
quantum jump signals repeatedly, some methods for deexcitation of the °F. ,
state are necessary. We observed the fluorescence recovery by deexcitation
of the °F,, state with driving the following four transitions: the °F,, - °D,,

transition at 3.43 um, the *F,, - 'D[5/2],, transition at 639 nm, the °F,, -



'D[3/2],,, transition at 760 nm, and the *F,, - °D[9/2],,, transition at 828 nm.
‘Using. radiation. for pumping .to-and deexcitation .of the ’F,, state, we

observed quantum jump signals repeatedly.
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Chapter 1

Introduction

This thesis concerns the characteristics of singly ionized ytterbium
(Yb") stored in radio-frequency (rf) traps investigated at the National
Research Laboratory of Metrology (NRLM). This chapter contains a
short review of the ion trap technique for application to frequency
standards. The general characteristics of Yb*, in particular, its suitability
for application to frequency standards, are described. We review the
history of investigations of Yb*, and mention our contributions to the
understanding of characteristics of Yb* in rf traps. An outline of this

work is described in the final part of this chapter.

1.1. Ion Trap Technique

The ion trap technique is one of the candidates for a method of
realizing a new frequency standard [1-10]. Its advantages as a frequency
standard are as follows.

Ions are stored in a small region for long periods of time. The
storage time of trapped ions was recorded over several days. Therefore, a
long interrogation time can be obtained. The linewidth of a spectrum Aw
is limited by Einstein’s uncertainty law AwAt = 1, where At is the

interrogation time. Therefore, a long interrogation time results in a high



resolution or high O of the spectra, where Q is defined by Q = Aw/w,
and w, is the transition angular frequency.

When ions are confined within the region of A/2x, where A is the
wavelength of the interrogated electromagnetic field, the observed spectra
are free from the first-order Doppler shift [11]. This is, the non-Doppler
shifted carrier at w, is observed as the strongest peaks with sidebands of
weaker strength [11]. The region A/2x is called the Lamb-Dicke region.
Confinement within the Lamb-Dicke region is easily realized in the
microwave region. For example, A/27 is 5 mm at w27 = 10 GHz and
confinement in this range is realized by using a trap of a conventional size,
and a ring electrode with an inner diameter of (see below) a few cm.

The ion trap technique is free from frequency shifts due to
collisions with the wall. When ions are trapped in an ultrahigh vacuum
(UHV), frequency shifts due to collision with background gas, i.e.,
pressure shift, can be negligible.

For ions which have a strong transition, with which the cycle of
absorption of a laser photon and subsequent spontaneous emission is
repeated continuously for over several tens of thousand times, laser
cooling can be combined with the ion trap technique. Laser cooling was
proposed for neutral atoms [12] and trapped ions [13]. Laser cooling of
‘trapped ions was first demonstrated in 1978 for Mg* stored in a Penning
trap at the National Institute of Standards and Technology (NIST) [14]
and for Ba® in a rf trap at Universitat Hamburg [15]. Laser cooling with a
strong transition decreases the kinetic energy of trapped ions to the order
of 1 mK. This results in a very small second-order Doppler shift. The
second-order Doppler shift is due to the special relativistic law, and is a
major factor in the uncertainty of present frequency standards. By

cooling to a temperature of 1 mK, its fractional shift should be reduced to



10'® or less. This value may be smaller than that of the other factors of
frequency shift.

The decrease of kinetic energy of trapped ions, upon laser cooling,
means that the amplitude of the ion oscillation is also very small.
Therefore, only a single ion can be observed in traps by observing its
fluorescence, in combination with the effect that the absorption rate of
laser photons increases due to the decrease in the first-order Doppler shift.
Laser cooling and observation of a single ion was first realized by
Neuhauser et al. at Universitat Hamburg [16]. Moreover, the amplitude of
the ion motion can be reduced within the Lamb-Dicke region even for an
optical wavelength [17]. For example, if "' Yb* is confined in a trap with a
harmonic potential well of an oscillation frequency of 1 MHz, the
amplitude of "'Yb* is 35 nm at 1 mK, while A/27 is 59 nm at 370 nm.

The disadvantage of the ion trap technique is that density, and
consequently, the number of trapped ions, cannot increase due to
Coulomb force repulsion because of the charges of trapped ions. This

results in a poor signal-to-noise ratio.

We introduce ion traps briefly. On the basis of Laplace’s equation,
it is impossible to confine a charged particle in space using only a static
electric field. Here, we use cylindrical coordinates with their origin at the
center of the trap. When a charged particle is to be confined in a
harmonic potential well in the radial r or the axial z direction using a

static electric field, the electric potential ¢(r, z) is represented in the form
of,

¢(r,z) = A(r* - 2z%) (1.1)



where A4 is a constant. To realize this potential, three electrodes are
prepared with their inner surfaces shaped into a truncated hyperboloid, as
shown in Fig. 1.1, because the inner surfaces of the electrodes should
correspond to an equal electric potential surface. The electrode shaped as
a ring is usually called the ring electrode, and the other two electrodes
which have the same inner surface and potential are the endcap electrodes.
When an electric voltage V/; is applied between the ring electrode and the

two endcap electrodes, the constant 4 is given by

2 T B =Bz (required for Penning trap)
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Fig. 1.1 Schematic representation of the electrode configuration

for the rf (Paul) or Penning trap. The inner surface of the electrodes are
assumed to be equipotentials of ¢(r, z) = A(r* - 22%), where 4 = V/(r .2 +
22,%). r, is the minimum inner radius of the ring electrode, and z, is the
minimum half-distance between the two endcap electrodes.
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where r, =~/2z,, r, is the minimum inner radius of the ring electrode,
and z, 1s the minimum half-distance between the two endcap electrodes.

From Egs. (1.1) and (1.2), it is also clear that one cannot trap a
charged particle cannot be trapped in three dimensions by applying only a
static voltage as V. To overcome this problem, two methods were
devised. One is the Penning trap and the other is the Paul or rf trap. In
the case of the Penning trap, a static electric voltage is applied as V to
trap a charged particle in the z direction. Simultaneously, a static
magnetic field is applied in the z direction. This results in confinement in
the r direction due to the motions of the cyclotron and magnetron about
the trap axis.

In the case of the rf trap, a time-varying rf electric field is applied
as V,. Although a charged particle has an oscillation motion at the
frequency of the applied rf driving field, it drifts toward the region of the
weaker field due to inhomogeneity of the rf electric field. This results in
confinement around the trap center where the rf field is weakest. The
oscillation at the frequency of the rf driving field is called micromotion,
and the oscillation in the psuedopotential well caused by the
inhomogeneous rf field is called secular motion. Principles of the rf trap
are described in detail in Sec. 2.2, since we use rf traps.

The advantages and disadvantages of both types of traps are
briefly described. In the case of the Penning trap, there is no strong
heating mechanism from the trapping fields. It is suitable for laser

cooling a large number of ions. On the other hand, no restoring force acts



in the » direction. Therefore, it is important not to interrupt the
magnetron motion for trapping a charged particle, otherwise it is lost in
the r direction. Therefore, an UHV condition is needed to avoid collision
with background gases. When laser cooling is applied, the direction of the
laser beam must be the same as that of magnetron motion [18]. The
magnetic field applied for confinement in the r-direction causes the
Zeeman shift in transitions of trapped particles. This complicates the level
structure, and demands that the magnetic field strength be set to the point
where the Zeeman shift does not depend on magnetic field to the first
order, but to the second order to avoid broadening of spectra due to
fluctuation of the magnetic field strength.

In the case of the rf trap, a heating mechanism exists. The energy
of the micromotion, caused by the rf driving field, of a trapped charged
particle is converted to a secular motion via ion-background gas or ion-
ion collisions. This is called rf heating {1]. As the number of trapped
charged particles increases, a cloud of trapped charged particles spreads
outwards from the trap center due to the Coulomb repulsion force caused
by their charges. The rf driving field becomes stronger as the distance
from the trap center increases. Therefore, an increase of the number of
trapped charged particles results in increase in the energy of micromotion,
and consequently, of secular motion due to the rf heating. Therefore, to
reduce the kinetic energy of the trapped charged particles, their number
must be decreased [19]. To cool the particles as low as possible, it is
necessary to trap only a single ion and to locate it at the trap center where
no trapping rf driving field exists. On the other hand, the restoring force
acts in all directions. Therefore, trapped charged particles can be cooled
by collision with light buffer gases, to a kinetic energy at which rf heating

balances collisional cooling with light buffer gases [20,21]. To reduce rf



heating, the linear trap was devised, where four parallel rods produce a
inhomogeneous quadrupole rf field in the space surrounded by the rods to
confine charged particles in the direction perpendicular to the trap axis,
while a static voltage is applied to confine them in the direction of the
trap axis (i.e., rf heating acts on the particles only in the direction

perpendicular to the trap axis.) [22].

We describe the expected performance of the frequency standard
based upon the ion trap technique. To evaluate the performance of the
frequency standard, three parameters are used: accuracy, stability and
reproducibility.

Laser-cooled single ions have a very high accuracy potential [5-
7,23,24]. As mentioned, the fractional second-order Doppler shift can be
reduced to the order of 10*® or less at a temperature on the order of 1
mK. The second-order Doppler shift is a large factor of uncertainty in the
current frequency standard. Therefore, other factors of uncertainty may
also be observable.

The second-order Stark shift is caused by the electric field of the
trap and blackbody radiation. For the former case, the value of the shift
was measured by Yu et al., at the University of Washington, to be ~10
mHz/(V/cm)® for the S, - °D,, transition of Ba* [25]. The average
fractional shift of the transition is predicted to be 10" at 1 mK [25]. (This
range of temperature is realized by laser cooling to the Doppler cooling
limit. See Chapter 5.) For the latter case, the value of the fractional shift
would be 10" at room temperature, where the blackbody radiation field
has a value of ~70 (V/cm)* [23].

In the case that the lower or upper states have an electronic

electric quadrupole moment, e.g., S - D transitions of ions of group Ila



and IIb elements, a shift is caused by quadrupole interaction with the
static electric field of quadrupole symmetry. If the trap has perfect axial
symmetry along r = 0, and the magnetic field is aligned with the z axis of
the quadrupole field, the shift is estimated to be ~ -2 Hz when 1 V is
applied to the ring electrode for the trap of 2r, = 0.93 mm [24]. It is
pointed out that, in practice, the shift would be a few tenths of a hertz due
to imperfection of the magnetic field alignment and of the axial symmetry
of the trap [25]. However, it has been proposed that this shift can be
calibrated [24]. The 'S, - *P, transition of ions of group Illa elements is
free from the quadrupole electric field shift [6].

Even isotopes of ions of group IIa and IlIb elements have angular
momentum J =1/2, and their Zeeman shift around the zero magnetic fieid
depends on the magnetic field to the first order. The value of the shifts in
those ion species is estimated to be on the order of 10 MHz/mT. The
fluctuation of ambient magnetic field broadens the observed spectral
linewidth, e.g., if a 1 uT fluctuation of the magnetic field exists, the
spectra would have a linewidth of 10 kHz. To avoid this problem, m . =0
—> m; = 0 transitions of odd isotopes of ions of group Ila and IIb
elements are useful. The transitions depend on the magnetic shift to the
second order, e.g., for the Hg* S (F=0, m; = 0) — °D,,(F=2, m, =0)
‘transition, the fractional shift is estimated to be ~-2 x 10° B* [/T?] [24]. If
we again assume the fluctuation in the magnetic field to be 1 uT, the
spectral width would be 20 mHz. In the case of the ion species of group
Illa elements, the magnetic field dependence on the 'S, - °P, clock
transition is of the first order, but much smaller than that of the even
isotopes of the ion species of group Ila and IIb elements. For example, it
is estimated to be 20 kHz/mT for TI* [6]. The spectral width would be
broadened to 20 Hz by a 1 uT fluctuation of the magnetic field. This may



require careful shielding of the magnetic field.

Frequency stability, or measurement imperfection, is proportional
to the inverse of the product of O and S/N, where S/N is the signal-to-
noise ratio for detecting the number of ions that have made the transition.
If we assume that the time-domain Ramsey method is used to interrogate
the clock transition, the frequency stability, expressed in terms of Allan

variance, is given by [11,24]

o,(r)= ! (1.3)

INOT AT

where 7 is the averaging time and T, is the interrogation time between
pulses in the Ramsey method.

Although laser-cooled single ions have a potential of high
accuracy, they have a disadvantage in S/N. A long averaging time may be
required to obtain a measurement precision comparable to the accuracy.
One solution to this problem is to increase Q using a transition at a high
w,. In this sense, single ion spectroscopy is performed in the optical
region. Single ion spectroscopy was first demonstrated by Bergquist et al.
at NIST in 1988, where they observed the *S,, - °D,, transition at 282 nm
of Hg* [17]. Since then, researchers in several laboratories have applied
single ion spectroscopy to optical regions of various ion species, i.e., Ca*,
Sr*, Ba*, Yb*, Hg*, and In* [26]. The observed linewidths are limited in
the range from 1 kHz to 10 MHz. The narrowest spectra obtained so far
had the full width at half-maximum (FWHM) of 80 Hz, where the °S,, -
’D,,, transition at 282 nm of "’Hg" was again detected by Bergquist et al.
at NIST [27]. However, frequency stabilization of lasers to the clock

transition of trapped ions has not yet been realized. This is mainly because



the spectral purity of lasers is not sufficient. By using a fast servo and FM
sideband technique [28], the frequency of the laser can be locked to the
resonance of a high-finesse cavity with a relative linewidth of less than 1
Hz [29,30]. However, the absolute linewidth is limited by fluctuation of
the cavity resonance caused by vibration and/or interference by acoustic
noise [31}].

On the other hand, in the microwave region, an increase of the
number may be desirable to obtain high-frequency stability. To this end, a
large number of ions are trapped in rf traps by means of buffer-gas
cooling. So far, two groups have demonstrated prototype microwave
frequency standards with very high stability. Tjoelker et al. at JPL
reported 0,(7) = 6.5 x 107 ' (7 < 10000 s) and a sensitivity floor better
than 7 x 107® was recorded at 10000 s, where they used the ground-state
hyperfine transition of Hg* ions as a reference and number of trapped
'Hg* jons was 10° in the related paper [32]. Fisk et al. at CSIRO reported
g(7) = 6 x 10" 72 (v < 10000 s) and a sensitivity floor better than 1.9
x 10" was recorded at 1000 s, where they used the ground-state
hyperfine transition of "'Yb* ions as a reference and number of trapped
'Yb* ions was 10° [33]. In these works, linear traps were used.

The accuracy of these frequency standards was limited of the

‘order of 10°°. A major source of the uncertainty was that in estimating
the second-order Doppler shift. To reduce the second-order Doppler shift,
laser cooling is a solution. A Penning trap is used for this purpose because
a large number of ions can be laser cooled. Bollinger et al. at NIST first
demonstrated a prototype microwave frequency standards based on laser-
cooled ions, where they used a 303-MHz hyperfine transition in the
ground state of *Be* ions as a reference [34]. Later, they improved its

performance using sympathetic cooling, where the fractional second-
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order Doppler shift was obtained to be (-1.2 = 0.5) x 10" [35]. For rf
trap, if a linear trap is used, the number of cold ions can be increased by
arranging the ions in a string along the trap axis, as demonstrated by
Raizen et al. [36].

For a frequency standard based on laser-cooled ions, pressure
shift was found to be an unexpected problem. Bollinger et al. measured
the pressure shift of a laser-cooled Be* microwave standard to be three
orders magnitude larger than the expected value, and suggested that this
would limit the inaccuracy to about 1 part in 10" [35]. To avoid the
pressure shift, using a cryogenic system is suggested. {35,37].

Apart from application to a frequency standard, trapped ions has
have been used for precise experiments in basic physics, because they
offer a pure and isolated sample: for example, experiments on
observation of quantum jumps [38,39,40], ion crystallization [41], photon
antibunching [42], laser cooling to the zero-point energy of motion [43],

quantum Zeno effect [44], and quantum logic gate [45].

1.2. Singly Ionized Ytterbium (Yb")

Yb* is a candidates for providing a frequency reference in future
frequency standards [8,46,47]. Yb is involved a lanthanide rare earth, and
its singly ionized ion Yb* has a term scheme similar to that of singly
ionized group Ila and IIb atoms. The partial term scheme of Yb* is shown
in Fig. 1.2. Some of basic characteristics of Yb* are listed in Table 1.1.

Yb* has characteristics which are suitable for use in a frequency
standard. Yb* has several clock transitions from the microwave to optical

region, as listed in Table 1.1. The wavelengths of three clock transitions
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Fig. 1.2, Partial energy term scheme of Yb* related to this thesis.
The three states in the 4f°(’F,,)5d6s configuration, shown in the right
side of the figure, were used for pumping to and deexcitation of the °F,,
state (see Sec. 5.4).

in the violet region, i.e., the 411 nm *S,, - *D,,, the 435 nm S, , - *D;,,
and the 467 nm 7S, - 2Fm transitions, are accessible by frequency-
doubled all-solid-state lasers including diode lasers. The *S,, - D,
transition at 411 nm can be easily detected, because electron shelving in
the *F,, state with a lifetime of 1533 days [48] occurs due to a decay from
the °D;, state. For this transition, the 6S-8S two-photon transition of Cs
atoms, which is 0.5 THz away from the °S, - ’D,, transition of Yb*, has
the potential for use as a reference or transfer standard [49]. However,

pumping to the °F,, state requires some methods for deexciting the °F,,
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state quickly. For the ’S , - ’D,, transition at 435 nm, it is difficult to
detect electron shelving in the “D,, state in the case of even isotopes of
Yb*, because this state is already used in laser cooling. However, Tamm
and Engelke proposed that the °S, ,(F=0) - °D,,(F=2) transition of ""Yb*
can be used to observe electron shelving in the °D,,(F=2) state, because
the ’D,,(F=2) state is not included in the cycling transitions in the
proposed laser-cooling scheme [47]. An advantage of this transition is that
Yb* does not decay to the *F,, state and no methods for deexciting the °F,,
state are required. Use of '7'Yb" is necessary to observe narrow spectra to
avoid broadening due to fluctuation of the magnetic field. The *S,, - °F,,
transition at 467 nm has the potential of very narrow spectra due to a
long lifetime of the °F,, state [48]. Driving this transition requires a
narrow and/or high-intensity coherent light sources.

Yb* can be laser cooled using coherent light sources, which is
available with a current technique. An all-solid-state cooling laser system
was realized by Tamm et al. [50,51]. Yb* has a lar ge mass-to-char ge ratio.
This means that it is slow and the second-order Doppler shift is small at a
given kinetic energy. The relation between temperature and the second-
order Doppler shift is shown in Fig. 1.3 for the case of ""'Yb*. When Yb*
is laser cooled using the °S,, - *P,, transition at 369.52 nm, one can expect
the kinetic energy of Yb* to be decreased to the Doppler cooling limit of
this transition, i.e., 430 uK, where the second-order Doppler shift is as
much as 3 x 10°".

Yb* has odd isotopes, i.e., '"'Yb* with a nuclear spin / = 1/2 and
5Yb* with I = 5/2, which have hyperfine structures. Therefore, the
transition between the hyperfine splitting in the *S , ground state provides
the reference in a microwave frequency standard. The frequencies of the
transitions are 12.6 GHz and 10.5 GHz for 7"Yb* and '*Yb*, respectively.
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Table 1.1. Summary of characteristics of Yb*
Clock Transitions
Optical Transitions  Wavelength Natural linewidth
S, - "Dsp 411 nm 30 Hz [48]
’S, - °Dy, 435 nm 3 Hz [54]
*S,n - ‘Fop 467 nm <2 x 10” Hz [48]
°F,, - D, 3.43 um 30 Hz [48]
D,,-Dy, 7.3 ym 30 Hz [48]
microwave  Isotope Frequency
171 12.6 GHz
173 10.5 GHz
Natural abundance
Isotope abundance
168 01%
170 31 %
171 14.4 %
172 16.2 %
174 316 %
176 12.6 %
Isotope shifts for the *S,, - *P, , transition
Ref. [81] Ref. [82]
- 172 - 170 -1.640(3) 172 - 170 -1.6233(8)
174 - 172 -1.265(3) 172 - 171, -1.0343(8)
174 - 170 -2.896(3) 172 - 173, 0.5699(7)
176 - 174 -1.205(3) 172 - 174 1.2753(7)
176 - 172 -2.470(3) 172 - 176 2.4928(10)
174 - 173, -0.75(30)
174 - 171, -2.41(30)
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Lifetime (experiment)”

State Lifetime

P, 6.9(6) ns [83] 8.9(5) ns [84]
7.1(4) ns [85] 8.10(13) ns [86]
8.0(2)yns [87]

P, 7.2(8) ns [83] 7.3(6) ns [84]
5.5(3) ns [85] 5.8(6) ns [88]
6.3(3) ns [87]

’[32]°, 42(3) ns [85] 37.7(5) ns [86]

15/21%, 16(1) ns [85]

"13/2]%5 31(3) ns [85] 28.6(4) ns [86]

Ds, 52.15(100) ms [54]

*) Lifetimes of some other states were calculated by Fawcett
and M. Wilson [48]

Like ions of group Ila and IIb elements, even isotopes of Yb* have
angular momentum J = 1/2, and their energy levels around zero magnetic
field depend on the magnetic field to the first order. This causes
broadening of the spectra due to fluctuation of ambient magnetic fields.
Odd isotopes have m, = 0 = m, = 0 transitions which are dependent on
magnetic field only to the second order. The level structure of odd
isotopes of Yb* is complicated, like ions of group Ila and IIb elements,
due to the hyperfine structure and Zeeman splitting. However, the level
structure of "'Yb* is the simplest in such alkali-metal-like ion species
because [ =1/2. In ions of group Ila and IIb elements, "*Hg* is the only
other ion with 7 =1/2.

These following are the disadvantages of Yb*. The level scheme of

Yb* is complicated. The low-lying term scheme of Yb® is primarily a
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Fig. 1.3. Second-order Doppler shift of ''Yb* as a function of
temperature.

three-level system. The branching ratio of the ’P,, state to the 2D,
metastable state has been calculated to be 1/152 [48]. Therefore, to
continue the cycle of absorption of laser photons and subsequent
spontaneous emission in the ’S,, - *P,, transition over several thousand
times for laser cooling, the ’D,, metastable state must be depleted. This
means that two collars of lasers are needed for laser cooling. In addition,
in some experiments, we must consider the °F,, state which lies below the
’D,, state. The lifetime of the °F,, state was calculated to be 1533 days
[48] .The existence of the °F,, state is a unique characteristic which is due
to the fact that Yb is a lanthanide and is different from other ion species

in the ITa and IIb family.
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Natural Yb is composed of several isotopes the abundances of
which are similar. In usual trapping parameters, all isotopes of Yb* are
trapped simultaneously. However, owing to isotope shifts, only one of the
isotopes of Yb' interacts with coherent radiation. This results in weak
signal strength in spectroscopy and low cooling power in laser cooling.
Therefore, enriched isotopes of Yb* are often used to avoid this

disadvantage.

We introduce the history of the investigation of Yb* ions stored in
ion traps. In 1982, to our knowledge, the use of Yb* in the ion trap
technique appeared in literature for the first time, when Blatt et al. at the
Universitat Maintz performed high-resolution microwave spectroscopy of
the transition between the hyperfine structure of the *S , ground state of
"1Yb* ions stored in a rf trap in the presence of buffer gas [52].
Subsequently, at the Universitat Maintz, Munch et al. performed high-
resolution microwave spectroscopy of the same transition of "Yb* [53],
and Gerz et al. measured the lifetime of the °D,, metastable state to be 52
ms [54].

In the work of the group at the Universitat Maintz, researchers
drove the °S,, - °P , transition at 369.52 nm using radiation from a pulsed
laser. However, it is now well-known that when the *S , - ’P,, transition
is continuously driven by radiation from a cw laser in the presence of
buffer gases, fluorescence of trapped Yb* ions fades with a decay time
much faster than their storage time [46,55-58]. Lehmitz et al. in Hamburg
first reported this phenomenon in 1988 [46]. The ’P,, state of Yb*
spontaneously decay to the °D,, metastable state. However, the lifetime of
the 2D,, state, measured to be 52 ms [54], is much faster than the

fluorescence decay time. Other explanations of the fluorescence decay
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were required. Lehmitz et al. explained that it was caused by population
trapping in the °F,, state, the lifetime of which exceeds 8 days [46]. The
use of a cw laser was essential for observing the fluorescence decay, since
Lehmitz et al. had found that the fluorescence was recovered upon
irradiation with radiation close to 369.52 nm [46], and this fluorescence
recovery line may be simultaneously driven by radiation from a pulsed
laser with a broad linewidth.

After the first observation in Hamburg, the ﬂuorescenbe decay
was observed at every laboratory when the S, - °P,, transition of
trapped Yb* ions was driven by radiation from a cw laser in the presence
of buffer gases [46,55-58]. The pressure dependence of the fluorescence
decay time was observed by Klein et al. at the National Physical
Laboratory (NPL) [55]. Bauch et al. at the Physikalisch-Technische
Bundesanstalt (PTB), on the basis of their detailed investigation,
concluded that population trapping in the °F,, state was induced by
collision with buffer gas [56].

At our laboratory, in 1992, we reported that rf resonance
absorption signals (rf signals) also disappeared as fluorescence faded
when we continuously drove the °S,, - *P,, tranmsition in the presence of
buffer gases. RF signals originate from the trapped ions that absorb rf
electric power of which the frequency is the same as that of the secular
motion of the trapped ions. Therefore, we proposed the existence of
effects due to which trapped Yb* ions disappeared in the trap [57,58].

One of the main subjects of this thesis is the clarification of the
cause of fluorescence decay and rf signal disappearance. Chapter 4
describes our observations of these phenomena and our present
conclusions.

Laser cooling of Yb* was first realized by Klein et al. at NPL in
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1990 [55]. In their experiment, depletion of the °D,, state was realized by
driving the *D,, - °P,, transition at 2.4 um. After that, Bell et al. at NPL
and PTB demonstrated laser cooling of Yb* by a four level term scheme,
where they depleted the *D,, state by driving the °D,, - *[3/2],, transition
at 935 nm [59]. So far, laser cooling of Yb* has been achieved by Enders
et al. at Universitat Hamburg [60], Fisk et al. at CSIRO [61], and Tamm
and Engelke at PTB [47]. In their experiments, enriched isotopes of Yb
were used as a source of Yb*. We have demonstrated that it is possible to
laser cool a natural isotope mixture of Yb* [62]. This is the other main
subject of this thesis.

Owing to the suitability of Yb* for use in a frequency standard, as
described, its potential for a frequency standard has been extensively
investigated. Using buffer-gas-cooled ''Yb*, the performance of a
prototype microwave frequency standard has been investigated by Tamm
et al. at PTB [63] and by Fisk et al. at CSIRO [33,64]. In the optical
region, spectroscopy and wavelength measurements of the °F,, - *D.,
transition at 3.43 um were performed by Bell et al. at NPL for *Yb* in
the presence of buffer gas [65]. Using laser-cooled Yb*, a wavelength
measurement of the °S,, - °D,, transition at 411 nm was carried out by
Gill et al. at NPL [66]. Recently, this value was improved by Taylor et al.
using a single ion and the quantum jumps [67]. The °S,,(F=0) - °D,,(F=2)
clock transition at 435 nm of '""Yb* was observed by Engelke and Tamm
at PTB [68]. The very weak octupole transition of *S,, - °F,, at 467 nm
was recently successfully driven by Roberts et al. at NPL [69].

The growing interest in establishing a new frequency standard
using the transitions of Yb* demands a deeper understanding of the
characteristics of Yb*. We believe that the present work contributes to

this aim. For example, our discovery of YbH' production [70] may
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present a problem in using buffer-gas-cooled Yb* in a frequency standard
because it is difficult to remove H, gas in the presence of buffer gases.
The establishment of optical methods for deexcitation of the °F,, state [71]
is an important step toward the realization of an optical frequency
standard using the %S, - °D,, transition or °S, - °F,, transition as a

reference [66,67,69].

1.3. Outline of Present Work

As described in the previous section, the main themes of this thesis
are the elucidation of the characteristics of Yb* in the presence of buffer
gases and laser cooling of Yb* from a natural isotope mixture.

For the former, in Chapter 4, we describe our observations
concerning fluorescence decay and rf signal disappearance, and how we
have been approaching to a complete understanding of these phenomena.
After our first observation of rf signal disappearance [57,58], we found
that the disappearance of rf signals was caused by some background gases
[72]. This proposal was supported by our observation that the
disappearance of rf signals was enhanced with the introduction of O, or
HQO gas into the vacuum chamber [73]. We observed that the resonance
point of the rf signals shifted toward that of heavier mass before they
finally disappeared. Therefore, we suggested the possibility of the
production of molecular ions via a chemical reaction of Yb* in excited
states with background gases. As a related observation, Seidel and Maleki
recently conjectured the possibility of the formation of molecular ions,
based on their observations with continuous driving of the *S,, - *P,,

transition [74].
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In order to conduct a quantitative study of the disappearance of rf
signals, we developed a mass-selective ionic detection system by
combining a quadrupole mass analyzer with our rf trap. First, we found
that YbH" was produced by chemical reaction of Yb* in excited states with
H, gas [70]. The production of YbH*, which should be considered to be
different from our former proposal of molecular-ion formation, is one of
the causes of fluorescence decay. We found that some observations
formerly interpreted to be associated with Yb* in the °F,, state are
actually caused by YbH'. We overlooked the YbH' production by
confusing it with population trapping in the ’F,, state, as did other
researchers [70].

Second, in the presence of O, gas, we found that YbO" and some
other molecular ions were produced from Yb* in excited states, which
proved our proposal of molecular-ion production [49]. The number of
YbO* ions did not show a significant decrease from that of initially
trapped Yb* ions, even after the 1f signals disappeared. Therefore, we
need explanations of the rf signal disappearance other than the decrease of
the total number of trapped ions [49].

- For the latter subject, i.e., laser cooling of Yb*, Chapter 5
describes that it has been performed using a natural isotope mixture of Yb
as a source of Yb* ions [62], unlike in other laboratories. Under ordinary
trapping parameters, all isotopes of Yb* are trapped simuitaneously.
Owing to the isotope shift of the cooling transition, however, only one of
the isotopes can be laser cooled. On the other hand, heating power due to
rf heating is a function of the total number of trapped ions. In addition,
owing to Doppler broadening of the spectra before the start of laser
cooling, the spectra of isotopes overlap and there is the possibility of laser

heating of some isotopes. To avoid this difficulty, we carefully set the
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frequencies of the two cooling lasers.

Here, we outline the content of each chapter. In Chapter 2, we
describe the experimental setup used for investigation of Yb'. We
introduce the theory of rf traps in more detail than that described in this
chapter. Then, we describe our rf traps. We use two sizes of rf trap. The
larger one of 2r, = 22.6 mm [75] is used for investigations of buffer-gas-
cooled Yb*, and the smaller one of 2r, = 5 mm, for laser-cooled Yb* [62].
In the case of the larger trap, we were able to detect rf signals of trapped
ions. We paid particular attention to anharmonic oscillation of trapped
ions [76]. A harmonic oscillation of trapped ions is well known in the case
of Penning traps [77]. In the case of rf traps, however, there were no
detailed observations in literature when we investigated this phenomenon.
Investigation -had been conducted using Ba® before we started our Yb”
work. The trap used was the same as the larger trap for Yb*. We found
that the shapes and sizes of rf signals changed as a function of the pressure
of buffer gases, even when the same number of ions were trapped [76].
Also, we later found that the change of rf signals occurred as a function
of the number of trapped ions at a fixed buffer gas pressure [73]. RF
signals are conventionally used to determine the absolute or relative
number of trapped ions [75,78]. However, our observation indicates that
care must be taken when estimating the number by using rf signals [76].

In Chapter 3, we describe our light sources for Yb*. We first
produced radiation at 369.52 nm to drive the °S,, - *P,, transition using
simple and inexpensive methods, i.e., sum-frequency mixing of diode-
laser and argon-iom-laser radiation [79]. We demonstrated a simple
method of stabilizing sum frequency, i.e., stabilization of sum or

difference frequency by controlling only one of the fundamental lasers of
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mixing [80]. We found that we needed more power for laser cooling.
Therefore, we generated another UV beam by SHG of dye-laser radiation
by an external cavity technique [62]. We describe its performance. To
laser cool Yb*, the °D,, metastable state must be depleted. For this
purpose, we generated radiation at 935 nm using a ring Ti:Al,O, laser.
We found that setting the frequency of cooling lasers was important due
to the isotope shifts because we used a natural isotope mixture of Yb".
The isotope shifts of the °D,, - *[1/2]°,, transition were not measured for
even isotopes of Yb*. Therefore, we measured them by installing a rough
frequency scanning system made by us into the Ti:ALQ, laser [62].

In Chapter 4, we present the characteristics of Yb* stored in a rf
trap in the presence of buffer gases. We first describe the observed
spectra of the °S,, - °P,, transition [57]. Then, we proceed to one of the
main themes of this thesis, i.e., investigation of the characteristics of Yb*
in the presence of buffer gases with continuous irradiation at 369.52 nm
to drive the °S,, - ’P,, transition. First, we present our original
observation of the disappearance of rf signals [57]. Then, we describe our
observation that the disappearance of rf signals should be caused by some
background gases, and that it should be possible to produce molecular
ions by chemical reaction of Yb* in the excited states with some
background gases while rf signals disappear [72]. These proposals were
supported by the observation that the disappearance of rf signals was
enhanced with the introduction of O, or H,O gas [73].

We developed a mass-selective ionic detection system of trapped
ions to clarify the reason for rf signal disappearance, including
confirmation of molecular ion production. Section 4.4 describes the
results obtained by mass-selective detection and includes a discussion of

them [49,70]. In Sec. 4.5, we present our current interpretation of the
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cause of fluorescence decay and the disappearance of rf signals. We also
present prospects for these phenomena, in particular, we mention that the
production of molecular ions as an obstacle to establishing of a new
frequency standard using buffer-gas-cooled Yb* [70].

Chapter 5 is devoted to the other main theme of this thesis, i.e.,
laser cooling of Yb*. Unlike in other laboratories where laser cooling of
Yb* is performed, we have succeeded in laser cooling Yb* using a natural
mixture of Yb as a source [62]. We found that it is possible to laser cool
and observe single 'Yb* ions even from a natural isotope mixture [49].
We must compensate unexpected DC field, as is often the case with other
laboratories. We describe our compensation characteristics and our
estimation of the temperature obtained after compensation. Saturation of
fluorescence intensity is also observed. To measure the number of trapped
Yb* ions, we  observed the sudden drop of the fluorescence intensity, or
quantum jump Signals, by electron shelving of individual ions to the °F,,
state [62]. To observe the quantum jump signals repeatedly, we must
deexcite the F,, state to the S, ground state because the lifetime of the
’F,, state is extremely long. We found that several transitions can be used
for this purpose [71].

Chapter 6 gives conclusions of our work.
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Chapter 2

RF Traps,
and
Detection of Trapped Ions by
RF Resonance Absorption Method

2.1. Introduction

In this chapter, we describe the experimental setup of rf traps used
for investigation of Yb* stored in them, and the results obtained by
detection of trapped ions by rf resonance absorption methods.

After we introduce an theory of the rf trap in Sec. 2.1, we describe
our setup of two rf traps with different sizes in Sec. 2.2. The bigger one
has a dimension of 2r,= 22.6 mm [1-7] and is used for investigation of the
characteristics of Yb* in the presence of buffer gas, the smaller one of 2r,
= 5 mm for laser cooling of Yb* in an UHV condition [8]-

As a first step, it must be checked that ions are certainly confined in
the trap. We performed rf resonance absorption methods for this purpose.
RF resonance absorption signals (rf signals) are caused by the fact that
trapped ions absorb rf electric power, of which frequency is coincident
With that of ion motion, i.e., secular motion in rf traps. This is a simple
method for detecting trapped ions because no lasers are required. This

method allows us to detect only a single charged particle in the case of
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Fig. 2.1.  Principle of rf trap. (a) RF electric field is applied between
two parallel conductive plain. The averaged position, or guiding center of
the charged particle, Z, does not changed due to the homogeneity of the
rf field. (b) In the case of an inhomogeneous rf field, a nonvanishing
average force, F, arises, which points towards the region of weaker
fields. (c) The cross section of rf trap with the plain along the z-axis. If
we divide this figure into two parts by the dashed line, we can undarstand
that the inhomogeneous rf field exists in each part, and that an average
force always points the weakest field, i.e., the center of the trap.
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Penning traps and is applied to precise mass measurements {9]. In the case
of rf traps, however, a large number of ions are required for detection.
This is caused by background noise from rf driving field. We applied rf
resonance absorption method only for the large trap of 2r, = 22.6 mm,
where the number of trapped ions was 10° ~ 10°.

Not only for detecting trapped ions, one can use rf signals but also
for estimation of the number of them [1,10]. When the number of trapped
ions is estimated from rf signals, it is assumed that the center of mass of
trapped ions oscillates in a manner of a perfect harmonic motion. Actual
ion motion, however, has a small deviation from harmonic and shows
characteristics of anharmonic oscillation [3,9]. Anharmonic oscillation
causes shift and hysteresis of the resonance frequency. We investigated
the effect of anharmonic oscillation on rf signals in detail as described in
2.3.2. The investigation of the anharmonic oscillation was made using Ba*
ions before we started studying Yb* ions. We used the same trap for
investigation of buffer-gas-cooled Yb* ions as used for Ba® ioms.
Therefore, the anharmonicity of the trap itself was the same in the

experiments of the two ions.

2.2. RF Traps
2.2.1. Theory of RF Traps

In this subsection, we present a principal of trapping of a charged
particle in rf traps. We first make a qualitative explanation of it according
to the discussion made by Dehmelt [11], referring to Fig. 2.1. We assume
that a charged particle is placed between two parallel conductive plain
plate. If we apply a rf voltage between the two plate, the charged particle

oscillates with the frequency of the rf voltage in the homogeneous rf
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electric field. The position averaged over 1 cycle of the rf voltage does
not change in this case (Fig. 2.1(a)). However, in the case that the two
plates are not parallel plain, the averaged position of the charged particle
drifts toward the region of a weaker field (Fig. 2.1(b)). Figure 2.1(c)
shows the cross section of the rf trap with the plain along the z-axis. If we
divide the figure into two parts by the dashed line shown in Fig. 2.1(c),
we can understand a non-uniform rf electric field explained with Fig.
2.1(b) exists between the ring electrode and one of the endcap electrodes
in each parts. Therefore, if we put a charged particle at the place where
the distance between the ring electrode and one of the endcap electrodes is
narrow, the charged particle drifts toward the trap center where the field
is the weakest. The situation is the same in the other divided part in Fig.
2.1(c) because the center of the trap is a point of symmetry for the two
parts. Therefore, the charged particle always receives a force toward the
center of the trap. The trap is figures of revolution about z-axis.
Therefore, restoring force to the center of the trap acts on the charged
particle in all directions, and thus the charged particle is confined in the
if trap.

We next show a principle of the rf trap more quantitatively [11,12].
Between the endcap and ring electrodes, rf driving field of an amplitude

Vac and of a frequency £/2s superimposed dc voltage V_ is applied, i.e.,
Vo = V4 +V,, cos £t. (2.1)

The equations of motion of a single charged particle of a rf trap are given

d* [r]_eVdC+Vaccos(Qt)[ r 55
22 -2z’ 2.2)
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where m the mass of a ion, and e the charge of an ion. Introducing

dimensionless constants

8eV .
a" = —2ar = .
< erZQZ (2 3)
and
4eV
. =2, =-— , 4
9. =29 il (2.4)
and transforming the time scale
1
T = 3 O, (2.5)

Position in the z direction

0.0 1.0 2.0 3.0 i 5.0

Time e
—_—T

Fig. 2.2. Motion of a charged particle stored in the rf trap. The
parameters of a, and g, were 0.524 and -0.0294, respectively.
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we obtain Mathieu-type equations given by

42 [r] N [ar -q, cos(Zr)Mr} . 2.6)

z a, —q, cos(27) ||z

An example of the ion trajectory, numerically calculated from Eq. (2.6),
is shown in Fig. 2.2. The solutions of Eq. 2.6 u(7) (u(z) = r(7), z(7)) are

represented as Fourier series of frequencies w,, =n = wy, (i =7, z):

w(r)=Ay iCZ,, cos(2n + ;)T +By, iCz,, sin2n+ B)r. (2.7)

l=~00 Ne =00

where §, and w,, are given by

g -0+ L e
and
1
Wy = 'z_ﬁiga (29)

respectively, n is an integer, the parameters 4 and B are functions of the
initial condition, and C, depends on g, and g,. Only for certain ranges of
the parameters of g, and g, the eigensolutions are stable. The stability
diagram of Mathieu’s equation is shown in Fig. 2.3, This is the first
region of stability and is usually used. A simplified approximate solution
is obtained when B, and g, are small, g, << g, and the secular motion is

much slower than the micromotion:
, 1
u(t)= Ay, [1 =54 cos(Qt)] cos(wy;t), (2.10)
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Fig. 2.3.  Stability diagram of Mathieu’s equation. The region bounded
by the solid curve shows the value of a, and g, with which the
eigensolution is stable.

where A4, is a functions of the initial condition. The depth of the

effective psuedopotential well eD, ., (i =r, z} is given by
EDcff,r =';_m92ﬁr2r02: (211)
and

D, , =-mR° B2z, | (2.12)

CO | =

Ifflander and Werth calculated and experimentally confirmed the
optimum parameters in the stability diagram for increase of the number
of trapped ions as many as possible, and their experimental results were a,
= -0.03 = 10 %, and g, = 0.55 = 15 % [13]. We usually set our trap
parameters close to these values when we used a large trap of 2r; = 22.6

min.
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2.2.2. Details of our RF Traps

We used two setups of rf traps. A larger trap of 2r, = 22.6 mm [1-
3] was used for investigation of buffer-gas-cooled Yb* [4-7], and a

smaller one of 2r, = 5 mm for laser cooling of it {8].
(1) A trap of 2r, = 22.6 mm for buffer-gas experiment

The trap which we used for investigation of buffer-gas-cooled Yb*
had been fabricated to confine N,” ions [1], and was later modified to
store Ba* ions and to allow us to observe the fluorescence of trapped ions
[2]. The dimensions and the typical operating parameters of the trap are
listed in Table 2.1. The ring electrode and one of the endcap electrodes
were made of aluminum. The other endcap electrode was made of mash
coated with gold to observe the fluorescence of trapped ions through it.
The surfaces of the electrodes were shaped in hyperboloid. The ring
electrode had four holes at the plane z = 0. One of the hole was used for
introduction of an atomic beam, and two of them were for passing a laser
beam through the center of the trap.

The ions were produced inside the trap by electron impact
ionization of neutral atoms introduced from an oven. The oven was made
of boron nitride, respectively. A tungsten wire wound directly on the
oven, and the oven had a ditch on the surface to fix the wire. With
applying a current to the wire, we heated the oven. The temperature of
the oven was measured by a thermocoupie attached to the bottom of the
oven. The electron source was a hot tungsten filament located outside the
solid endcap electrode. The electrons were introduced into the trap
through a small hole made at the center of the endcap electrode. The
filament was biased to -150 V to produce Yb* ions.

The trap, the oven, and the electron source were placed in a
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Table 2.1.
mm

Dimensions and typical parameters of rf Trap of 2r, = 22.6

Axial dimension

Radial dimension

Probing voltage

Series resister of
probing voltage

Admittance of LC circuit
at resonance

z,= 8.0 mm
ro=11.3 mm
Vo =1mV
R, =2M&Q

G,=1.5 x 10-6 Q'

Background pressure <1 x 107 Pa
For Ba*
AC voltage V.=285V
DC voltage Ve=4-6V
Driving AC frequency /27 = 550 kHz
Probing frequency w, /27 = 86 kHz
Oven temperature 470 °C
For Yb*
AC voltage V.=310V
DC voltage Vi=4-6V
Driving AC frequency 8£2/2mr = 550 kHz
Probing frequency w /27 = 83.5 kHz
Oven temperature 340 °C
Acceleration voltage of 150V

an electron gun
UV beam at 370 nm”

power 16 uW

beam size 2 mm x 2 mm

Rt i
*) in the case of second-harmonics of dye-laser radiation using an
external cavity technique (see. Sec. 3.4).
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vacuum chamber evacuated by an ion pump of a evacuation speed of 32

/s (Ulvac PST-2AT). The pressure was determined from the discharge

current of the ion pump. We later introduced a nude Bayard-Alpert gauge
when we started mass-selective ionic detection described in Sec. 4. 4 [14].

The background pressure was below 1 x 107 Pa and 5 x 107" Pa with the
oven and electron gun off and on, respectively. The vacuum chamber had
two inlets of gas introduced through variable leak valves. One of the
inlets was used for He and N, gas, and the other for H,, O,, and H,O gas.
(The variable leak valves used were Ulvac VAV-3 for the former inlet,
and Anelva 951-7172 for the latter one.)

The fluorescence was detected by a photomultiplier (Hamamatsu
R464). The output signal of the photomultiplier was measured by a
system of photon counting (Hamamatsu C1230) with a gate time of 1 s
and a dead time of 2 ms. The overall detection efficiency was 2.7 x 10,

When we investigated trapping of Ba® ions, we observed that Ba*
ions were produced just by heating the oven without turning on the
electron source. Sankey and Madej reported this phenomenon and found
that this was caused by the fact that the electrons generated in the oven by
thermal ionization were introduced into the trap [15]. We confirmed that
the electron emission was certainly generated from the oven also in our
case. However, we did not observe this phenomenon in the case of Yb*

ions. We must turn on the electron source to produce Yb* ions.

(2) A trap of 2r;= 5 mm for laser cooling experiment

For laser cooling experiment, we constructed a smaller rf trap than
that used for buffer gas experiment. The inner surfaces of this trap was
machined with conical cuts. Beaty investigated the electric potential

produced by the electrodes with conical cut and determined several
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dimensions for a small anharmonicity [16]. We adopted Case 6 in Table I
in Ref. [16]. The dimensions and the typical operating parameters of the
trap are listed in Table 2.2. A picture of this trap is shown in Fig. 2.4.
The electrodes and the insulators between the electrodes were made of
phosphor bronze and pure boron-nitride, respectively. No holes were
made in the electrodes. Therefore, a laser beam, an electron emission, and
an atomic beam were introduced from the gap between the electrode. The
fluorescence of trapped ions was observed also through the gap.

Yb* ions was produced again by electron impact ionization. For
laser cooling, to avoid heating by collision with neutral Yb atoms or
accelerated electrons, it is desirable to reduce heat capacities of the oven
and the electron source as small as possible. Therefore, we adopted simple
configurations of them. The electron source was a tungsten filament of a

diameter of 0.15 mm at the ground potential. Neutral Yb vapor was

Table 2.2 Dimensions and typical parameters of rf Trap of 2r, = 5 mm

Axial dimension zo = 1.77 mm
Radial dimension ro = 2.5 mm
Driving AC frequency Q2m =22 MHz
Background pressure <3 x 10® Pa
Storage time of < 1 min

uncooled Yb*

UV beam at 370 nm

power 70 ~ 350 uW

beam size 20 um x 70 um
IR beam at 935 nm

power 30 ~40 mW

beam diameter >1 mm

P =
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Fig. 2.4. A picture of a rf trap of 2r, = 5 mm used for laser cooling of
Yb!

generated from a piece of Yb metal attached to a hot tantalum wire of a
diameter of 0.4 mm. The distances from the gap of the electrodes to the
tungsten filament or the Yb piece were about 5 mm.

The trap, the oven, and the electron source were placed in a
vacuum chamber evacuated by an ion pump of a evacuation speed of 60

//s (Anelva 912-7160). The pressure was determined from the discharge

current of the ion pump. The vacuum chamber had a inlets of gas
introduced through a variable leak valve (Anelva 951-7172). The He gas
was used as a buffer gas for confirming that Yb* ions were certainly
trapped. After we succeeded in laser cooling, no buffer gas was used. The
background pressure was below 3 x 107 Pa when we first succeeded in

laser cooling, and was improved to be below 3 x 10® Pa after we started
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laser cooling of a small number of Yb* ions. The improvement was
caused by removing a valve between the ion pump and the vacuum
chamber. However, we observed a slow increase in the vacuum pressure
after we baked out the whole vacuum system. (We continued baking for
two days or more at a temperature of 250 °C at the ion pump.) Therefore,
we baked it again (once in a few month) when the vacuum pressure
reached 6 x 10® Pa. The storage time of uncooled Yb* was only 1 minute
at g, = 0.53 and a, = -0.03 with no buffer gas.

The fluorescence of trapped ions was collected and focused on a
pinhole with a diameter of 400 um to minimize a stray light, and then
detected by a photomultiplier of which the output was measured by the
same system of photon counting as used for the large trap. Overall
detection efficiency of the fluorescence was 1 x 10* The numerical
aperture of the gap between the electrodes, through which we observed

the fluorescence, limited the detection efficiency.

2.3. RF Resonance Absorption Methods

In this section, we describe our results of rf resonance absorption
methods. We first present a general principal of rf resonance absorption
methods in 2.3.1. Then, we proceed to showing our results. We
concentrated on investigating anharmonic oscillation of trapped ions. We

describe the observations and discussion of it in detail in 2.3.2.

2.3.1 Principals of RF Resonance Absorption Methods

In this subsection, we describe a general principle of rf resonance

absorption methods. Figure 2.5 shows schematic diagram of detection
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Fig. 2.5.  Block diagram of the detection of rf signals:

system of rf signals. Trapped ions absorb rf electric power of which
frequency is in accordance with that of the secular motion. Therefore, if
the proving rf electric power is provided through a high-resistance
resister, the decrease in the amplitude at the parallel resonance circuit, v,
is observed, when trapped ions absorb the proving rf electric power.

RF signals can be obtained by three methods, i.e., the sweep of the
trapping dc voltage, of the trapping ac voltage (in other word in this
thesis, rf driving voltage) and of the probing rf frequency. The total
number of trapped ions N, are proportional to the product of the relative
signal height ¥ and the FWHM of the signals Aw taken by the
frequency sweep of the probing rf electric field [1,10], i.e.,

4mz§ 1 1
Ny =Y, * Aol ——|| G, +—1|| =], )
° (aé’aez)( ’ R,)(b) (13)
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where Y and b are defined by

V1o

and

b = z_h%x_ 2.15
2_0'5ymaz’ 7 ( )

where v, is the amplitude of the probihg voltage applied on the endcap

electrodes, v,, the value of v, when no ions are trapped, v the

1min
minimum value of v, at resonance when the ions are trapped, o, a
compensation factor due to the fact that the electrode surfaces are not
parallel, and G, the admittance of the L C circuit at resonance. It 1s known
that the product of the relative signal height and the FWHM of a signal is
proportional to the total number of trapped ions for the trapping dc
voltage sweep as well as the probing frequency sweep [17]. In 1f
resonance absorption methods, it is assumed that the trapped ions oscillate
in a perfect harmonic potential well. However, the potential produced by
a laboratory trap usually has a small deviation from the harmonic, and

the trapped ions show the characteristics of the anharmonic oscillation [9].

2.3.2. Anharmonic Oscillation of Trapped lons
(1) Theory

The anharmonicity is caused by a small deviation from the

quadrupole potential. The deviation is originated from the fact that the
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electrodes are not infinitely-extended perfect hyperbolas of revolution [9].
We assume axial symmetry about the line r = 0 and reflection symmetry
about the plane z = 0. Near the center of the trap, the anharmonicity
results mainly from an octopole potential of the forth-order term in the
expansion of the solution to Laplace's equation at the center of the trap.

This potential is given by

(2.16)

4

() s+ (2]
z, 8

where position (p,0,) is expressed in spherical coordinates; P, are the

o

Legendre polynomials, V, the potential applied between the ring electrode
and the endcap electrodes, and C, is a constant. The anharmonic
oscillation of a single electron in a Penning trap was discussed by Brown
and Gabrielse [9], and of many electrons'in a Penning trap by Wineland
and Dehmelt [18].

For simplicity, only the =z-axial secular motion in the
pseudopotential well of a rf trap is considered here. Because the ion
density was large and ions coupled with each other in this experiment, the
ions can be described by the motion of their center of mass which
oscillates at the z-axial frequency w, which is the spatial average over the
ion cloud of the z-axial oscillation frequency shifted by the z*? term in
Eq.(2.16) [18]. The equation of the z-axial motion of the trapped ions is
given by

d* d , 227 a ey
m[E+VzE+w3(1+C4%‘)}Z= 2dz ~cosw t, (2.17)
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where y, is the damping constant, and @, the frequency of the probing
field, This equation describes the observable anharmonicity for the
secular motion. The relation between AV and the observable
anharmonicity should be checked. Therefore, C, was adjusted to C,'.

Anharmonic oscillation expressed like Eq. (2.17) shows hysteresis
with direction of frequency sweep of the external force, i.e., sweep of @,
here.

The resonance frequency (for the sweep direction f in this work) of
the anharmonic oscillation shifts from that of the harmonic oscillation.
The resonance frequency shift Aw, between the resonance frequency of

the anharmonic oscillation and that of the harmonic oscillation is given by
[9,18,19]

z—C’ Z 2_
w, 2 ‘molz (218)

where E_ is the time-averaged energy in the axial oscillation of the center
of mass. In the case of large anharmonicity, the difference of the
frequency at the peak of the signals between the two sweep directions can
be used as an approximation of Aw,, because the frequency difference
between w, and the frequency at the peak of the signals for the sweep
direction of the lower signal height (the sweep direction r in this work) is
small and negligible as compared with the large frequency difference
between @, and the shifted resonance frequency for the other sweep

direction (the sweep direction f in this work).
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(2) Pressure dependence of anharmonic oscillation of trapped

ions [3] _
(2.1) Results

We investigated anhar monic oscillation by using Ba* ions trapped in
the large rf trap of 2r, = 22.6 mm. The operating parameters are listed in
Table 2.1. The dc voltage sweep was mainly used for detection of rf

signals in this experiment.

(@) P, =24 x 10°° Pa

before

2min

10 min M\F
L2min V\"\J

63 min M«—f\%fw’

®) Py =75x 107 Pa
befera
2 min

5min

50.1
£ 0 F ] 1 i 1
8V DC VOLTAGE 4LV

Fig. 2.6.. Change of the signals after the oven and the electron gun
were turned off. (a) p,,, = 2.6 x 10 Pa, sweep direction f. (b) p,,, = 7.5
x 107 Pa, sweep direction r. The time was measured after the oven and
the electron gun were turned off. The signal shapes in (b) did not change
up to the point at which they could no longer be detected (for several
hours, see Fig. 2. 10(a)). The signals which were detected before the
oven and the electron gun were turned off are also shown as “before”. It
is noted that no signals were detected at p,,, < 4 x 10 Pa when the oven
and the electron gun were operating [2].
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Figure 2.6 shows the time variance of rf signals after the oven and
the electron gun were turned off. The time measurement began after the
oven and the electron gun were turned off. At a low He pressure, the
signal shapes gradually changed over the period from 1 to 2 h as shown
in Fig. 2.6(a). Therefore, we waited for over 2 h when we made
experiments at a low He pressure. At the higher He pressure, the time
until equilibrium was reached was shorter. For example, it took about 15
min at 7.5 x 107 Pa. This is shown in Fig. 2.6(b). This shorter time to the
equilibrium can be explained by the collision rate of Ba* and He [2]. In
both cases, large differences in rf signals (e.g., difference in the
resonance dc voltage, the fact that no signals were detected at a He
pressure below 4 x 10 Pa) were observed whether the oven and the
electron gun were operating or not. In the case of Yb* ions, we could
detected rf signals only at a He or N, pressure over 1 x 10 Pa after the
oven and the electron gun were turned off. The period required for the
equilibrium was about 5 min. The change in the resonance dc voltage just
after the oven and the electron gun were turned off, was much smaller in
the case of Yb* ions than that observed in Ba* ions.

To compare the effect of the pressure of buffer gases on rf signals,
the total number of trapped ions should be the same in each measurement.
Therefore, all measurements were accomplished after just one ion loading.
The procedure of the experiment is described as follows: (i) The oven
and the electron gun were turned on to prepare the trapped 1ons. (ii) The
oven and the electron gun were turned off, (i1i) The detections started 2 h
30 min after the oven and electron gun had been turned off. This waiting
time was needed until size and shapes of rf signals became stable in each
detection. (iv) The signals were taken for both sweep directions at one
pressure of the He gas. (v) The pressure of the He gas was increased. (vi)
Steps (iv) and (v) were repeated from the lowest He pressure until the He

pressure reached 2.1 x 10 Pa.
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Typical rf signals are shown in Fig. 2.7. The upper trace shows the
signal which was taken when the dc voltage was swept from a high
voltage to a low voltage (sweep direction f ) and the lower trace from a
low voltage to a high voltage (sweep direction r ). The sweep rate is
0.064 V/s in both sweep directions.

The relative signal height Y, and the FWHM of the rf signal as a
function of the pressure of the He gas are plotted in Fig. 2.8(a) and (b),
respectively. The resonance dc voltage vs. the pressure is shown in Fig.
2.8(c). .
All detections in Figs 2.7 and 2.8 (steps (iv) - (vi)) were completed
for 8 x 10?s after the ions were produced. Because this time was much
shorter than the storage time of 1.3 x 10° s (see (3) in this subsection),
almost the same number of the trapped ions were detected in the
experiment shown in Fig. 2.7 and in Fig. 2.8. Therefore, Y . and the
FWHM changed not by change of the total number of trapped ions, but by
the pressure of the He gas.

First, the signal change for the sweep direction f is described. At a

low pressure, the signals were much larger than those for the sweep
direction r. Y, grew larger and the FWHM became narrower as the
pressure of the He gas was increased until the pressure reached the
“critical” pressure of 4 x 10° Pa. When the pressure was increased
beyond the critical pressure, the signal suddenly became smaller, and
after a further increase, no signal could be detected.

Second, for the sweep direction r, the signal became large near the
critical pressure. Y may still grew larger even beyond the critical pressure,
had a maximum value at a certain pressure and then gradually grew
smaller as the pressure of He gas was increased.

After the pressure reached 2.1 x 10 Pa, the signals continued to be
detected as the pressure of He gas was decreased. The signal change

shown in Fig. 2.8 was reproduced, although a small decrease of Y was
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Fig. 2.7.
the He gas for approximately equal numbers of trapped ions. The electron
gun and the Ba* oven were turned off. The upper trace is the signal taken
as the dc voltage was swept from 6 V to 4 V (sweep direction f ), the
lower trace is the signal taken as the dc voltage was swept from 4 V to 6
V (sweep direction r ). (a) p,,, = 1.3 x 10” Pa (b) p,,. = 3.3 x 10”° Pa, and
() p,. = 4.2 x 10° Pa. The sweep rate of dc voltage was 0.064 v/s for

(@) Pue=1.3 x 10°Pa

(b) Pue=3.3 x 10° Pa

oo e [T
+ -—

(C) Pre=4.2 x 10° Pa

= i

L ’ |
BV 4V
DC VOLTAGE

Typical rf resonance absorption signals at various pressure of

both sweep directions.
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Fig. 2.8. He gas pressure and sweep direction dependence of (a) the
relative signal height of ¥, (b) the FWHM of the signals, and (c) the
resonance dc voltage when the same number of trapped ions were
detected. @ : sweep-direction f ; A : sweep direction r . No ion signals
could be detected by the sweep direction f  abovep,, = 4 x 10” Pa.
Signals could be detected by the sweep direction » below p,, = 8 x 10
Pa, but Y . and the FWHM of the signals could not be determined
because the signals were too small. The dc voltage sweep of 0.1 V causes
the frequency shift of the secular motion of 140 Hz.
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observed due to the loss of ions from the trap. Therefore, we conclude
that the rf signals changed with the pressure of buffer gas and the sweep
direction although the total number of trapped ions was almost constant.

To confirm the effect of buffer gas as shown in Fig. 2.8, the same
experiment as Fig. 2.8 was repeated many times. The tendency as shown
in Fig. 2.8 was always reproduced except that the value of the critical
pressure changed from 1 x 10 Pa to 1 x 10 Pa in each experiment. The
observed effect of the He gas on rf signals can be summarized as follows:
(1) The signals disappeared for the sweep direction f when the pressure
of the He gas was higher than the critical pressure. (2) The change of Y _
and of the FWHM of the signals in relation to the pressure of the He gas
were different for each of the sweep directions. (3) For the sweep
direction f, Y grew larger and the FWHM of the signals grew smaller
as the pressure of the He gas was increased to the critical pressure.

The same phenomena were observed when N, gas was used as a
buffer gas. It was confirmed that the detection by the probing frequency
sweep brought the same result as detection by the dc voltage sweep.

A comparison with the results obtained at slower sweep rate of
0.013 V/s for the sweep direction f is shown in Fig. 2.9. The
experimental procedure was the same as that of Fig. 2.8. The detections
were made at two sweep rates in turn, at one He pressure [in place of

procedure (iv)]. Y, and the FWHM were smaller at a sweep rate of

0.013 V/s than at 0.067 V/s. The sharp transition from resonance to non-
resonance was not observed at 0.013 V/s at the He pressure below 1 x 107
Pa. (The signal shapes were the same as Fig. 2.6(a) 63 min.) The critical
pressure at 0.013 V/s was a little higher than that at 0.067 V/s. For the

sweep direction r, Y . at 0.013 V/s was larger than that at 0.067 V/s

(still smaller than that for the sweep direction f ) and the FWHM at 0.013
V/s was not different from that at 0.067 V/s at every He pressure. The
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Fig. 2.9.  Sweep rate dependence on (a)Y__  and (b) the FWHM of
signals. O: at sweep rate of 0.013 V/s. @: at sweep rate of 0.067 V/s
which was the same as that of Figs. 2.7 and 2.8. The sweep direction was
f. The sharp transition from resonance to non-resonance was not

observed at the He pressure below 1 x 10 Pa for a sweep rate of 0.013
Vi/s. ‘

pressure at the maximum of Y ... for the sweep direction r at 0.013 V/s

was the same as that at 0.067 V/s.

(2.2) Discussion

The difference of Y, and the resonance dc voltage between the
two sweep directions of the dc voltage below the critical pressure can be

explained by the anharmonic oscillation. Overlaying the signals for the
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two sweep directions shown in Fig. 2.7(a) or (b), one sees that the two
signals coincide except for the difference of the dc voltage at the sharp
transition between resonance and non-resonance. This resonance with
hysteresis shows the characteristics of an anharmonic oscillation.

One of the endcap electrodes constructing this trap was made of
mesh. This may be the major cause of the anharmonicity. There was the
possibility of a small violation of reflection symmetry about the plane z =
0 in this trap construction. In this case, the coefficient C, would be
modified by including the higher-order even and the odd terms.

The relation between the hysteresis loop and the sweep direction
decides the sign of the coefficient C,” below the critical pressure. Fig.
2.7(a) and (b) show that this trap had C," < 0. The value of the coefficient
C,’ of this trap can be estimated from Eq. (2.18). The frequency
difference between the two peaks, obtained from the difference between
the resonant dc voltages shown in Fig. 2.8(c), was about 400 Hz at a He
pressure lower than 1.3 x 10° Pa. We used the empirical expression of
E, ~0.1 D, with no buffer gas [20,21]. Because the effective potential of
the radial direction is smaller than that of the axial direction [20], E, was
about 1.2 eV for this trap. The C," of this trap was estimated from
Eq.(2.18) to be about -0.07. This value agrees with that listed in [9] for
laboratory Penning traps without anharmonicity compensation. The
empirical expression was proved not to be valid in every trapping
condition by Siemers et. al. [22]. The calculation shown in [22] or the
measurement of the Doppler width of the fluorescence is necessary to
determine F, i.e., C, more precisely.

The difference between the two dc voltages at the signal peak, i.e.,
Aw,, decreased as the pressure of the He gas was increased (Fig. 2.8(c)).
This result indicates that the trapped ions were cooled by the He gas as
expected from Eq.(2.18). Cooling of the trapped ions results in a higher

density and a smaller cloud size for the same number of ions. This makes
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w, or the resonance dc voltage shift due to the change of the space charge
effect [11,23] and of the zr* term effect [18]. By using the resonant
frequency (dc voltage) difference between the two peaks, however, these
shifts were canceled out and Aw, (the resonance dc voltage difference
between the peaks) can be compared at various pressures. Compared the
resonance dc voltage difference between the two peaks at 3.3 x 107 Pa
with that at a pressure lower than 1.3 x 107 Pa, it was found from
Eq.(2.18) that the energy of the trapped ions was reduced to half its value
at the pressure lower than 1.3 x 10 Pa. (This analysis may be required
for a correction. See (4).)

The product of ¥ . and the FWHM of the signals not constant in
Fig. 2.8(a) and (b), although almost the same number of the trapped ions
were detected, in contrast to the signals in the harmonic oscillation.
Below the. critical pressure, however, Y .  still gives information
concerning the number of the trapped ions even in the anharmonic
oscillation, because the maximum amplitude of the anharmonic oscillation
is equal to that of the harmonic oscillation [9]. The relation between Y
and the total number of the trapped ions N, at slow sweep rate is given by
[10,24],

: 1 + G,
279\’ R,
A e (2.19)
-1
Ymax

where R, is the series resistor of the probing voltage.

Y ., grew larger as the pressure of the He gas was increased to the
critical pressure as shown in Fig. 2.8(a). From Eq.(2.19), this increase of
Y .. indicates that ¥, grew smaller because the total number of the

trapped ions was almost constant throughout this experiment. This effect
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was not clearly observed due to the saturation of Y at large value, i.e.,
the large number of ions were trapped [10,24].

We discuss the differences in the results shown in Fig. 2.9 obtained
by the two sweep rates. At 0.013 V/s, the sharp transition from resonance
to non-resonance was not observed at the He pressure below 1 x 107 Pa.
This type of signal shape indicates that the ion cloud was spread and the
coupling of each ion became weak. This is caused by the larger
interaction between the trapped ions and the rf probing field. In Fig.
2.9(), Y_,

increased, in contrast to Fig. 2.8(a). This fact may be explained by the

. at 0.067 V/s did not increased as the He pressure was

saturation of ¥ _or the loss of ions due to the larger interaction with the
probing 1f field at the slower sweep rate of 0.013 V/s because the
detections were made at two sweep rate in turn. The faster sweep rate
may be have significant influence on the signals due to the anharmonicity.
The detection system should be improved to detect the signals at a higher
sweep rate.

The sharp transition from resonance to non-resonance was not
observed even at sweep rate of 0.064 V/s when Y . was small (i.e., the
number of the trapped ions was small) and the He pressure was low (e.g.,
Fig. 2.6(a) 63 min). This also indicates the coupling of the ions was weak.

The existence of the critical pressure and the behavior of the signals
above the critical pressure are not well understood. We made the
following suggestion when this experiment was performed [3]: When the
signals were detected above the critical pressure with the oven and the
electron gun operating, the signals for sweep direction f did not disappear
and showed no difference to the signals for the sweep direction r. This
fact suggests that the critical pressure is dependent on the ion distribution,
because the ion distribution is considered to be affected by the electrons
from the electron gun and from the oven {15] and the neutral Ba from the

oven when the oven and the electron gun are operating. One possible
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influence on the ion distribution is the high collision rate of Ba® and He.
Actually, the collision rate of about 4 s at 7.5 x 10 Pa is derived from
the decay rate of 5°D,, state measured by Schneider and Werth [25]. A
strange distribution of the trapped ions at the high buffer gas pressure of
10~ Pa was also reported [26]. As we will show in (4) in this section, we
later found that the total number of trapped ions also influenced in rf
signals. Combining the results described here, i.e., the pressure
dependence on rf signals, we can suggest that the ion distribution
certainly has an effect on rf signals. We will later propose that the
dependence of rf signals of the pressure of the buffer gas and the total
number of trapped ions may be expressed in the anharmonicity in the
space charge potential of trapped ions. We will discuss this in (4) in this

section.

(3) Storage-time measurement: an effect of pressure-

dependent anharmonic oscillation [3]

As mentioned above, the signal height of the trapped ions changed
with the pressure of buffer gas and the sweep direction, although almost
the same number of ions were trapped. This means that the highest
sensitivity can be obtained by the appropriate choice of the pressure of
buffer gas and the sweep direction. The optimum sweep direction can be
decided from the sign of C’, when the He pressure is below the critical
pressure. The dc voltage should be swept from a high voltage to a low
voltage when C’;< 0, and from a low voltage to a high voltage when C’, >
0. The He pressure should be just below the critical pressure when the
trap has anharmonicity with C’, < 0. The optimum He pressure for the
traps with C’, > 0 should be examined by using another trap with C’, > 0.

We have applied this idea to the measurement of the storage time of

the trapped ions. The result is shown in Fig. 2.10. The time measurement
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Fig. 2.10. The Decrease of Y _ _ for both sweep directions after ion
production was stopped. (a) sweep direction r , p,, = 7.5 x 10” Pa; (b)
sweep direction f , p,, = 8.4 x 10 Pa. The He gas pressure was chosen
in order to obtain the largest signal-to-noise ratio for each sweep
direction. The results in (b) were obtained after the signals in (a) could
no longer be detected.

began after the Ba oven and the electron gun were turned off. First, the
dc voltage was swept in the sweep direction r (4 V — 6 V),
corresponding to the sweep direction of smaller Y . as shown in Fig.
2.7. The highest signal was obfained at a pressure of the He gas of 7.5
x 107 Pa for this sweep direction. The signal could be detected for 8 h 30
min. This is shown in Fig. 2.10(a).

When the signal could no longer be detected with the sweep
direction r, the sweep direction was reversed to direction f (6 V. — 4 V)
and the He pressure decreased to 8.4 x 10° Pa to obtain the highest
sensitivity for this sweep direction. The signal could again be detected and

was observed for 76 h 20 min after the 1on production had been stopped.
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This is shown in Fig. 2.10(b). In this case, the He gas was introduced to
the vacuum chamber only when the signals were taken in order to prevent
damage to the ion pump by the He gas due to the expected length of the
measurement.

Y. .. of Fig. 2.10(b) is related to the total number of the trapped
ions by Eq.(2.19) because the signals of Fig. 2.10(b) were taken with the
sweep direction f below the critical pressure. The saturation of ¥, was
negligible because the measured Y, was smaller than 0.3 [24]. Therefore,
Y .. was considered to be proportional to the total number of trapped
ions and could be used for the determination of the storage time T,
defined by exp(-¢ / 7). A 7, value of 1.3 x 10° s was determined by least
square fitting from Fig. 2.10(b). The change in y, was small as the total
number of the trapped ions decreased because the pressure of the He gas
was the same at every detections. This effect should be considered in a
more quantitative discussion |

The value of 7, for Fig. 2.10(a) was also determined to 9.0 x 10° s ;
it was much smaller than that for Fig. 2.10(b). We had no way of
establishing the relation between Y ___and the number of the trapped ions
in Fig. 2.10(a) because the He pressure was above the critical pressure.
The difference in the He pressure and of dc voltage between
interrogations (the voltage was kept at the final voltage of the sweep)

should be also investigated to explain the difference in 7, between Fig.
2.10(a) and (b).

(4) Number dependence on anharmonic oscillation of trapped
ions [7]

We trapped Yb* ions in the same trap used for Ba* ions, and we

detected rf signals of trapped Yb" ions at a He pressure up to 4 x 10 Pa.
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The parameters are listed in Table 2.1. Below 1 x 10 Pa, rf signals
disappeared after the oven and electron gun were turned off. This was
caused by the fact that the number of trapped Yb* ions, estimated to be
10°, was smaller than that in the case of Ba* ions. We observed the change
in shape and size of rf signals as a function of the pressure of buffer gas.
The results were similar to that around the critical pressure in the case of
Ba": At low pressure, we could detect rf signals only by the sweep
direction f. As we increased the pressure of He gas, rf signals for the
sweep direction f grew larger and steeper. As we further increased the
pressure of He gas, rf signals for the sweep direction f grew smaller and
those for the sweep direction r became detectable sizes and then grew
larger. The decrease in the height of rf signals for the sweep direction f,
observed with increase of the pressure of He gas, was not drastic
compared with the observation at the critical pressure in the case of Ba*.

In Sec. 4.3, we observed that the change of rf signals when we
continuously irradiated trapped Yb* ions with radiation at 369.52 nm in
the presence of buffer gases. RF signals finally disappeared in that
observation. Therefore, we considered that the number of trapped Yb*
ions decreased in thét observation, and that the observed change in rf
signals was caused by the change in the anharmdnicity due to the decrease
of the number of trapped ions. Therefore, we investigated the effect of
the number of trapped ions on the anharmonic oscillation at a fixed
pressure of buffer gas [7]. (It should be noted that we recently found that
the disappearance of rf signals with irradiation at 369.52 nm was not
caused by decrease of the number of trapped ions [27]. The detailed
observations and analyses will be presented in Sec. 4.3.)

The results are shown in Fig. 2.11. We prepared a variety of
number of trapped Yb* ions by changing the time during which the
electron gun was turned on. According to Fig. 2.11(c), the linewidth of

the spectra was independent from the fluorescence intensity in this
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Fig. 2.11. Number dependence of anharmonic rf signals. (a) Relative
signal height of rf signals, Y __ . (b) the FWHM of 1f signals. @: sweep
direction f, O: sweep direction r. The error bars show the fluctuations of
the signals obtained by about 15-times detections. The number of trapped
ions was changed by shortening the period when the electron gun was
turned on at ion production. The fluorescence intensity at the resonance
center, used as the abscissas of the figures, corresponds to the number of
trapped 1ons. This is supported by the fact that the observed linewidths of
the spectra were the same in this measurement region, as shown in {(c).
The He gas pressure was fixed to be 4 x 10 Pa. (For detection of the
fluorescence, see Sec. 4.2). We used UV radiation generated by sum-
frequency (see Sec. 3.2). IR radiation from a Ti:Al,O; laser was also used
to prevent the fluorescence decay and the rf signals disappearance
(Chapter 4).

56



measurement range. (Detection of the fluorescence of trapped Yb* ions
will be described in Sec. 4.2.) Therefore, the fluorescence intensity, used
as the abscissas in Fig. 2.11, was proportional to the number of trapped
Yb* ions. We observed that, as the number of trapped Yb* ions was
decreased, the height of rf signals for the sweep direction f once grew
larger, and then it did smaller, while rf signals for the sweep direction r
became under the detectable level. This observation shows that the
anharmonicity is a function of the number of trapped ions.

The pseudopotential of trapped ions is modified by the potential
caused by their charges, i.e., the space charge potential ¢, [11,23],

(peff = ¢lmp + ¢ion7 (220)

where ¢, is the effective psuedopotential of the rf trap.

We observed the change in the anharmonicity with the pressure of
buffer gas and the number of trapped ions. Increase of the buffer gas
pressure results in a high density of the ion cloud due to the buffer gas
cooling. Therefore, both increases of the pressure of buffer gas and of

the number of trapped ions enlarge ¢, .. From the increase in the height

ion*
of rf signals for the sweep direction r with increase of the buffer gas
pressure or the ion number, it may be possible to consider that the space

charge potential should have an anharmonicity of C,’ ., > 0, and the

(ion)
anharmonicity in the space charge potential should be comparable to that
of the trap itself. When the pressure of buffer gas is low, or the number
of trapped ions is small, we suppose that ¢, is small because of low ion
density and the observed anharmonicity should be close to that of the trap
< 0.

We guess that the anharmonicity in the space charge potential may

itself. Here, the trap used had an anharmonicity of C, (trap)

be related to the origin of the critical pressure observed in the case of Ba®

ions. Also, we guess that the shorter storage time determined above the
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critical pressure, shown in Fig. 2.10(a), may be caused by the change in

anharmonicity by the number of trapped ions.
We proposed, in 2.3.2(2), that the Y ___ should be used for the

X

estimation of the total number of trapped ions below the critical pressure,
in place of the product of Y . and the FWHM of signals for a harmonic
oscillation. This proposal should be experimentally proved because we
found that the shapes of rf signals depended on the number of trapped
ions. The region below the critical pressure corresponds to the region
below the fluorescence intensity of ~0.3 in Fig. 2.11.

In 2.2.3(2), we discussed the narrowing the width of rf signals as
the decrease of energy of trapped ions. We should check the effect of the

change in anharmonicity of the space charge potential on this observation.

2.3.3. Conclusions of Anharmonic Oscillation

-We found that rf signals changed in the shapes and sizes with the
pressure of buffer gas when we trapped Ba' ions (before we started
investigation of Yb* ions). In particular, we observed that rf signals
drastically changed at a certain “critical” pressure of buffer gas. A
similar pressure dependence was observed in the case that Yb* ions were
trapped. In addition, we found that the shapes of rf signals changed as a
function of the number of trapped ioms. We suggested that these
phenomena may be understood by assuming that a significant
anharmonicity exists in the space charge potential of trapped ions as well
as in the psuedopotential of the rf trap itself. Our observations suggest
that the anharmonic rf signals may be used to analyze the dynamics of
trapped ions. Introducing a certain pressure of buffer gas is effective for
improving the relative detection sensitivity of trapped ions. Further

investigations should be made for complete understanding of the change
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in anharmonicity of rf signals with the pressure of buffer gas and the
number of trapped ions, including to reveal the causes of the critical
pressure. The experiment using a trap which has C’

helpful.

This experiment shows that two precautions should be taken for the

qupy > 0 may be

rf resonance absorption detection: (1) The detection should be done by
using both sweep directions. It is possible that one may fail to detect the
trapped ions at a certain pressure of buffer gas or at a certain number of
trapped ions even when the number of ions is much greater than the
smallest detectable number of the detection system. (2) The anharmonic
rf signals causes an error in estimating the number of trapped ions if one
and the FWHM of the

signals. Practically, it is reasonable compromise to give the upper and the

determines the number from the product of Y __,
lower limit of the number determined from the product of Y, and the
FWHM of the signals obtained using the two sweep directions [6].

To eliminate the anharmonicity of traps, compensation electrodes
have been introduced to Penning traps [9,19,28] and the detailed
calculation for the design of the traps has been made [16,29]. The perfect
quadruple potential trap is necessary when the frequency of the motion of
the trapped particles must be measured precisely in experiments such as
the measurement of the g-2 factor of the electron [9]. In the case that a
large number of ions are trapped, however, it is required to compensate
the observed anharmonicity, which may be composed of the
anharmonicity of the trap itself and of the space charge potential of
trapped ions. Our observations indicate the observed anharmonicity
changes due to the change in the anharmonicity of the space charge
potential. Therefore, compensation may be complicated because it should

be adjusted for each trapping condition.
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2.4. Conclusions

In this chapter, we described our apparatus of rf traps and the
results obtained by detection of trapped ions by rf resonance absorption
methods.

After a short review of a principle of the rf trap, we described two
rf traps used for our investigations of Yb*. A large trap of 2r; = 22.6 mm
was used for investigation of buffer-gas-cooled Yb*. In this trap, we
could confine the ions of which number was up to 10° and successfully
detected rf signals of trapped ions. A small trap of 2r, = 5 mm was
constructed for investigation of laser-cooled Yb*. For laser cooling, we
reduced heat capacities of the oven and the electron source used for
production of Yb* ions in order to avoid collisonal heating with neutral
Yb atoms and electrons.

In detection of trapped ions by rf resonance absorption method, we
focused on the effect of anharmonic oscillation on rf signals. We found
that the shapes and sizes of rf signals depended on the pressure of buffer
gas while the number of trapped ions was fixed. This phenomenon was
found when we confined Ba® ions before we started investigation of Yb*
ions. A similar pressure dependence on rf signals was observed also in the
case of Yb* ions. In addition, we found that the anharmonicity of rf
signals changed with the number of trapped ions while the pressure of
buffer gas was fixed. We suggested that the observed dependence of the
buffer-gas pressure and of the ion number on anharmonic rf signals could
be qualitatively explained by assuming that the space charge potential of
trapped ions has an anharmonicity, which changes as a function of those
parameters.

We pointed out that, due to anharmonic oscillation, a care must be
taken in detection of the trapped ions by rf resonance absorption methods

and in estimation of the number of trapped ions from rf signals.
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Chapter 3

Light Sources for Yb*

3.1. Introduction

In this chapter, we describe light sources for the investigation of
Yb*. To observe the fluorescence of trapped ions and to laser cool them,
it is usually necessary to drive the first resonance lines of the ions,
because these transitions have large rates of spontaneous emission. The
first resonance lines of atomic ions are usually in the ultraviolet (UV)
region. Therefore, it is necessary to produce radiation in UV regions by
frequency conversion of laser radiation at longer wavelengths, because no
tunable cw lasers are available in the UV region. In addition, it is essential
to use tunable continuous-wave (cw) radiation because, for laser cooling,
over ten thousand cycles of absorption of photons and subsequent
spontaneous emission are required. The minimum cw power required for
laser cooling of trapped ions in a rf trap is estimated to be of the order of
microwatts on the basis of experiments on single Hg" at the National
Institute of Standards and Technology (NIST) [1].

In the case of Yb*, the *S, - *P,, first resonance line is a
wavelength of 369.52 nm. To produce radiation at 369.52 nm over one
microwatt, we first performed sum-frequency mixing (SFM) of diode-
laser and argon-ion-laser radiation [2]. The wavelengths of a diode laser
and an argon-ion laser are 1310 nm and'515 nm, respectively. This UV
generation method is inexpensive and simple compared with conventional

second-harmonic generation (SHG) using a dye laser, and a relatively
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large output UV power can be obtained because high-power radiation is
available from an argon-ion laser. SHG using a diode laser is less
expensive and simpler than our SFM scheme. However, it seems to be
impossible to generate over 1 uW of radiation by SHG of a single-mode
diode laser owing to its low power, except in the fundamental wavelength
region longer than 840 nm where a noncritical phase-matching condition
can be obtained with a KNbO3 crystal which has a large nonlinear
coefficient [3]. To generate a sufficiently large second-harmonic power
from diode-laser radiation, some special devices or techniques, such as a
waveguide [4], quasi-phase matching of periodical-poled material [5],
external Cavity techniquesr[6,7], injection locking of high-power diode
lasers [8], and a optical pow'er- amplifier [9] are usually required. We
obtained more than one W of radiation at 370 nm radiation using our
SFM method with a sihgie—pass cohfiguration and successfully observed
fluorescence of trapped Yb* ions. |

When it is hecessary to observe the fluorescence of trapped ions for
a long time, the frequency of the radiation, by which one drives some
transitions to detect fluorescence, should have a stability well within the
spectral width. When two laser beams are frequenéy mixed to extend the
available waveléngth of coherent radiatibn, as in our SFM, the frequency
stability of the output radiation generated by mixing reflects the
frequency stabilities of the two fundamental lasers. The fwo fundamental
lasers, therefore, should be frequency stabilized when the output rladiation
with high frequency stability is required. However, we proposed and
demonstrated that the frequency-stabilized output radiation can be
obtained by controlling only one of the fundamental lasers [10]. This
stabilization method is generally applied for other combinations of lasers.

To laser cool Yb*, however, we found that we needed more power
than that obtained by SFM. For this purpose, we produced radiation at

369.52 nm by SHG of radiation from a dye laser using an external cavity
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technique [6,7,11]. When an external cavity technique is used, SHG is
more suitable than SFM because output power increases as the square of a
fundamental enhancement factor with one cavity. In the case of SFM, a
cavity is needed for each of two fundamental lasers to obtain the same
improvement as in the case of SHG.

The *P,, state of Yb* has a branch to the *D,, metastable state with a
branching ratio of 1 : 152 [12], Therefore, to laser cool Yb* with the *S ,
- ?P,, transition, it is necessary to deplete the “D,, state. For this purpose,
two methods are known, i.e., driving the *D,, - °P,, transition at 2.4 um
[13]; or the °D,, - °[3/2],, transition at 935 nm [14]. We adopted the latter
and produced radiation at 935 nm using a ring-Ti:AlO, laser (Swartz
Electro-optic). This Ti:AlLO; laser could not be frequency scanned. We
modified it for frequency scanning. Although the frequency scanning was
not perfect, we determined the isotope shifts of the *D,, - *[3/2],,
transition which had not previously been established [11]. Knowledge of
the isotope shift of this transition was indispensable for laser cooling, as
described in Chap. 5.

3.2. Sum Frequency Mixing of Diode-Laser and Argon-lon-
Laser Radiation [2]

(1) Sum frequency mixing in g-BaB,0, crystal

We chose f-BaB,0, (BBO) as a material of a mixing crystal. BBO
crystals were found to be highly efficient frequency—.conversion crystals
in the UV region at the time when this experiment was performed [15,
16]. The BBO crystal was cut to the polar angle 6 = 29 deg to satisfy the
type-I phase matching at normal incidence to the x-axis (the x-, y-, and z-

axis are shown in Fig. 3.1), and the azimuthal angle was ¢ = 0 deg to
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obtain the largest effective nonlinear coefficient. The calculated walk-off
angle was 3.9 deg. The parameters for SFM were derived from the
dispersion equation given by Kato [17]

The experimental result described here shows the characteristics of
the frequency conversion in BBO for strong focusing of input beams
under the condition that the double refraction of this material should not
be neglected. Owing to a relatively large double refraction of this
material, the conversion efficiency should be estimated using a theory
including the effect of walk-off. We adopted the theory established by
Boyd and Kleinmann (BK) [18] for this propose. From the BK theory, the

sum-frequency power P, is given by

2

4w, 0 5d o
P = 42
TEGC N,

exp(—a )R PIA, (3.1)

where P, are the powers, w, are the angular frequencies, #, the indices of
the crystal, d,, is the effective nonlinear coefficient, / is the crystal length,
a’= (a, + o, + ;) / 2, a, are the absorption coefficients, ¢, is the
permittivity of vacuum, c¢ is the speed of light in vacuum, and 4 is a
dimensionless focusing function introduced by BK [18]. The subscripts 1,
2, and 3 refer to the 515, 1310, and 370 nm beam, respectively.

The value of 4 is a function of the double-refraction parameter B,

given by

1 |k +ky)
B==p 1t 2/
2p1’ | (3.2)

in the case of SFM [19], where p is the walk-off angle, and k. the
propagation constant in the crystal. The value of 4 is also a function of the

parameter @ = (o, + @, - @;)/ 2, but we neglected the effect of @ on A
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judging from Eq.(2.16) in BK because exp(zal/2) = 1 = 0.01. We
estimate that 2 has the maximum of apploximately 0.06 from Fig. 2 of
BK [18], taking B = 11. Using the reported nonlinear coefficients [20] and
the equation of d, [21], we calculated d_, = (1.56 = 0.24) x 10" m/V.
The values of &, were determined from the transmissivities of the crystal.
Substituting of «; = 15 m”, @, =2.9 m", @, = 15 m?, n, =1.67, ] = 7 mm,
P, =134 Wand P, = 2.1 x 10 W into Eq.(3.1), we obtain P, = 4.4 x 10"
°W.

We discuss the optimum focusing condition for SFM in detail. The
optimum focusing condition for SFM was investigated by Guha and
Falk(GF) [19]. Taking k,/k, = 2.6 and B = 11, we roughly estimated the
optimum focusing parameters in crystal to be &, =~ 1.0 and &, =~ 2.0
(from Fig. 10 in GF), where

g =

L
b, w

, (3.3)

b, are the confocal parameter of the circular Gaussian beams and w, are

Table 3.1. Phase-Mismatching Tolerance for SFM of 515- and 1310-nm
Radiation in BBO

Diode Laser
Angle (deg) Wavelength (nm)
Measured
With focusing 0.18 >2.8 nm (HWHM)
Without focusing 0.02-0.03 Not measured
Calculated 0.022 2.0

All tolerances are given in FWHM except the diode-laser
wavelength tolerance. The spot size or beam radius measured in air was
as follows (in micrometers): With focusing,(w ,, w,,) = (30,32), (w,,, w,,)
= (30, 34); without focusing, (w,,, w,,) = (880, 860), (w,,, w,,) = (1080,
970).
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the spot sizes. These values of &, imply that the maximum conversion
efficiency does not occur with the same confocal parameters for the two
input beams. The BK theory assumes that two input laser beams have the
same confocal parameter [£,, = &, = 1.39. (ref. [18])] Therefore, the
maximum sum-frequency power should be estimated to be larger than
that from Eq.(3.1).

The calculated tolerances are derived from sinc’(4kl/2), where
sinc(x) = sin(x)/x, and Ak = k, + k, - k, and are shown in Table. 3.1. The

values of tolerances are given for the FWHM.
(2) Experimental setup

The experimental setup is shown in Fig. 3.1. The single frequency
output of an Ar* laser (LEXEL 95-5) at 515 nm and that of A /4 shifted
distributed-feedback-type InGaAsP diode laser at 1310 nm (NEC
NDL5600) were mixed. The crystal length was 7 mm. The crystal faces

SINGLE FREQUENCY M
Art LASER
M
M
VACLLM A2 PLATE ]
CHAMBER
<> LENS t=120mm
DIODE  GOLLIMATION
LASER  LENS(N.A.=05) 140 B-BaB,0O,
N
AL
59° /Y
LENS DICHROIC "%~ "0
TEMPERATURE {=250mm MIRROR

CONTROL

Fig. 3.1.  Experimental setup for SFM of diode laser and Ar* laser
. radiation. M’s, mirror; D, detector.
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were cut at Brewster’s angle to the radiation at 1310 nm in the ordinary
wave to minimize Fresnel losses and to compensate for beam astigmatism
when the crystal is put into an external ring cavity to enhance the sum-
frequency power [22). The temperature of the crystal was held at (50 = 1)
°C to prevent surface degradation due to atmospheric water vapor [23].

The diode laser was mounted on a temperature-stabilized heat sink,
of which temperature was adjusted by a Peltier cooler, with a temperature
stability of better than 1 mK at room temperature. The wavelength tuning
of the sum-frequency output to the *S , - *P, line of Yb* was made by
cooling the diode laser and was confirmed by the detection of the
absorption signal of Yb* in a hollow-cathode lamp at the diode laser
temperature of -7 °C. The advantage of cooling the diode laser is to
increase its output power. The diode laser and a collimation lens were
placed in a small evacuated chamber to prevent the condensation of
atmospheric water vapor for the operation at lower than room-
temperature. The collimated beam was almost circular due to the
property of distributed-feedback-type diode lasers.

The two input beams were independently focused to satisfy the
optimum focusing condition. The Ar* laser beam has ton be incident on the
BBO crystal at 1.4 deg with the diode laser beam, as indicated in Fig. 3.1,
owing to the dispersion of BBO, to make the two laser beams collinear in
the crystal. Alignment of the two input beams and the measurement of the

spot size were made by scanning pinholes.
(3) Result
Figure 3.2(a) and (b) show the measured sum-frequency power as a

function of the Ar* laser power and the diode-laser power, respectively.

The maximum UV radiation of 1.3 4W was generated from
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the diode-laser radiation of 21-mW power and the Ar* laser radiation of
1.34-W power. The sum-frequency power was stable and was
proportional to the input power of each laser within the intensity range of
the input beams in this research.

We measured the d,;; of our crystal to be (1.56 = 0.6) x 107" m/V
from the conversion efficiency with no focusing (collimated) beams.

Figure. 3.3(a) and (b) show the dependence of the sum-frequency
power on the polar angle and the diode-laser wavelength, respectively.
We show the tolerances of the polar angle and the diode-laser wavelength,
determined from Fig. 3.3, in Table 3.1. The values of the measured angle
tolerances were compensated for refraction at the incident face of the
crystal. The tolerance of the diode-laser wavelength was measured as the
temperature of the diode laser was scanned between 20 °C and 70 °C. The
measured tolerance was influenced by the misalignment due to thermal
expansion or contraction of the diode laser mount with a change of the
temperature. The measurement of the tolerances of the diode laser
wavelength without focusing could not be made because the sum-
frequency power was too small to detect owing to the small outpuf power
of the diode laser at high temperature. The frequency drift of the Ar”
laser was less than 150 MHz, the free spectral range of this laser cavity.

The contribution of this value to the tolerances is negligible.
(4) Discussion

We compafé the experimental results with the theoretical
estimations. If we considered the calculated reflectivity of 23 % for the
sum-frequency beam at the Brewster-angled face and the loss of 20 % in
the optics for UV separation, a sum-frequency power of 2.7 x 10° W
would be extracted. In the éxperirnent of Fig. 3.2, the measured spot sizes

in air were w,,, = w,,. = 24 pm. This means that & = 0.6 and &, = 1.5,
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which are close to the optimum derived from GF if the two input beams
are at normal incidence to the crystal face. We measured sum-frequency
power of 1.3 x 10 W is nearly half as large as the calculated value from
Eq.(3.1).

The discrepancy may be caused mainly by astigmatism introduced
at the Brewster-angled face. For weak focusing of & < 1 and [, > [, where

l, is the aperture length given by [19]

3.89 |
I, = , (3.4)

P, is reduced by a factor of n, = n, = 1.65 owing to the expansion of W,
to nw, [24]. For the experiment of Fig. 3.2, we cannot estimate the
reduction factor simply, because the focusing was close to optimum [18,
19] and because the beam areas at the locations in z axis of w, are
important since [, = 0.97 mm < [, where the beam areas at the locations in

z axis of w,, are a function of the location in the z-axis of w,; [24].
Comparing between the measured and the calculated tolerances, we
found that the measured angle tolerance without focusing was in
agreement with the calculated value. When we strongly focused the input
beams, the measured angle tolerance was 7 times as large as the calculated
tolerance. GF showed that the tolerance for phase mismatch of 4kl is
much greater for strong focusing and/or in the presence of walk-off than
that in the absence of walk-off for weak focusing [19]. They insist that the
substantial Ak! tolerance is caused by the fact that only the aperture length,
[, which contributes in a coherent way to the build up of the generated
electric filed, is limited. The angle tolerance of 0.14 deg was derived
from sinc*(4kl, /2) and [, = 1.2 mm in this focusing condition. This is

close to the measured value.
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(5) Prospect of this technique

By replacing an InGaAsP diode laser with a AlGalnP or GaAlAs
diode laser and choosing an appropriate Ar* laser line, we are able to
generate tunable single-frequency cw radiation in the region between 265
and 320 nm.

The large tolerance of diode-laser wavelength allows us to generate
simultaneously two (or more) UV beams which have different frequencies,
when the beams of two (or more) diode lasers are combined by a half
mirror and are simultaneously inputted into the B-BaB,O, crystal. We
successfully used the two UV beams generated by this method for
detecting the spectra of the odd isotopes of Yb* ions and photodissociation
of YbIT* at 369.48 nm. The wavelengths of the diode lasers were 1309.7
nm and 1310. 2 nm for 369.48 nm and 369.52 nm, respectively. (When
we observed the fluorescence recovery by irradiation at 369.48 nm with
this radiation, we believed that the wavelength of 369.48 nm was that for

deexcitation of Yb* in the °F,, state. See Chap. 4.)

3. 3. Stabilization of Sum Frequency [10]

(1)  Basic idea of sum or difference frequency stabilization

and its limitations

When sum or difference frequency mixing of two laser beams are
performed, it is possible to frequency stabilize output radiation by
controlling only one of the fundamental lasers. The basic idea of this
method is shown in Fig. 3.4. The error signal to a frequency reference is

detected with the generated radiation and is fed-back to one of the
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Fig. 3.4.  Block diagram of sum or difference frequency stabilization
of the radiation generated by frequency mixing. (a) in case of sum-
frequency mixing (b) in case of difference-frequency mixing.
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fundamental lasers in order to lock the output frequency to the frequency
reference. The servo loop shown in Fig. 3.4 anti-correlates the frequency
fluctuation of the controlled fundamental laser (#2 in Fig. 3.4) with that
of the free-running fundamental laser (#1 in Fig. 3.4) in case of sum-
frequency mixing, or correlates in case of difference frequency mixing.

To perform this frequency stabilization method, the following
conditions should be satisfied: (i) One of the fundamental lasers, which is
to be controlled, should have a continuous frequency-tuning range over
the frequency drift of the free-running fundamental laser. (ii) The
frequencies of the two lasers should be well within the phase mismatching
tolerance of frequency mixing when the output frequency is locked to the
frequency reference. Otherwise the power of the radiation generated by
mixing would fluctuate.

We applied this method to our SFM. We controlled the injection
current of the diode laser to lock the sum-frequency to a frequency
reference, while the Ar* laser was free running. The two conditions
mentioned above are well satisfied as follows:

(1) Diode lasers have a large frequency-tuning range to compensate
the frequency drift of Ar* lasers. For our diode laser, e.g., the frequency
shift by the dc injection current was measured to be -1.7 GHz/mA at an
operating current of 100 mA, a temperature of -7 °C, and an output
power of 20 mW. We assume the maximum frequency drift of the Ar*
laser to be 2 GHz, which is the oscillating range of Ar* lasers. From these
values, we find that the frequency drift of the Ar* laser can be
compensated by controlling the injection current of the diode laser only
within 1.2 mA (1.2 % at the operating condition mentioned above) to lock
the sum-frequency to the reference.

(2) The power fluctuation due to the phase mismatching was
estimated from the equation that (sin(4k! /2) / (4kl /2) )%, where I is a
crystal length of 7 mm and 4k = k, - k, - k,, k, are the propagation
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constants in crystal. The subscripts 1, 2, and 3 refer to the 515-, 1310-,
and 370-nm beams, respectively. The power reduction of the sum-
frequency power is expected to be below 0.01 % when the sum fr equency
is locked to reference and the frequency drift Av, of Ar* laser is 2 GHz
(A v,=-2GHz, 4 v, =0).

There is an undesirable possibility that output power of the diode
laser fluctuates by controlling the injection current of the diode laser to
~cancel the frequency drift of the Ar* Laser. For our diode laser, the
power fluctuation by the dc injunction current was measured to be 0.23
- mW/mA. Therefore, the power fluctuation additionally caused by the

- frequency stabilization is expected to be only within 1.4 %.
(2) Experimental setup
Figure 3.5 shows the schematic diagram of the whole system. We

used the absorption signal of the Yb* S, , - *P, , transition at 369.52 nm as

a frequency reference. We detected Yb* in a commercial hollow-cathode
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Fig. 3.5. Whole experimental setup.
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lamp (Hamamatsu 1.2783). The injection current of the diode laser was
modulated to modulate the sum frequency. The absorption signal was
detected at the modulation frequency to obtain the zero-crossing signal
which provided a frequency discriminator slope. The differential
detection was used to remove the amplitude modulation which was
simultaneously caused by modulating the injection current of the diode
laser. The differential detection was also effective to reduce the amplitude
noise of the sum-frequency radiation. Color glass filters were necessary
to avoid the saturation of photodiodes' amplifier with the radiation from
the lamp. The balance between the signal beam and the reference beam of
the differential detection was achieved by rotating one of the color glass
filters. Rotating the filter changes the loss by Fressnel reflection as well as

by the absorption owing to changing the optical path length.
(3) Result

Figure 3.6 shows the typical absorption spectra of Yb* in the
hollow-cathode lamp. The frequency intervals between each isotope line
[25] and the strength of the lines are also indicated. The absorption of Yb*
was 2% at a discharge currenf of 10 mA which was the maximum rating
of the lamp. A few nW of the uv radiation was sufficient to detect the
signals. The modulation frequency and the modulation depth of the sum-
frequency are 158 Hz and +170 MHz, respectively. We tried to detect
opto-galvanic signals of Yb* in the lamp. However, no signals were
detected although we increased the sum-frequency power to 1 uW.

Figure 3.7 shows the error signal at the lock-in amplifier output
when the sum-frequency was locked to the "Yb* line. The frequency
deviation in locking was measured to be +3 MHz from the error signal.
We confirmed that we were able to lock the sum-frequency to all of the

zero crossing points of the absorption signal.
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Fig. 3.6.  Typical absorption signals of Yb* in a hollow-cathode lamp.
(a) Sum-frequency beams were chopped to avoid a stray light from the
hollow cathode lamp. The signal was detected at the chopping frequency
using a lock-in amplifier. The signal beam power of the differential
detection was 140 nW. The chopping frequency was 41 Hz. (b) The
injection current of diode-laser was modulated to frequency modulate
sum-frequency. The signal was detected at the modulation frequency
using a lock-in amplifier. The signal beam power of the differential
detection was 27 nW. The modulation frequency and the modulation
depth of the sum-frequency are 158 Hz and £170 MHz, respectively. The
time constant of the lock-in amplifier was 1 s.
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Fig. 3.7. Time recording of the error signal of the sum-frequency
stabilization at the lock-in amplifier output. The sum-frequency was
locked to the "Yb* line. The experimental conditions were the same as
those of Fig. 3.6(b) except that the signal beam power was 23 nW.

The power fluctuation of the sum-frequency radiation, measured to
be below =5 % with a detection bandwidth from dc to 2 Hz, did not
increase even when the servo loop of the frequency stabilization was
closed. The locking range, which was =360 MHz because the Doppler
broaden linear absorption signal was used as a frequency reference, was
more than two times as large as the free spectral range of the Ar* laser of
150 MHz. Therefore, even when the longitudinal mode of the Ar*-laser
cavity hopped to neighbor one, the frequency locking of the sum-

frequency was automatically recovered in almost every case.
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(4) Prospect of this stabilization method

In this experiment, we stabilized the sum-frequency with a slow
servo loop. However, diode lasers are frequency modulated at a
modulation frequency over 1 GHz and are frequency stabilized to a line
width below 1 kHz with fast servo loop controlling the injection current
of diode lasers [26]. The Fourier frequency of the frequency fluctuation
of Ar* lasers is spread in at most a few MHz. Therefore, it would be
possible to narrow the spectral line of the sum-frequency radiation to be
below the linewidth of the Ar* laser with fast electric feedback. To realize
the reduction of the frequency fluctuation to the shot-noise limit [27],
however, one would need much higher sum-frequency power. (it depends
on the value of photodiode's load resister, in order to keep the needed
servo bandwidth, e.g., at least 100 uW was necessary for 510 €2 in Ref.
[28]).

This frequency-stabilization method could be applied to other
combinations of fundamental lasers. Especially, when diode lasers are
used for (at least) one of the fundamental lasers and are controlled to
stabilize the output frequency, this method would be effective owing to

the wide tunability of diode lasers.

3.3. Second-Harmonic Generation of Dye-Laser Radiation

Using an External Cavity Technique [11]

To laser cool trapped Yb* ions, we found that we needed more
powerful radiation than that generated by the SFM of diode-laser and Ar*-
laser radiation. For this purpose, we produced another source of UV
radiation generated by SHG of dye-laser radiation using an external cavity

technique [29]. In an external cavity technique, in the case of SHG, the
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output power is enhanced in proportion to the square of an enhancement
factor of the cavity. In contrast, in the case of SFM, the output power
increases in proportion only to the enhancement factor of the input beam
resonant to the cavity. To obtain the same improvement using SFM as that
using SHG, two fundamental beams should be simultaneously enhanced
and this is more complicated than the case of SHG. Therefore, we adopted
SHG as an external cavity technique.

When the frequency of a single-frequency laser beam 1s resonant to
an eigenfrequency of an external cavity, the fundamental enhancement

factor 4, is given by [30]

(3.5)

where r; is the reflectivity of the input mirror, r, is the fraction of the
intracavity beam after one round trip inside the cavity, 7, is the matching
ratio of the input beam to the cavity at resonance. The losses at other
mirrors and in the nonlinear crystal determine the value of r_. At a given
value of r_, the enhancement factor 4 has a maximum value of 7_ /(1 - 7).
This condition is realized when the input mirror reflectivity r, is equal to
r..

4

(a)- Design and setup

We constructed a ring cavity as an external cavity. We designed the
ring cavity using the following procedure. First, we calculated the
optimum spot size as in the case of the SFM. The double refraction

parameter for SHG, By, is calculated from
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1
BSH = Ep‘dlklc 3 (36)

where k,_is the propagation constant of the fundamental radiation in the
crystal, o is the walkoff angle, and / is the crystal length. From the value
of Bg,, we estimate the optimum focusing parameter & referring to Fig. 4
in BK [18]. Then, the spot size in the crystal is determined from Eq.(3.3).
Second, we determine the cavity length for a given radius of
curvature of the spherical concave mirrors, R, to satisfy the optimum spot
size in the crystal. We assume here that the two spherical concave mirrors
have the same radius of curvature. With reference to Ref. [31], referring
to Fig. 3.8, we calculate the spot size in the crystal located between the
two concave mirrors, w,_, the spot size at the back focal point, w,,, and the
beam radius at the surface of the concave mirror, w,, from the equations

given by

0,2 =(_)L_)J(d—R)(dR + xR — dx) 37

2 x—-R

wOrzz(A)‘/ﬁe—ﬂ(dRuR—d?) (3.8)

2 R-d
y 2_(_@_) R(2dx - dR - xR) (3.9)
" \2w J(R—x)(R—d)(dR+xR—dx)’ '

where d is the distance between the two concave mirrors, and x is the pass
length from one of the two concave mirrors to the other via the two plane
mirrors. (The cavity length corresponds to (d + x). ) The stability region

of the cavity is given by
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Fig. 3.8. Design of four-mirror ring cavity arranged in loop (or bow-tie)
shape. A

0<d<

(3.10)

x -—
where 0 is defined as § = 4 - R. At the center of the stability region where

R2
., =————, 3.11
TP (3.11)
Eq. (3.7) has a pole. This means that the change of w, with 4 is small
around & = &, Therefore, we set J to this point due to this practical
advantage. At § = 4., the spot size in the crystal located between the two

concave mirrors, wy,, is given by

Woeo = (%r) E(xLiR—) (3.12)
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To realize the determined spot size in the crystal, we determined x, i.e.,
the cavity length from Eq. (3.12), with the given curvature of the mirror,
R.

The cavity length is limited by the condition that the resonance
width of the cavity is well within the linewidth of radiation from the laser.

The FWHM linewidth of cavity resonance, Av, is given by

v
Av = I;R,

(3.13)

where Vi, is the free spectral range of the cavity, and F, the finesse of the

cavity, is given by

(3.14)

where

e =TT (3.15)

According to Ref. [32], in the case of a four-mirror cavity with two
off-axis spherical mirrors, it is possible to compensate the astigmatism and
the coma introduced at the reflection on the concave mirror by inserting a
Brewster-angle-cut crystal. For the astigmatism, whether the cavity is
arranged in a Z shape or a loop (or bow-tie) shape, it can be compensated
within the crystal as well as the overall cavity. To accomplish astigmatism
compensation, the reflection angle at the curvature mirror must be set to

the value 6, calculated from
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Rsin8, tan 8 =

_t(n2 ~1)Wn* +1 (3.16)
n ’ . .

where R is the radius of curvature of an off-axis spherical mirror, 7 is the
refractive index of a medium, and ¢ is the length of the medium.

In the case of a Z-shaped four-mirror cavity with two off-axis
spherical concave mirrors, an coma introduced at the reflection on the
concave mirror can be compensated by inserting a Brewster-angle-cut
crystal within the crystal as well as the overall cavity. For coma

compensation, the reflection angle at the concave mirror must satisty

C2t(n* - 1Wn? +1
. :

coma

Rsin @ (3.17)

n

Also, although there are two orientations of the Brewster-angled face in
the cavity, the coma is compensated with only one of the two orientations,
that shown as orientation A in Ref. [32]. In the case of arrangement in a
loop (or bow-tie) shape, the come introduced at the reflection on the
concave mirror is compensated through the overall cavity by the two
concave mirrors without insertion of a Brewster-angle-cut crystal. When
a Brewster-angle-cut crystal is inserted, the coma cannot be compensated
either within the crystal or the overall cavity.

In the case of a Z-shaped four-mirror cavity, it is possible to satisfy
the two compensation conditions simultaneously by setting the angle of

incidence to the off-axis spherical mirror, 6., to be

corr?

3

6., = tan™! 5(—’:’2—“5 . (3.18)
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We chose a BBO crystal with a length of 7 mm as the nonlinear
crystal for SHG. When the cavity was arranged in a Z shape and the
crystal was cut to the Brewster-angled face, it was possible to compensate
astigmatism and coma simultaneously. We calculated 6, and R at 6,
from Eq. (3.18) and Eq. (3.17) to be 31.1 deg and 0.01 m, respectively.
This is, in practice, difficult because the mirror curvature is close to the
crystal length. Also, in the case of a Z-shaped cavity, the crystal is placed
close to the intersection point of the intracavity beam. To simplify the
construction of the cavity, we adopted a four-mirror ring cavity in the
loop-type arrangement. The crystal faces were cut to right angles and
coated with antireflection for both fundamental and second-harmonic
wavelengths. To obtain the second-harmonic radiation from the cavity, we
inserted a dichroic mirror. The dichroic mirror was designed to be used
at the Brewster’s angle. This allowed us to minimize the insertion loss and
to compensate astigmatism. We set the curvature of the spherical mirrors
to 0.1 m for easy alignment of the angle-phase-matched crystal and the
dichroic mirror. To realize the optimum focusing of w, =19 um in w_,
g'iven by Eq. (3.12), x = 1.73 m was needed. We compromised with w, =
We. = 30 pwm with x = 0.733 m. This compromise decreased the
conversion efficiency to 70% of that in the case of optimum focusing. The
configuration of the designed external cavity is schematically shown in Fig.
39.

To lock the resonance of the cavity to the frequency of the dye-laser
radiation, we used the polarization technique demonstrated by Hansch and
Couliaud {33]. In this case, the polarization of the resonant radiation in the
cavity was defined by the double reflection of the BBO crystal and/or the
Brewster-angled dichroic mirror. The error signal was fed back to the
PZT to control the cavity length. We found that the external cavity could
not follow the frequency of the dye laser when it was frequency scanned

beyond 1 FSR of the external cavity. Therefore, we inserted a set of dual
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galvoplates controlled by an integrated error signal to follow the cavity
resonance of the frequency of the dye laser during frequency scanning.
We used a commercial ring dye laser (Spectra Physics 380D). This
laser contains a unidirectional device, a thick etalon locked to the
resonance of the laser cavity, and a set of dual galvoplates in the laser
cavity. The frequency of this laser was locked to the resonance frequency
of a temperature-stabilized reference cavity. In the specification of the dye
laser, this laser can be continuously frequency scanned in the range over
30 GHz while its frequency is locked to the resonance of the reference
cavity, and has a linewidth narrower than 500 kHz. We first used pyridin-
1 as a dye for oscillation at 740 nm and then changed to pyridin-2. This
change increased the output power to 30 % at 740 nm. In both cases, the
laser oscillated stably in a single frequency. In the summer and when an

air conditioner is not used, however, there were many bubbles in the dye
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stream. This resulted in mode hopping every minute. We found that the
output power of the dye laser decreased on depositing dust in air. We

cleaned the optics once every few days of operation.
(b) Result and analysis

Figure 3.10(a) shows the output power obtained from the external
cavity. For comparison, we also show the output power obtained by a
single pass in the crystal in Fig. 3.10(b). In Fig. 3.10(b), we measured the
output power after removing the coupling mirror of the external cavity.
From the fitting of the results in Fig. 3.10, we obtained conversion

efficiencies as follows:

cavity enhanced (meas.)  P,=6.5x 10° P/}
single pass (meas.) P,=3.1x10°P2

For a single pass, the theoretical second-harmonic power calculated by the

BK theory [18] is given by

exp(-a')PlIh. (3.19)

In this case, the expected second-harmonic power is

single pass (theory) P,=4.5x10° P2
The measured conversion efficiency was 84 % of the theoretical value in
the case of a single pass. The fundamental enhancement factor was 14.

From Eq. (3.5) and the input mirror reflectivity r, of 88 %, we estimated

the fraction of intracavity beam after one round trip, r,, to be 0.94, if the
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Fig. 3.10. Second-harmonic power at 369.52 nm vs. fundamental power
from a dye laser. (a) External cavity technique. (b) Single pass.
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matching ratio 7, is assumed to be 1. Therefore, if we change r, to 0.94,
we could increase the fundamental enhancement factor to 16. The second
harmonic power would increase by 24 %. The cavity finesse was 32 and
the FWHM cavity resonance width was 5 MHz. This value seemed to be
close to the actual laser linewidth, because we observed output power
fluctuation. Actually, when we did not lock the dye laser frequency to the
reference cavity, we could not lock the resonance of the external cavity to
the frequency of the dye laser.

Theis analysis was performed before insertion of a set of dual
galvoplates to enable a wide range of frequency scanning. Insertion of the

dual galvoplates degraded the enhancement factor to 13.

3.4. Ti:Al,O, Laser for Radiation at 935 nm [11]

To laser cool Yb*, it is necessary to deplete the °D,, state. We
adopted the method, demonstrated by researchers at NPL and PTB, of
driving the *D,, - °[3/2]°,, transition at 935 nm [14], because tunable
radiation at this wavelength is directly generated by a Ti:Al,O, laser, a
Nd** fiber laser [34], or a diode laser [35]. Another method of depleting
the ’D,, state is to drive the “D,, - *P,, transition at 2.4 #m [36]. However,
generation of radiation at 2.4 pm needs frequency conversion, because no
reliable lasers are available at that wavelength.

We produced radiation at 935 nm using a commercial single-
frequency ring Ti:Al,O, laser (Swartz Elecro-Optic). The cavity of this
laser incorporates an unidirectional device, and a thin etalon for single-
frequency operation. One of the cavity mirrors is mounted on PZT. This
laser was operated stably at a single frequency after a few hours of
warming up. We modified the laser for frequency scanning over 1 FSR

of the laser cavity by installing a set of dual galvoplates, and mounted the
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thin etalon on a galvanometer. We rotated the dual galvoplates and the
galvano-driven thin etalon synchronously during frequency scanning.
When we continuously frequency scanned beyond 3 GHz, however, a
mode hop occurred because there was no feedback loop to make the
resonance of the thin etalon in accordance with that of the laser cavity.
Part of the beam from the Ti:Al,O, laser went to the wavemeter for
rough frequency setting of the IR frequency, and to a confocal cavity
with a FSR of 2 GHz to monitor the longitudinal mode of the Ti:Al,O,

laser.

Ti:Alp O3 LASER (modified)
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Fig. 3.11. Experimental setup for detection of optogalvanic signals of the
’D,, - °[3/2]°,, transition of Yb* at 935 nm.
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Fig. 3.12. Optogalvanic signals of the °D,, - *[3/2]°,, transition of Yb*
in a hollow cathode lamp. The lower trace is a 2 GHz maker signal by the
transmission signal of a confocal cavity.

To measure the isotope shifts of the *D,, - *[3/2],, transition, we
detected optogalvanic signals of Yb* in the hollow cathode lamp. The
experimental set up is shown in Fig. 3.11. The observed signals are
shown in Fig. 3.12. In Fig. 3.12, we show the transmission signal from
the confocal cavity as a 2 GHz frequency marker. Assignment of the
isotopes was performed by detecting the spectra of the laser-cooled Yb*
ions described in Chap. 5, because fluorescence of the isotope is observed
only when radiation at 369.52 nm and 935 nm is resonant simultaneously.
The measured isotope shifts are listed in Table 3.2. The uncertainties are
caused by imperfection of frequency scanning of the Ti:Al,O; laser. In
the table, we include the values measured at PTB for "*Yb* and two lines
of Yb* [37,38]. According to Refs. [37,38], one of the "'Yb* lines
overlaps with the 2Yb* line. This is in agreement with our result because

the ratio of the signal assigned to '"*Yb* to those of "*Yb* and "Yb* was
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larger than that of natural abundance. The other '"Yb* line reported in

ref. [37,38] may coincide with our unassigned peak.

Table 3.2. Isotope shifts of the ?D,, - *[3/2]°,, transition of Yb* at 935

nIm
X e R

Present Work

Isotopes Frequency Intervals
176 - 174 2.6 (0.2) GHz
174 - 172 2.7 (0.2) GHz
Isotopes Wavelength
176 935.172 (1) nm
174 935.179 (1) nm
172 935.187 (1) nm
unassigned 935.196 (1) nm
PTB [36,37]
Isotope Wavelength
171(F=1 - F=0) and = 935.1880(30) nm
172
171(F=1 —F=1)and  935.1953(30) nm
171(F=2 - F=1)
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3.5. Conclusions

In this chapter, we described our light sources for investigation of
Yb*. For detection of the fluorescence and laser cooling of Yb*, radiation
at 369.52 nm s required to drive the *S,, - ®P,, first resonance line. We
produced tunable cw radiation at 369.52 nm by a simple and inexpensive
method, 1.e., sum-frequency mixing of diode-laser radiation at 1310 nm
and argon-ion laser at 515 nm. More than 1xW of UV radiation was
generated from a diode-laser power of 21 mW and an argon-ion laser
power of 1.3 W with a $-BaB,O, crystal. We successfully observed the
fluorescence of trapped Yb* ions, as described in Chapter 4. We found
that the phase-mismatching tolerance became large when we strongly
focused input beams. This is caused by the fact that an aperture length was
shorter than the crystal length due to a relatively large double refraction
of this material.

We proposed a simple frequency stabilization scheme of sum
frequency, i.e., stabilization of sum-frequency by controlling only one of
the fundamental lasers of mixing. We successfully applied this scheme to
the sum-frequency mixing of diode-laser and argon-lon-laser radiation.
We controlled only the diode laser while the argon-ion laser was free-
running. This scheme is effective also for difference-frequency mixing.

We found that more powerful radiation at 369.52 nm was required
for laser cooling. For this purpose, we generated radiation at 369.52 nm
by second-harmonic generation of dye-laser radiation using an external
cavity technique. We obtained more than 100 W of UV radiation by an
external cavity of which fundamental enhancement factor was 14. We
succeeded in laser cooling of trapped Yb* ions using this radiation, as
described in Chapter 5.

For laser cooling, the °D,, metastable state must be depleted. For

this purpose, we generated radiation at 935 nm by a Ti:Al,O, laser to
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drive the °D,, - °[3/2]°,, transition. We detected optogalvanic signals of
Yb* in a lamp to determine the isotope shifts of this transition, which
were not well known. Knowledge of the isotope shifts of this transition is
important for laser cooling, in particular, in the case that a natural

Jisotope mixture of Yb* is used as is the case with us.
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Chapter 4

Yb* Stored in a RF Trap with Buffer Gases

4.1. Introduction

In this chapter, we describe the characteristics of buffer-gas-cooled
Yb*. In our study, we concentrated mostly on investigating the
characteristics when the trapped Yb* ions were continuously irradiated
with radiation at 369.52 nm which is in resonance with the °S , - *P,
transition. The basic experimental setup is shown in Fig. 4.1. All
components of the setup have been explained in Chapter 2 and Chapter 3.

When the °S,, - *P,, transition at 369.52 nm of trapped Yb* ions
is continuously driven in the presence of buffer gases, the fluorescence of
the trapped Yb* ions fades with a decay time much shorter than their
storage time (see Fig. 4.4). The °P,, state of Yb* has a spontaneous decay
pass to the °D,, metastable state. However, the lifetime of the *D,, state,
measured to be 52 ms by Gerz et al. [1], is much faster than the
fluorescence decay time. Therefore, the fluorescence decay requires
further explanation. In this chapter, we mainly describe our observations
related to fluorescence decay and how we have been getting closer to
fully understanding the observations. :

First, we introduce the history of investigations ‘on this
phendmenon, although a brief summary has already been given in Sec.
1.2. In 1988, reéearchers in Hamburg first recognizing fluorescence

decay and explained that it was caused by population trapping in the *F,,
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Fig. 4.1.  Experimental setup for buffer-gas-cooled Yb*.
(The ‘later experiments, i.e., in the experiments of the O, and HO
introduction and of mass selective detection, we used the UV radiation
generated by SHG of dye-laser radiation using an external cavity
technique (in parentheses), in place of that realized by a frequency-
stabilized sum-frequency.) .

state, the lifetime of which exceeds 8 days [2]. Since then, fluorescence
decay has been observed in every laboratory when the *S, - °P,,
transition of trapped Yb* ions is driven in the presence of buffer gases [3-
6). After the first observation in Hamburg, the pfessuré dependence of
the fluorescence decay time was observed at NPL [3]. Researchers at PTB,

based on detailed invéstigation, concluded that population trapping in the
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’F,, state was induced by collision with buffer gas [4].

At our laboratory, in 1991, we observed that rf signals also
disappeared as fluorescence faded when we continuously drove the *S,, -
’P,, transition in the presence of buffer gases. RF signals, in the case of rf
traps, are based on the fact that trapped ions absorb rf electric power of
which the frequency is the same as that of the secular motion of the
trapped ions. Therefore, we proposed the existence of effects due to
which trapped Yb* ions disappeared in the trap [5,6].

In subsequent work, almost one year later, we found that rf signals
did not disappear even when we drove the °S,, - P, , transition at 369.52
nm in the presence of buffer gases unlike the results of our previous
work [7]. The difference in the experimental conditions from our former

experiments was the vacuum condition and/or the buffer gases used.

Therefore, we suggested that the disappearance of Yb* ions must depend
on the type of gas [7]. In support of this proposal, we observed that the
disappearance of rf signals was enhanced by the introduction of 0O, and
H,0 gases into the vacuum chamber [8]. When 1f signals disappeared,
their resonance points were shifted those of heavier mass and then finally
disappeared. Therefore, we suggested the possibility of the production of
molecular ions by chemical reaction of Yb* in excited states with
background gases. Shifting of rf signals has been observed since we found
the disappearance of rf signals, and has already been described in Ref. [5].
However, we recognized the possibility of molecular ion formation
during the investigations described in Ref.[7].

At that time [7,8], we concluded that both population trapping in

the *F,, state and disappearance of Yb* due to background gases occurred.
When the partial pressure of the gases which cause the disappearance was
sufficiently low, fluorescence decay was caused by population trapping in
the *F,, state, followed by the disappearance of Yb* was followed on a

slower time scale. As a related observation, Seidel and Maleki recently
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conjectured the possibility of the formation of molecular ions based on
their observation with continuous driving of the *S,, - °P,, transition [9].

In order to conduct a more quantitative study of the disappearance
of 1f signals, ihcluding obtaining direct evidence of the production of
molecular ions, we have been developing a mass-selective ionic detection
system by combining a quadrupole mass analyzer with our rf trap. Until
now, we have obtained the following two results. (i) We found that YbH"
was produced by the chemical reaction of Yb* in excited states with H,
gas [10]. (ii) In the presence of O, gas, we found that YbO* and some
other molecular ions were produced from Yb* in excited states [11].

For the production of YbH" [10], we actually found the YbH'
production when no buffer gas were introduced into the vacuum chamber
and YbH' was produced by chemical reaction with H, gas in residual
background gases. The production of YbH' is distinguished from our
former proposal of molecular-ion formation. In refs. [7,8}, as described
above, the disappearance and shifting of rf signals had a slower time
constant than did fluorescence decay. However, the production of YbH'
occurred on the same time scale as the fluorescence decay, and rf signals
did not disappear but were merely just shifted with the production of
YbH'. In addition, we found that some observations formerly interpreted
to be associated with Yb* in the °F,, state were actually caused by YbH.
Therefore, the production of YbH' should be considered as another
reason for fluorescence decay. We overlooked the YbH' production by
confusing it with population trapping in the °F,, state, as did other
researchers. _

From experiments per-formed in the presence of O, gas [11], we
proved that the production of YbO* and some other molecular ions is the
reason for the shifting of rf signals. However, the number of YbO* ions
did not show a significant decrease from that of the initially trapped Yb*

ions, even after the rf signals disappeared. We now consider that the
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decrease in the total number of trapped ions does not seem to be an
appropriate reason for the disappearance of rf signals.

We organize this chapter in the following manners: We start the
next section with a description of the spectra of the *S,, - *P,, transition
in the presence of buffer gas. Then, we move on to results of the
fluorescence decay when the *S, - *P,, transition at 369.52 nm was
continuously driven in the presence of buffer gases. We also show the
fluorescence signals by simultaneously irradiating the trapped Yb* ions at
other wavelengths. We reproduced early observations made at other
laboratories, in particular, those of the detailed investigations at PTB [4].
In Sec. 4.3, we describe the disappearance of rf ‘signals and how we
noticed that some background gases should be responsible for the
disappearance of rf signals in 4.3.2. In 4.3.2, we clarify the effect of
some gases on the disappearance of rf signals by introducing O, and H,0
gases into the vacuum chamber. In Sec. 4.4, We describe the results
obtained using mass-selective ionic detection. The experimental setup is
presented in 4.4.1. The production of YbH' and reaction with introducing
O, gas are described in 4.4.2 and 4.4.3, respectively. In Sec. 4.5, we
summarize our present conclusion, obtained from five years of
investigation, concerning the characteristics of Yb* with continuous
driving of the S,, - °P,, transition in the presence of buffer gases. We
point out the remaining problems to be clarified. The production of
molecular ions may be a problem in establishing a frequency standard
with buffer -gas-cooled Yb*. In particular, the production of YbH" may be
serious because of the difficulty in removing H, gas from the vacuum
system. We make some discuss this problem from this point of view,
including the case of other ion species. Also, in the finalrpart of this
section, we demonstrate an positive application of molecular-ion

production to chemical investigation.
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4.2. Fluorescence signals with resonant light
4.2.1. Spectra of the S, - *P,, Transition at 369.52 nm [5]

We detected the fluorescence of trapped Yb' ions by driving the
’S,, - ’P,, tramsition at 369.52 nm. The fluorescence, emitted by
spontaneous emission from the °P,, state to the °S,, state was detected. We
used tunable cw radiation at 369.52 nm generated by the. sum-frequency
mixing of diode-laser radiation at 1310 nm and argon-ion-laser radiation
at 515 nm described in Secs. 3.2 and 3.3.

The fluofescence signals are shown in Fig 4.2(a). The temperature
of the diode laser was constantly changed to sweep the frequency of the
UV radiation. Although we used natural Yb, no hyperfine components of
odd isotopes were observed. Figure 4.2(b) shows the fluorescence signal
obtained using the two uv beams. One of the UV beams was frequency
stabilized to the '""Yb* 3-2 line while the frequency of the other was
swept. The signal of the '"Yb* 2-3 line was observed because the
frequency-stabilized UV beam prevented optical pumping.

The temperature of the trapped Yb* ions was determined from the
width of the fluorescence signal to be 3600 = 800 K at a He pressure of 4
x 10°® Pa. The contribution of isotopes was considered and the saturation
was ignored to determine the temperature. Light buffer gas was effective
in reducing the kinetic energy of the trapped ions [12,13]. The pressure
dependence of the temperature of trapped Yb* ions is shown in Fig. 4.3.
The ions were cooled to 1200 (+700, —-500) K at a He pressure between 4
x 10" Pa and 4 x 10 Pa.
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Fig. 4.2.  Fluorescence signal of the trapped Yb* ions. In both (a) and
(b), the upper trace is the absorption signal of Yb* in a hollow cathode
lamp and the lower the photon counting signal of the Yb* ions trapped in
arf trap. The strength and the frequency of each absorption of isotopes is
shown at the top of the figure. (a) The frequency of one UV radiation
was swept around the S, - P, transition. The UV power (All UV
power mentioned in this paper was measured at the window of the
vacuum chamber) was 170 nW, the He pressure 4 x 10" Pa, the sweep
rate of the UV radiation 110 MHz/s, and the gate time of the photon
counting 1 s. (b) The signal obtained by two UV beams; One was
frequency stabilized to the '*Yb* 3-2 line, the frequency of the other was
swept. The arrow indicates the 'Yb* 2-3 line. The frequency-stabilized
UV power was 300 nW, the frequency-swept UV power 65 nW, the He
pressure 4 x 10, the sweep rate 42 MHz/s, and the gate time 10 s.
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Fig. 4.3. He pressure vs. temperature of trapped Yb* ions. The
temperature was determined from the Doppler width of the spectra of the
’S,, - P, transition at 369.52 nm. The error bars are due to the noise in
the spectra.

4.2.2. Fluorescence Signals with Continuous Irradiation
with Resonant Light [7]

In this subsection, we describe the fluorescence signals obtained
when we continuously irradiated Yb* ions trapped in the presence of
buffer gases with resonant light beams, i.e., radiation at 369.52 nm to
drive the S, - °P,, transition, radiation at 935 nm to drive the ’D,, -
’[3/2],, transition to deplete the °D,, state [14,15}, and radiation at around
369.48 nm which was assigned to be the wavelength to deexcite the F,,

state when the experiments described in this subsection were performed.
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(As we ‘will show in 4.4.2, these wavelengths are those for
photodissociation lines of YbH* [10].) The results shown in this subsection
were obtained under the condition that rf signals did not disappear.

Tunable cw radiation at 369.52 nm was the sum-frequency radiation
frequency locked to the absorption signal of Yb* in the lamp as described
in Sec. 3.3. Sources of radiation at 935.2 nm and 369.48 nm were the
ring-Ti:AL,O, laser and the frequency-doubled dye-laser, respectively.
The frequency doubling of dye laser radiation was made in the crystal
with single pass. The wavemeter for monitoring the wavelengths of the
two lasers in the experiments here had a resolution of 1 x 10 nm and an
uncertainty of + 5 x 10°°. The frequency drifts of the two lasers were
below the resolution. Power levels of radiation at 369.52 nm, 369.48 nm,
and 935.2 nm were a few hundreds nW, about 100 nW, and a few mW,
respectively.

We also obtained radiation at 369.52 nm and 369.48 nm
simultaneously by sum-frequency mixing. In this case, we input the two
diode laser beams at different wavelengths to the $-BaB,04 crystal. The
large phase-mismatching tolerance of this sum-frequency mixing resulted
in the same conversion efficiency for the two UV generations as we
previously proposed in Sec. 3.2.. However, second-harmonics is more
convenient for detailed investigations, such as wavelength measurement.

The frequency and amplitude of ac voltage of the rf trap were 550
kHz and 310 V, respectively. DC voltage (V) was continuously scanned
between 6 and 9 V to detect rf signals, while the frequency of the probing
rf field was fixed at 83.5 kHz. He or N, gases were used as buffer gas.
Pressure of buffer gas was measured by the discharge current of the ion
pump which evacuated a vacuum chamber. Fluorescence was collected and
transported by lenses, and was detected by a photomultiplier of which
output was measured by a system of photon. counting with a gate time of 1

s and a dead time of 2 ms.
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The total number N, of trapped Yb* ions was determined from rf
signals [16,17] . Owing to anharmonicity of the potential, shapes of rf
signals depend on the sweep direction of V', or frequency of the probing
field as described in Sec. 2.3. The two signals, obtained by the two sweep
directions, give the upper and lower limits of N, The storage time was
beyond 10* s without irradiation at 369.52 nm. We determined the
temperature of trapped Yb* ions to be 1400 K at a He pressure of 4 x 10°*

Pa from the linewidth of the S , - *P,, transition, as described in Sec.

4.2.1.

4000
@ 3000

2000

COUNT RATE

1000

O l 1 1 1 : 1 l 1 L [1 1 i
0 500 ‘ 1000
TIME (s)

Fig. 4.4.  Decay curve of the fluorescence signal by irradiation only at
369.52 nm. The decay curve was fitted with two decay times. Faster
decay time is indicated by 7, and the slower one, z,. The spot size of the
UV beam was 0.05 mm x 0.05 mm at the center of the trap.
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Fig. 4.5. Dependence of the decay time on He pressure. §:faster
decay time 7, A:slower one 7, We could not distinguish the two decay

curves below a He pressure of 4 x 10° Pa. Longer observation time is
necessary to distinguish them. The power of radiation at 369.52 nm was
440 nW and the beam size was 0.5 mm x 0.5 mm.

(1) TIrradiation with radiation at 369.52 nm driving the S, -

2 sgs
P,, transition

When we continuously irradiated trapped Yb* ions with radiation at
369.52 nm in the presence of buffer gases, fluorescence faded in a decay
time shorter than the storage time. Typical decay curve of fluorescence
intensity is shown in Fig. 4.4. The decay times grew shorter as the power
of radiation at 369.52 nm, or the He pressure, was increased. The tail
with a slower decay time became apparent in the fluorescence decay curve
as the power of radiation at 369.52 nm and He pressure were increased.
Figure 4.5 shows the dependence of the decay times on He pressure.

Whether rf signals disappeared or not, we observed that the fluorescence
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faded in similar time constants, although we described in this subsection

the fluorescence signals when rf signals did not disappear.

(2) Irradiation at 369.48 nm

When the experiment described in this subsection was performed,
researchers, including us, believed that trapped Yb* ions were pumped to
the °F,, state in the presence of buffer gases by driving the *S,, and °P,,

transition at 369.52 nm, and Yb* in the °F,, state was deexcited with

irradiation at 369.48 nm. As we will describe in 4.4.2, we recently found

f' Piso.520m = 240 nW

2000 -4\ P o s = 230 NW
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Fig. 4.6. The fluorescence signal by irradiation at 369.52 nm and
369.48 nm simultaneously; Beam sizes were 1.5 mm x 0.5 mm and 0.5
mm % 2 mm, respectively. Dashed curve shows the fluorescence signal
with radiation only at 369.52 nm. Ny= (4 ~7) x 10° and r,§, = 1 ~ 2 5.
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Fig. 4.7.  Equilibrium count rate relative to the count rate just after the
start of irradiation as a function of the wavelength of radiation at 369.48
nm. He gas was used as a buffer gas for @ , and N, gas for A . Dashed
lines indicate the count rate which remained after 20 minutes of
irradiation only at 369.52 nm. The error bar shows our wavelength-
measurement accuracy of +0.002 nm. To calibrate the wavemeter, the
second harmonics of dye-laser radiation was tuned around the °S,, - *P,,
transition and the wavelength at the maximum fluorescence signal was
determined to be the tabulated wavelength of 369.524 nm. Power levels
of radiation at 369.52 nm and 369.48 nm were 250 nW and 130 oW,
respectively, in the case of He, and at 369.48 nm was 100 nW in the case
of N,. The center wavelength of our results confirmed the results
obtained at PTB [4], which are not in agreement with tabulated energy
level separation, within our wavelength-measurement accuracy.

that 369.48 nm is a wavelength of photodissociation of YDH' [10]. In Ref.
[7], we described the following results as deexcitation of the °F,, state.
However, these actually show that the fluorescence signals when we
irradiate trapped Yb* ions simultaneously with radiation to
photodissociate YbH".

We show the results when we irradiated trapped Yb ions at a He

pressure of 4 x 10* Pa with radiation at 369.52 nm and 369.48 nm
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simultaneously. The fluorescence was observed for a longer time than
that in the case of radiation only at 369.52 nm as shown in Fig. 4.6. After
more than 15 minutes of irradiation with the two UV beams, the count
rate became almost constant. We could not decide whether the
photodissociation of YbH* by radiation at 369.48 nm was perfect or not,
because it was difficult to keep the power of the dye laser radiation
constant over several tens of minutes and there is a possibility that some
other molecular ions not photodissociated by the two wavelengths of UV
radiation would be produced in a slow rate.

The equilibrium count rate is plotted in Fig. 4.7. as a function of
the wavelength of radiation at 369.48 nm. The fluorescence recovery by
irradiation at the wavelength in vicinity of 369.52 nm has already been
found at the first observation of the fluorescence decay in Hamburg [2]
The researchers at PTB, from their detailed investigation, determined the
center wavelengths of the four lines for the fluorescence recovery [4].
Our result at 369.48 nm confirmed the center wavelength determined at
PTB within our wavelength-measurement accuracy. Since the
fluorescence recovery was first found in Hamburg, it had been believed
that the fluorescence-recovery lines were those for deexcitation of the
21-"'7,2 state. As we described in 4.4.2, we found that at least three of the
four lined, including 369.48 nm, are photodissociation lines of YbH'.
Researchers at PTB pointed out that the wavelengths of the fluorescence-
recovery lines were not in agreement with tabulated energy level
separation from the °F,, state of Yb* [4].

We also alternated radiation at 369.52 nm and 369.48 nm. After
fluorescence disappeared due to radiation only at 369.52 nm, we blocked
radiation at 369.52 nm and used radiation at 369.48 nm. After about four
minutes of irradiation at 369.48 nm, the fluorescence signal by radiation
at 369.52 nm recovered to be within 40 % and 80% of the disappearance

count rate,
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(3) Depletion of the °D,, state

Figure 4.8. shows typical fluorescence signals and the decay times
when we deplete the *D,, state by irradiating at 935.2 nm simultaneously
at 369.52 nm. Even at a He pressure of 4 x 10 Pa, fluorescence was
observed for a long time when the power of radiation at 935.2 nm was
sufficiently strong. The count rate just after the start of irradiation did
not increase from that with radiation only at 369.52 nm owing to the
small excitation rate of the *S , - °P,, transition.

After the fluorescence signal decreased and stabilized to a constant
value in the case of sufficiently strong power of radiation at 935.2 nm,
we blocked the two beams and irradiated at 368.48.1111'1 for over 5 minutes.
We observed that more than half of the decreased signals recovered by
this means. This means that the observed initial decay was attributed to
production of YbH' or population trapping in the °F,, state followed the

YbH* formation in the state.

(4) Discussion and rate analyses

Fluorescence faded with the two decay times when we irradiated at
369.52 nm as shown in Fig. 4.4. A possible explanation of the two decay
times is effect of isotope shifts of the *S,, - °P,, transition. We calculated
the excitation rates of the °S,, - *P,, transition for Yb* isotopes relative to
that for “Yb* from the isotope shifts reported in [18] and the overlap
between the modulation depth of sum frequency and Doppler-broadening
cach isotope line at a temperature of 1400 K: These are 0.20 and 0.24 for
2yp* and 5Yb*, respectively. '*Yb* and '°Yb* are negligible.

Therefore, decay times for " Yb* and 7°Yb* would be five and four times,
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respectively, as long as that for Yb*. Taking into account the natural
abundance, we estimated that relative count rates just after the start of
irradiation would be 0.12, 0.81, and 0.08 for "*Yb*, Yb*, and "°Yb",
respectively. If we assume that the faster decay comes from "*Yb* and the
slower one from *Yb* and *Yb*, the observed fluorescence decay curve
can be fitted.

From Fig. 4.5, we estimated a pumping rate R, to the “dark” state,
assuming the faster decay time 7, was related to only #Yb* as explained
above. As we will clarify in Sec. 4.4., the possible explanations of the
fluorescence decay at present are population trapping in the °F,, state and
the production of YbH*. It has not yet been clarified the superiority
between the two explanations and the detailed paths to the two states.
Therefore, we introduce the “dark” state including the two states. Other
notations are given in the Appendix. In our experiment, the excitation
rate r,S, of the °S, - *P,, transition was small and florescence was not
saturated, i.e. r.(S,/4 )(4,/R;) <<1. In this case, the relation between the

inverse of the observed decay time 7 and R, is given by [2]

l:rlsl Az R¢
v A1+A2R3+Rs . (4.1)

For the result in Fig. 4.2 at a He pressure of 4 x 10 Pa, we estimated
that 7 S, = (4 ~ 7) s from Eq.(A.2"), with N, = (4 ~7) x 10° determined
from the rf signal. We obtained R, = (8 ~ 20) s, substituting 4, = 1.14
x 10° s* [19], 4, = 7.09 x 10° ' [19], and R, = 19 5" [1] into Eq. (4.1).
Our result is close to that at PTB, i.e., R, = 4 s at a He pressure of 4
x 10 Pa [4]. The fact that the observed decay times were several tens of
times as long as those in Ref. [4], therefore, was attributed to our smaller
excitation rate r,S,. Power of radiation at 369.52 nm was close to that in

Ref. [4]. Therefore, the smaller excitation rate would be caused by a
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larger ion cloud and lower ion density than those in Ref. [4]. Ion density
at the space charge limit is lower than that in Ref. [4] owing to our lower
secular frequency [20].

As we described in Sec. 4.4, we now know that the wavelength of
369.48 nm is that of photodissociation line of YbH'. We estimated a
photodissociation rate R,’ to be (3 x 107 ~ 1 x 10%) s* for Fig. 4.6 from
the equilibrium count rate and using Eqs.(A.2') and (A.4), where we treat
a overall deexcitation rate R, from the ‘dark’ state as a photodissociation
rate R.'. In the estimation, we used the value of r S, determined by use of
Eq.(A.2") from the count rate just after the start of irradiation. We also
estimated an excitation rate S, of the transition at 935.2 nm to be (4 x 10°
~1 x 107) s for Fig. 4.8 at 1.9 mW from the equilibrium count rate and
using Egs.(A.2") and (A.4). The value of r .S, needed in the estimation
was also determined by use of Eq.(A.2") from the count rate just after the
start of irradiation. For the estimation of S,, the following assumptions
are made: The photodissociation line at 369.48 nm has the same line shape
and width as Ref. [4]. Then, we assumed a deexcitation rate R.” from the
‘dark’ state by radiation at 369.52 nm to be (2 ~ 9) x 107 s’ from our
estimated photodissociation rate R,’ by radiation at 369.48 nm, ignoring
the difference of the overlap between the ion cloud and the uv beams
between Fig. 4.6 and Fig. 4.8. A collisional deexcitation rate from the
‘dark’ state, measured to be of the order of 10° s at a He pressure of 4
x 10* Pa, was ignored. The diameter of the 935.2 nm beam was as large
as that of the ion cloud, i.e., r, =1, because the cloud diameter would be
estimated to be 2.5 mm if ion distribution was uniform. We substituted A,
~A,asin[5]and 4, = 4.2 x 107 s [21].

The initial decay, observed by irradiating at 369.52 nm and 935.2
nm simultaneously, cannot be explained by rate analysis. The decay time
for pumping to the dark state increases by a factor of (1 + r,S,/(R, + R,))

from Eq. (4.1) in the case of simultaneous irradiation at 935.2 nm, and is
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expected to be (1 x 10* ~ 4 x 10°) times as long as that with radiation only
at 369.52 nm in the case of Fig. 4.5 at 1.9 mW. One possible explanation
for the initial decay is the isotope shift of the transition at 935.2 nm
because we drove this transition with a narrow-band laser beam. No
initial decay was observed by excitation with a wide-band laser beam [15].
Our result, however, cannot compare with that in Ref. [15] owing to the

difference in He pressure.

4.3. Disappearance of RF Signals

In this section, we describe the time variance of rf signals when we
continuously irradiated trapped Yb* ions with radiation at 369.52 nm in
the presence of buffer gases. In 4.3.1, we describe the experiment when
we first clearly recognized the disappearance of rf signals. And then, we
devote to explain how we notice that some background gases should be
responsible for the disappearance. To confirm this hypothesis, we
introduced O,, and H,O gases into the vacuum chamber, and observed the
enhancement of the disappearance by those gases. The details of this

~experiment is presented in 4.3.2.

4.3.1. Disappearance of RF Signals in the Presence of
Buffer Gases [7]

(1) Results

First, we describe the first clear observation of the disappearance

of rf signals. Figure 4.9 shows the relative signal height of the rf =
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Fig. 4.9.  Decreasing the relative signal height of the rf signals with
(triangles) and without (circles) the irradiation of the UV radiation. The
time was measured after the stop of the ion production. From 3.4 x 10° s,
we started to irradiate the trapped Yb* ions with the UV radiation. The
decay time of the fluorescence was 100 s.

resonance absorption signal with and without radiation at 369.52 nm. The
time was measured after the electron gun and the oven were turned off.
From 3.4 x 10° s, we started to irradiate trapped Yb* ions with radiation
at 369.52 nm. And then, the relative signal height of the rf signal rapidly
decreased with a time constant of 4 x 10° s. Simultancously, the
fluorescence signal faded out with a decay time of 1 x 10® s. At the initial
observation of the disappearance of rf signals, thus the decay time of the
rf signals was close to that of the fluorescence signal at the same pressure
and UV power. The dependence of the decay time of the fluorescence and
rf signals on the pressure of the buffer gas at the initial observation was

reported in Ref.[6]. As the signal height of the rf signals decreased, the
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Fig. 4.10. The shift of the resonance V', of rf signals with and without
the irradiation of the uv radiation. The UV beam was introduced
immediately after the stop of the ion production. The N, at the pressure
of 4 x 10* Pa was used as the buffer gas. @; the UV power was 600
nW. (O;200nW. A : without irradiation of the UV radiation.

resonant V. was shifting toward that of a heavier mass as shown in Fig.
4.10. The final dc voltage and the rate of the shift were dependent on the
UV power.

Almost one year after the initial observation, we measured the time
variance of rf signals again with irradiation at 369.52 nm in the presence
of buffer gas, and found that rf signals did not disappear. Figure 4.11
compares the time variance of the rf signals between our former and
present experiment. In the case where rf signals did not disappear, as in
the present experiment, resonance V, gradually shifted toward the
resonance point for the heavier mass. In the case where 1f signals
disappeared, as in our former experiment, resonance V, was first
gradually changed, and then, stabilized to a constant value and returned
toward the initial resonance. The V, shift at the stabilized point was

observed to be at most -2.6 V in many runs.
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In addition, after the experiments described in Sec. 4.2 and Fig.
4.11(2) and we reprepared the buffer gas (The repreparation included
evacuation of gas inlet.) , we observed that rf signals faded out after the
fluorescence disappeared (Intermediate decay times of rf signals between
Fig. 4.11 (a) and (b).) When we blocked radiation at 369.52 nm just after
fluorescence disappeared, we observéd that rf signals shifted and
disappeared, the same as in the observation without blocking radiation. At

the moment when this observation was made, we supposed that this fact
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Fig. 4.11 Comparison of the time variances in (a) resonance V. and (b)
relative signal height of rf signals by irradiation at 369.52 nm between (1)
our former and (2) the later (one-year after) experiment. N, gas at a
pressure of 4 x 10® Pa was used as a buffer gas. For the former
experiment, the power level and beam size of radiation at 369.52 nm were
600 nW and 4 mm x 0.5 mm, respectively. For the present one, 300 nW
and 0.5 mm x 0.5 mm.
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indicated that Yb* ions in the °F,, state would disappear. However, at
present, we have a different explanation of this. We will present a clearer
observation of this fact in Sec. 4.3, and describe the present explanation in
Sec. 4.4.

The disappearance occurred only when we irradiated at 369.52 nm.
This shows that the disappearance occurred oniy when Yb* ions are in the
excited states. Therefore, it is interesting to check whether or not the odd
isotopes of Yb* were still in the trap when 1f signals disappeared, because
the odd isotopes of Yb* are in the °S, ground state even when we
irradiate it with radiation at 369.52 nm owing to the isotope shifts and
optical pumping in the hyperfine structure as described in 4.2.1. We

observed that ''Yb* and '°Yb* were still in the trap even after the

(Lamp)
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Fig. 4.12. Fluorescence signals of "Yb* after rf signals disappeared by
continuous irradiation with radiation at 369.52 nm locked to the "Yb*
line. Detection was accomplished by a double sum-frequency mixing
scheme as used in the case of Fig. 4.2(b). The upper trace is absorption
signal of Yb* in lamp simuitaneously detected. (The spectrum shown in
Fig. 4.2(b) was actually taken just before continuous irradiation with
radiation at 369.52 nm locked to the "Yb* line (same loading of ions).
We can compare with each other.)
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fluorescence and the r1f signals disappeared. Figure 4.12 shows the
fluorescence signals of '”Yb* after rf signals disappeared. (Detection was
accomplished by a double sum-frequency mixing scheme to prevent
optical pumping to the hyperfine structures of the *S,, state as described in
4.2.1. This experiment was performed before we changed the He gas.)
When we irradiated at 369.52 nm and 369.48 nm simultaneously,
V. shifted with a slower rate than that with radiation only at 369.52 nm.
And, when we irradiated at 935.2 nm simultaneously, resonance V.
shifted with a slower rate than that with radiation only at 369.52 nm, and
then, it was stabilized to a constant value. The final shift was smaller than

that with radiation only at 369.52 nm.
(2) Discussion

RF signals are obtained by detecting the absorption of rf electric
power of which frequency is in accordance with that of the secular motion
of trapped ions. In a conclusion from the initial observation, we suggested
that some other effects different to population trapping in the ’F,, state
caused the trapped Yb* ions to disappear.

Almost one year after the imitial observation, we found that rf
signals did not disappear as described above. Therefore, the difference in
the experimental conditions between where 1f signals disappeared and not
disappeared suggested the cause of the disappearance of rf signals. The
major differences from our initial observation are the change of buffer
gas bottle, evacuation of the system of gas inlet again, and/or
improvement of background vacuum pressure owing to long-time
evacuation. These indicate that the disappearance was caused by the effects
of some gases in our vacuum system including the gas inlet or in
contamination of buffer gas. Resonance ¥, shifted toward the resonance

of heavier mass. This facts suggested a possibility that production of
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molecular ions would occur by chemical reactions while rf signals
disappear.

We estimate the mass of the produced molecular ions from the shift
of resonance V.. As described above, we assume that only even isotopes
of Yb* ions would react to molecular ions and the resonance V. shift
would be caused by the collective oscillation in strong coupling [22]
among odd isotopes of Yb* and molecular ions of even isotopes. From the
maximum shift, the increased mass for even isotopes was estimated to be
up to 9 in atomic mass units. For calculation, we used the average quantity
<l/m> = Y(1/m)(N/N,) and <1/m’> = 3(1/m*)(N/N,), where m, is mass
and N, the number. However, we could not find reactive atoms of an
atomic unit below 10. We supposed possible partners of reaction would be
some light atoms and molecules, such as O and OH, and H,O. It is also
possible that partners would have much heavier mass which makes the
coupling weak. Kalber et al. also found that resonant light irradiation
enhanced the loss of trapped Th* ions in the presence of buffer gas and
suggested the possibility of chemical reaction [23]. Chemical reactions of
single trapped Ba' ions with background gases were reported by Sankey
and Madej [24].

If molecular ions are produced, the disappearance of rf signals
requires for its explanation a loss process of molecular ions. Further
investigation is necessary for understanding the reason for the
disappearance of rf signals. Finally, judging from the fact that odd
isotopes of Yb* were still in the trap even after rf signals disappeared, this
phenomenon has the potential for application to isotope separation. -

For shifting the resonance point of rf signals, researchers at PTB
also found it and considered that the shift was related to the °F,, state [4].
However, the final shift at our laboratory was several times as large as
that observed at PTB. Researchers at PTB found that the shifted resonance
V, gradually returned to the initial ¥, when we switched the UV
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wavelength to 369.48 nm after fluorescence faded out and resonance Vo
shifted with irradiation at 369.52 nm [4]. We reproduced the similar
effect in our laboratory. However, it seemed that resonance V. did not
completely return to the initial V. The causes of this small shift and

meaning of the returning the resonance point will be clarified in 4.4.2.

4.3.2. Enhancement of the Disappearance by O, and H,0O
Gas [8]

As described in 4.3.1, we suggested that some gases are responsible
for the disappearance of the rf signals. To confirm this proposal, we
introduced other gases, i.e., O,, H,O, and H, gas into the vacuum chamber
in addition to He gas, and investigated the effect of those gases on 1f

signals.

(a) Experimental setup

We used the same experimental setup as that used for the
experiments described in 4.3.1 with some small modification. The
difference in experimental parameters from those in 4.3.1 are as follows.
When we detected 1f signals, we modulated V/_ into a triangular wave
from 5.2 + 1 Vto 11.2 =1 V with a period of 60 ~ 62 s, while the
frequency of the probing rf field was fixed at 83.5 kHz.

Radiation at 369.52 nm used here was produced by SHG of
radiation from a dye laser with an external cavity technique described in
Sec. 3.4 The power of radiation at 369.52 nm was set at 16 uW at a
window of the vacuum chamber. The beam size was 2 mm x 2 mm at the

center of the trap. In the measurement of the storage time of Yb* in the
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’S,, ground state, we used other radiation at 369.52 nm, i.e., frequency-
stabilized sum-frequency radiation described in Sec. 3.2 owing to the
better power stability than that of the second harmonic of the dye laser
radiation. The sum-frequency radiation had a power level below 200 nW
at the window of the vacuum chamber. When we needed to avoid
population trapping to the ’F,, state (also, to avoid the production of
YbH". We did not recognized the YbH* production at the moment when
this investigation was performed.) and the disappearance of Yb*, we
drove the “D,, - *[3/2],, transition at 935 nm, using radiation generated
by a ring Ti:Al,O, laser which had a power level of about 200 mW at the

window of the trap with a beam diameter of about 3 mm.

(b) Experimental procedure

We measured the time variance of the rf signals for trapped Yb*
ions continuously irradiated with radiation at 369.52 nm in the presence
of O,, H,O or H, gas in addition to He gas. The measurements were
performed by the following procedure: (1) the temperature of the oven
was increased, (2) gases were introduced into the vacuum chamber, (3)
the electron gun was turned on to begin production of Yb* ions, (4) after
the rf signals reached a constant height, the oven and electron gun were
turned off, (5) after the oven cooled down sufficiently, we started
irradiation at 369.52 nm and rf signals were recorded.

Setting the pressure of the gases was performed as follows. The
test gas, i.e., O,, H,O or H, gas, was first introduced into the vacuum
chamber. About 20 minutes after the start of the introduction of the test
gas, the pressure, i.e., the current of the ion pump, reached an
equilibrium and was kept constant while the variable leak valve was open

at a fixed degree. We set the pressure of the test gases at 1.3 x 10” Pa.
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We then added He gas to a total pressure of 4.2 x 10™ Pa through the
other variable leak valve. The ion pump continued to evacuate the
vacuum chamber and the two variable valves remained open during the
measurement. The pressure of the test gases was set to 3 % of that of He
gas, so that the damping efficiency could be determined from the He

pressure in all cases and we could compare the results of the test gases.

(¢) Result

We show, in Fig. 4.13, the time variance as the relative signal
height and the resonance V,_ after the start of irradiation in the presence
of (a) O,, (b) H,0 and (c) H, gas. The time was counted after the start of
irradiation. The resonance V,, is shown as the shift from the resonance
point detected just before the start of irradiation. The decay times of the
fluorescence are given in the figure caption. In all experiments shown in
the case of Fig. 4.13, the fluorescence faded completely within 60 s.
Shorter decay times of the fluorescence than those in the former
experiments described in Sec. 4.2 and 4.3.1, are caused by stronger UV
power. The time scale of the disappearance of rf signals was clearly
separated from and much slower than that of the fluorescence decay.

When we first observed the disappearance of the rf signals, it
occurred when we introduced only He gas into the vacuum chamber [5-8].
Before we investigated the effect of these test gases, therefore, we had
checked that the rf signals had not disappeared with introduction of only
He gas. To clarify that this precaution was indeed effective, in Fig. 4.13,
we simultaneously show the time variance of the rf signals with
introduction of only He gas, obtained within one week of when the
experiments of the mixture gas shown in the same figure were made.

The resonance V,_ shifted to -0.2 ~ -0.25 V within 30 s after the
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Fig. 4.13. Time variances in (1) relative signal height and (2) shift of
resonance V', of the rf signals with continuous irradiation of radiation at
369.52 nm: (a) in presence of O, gas, (b) HO gas, and (c) H, gas.
Pressure of these test gases was 1.3 x 10” Pa, and He gas was added to
reach a total pressure of 4.2 x 10* Pa. @: sweep direction f, O:
sweep direction r. For comparison, results in the presence of only He
gas at 4.2 x 10 Pa of sweep direction r are shown by A . 1In all cases,
the fluorescence faded within 60 s. The decay times of the fluorescence
were as follows: (a) O, added: 7 =0.75(0.03) s, He only: 7, = 2.3(0.2) s,
7, = 9.7(2.1) s: (b) 7, =2.9(0.2) 5, T, = 11(3) s, (¢) 7= 0.98(0.03) 5. The
two decay times indicated by the subscript may be caused by the isotope
shift as discussed in Sec. 4.2. We could not obtain a well-fitted curve
from the two decay times when the decay was faster than 1 s.

start of irradiation, as clearly indicated in Fig. 4.13(c2). We revealed the
reason of this fast and small shift and described in Sec. 4.4. We will

discuss later the observed larger and slower shifts in the presence of O,

or H,O gas.
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We found that O, gas largely enhanced the disappearance of the rf
signals. H,0 gas also enhanced the disappearance but the rate of
disappearance was slower than that of O, gas. The rf signals of the sweep
direction r disappeared faster than those of the sweep direction f. We will
discuss this observation later. In the case of H, gas, we show the time
variance of the rf signals of the sweep direction r in Fig. 4.13(c). H, gas
has little effect on Yb*, at least at 1.3 x 10° Pa. However, as we clarify in
4.4.2, YbH" were performed whether H, gas additionally introduced or
not.

To verify that the disappearance of Yb* ions occurs only when the
Yb* ions are in excited states even in the presence of O, or H,O gas, we
determined the storage time of the Yb* ions in the *S, ground state, from
the time variance of the fluorescence intensity. We must avoid
fluorescence decay due to the ‘dark’ state during this measurement. We
irradiated the ions with 369.52 nm radiation with a weak power of 150
nW for 10 seconds at intervals of 10 minutes, and simultaneously with
radiation at 935 nm. The storage time T was determined by fitting the
time variance of the fluorescence intensity to the function of exp(-t/7).
The determined storage times of the Yb* ions in the *S, ground state
were over 6 x 10* s, (2 = 1) x 10* s, and (2.3 = 0.6) x 10* s for He gas
only, O, gas with He, and HO gas with He, respectively. The pressure of
each gas was the same as that in the case of Fig. 4.13. These results show
that, even in the presence of O, or HO gas, the Yb* ions in the *S,,
ground state were trapped and alive for a long time. We monitored the
time variance of the rf signals during these measurements, The rf signals,
even in the presence of O, or H,0, showed very small change
only at 10 seconds of irradiation.

In addition, we performed the two additional experiments. First,
we checked that the "”Yb* ions remained in the trap even after the rf

signals disappeared in the presence of O, gases, as described in 4.3.1. This
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is caused by the much slower excitation rates of the ’S,, - *P,, transition
for odd isotopes owing to isotope shift and hyperfine splitting [18],
because the disappearance occurs only when the Yb* ions are in the
excited states

Second, as described above, the fluorescence faded much faster than
the rf signals. This indicates that at least some of Yb* ions are first
pumped to the ‘dark’ state and then disappear. We therefore checked the
disappearance of Yb* in the ‘dark’ state by the following procedure: First,
we Iirradiated the Yb* ions with radiation at 369.52 nm in the presence of
only He gas at 4.2 x 10 Pa. This procedure caused Yb* ions to transfer
the ‘dark’ state. After the fluorescence disappeared, we blocked radiation
at 369.52 nm, and then introduced O, gas. In this case, we opened the
variable leak valve to the same degree as in the case of 1.3 x 107 Pa,
because we could not measure the pressure from the discharge current of
the ion pump. The observed time variance of the 1f signals is shown in Fig.
4.14 after the introduction of the O, gas. As we observed in the
experiment of Fig. 4.13, the signals in sweep direction r disappeared, and
resonance V,  shifted. The small signals in sweep direction f were
observed for a long time. However, this remaining signal disappeared
when we irradiated with radiation at 369.52 nm again. (Owing to the
deviation of the rf signals, it is difficult to see that the rf signals
disappeared in Fig. 4.14. We confirmed the disappearance by failures to
detect the rf signals five times after the final detection shown in Fig. 4.
14.) We should note that, when this experiment was performed, we
believed that Yb* ions were first pumped to the °F,, state with irradiation
at 369.52 nm and a large part of the trapped Yb* ions in the °F,, state
disappeared by O, gases. However, we found that fluorescence
disappearance was also caused by the production of YbH" as described in
4.4.2. We describe our present and more reliable interpretation of this

observation in 4.4.2.
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Fig. 4.14. Time variance of rf signals with introduction of O, gas into
the vacuum chamber after Yb* ions were pumped to the “dark” state. (1)
Relative signal height and (2) shift of resonance V. @ : sweep
direction f, (O : sweep direction r. First, we irradiated Yb* ions with
radiation at 369.52 nm with introduction of only He gas at 4.2 x 10™ Pa
to pump Yb' ions to the “dark” state. After the fluorescence disappeared,
we blocked radiation at 369.52 nm, and then introduced O, gas at about
1.3 x 107 Pa. Time was measured from the instant O, gas was introduced.
The shift of resonance V,_is shown as the shift from the resonance point
just before the introduction of O, gas. At the time indicated by arrow, we
re-irradiated the ions with radiation at 369.52 nm, after which rf signals
disappeared.

(d) Discussion

The experimental results in the cases of O, and H,O were similar to

our former observation of the disappearance of Yb* ions. Therefore, we
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conclude that the disappearance of Yb* ions was due to some background
gases as proposed in 4.3.1.

We now discuss more carefully the fact that the resonance V.
shifted as the rf signals became smaller. We will discuss the possibility of
the following two effects: (1) change of the space charge potential upon
decreasing the number of Yb* ions, and (2) production of molecular ions
as pointed out in 4.3.1, since the direction of the shift correspond to the
resonance of a heavier mass.

To investigate (1), we examined the resonance V, as we decreased
the number of trapped Yb* ions. Decrease of the number was achieved by
the same procedure as described in 2.3.2(4). and we introduced only He
gas at 4.2 x 10" Pa in this measurement. We found that the shift of the
resonance F, was within 0.3V even when we decreased the number to
17 %. This value was much smaller than the shift observed with the
disappearance of ions. Therefore, we cannot explain the resonance V.
shift by (1). If it was caused by the change of the space charge potential,
we must assume that a large change in ion distribution occurred .

For (2), we assume that the following reaction occurs:

Yb* + 0, — YbO* + O. (4.2)

The dissociation energies D, of YbO* and O, are 3.87 eV [25] and 5.116
eV [26], respectively. Therefore, Yb* requires energy greater than 1.25

eV to undergo this reaction. With H,0, the reaction

Yb* + HO — YbO* + OH (4.3)

requires the energy greater than 1.1 eV because of the dissociation energy
of 5.0 eV for the O-OH bond [26]. All of the known excited states of Yb*

satisfy these conditions. This agrees with the observation that trapped Yb*
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ions disappear only with irradiation of radiation at 369.52 nm, which
transfers Yb* to excited states. Next, we will estimate the shift of the
resonance V. According to the estimation described in 4.3.1, we assume
that all odd isotopes of Yb* ions do not react and all even isotopes of Yb*
ions change to YbO*. If all of these ions are still trapped and make a
collective oscillation [22], the shift of resonance ¥/, should be -4.6 V. The
value of -4.6 eV is close to the observed maximum shift. We therefore
suggest that the chemical reaction plays a role in the disappearance of the
trapped Yb* ions. With O, gases, reactions of the 5d transition series of
metal ions trapped in a 1f trap were reported by Matsuo et al. [27].

As shown in Fig. 4.13, the rf signals of the sweep direction r
disappeared faster than those of the sweep direction f. When these
measurements were performed, we supposed that this was caused by the
change of anharmonicity with the change of the space charge potential by
decreasing the number of trapped Yb* ions as described in Sec. 2.3.2(4).
We found that the rf signals of the sweep direction » were not detected
when the number of trapped Yb* ions was below 50 % of the usual
initially-loaded number, while the rf signals of the sweep direction f were
still observed. Therefore, when the major three even isotopes, which
amount to about 70 % of the number of trapped Yb* ions, disappear, the
rf signals of the sweep direction r cannot be detected. In the case of the
experiments the O, gas introduction after the fluorescence fade (Fig. 4.
11.), by the same reason, we thought that a large part of the trapped even
isotopes of Yb* ions in the ‘dark’ state disappeared.

However, as discussed in 4.4.3, the number of the produced YbO*
ions seems not decrease to the minimum detectable number by rf signals.
If this is true, the observed anharmonicity is not caused by the decrease of
the number of trapped ions. We must search other causes of changing the
anharmonicity of the space charge potential. Actually, the observed

change of rf signals, shown in Fig. 4.13, indicates a possibility of other
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cause of anharmonicity. For example, rf signals disappeared completely
in the case of O, gas; however, signals remained in the case of H,O gas
and of the O, gas introduction after the fluorescence decay. The odd
isotopes still remained in the trap after signals disappeared.

More quantitative investigations are required to clarify the
disappearance of rf signals by use of other ionic detection systems. We
made a mass-selective ionic detection system using a mass analyzer as in
Ref. [27]. This methods is also useful to catch direct evidence of
molecular ion formation. We described the results by our mass-selective
detection in Sec. 4.4. It is also desirable to use enriched isotopes of Yb

and a precise partial-pressure measurement system.

4.4. Chemical Reaction of Yb* in Excited States with Gases
[10,11]

In order to make more quantitative study of the disappearance,
including catch direct evidence of the production of molecular ions, we
detected trapped ions mass selectively by combining a quadrupole mass
analyzer with our rf trap. We describe the setup for mass-selective
detection in 4.4.1. Using this setup, we found that YbH" was produced by
chemical reaction of Yb* in excited states with H, gas in residual
background gases [10,11). The production of YbH" occurs in the same
time scale of the fluorescence decay. Therefore, the production of YbH'
is one of the reason of the fluorescence decay. We found that some
observations formally interpreted to be associated with Yb* in the °F,,
state are actually caused by YbH'. We describe the results in 4.4.2. To
investigate the disappearance of rf signals, we performed mass-selective
detection in the presence of O, gas. We found that YbO" and some other

molecular ions were produced by chemical reaction of Yb" in excited
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states [11]. The results are shown in 4.4.3.

4.4.1. A Mass-Selective Detection of Trapped Ions

The schematic diagram of our mass-selective detection system is
shown in Fig. 4.15. The mass selective detection system was added to the
trap of 2r, = 22.6 mm used in the disappearance experiment. The mesh
endcap electrode, formally aimed to observe fluorescence of trapped ions,
was used to extract ions from the trap to transfer them to a quadrupole
mass analyzer. Parameters of the trap, the detection method of rf signals

and UV beam were the same as those used in the disappearance

Mass-Selective
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Fig. 4.15. Experimental setup for mass-selective ionic detection
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experiment with O, and H,O gases descried in 4.3.2, to refer in the case
of need, because we lost information of fluorescence of trapped Yb* ions.
We here describe the parameters different from those in 4.3.2. When we
didn’t detect rf signals, the ¥V, was fixed to 8.0 V. When we detected
them, V', was modulated into a triangular wave from 5.2 +1 Vto 11.2 =
1V with a period of 60 ~ 62 s, while the frequency of the probing rf
fields was fixed at 83.5 kHz. From this experiment, we installed a nude
Bayard-Alpert gauge to the vacuum chamber to measure the total vacuum
pressure. The background pressure was below 1 x 107 Pa and 5 x 107 Pa
with oven and electron gun off and on, respectively. Other parameters
should be referred to 4.3.2.

We placed a quadrupole mass analyzer (Blazers QMG421C-3)
above the mash endcap electrode. The ions stored in the trap were
expelled by a pulsed voltage of 50 V applied between the two endcap
electrodes. This voltage was higher that the axial psuedopotential depth of
19 eV and sufficient to expelling the trapped ions. Then, ions of a specific
atomic mass passed through the mass analyzer and were detected by a
secondary electron multiplier (SEM) followed by an integrator and a peak
holder. Similar mass-selective ionic detection system was developed by
Matsuo et. al. [27]. Our mass analyzer had a resolution below 1 atomic
mass unit (amu) between 1 and 400 amu, and an ionization gun set in
front of the quadrupole rods. This allowed us to measure the relative
partial pressure of background gases. We calibrated the mass
spectrometer for absolute amu and resolution below 1 amu around 174
amu by detecting neutral Yb from the oven.

Trapped Yb* ions were prepared by the following procedure. After
the oven and electron gun were turned on and the temperature of the oven
reached equilibrium, we introduced gases into the vacuum chamber.
About 15 minute was required for stabilization of the total and partial

pressure of gases. In order to load the same number of trapped Yb* ions
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in a series of measurement, we fixed the time during which Yb* ions were
being loaded, i.e., we switched off the trapping ac voltage for a short time,
switched it on again, and after 5 min, turned off the oven and electron
gun. After the oven was sufficiently cooled, we started to irradiating the
Yb* ions with UV radiation. The number of Yb* ions loaded was of the
order of 10° and 10* at a He pressure of 8.5 x 107 Pa and a H,, pressure of
4 x 10 Pa, respectively. The equivalence of the l_oad;to-load number was
checked by the fact that rf signals were in the same size and shape. At a H,
pressure of 4 x 10 Pa, until the oven cooled, the number of trapped Yb*
ions decreased to the minimum detectable number by rf signals. After the
oven cooled, however, the decay time of the number was negligibly slow.
We checked this by detecting the fluorescence of trapped Yb* ions, before
we introduced the mass analyzer. We assumed that this initial decrease of

the number was the same in the load-to-load.

4.4.2. Reaction with H, to form YbH" [10,11]
(1) Result

We detected mass selective signals at 177 amu at a total pressure of
4 x 10° Pa composed 99 % of H, gas after we irradiated Yb* ions with
radiation at 369.52 nm for 1 minute. We checked, without irradiation at
369.52 nm, that no signals were detected at 177 amu. We used a natural
isotope mixture of 168, 170, 171, 172, 173, 174, and 176 amu isotopes of
Yb. Therefore, it is possible that the signals at 177 amu represent ions
between (176 + 1) amu and (168 + 9) amu. We searched the signals
between 177 and 185 amu, which corresponded to ions between (176 + 1)
amu and (176 +9) amu, to resolve the ambiguity, and found that signals

were detected only at 177 amu. Therefore, signals at 177 amu represent
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the ions at (176 + 1) amuy, i.e., 7*YbH*.

We found that YbH' was photodissociated by radiation at the
wavelengths formally assigned to deexcitation lines of Yb* in the °F,,
state to the °S,, ground state. Bauch et. al. determined the four
wavelengths for the center of the deexcitation lines and found that these
wavelengths were not in agreement with those expected from tabulated
energy levels of Yb* [4]. We confirmed the photodissociation of ™ YbH*
ions with irradiation at three of the four wavelengths, i.e., 369.482 nm,
369.202 nm and 368.947 nm. In Fig. 4.16(a)-(c), we show the wavelength
dependence of the photodissociation of "*YbH' ions. At present, a large
scattering of signal height in each measurement of our mass-selective
detection only allow us to judge whether the signals can be detected or not.
However, we observed that signals of "YbH* .ions were below the
detectable level around the center wavelengths determined in Ref. [4].

At another wavelength determined in ref. [4], i.e., 369.443 nm, no
significant decrease in signal height of YbH'" was observed. However,
we cannot determine, only from this result, that 369.443 nm is a true
wavelength of the deexcitation line of the °F,, state, because, in Ref. [4]
the fluorescence recovery rate at 369.443 nm was reported to be one
order of magnitude slower than those at other three wavelengths.

We also observed that '*Yb* ions were recovered by
photodissociation of " YbH* ions by detecting the signals at 174 amu after
irradiation at around 369.482 nm as shown in Fig. 4.17. (We checked that
the signals at 174 amu could not be detected after irradiation at 369.52
nm. This means that the number of "’YbH' was below the detectable level
as a result of the slow excitation rate of the S, - *P,,, transition for "*Yb*
ions due to hyperfine structure and isotope shift.) We could not obtain a
strong wavelength dependence, unlike the measurements shown in Fig.
4.16. Even if the wavelength is away from the center wavelength of

photodissociation line, photodissociation may occur in a slower rate and
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Fig. 4.16. Mass-selective signals of trapped ions at 175 amu after
irradiation at around (a) 369.482 nm, (b) 369.202 nm, and (c) 368.947
nm. We irradiated 7*Yb* ions first with radiation at 369.52 nm for 2
minutes to produce "*YbH* (without irradiation at 369.52 nm, no signals
were detected at 175 amu.), and then we switched the UV wavelength to
that indicated in the abscissas. After 10 s of irradiation, we applied a
pulsed voltage to transfer the trapped ions to the mass analyzer set to
detect the ions at 175 amu. At the wavelength where we could not detect
the signals, we indicated the noise level at the time of detection by x.
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Fig. 4.17. Recovery of "“Yb* by photodissociation of *YbH' with
irradiation around 369.48 nm. Detection procedure was the same as that
for ""YbH" shown in Fig. 4.16, except that the mass analyzer was set to
174 amu and the time from the start of irradiation at around 369.482 nm
to the eject pulse was 0.5 s. At the wavelength where we could not detect
the signals, we indicated the noise level at the time of detection by x.

the number of the dissociated '#Yb* ions reach the detectable. However, a
large scattering of signal height in each measurement prevented us to
obtain the profile of the line. We shortened the irradiation time of
radiation around 369.482 nm to 0.5 s. However, we can only say, from
Fig. 4.17, the number of points which indicate that no signals were
detected increased, as the UV wavelength was far from the center of the
photodissociation line. We need to improve the detection system for
further discussion.

Even when we introduced only He gas into the chamber to a total
pressure of 8.5 x 10° Pa, we obtained mass selective signals of YbH" with
irradiation at 369.52 nm and a photodissociation spectrum at around
369.482 nm similar to these in Fig. 4.16, as shown in Fig. 4.18. The
signal height of mass-selective signals, before irradiation at 369.52 nm,

was one order magnitude of higher than that at the pressure of 4 x 10° Pa,
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Fig. 4.18. Mass-selective signals of trapped ions at 175 amu after
irradiation at around 369.482 nm, even when we introduced only He gas
into the chamber to a total pressure of 8.5 x 10° Pa. Experimental
procedure is the same as that in the case of Fig. 4.16. At the wavelength
where we could not detect the signals, we indicated the noise level at the
time of detection by V.

due to increase in the number of ions as a result of buffer-gas cooling.
Fluctuation in the signal height reduced within one order magnitude of
the ordinate in Fig. 4.18. We analyzed the composition of gases in the
chamber and found, as shown in Fig. 4.19, that the pressure of H, gas
increased as the pressure of He gas increased. At a total pressure of 8.5 x
10” Pa, composition of gases were 86 % He, 13% H,, and 1 % others.
This may be one reason why YbH* formation was overlooked in previous
work, including ours. The purity of the He gas used was 99.995 %.
Therefore, H, gas was produced or mixed somewhere in the whole

vacuum system.

136



107 ———rrr

- < 10°®

S 107 ® Z

g 2

T 10

O 10° Q &
%10-10 A Q

o \V

10-11 Lol ; el
10°© 105 1074

TOTAL PRESSURE (Pa)

Fig. 4.19. Composition of gases in the chamber when we introduced
only He gas into the vacuum chamber. A: 2 amu (1), @: 4 amu
(He), A: 16 amu (CH)), : 28 amu (N, + CO). The ordinate is
proportional to the pressure.

(2) Discussion
YbH' is produced from Yb* in excited states by
Yb*" + H, > YbH' + H (4.4)

When the °D,, state is optically depleted, even in the presence of buffer
gases, it is not observed that fluorescence of Yb* ions fades as described
Sec. 4.2 [7,15]. Therefore, reaction (4.4) occurs when Yb* is in the D,
state (2.85 eV). Or, if population trapping in the °F,, state occurs (see
below) and the proposed path, i.e., fine structure mixing collision
between the *D,, and “D,, states and subsequent spontaneous decay from

the °D,, to F,, states [4,28], is true, there is a possibility that the reaction
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(4.4) occurs in the °F,, (2.66 eV) and/or Dy, (3.02 eV) state.

To our knowledge, the dissociation energy D, of YbH' have not
been measured. Because the reacted Yb* should have an internal energy
below 3.02 eV and Dy(H,) is 4.478 eV [26], we estimate D (YbH’) to be
greater than 1.5 eV. As a reference, the known dissociation energies of
metal-hydride ions range from 0.7 to 3.2 eV [29]. Even if the produced
YbH* keeps all of the excess energy after reaction (4.4) as its internal
ener gy, its photodissociation requires an energy greater than that obtained
from (D,(H,) - [energy of Yb* at reaction (4.4)]. We estimate this value
to be 1.6 eV, assuming that reaction (4.4) occurs in the ’D,, state and
ignoring kinetic energy. Radiation at 369.48 nm (3.36 eV) satisfies this
criterion.

Determination of rate of reaction (4.4) and the profile of the
photodissociation lines are left for future study, because we must first
improve our detection system to decrease scattering of the signal height of
each detection, or to average a large number of data. The three
wavelengths of the photodissociation may be assigned to some structure
such as vibration or rotation [30]. Search for photodissociation lines of
YbH' in a wider wavelength region will determine the entire structure
and molecular constants.

When rf signals was detected, the resonance point of rf signals
slightly shifts toward that of heavier mass in the same time scale of the
fluorescence disappearance. This is shown in Fig. 4.20 and is clearly
noticeable in Fig. 4.13(c). (This shift is distinguished from a subsequent
larger and slower shift due to the reaction with other gases such as O, and
H,O gas [7,8].) and moved back to the initial resonance point with
irradiation at photodissociation wavelengths. These phenomenon were
first reported by Bauch et. al. [4], who thought that it might be related to
Yb* ions in the °F,, state. According to our present result, however, it is

reasonable to interpret this phenomenon as being due to the production
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Fig. 4. 20. Shift of the resonance point of rf sighals with irradiation at
369.52 nm (a — b), and recovery of the shift with irradiation at 369.48

nm (b — c¢) when we introduced only He gas to a pressure of 8.5 x 107
Pa. DC voltage was swept to detect rf signals. We show the signals for
both sweep directions.

and dissociation of YbH". In our present setup, we observed the shift of -
0.25 V. We estimate the shift of resonance V', by producing YbH" ions.
In Sec. 4.3., we proved that all odd isotopes of Yb* are unreactive because
their excitation rate is too small owing to optical pumping in the
hyperfine structure of the °S,, ground state and isotope shifts [7,8]. The
shift is calculated in the manner described Sec. 4.3 to be -0.31 V from the
collective oscillation in strong coupling [22] among odd isotopes of Yb*
and even isotopes of YbH". This value is close to the observed shift.

It should be noted that our present results do not deny the
possibility of population trapping in the *F,, state when one drives the *S,,
- *P,, transition in the presence of buffer gases. To support the existence
of the population trapping, Bell et al. at NPL observed that fluorescence

was recovered by irradiation at 3.43 wm, which drove the *F,, - *D,,
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transition [28]. The energy of radiation at 3.43 um (0.36 eV) is much
smaller than the energy required for dissociation of YbH', as discussed
above. Therefore, if the result obtained at NPL was due to
photodissociation, it should be a multi-photon process with radiation at
3.43 um or 3.43 um + 369.52 nm (They irradiated with radiation at
369.52 nm simultaneously.). A possible way of generating Yb* in the *F,,
state may be slow photodissociation of produced YbH® by radiation at
369.52 nm. However, this process seems to be impossible because the
excess energy after photodissociation is estimated to be 1.7 eV (with
assuming that reaction (4.4) occurs in the °D,, state and ignoring kinetic
energy) which is smaller than the energy of the ’F,, state. Therefore, it is
still possible that at least some of Yb* are trapped in the °F,, state with
driving the °S,, - *P,, transition.

We here correct our interpretation of the following two
observations descried in 4.3.2:

(a) In 4.3.2, we had observed that little difference in the time
variance of 1f signals between with and without addition of H, gas. This
result was due to the fact that the partial pressure of H, gas was
sufficiently high for the reaction (4.4) to proceed even if we intended to
introduce only He gas. As shown in Fig. 4.13(c2), regardless of whether
or not we additionally introduced H, gas, we observed a shift of ~-0.25 V
in resonance V. within 30 s after the start of irradiation at 369.52 nm.
This fast, small shift actually indicated the production of YbH".

(b) In 4.3.2, we described that we had confirmed that the
disappearance of Yb* in the °F,, state in the presence of O, gas. We
intended to prepare Yb* in the °F,, state by irradiation at 369.52 nm with
introduction of He gas at that time. In this procedure, however, YbH" ions
were produced. Therefore, the observed change in rf signals with
subsequent introduction of O, gas without UV irradiation indicates the

possibility of chemical reaction of YbH* with O, gas.
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4.4.3. Reaction with O, Gas

(a) Result

Apart from the YbH'" formation, to investigate more our founding
of the rf-signals disappearance, we performed mass selective detection
under the condition similar to that in the experiment of Fig. 4.13, i.e., at
the total pressure of 4.2 x 10" Pa with a composition of 98 % He, 1 % O,,
1% H,, 0.1 % at 16, 17, and 28 amu. After irradiation at 369.52 nm, we
could detect mass selective signals at 15, 16, 17, 29, and 32 amu of
heavier that the mass of Yb*, which may correspond to +CH,, +O, +OH,
+C,04?), and +0,), respectively. |

We measured the time variance of mass selective signals for some
ions with continuous irradiation at 369.52 nm with introduction of O, gas.
The experimental procedure was the same as that described in 4.3.2. The
result is shown in Fig. 4.21(a). We also show that a typical time variance
of rf signals in this measurement Fig. 4.21(b). Although rf signals
disappeared within 600 s in all detections, the number of YbO* did not
show a significant decrease from that of initially trapped Yb*, even
after rf signals disappeared.

In addition, UV radiation was terminated after rf signals
disappeared, and then rf signals recovered very slowly as shown in Fig.
4.22. We once measured mass selective signals 40 min after the
termination of the UV radiation. The signal heights were measured to be
7.89 and 0.67 in the same units as used in the ordinate of Fig. 4,20(a) for
"yb* and 7"*YbO", respectively. Therefore, a large part of YbO* changed
back to Yb* and this results in the recovery of rf signals. We suggest, as a

possible explanation of the recovery of Yb*, reduction of YbO" with the

residual H, gas in the vacuum chamber, ie., YbO' +H, — Yb" + HO.
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Fig. 4.21. (a) Time variance of mass-selective signals with introduction
of O, gas with continuous irradiation at 369.52 nm.

A YD @:YDO; O:7YbOH; 7 “YbH. RF signals disappeared
within 600 s in all detections. A typical time variance of rf signals during
this measurement is shown in (b) (sweep direction f). The total pressure
was 4.2 x 10 Pa, and the gas composition are 98% He, 1% O,, and 1%
H,
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Fig. 4.22. Recovery of rf signals after UV radiation was terminated.
The trace at the top of the figure shows the rf signal before continuous
irradiation at 369.52 nm. When the UV radiation was terminated, rf
signals had already disappeared (see the signal at 0 min). The time was
measured after UV radiation was terminated. The composition of
background gases were the same that in the measurement of Fig. 4.21, i.e.,
the total pressure was 4.2 x 10* Pa, and the gas composition are 98% He,
1% O,, and 1% H,.

(b) Discussions

The results described above indicate that the disappearance of the rf
signals is not caused by the decrease in the total number of trapped ions.
If the trapped ions does not oscillate in a collective oscillation of strong
coupling due to the mass difference between Yb* and YbO', rf signals
should be detected at close to the resonance point of YbO" [22]. However,
no rf signals could be detected around this point. Therefore, other
explanation of the rf-signal disappearance should be investigated.

We mentioned, in Sec. 4.3, that some behavior of rf signals was not
explained with the change of anharmonicity by decease in the total

number of trapped ions. This fact indicates the change in anharmonicity
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of the space charge potential of trapped ions, which may be caused by
change in spatial distribution of trapped 1ons.

To find the explanations of the disappearance of rf signals, we will
next investigate the possibility of the following ideas; effect of
simultaneous trapping of ions with different masses on ion distribution
(because odd isotopes of Yb* are not reactive and still in the trap after rf
signals disappear as described in Sec. 4.3), or of a smaller damping
efficiency of molecular ions by buffer gases to cause the change in spatial
distribution. A more quantitative detection of mass-selective signals are
required for further investigations of the rf-signal disappearance. Use of
enriched isotopes, and simultaneous observation of fluorescence of

trapped Yb* may be helpful for investigation.

4.5. Conclusions and Prospect

In this chapter, we described the characteristics of buffer-gas-
cooled Yb*. First, we showed the results obtained by frequency scanning
of radiation at 369.52 nm with which we drove the °S,, - *P,, transition.
We proved that the spectra of odd isotopes of Yb* cannot be observed by
irradiation with only one beam at 369.52 nm, owing to the optical
pumping between hyperfine structures in the S, ground state. We
confirmed the cooling effect by collision with the light buffer gas.

In our investigation, we focused on the characteristics of buffer-
gas-cooed Yb* ions continuously irradiated at 369.52 nm. During over
five years of investigations, great progress in the understanding of the
characteristics of Yb* with continuous irradiation at 369.52 nm has been

made. Below, we describe our present conclusions.

(1) When we irradiate trapped Yb* ions at 369.52 nm to drive the 2§, , -
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’P,, transition in the presence of buffer gases, their fluorescence fades.
There are two possible explanations for this phenomenon.
(i) The production of YbH* by chemical reaction of Yb* in excited
states with H, gas.
(ii) Population trapping in the °F., state of Yb*.
As described in 4.4.2, we proved the production of YbH' by chemical
reaction of Yb* in excited states with H, gas. We found that wavelengths
of 369.482 nm, 369.202 nm, and 368.947 nm, formerly assigned as
wavelengths for deexcitation of Yb* in the °F,, state to the °S,, ground
state, are actually photodissociation lines of YbH’. On the other hand,
population trapping in the °F,, state of Yb* due to collision with buffer
gases has not yet been proven. However, observation of spectra of the °F,,
- ?D,,, transition in the presence of buffer gas, by Bell et al. at NPL [28],
seems to support the proposal of population trapping in the ’F,, state in
the presence of buffer gases.
The remaining problems concerning fluorescence decay can be
summarized as follows.
(i) To verify whether or not population trapping in the °F,, state of
Yb* is due to collision with buffer gases.
(ii) If the population trapping is true,
(a) What is the mechanism of the population trapping?
Is the proposed path, i.e., the fine structure mixing collision
between the *D,, and °D,, states and subsequent spontaneous
decay from the D, to °F,, states [4,28], true or not?
(b) In what state does the production of Yb* occur? Is Yb*
first trapped in the *F,, state, and then changed to YbH'?
(¢) In connection to (b), which is the faster process, YbH"
production or population trapping in the ’F,, state?
In ultrahigh vacuum (UHV), the existence of the ’F,, state of Yb*

itself has been proved at NPL, where pumping to the °F,, state was
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achieved by optically driving to the ?D,, state with subsequent
spontaneous decay to the °F,, state, and recovery from the *E,, state was
accomplished by driving the °F,, - '[5/2], transition at 638 nm [31] We
recently followed up on this result in UHV, as described in Sec. 5.4, and
we checked, by the same experiment as in the case of Fig. 4.16, that YbH'
was not photodissociated by irradiation at 638 nm. Therefore, the °F,, -
'[5/2];,, transition at 638 nm is confirmed to be a deexcitation line for the
’F,, state. This transition will be useful in further investigations for fully

understanding buffer-gas-cooled Yb*.

(2) The disappearance of rf signals with irradiation at 369.52 nm is
caused by the reactivity of various gases, except for H, gas, with Yb* in
the excited state. This phenomenon includes the production of molecular
ions by chemical reaction of Yb* in the excited state with the gases. One
can monitor the production and dissociation of molecular ions, including
YbH’, by the change of the resonance point of rf signals. When we first
observed this phenomenon, the decay time of the disappearance of rf
signals was close to that of fluorescence decay. However, this was because
the vacuum condition was not well controlled. The disappearance of rf
signals is not observable when the vacuum condition is high. We first
considered that the disappearance of rf signals indicated the loss of ions
from the trap. However, the results of mass-selective detection in the
presence of O, gas indicate that the number of trapped ions does not
decrease to the minimum detectable level by rf signals even after the
disappearance of r1f signals. We observed the recovery of rf signals
simply by waiting for several tens of minutes while blocking the radiation
at 369.52 nm. The reason for the disappearance of rf signals must be

clarified.

With a view to establishing a frequency standard using buffer-gas-
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cooled Yb* ions, the production of YbH* may limit the performance of
the frequency standard owing to the difficulty in removing H, gas from
the vacuum system. A effective solution to this problem may be to
irradiate Yb* ions simultancously with radiation to deplete the °D,,
metastable state [3,7,10] or to photodissociate YbH'. However, if the
excitation rate of the °S,, - °P,, transition is high enough to populate a
number of stationary Yb* ions in the ?P, state, YbH* production may
occur even in the *P,, state.

The production of hydride ions may be observed for other ion
species when the energy of the ions, including their Kinetic energy, is
greater than the threshold energy of their hydride-ion production,
especially in the case that the ions have branches to metastable states, as
does Yb*, and they are not depleted. If other gaseé which react with Yb*
in the excited states are present in vacuum, the production of other
molecular ions is also a problem. However, except for H, gas, 'the
pressure of the reactive gases seems to decrease to a level where reaction
occurs at a negligibly slow rate.

Finally, we describe a positive application of our results. Determing
the wavelengths of photodissociation lines of molecular ions enables the
use of laser-cooled ions in the field of molecular physics and chemistry,
because molecular ions can be kept cool by photodissociating them and
laser cooling the dissociated ions again. It should also be possible to
demonstrate cooled single molecular ion photodissociation spectroscopy
by frequency sweeping of photodissociating radiation, as is the case with
single atomic ion spectroscopy [32]. In the case of single molecular ion
photodissociation spectroscopy, fluorescence on and off states correspond
to atomic and molecular ion states, respectively. Fluorescence intensity
switching of single ions associated with molecular formation and

dissociation has been reported by Sankey and Madej [24].
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Chapter 5

Laser Cooling of Yb* Stored in a rf Trap

5.1. Introduction

Laser cooling is a solution to reducing the second-order Doppler
shift, one of the major sources of uncertainty. The fractional second-order
Doppler shift can be reduced to the order of 107® at the Doppler cooling
limit. Laser cooling is also essential to confine the trapped ions within the
Lamb-Dicke region of the optical wavelength. Laser cooling of Yb* stored
in a rf trap has already been realized [1-7], but seems to require the use of
isotope-enriched Yb. Difficulty in laser cooling a natural isotope mixture
of Yb* may reflect the following facts. Yb has three major even isotopes
and two odd isotopes. The natural abundances of these isotopes are similar,
ie., 14 %, 22 %, 16 %, 32 % and 13% for 7'Yb*, "*Yb*, "°Yb*, "™Yb*
and "°Yb*, respectively. The isotope shifts of the *S, - °P,, cooling
transition of the three even isotopes are over 1.2 GHz [8], and laser
cooling of odd isotopes requires avoidance of optical pumping between
hyperfine structures. Therefore, it is possible to efficiently laser cool only
one isotope. Moreover, there is a possibility that the frequency of the
cooling laser may be in a region where other isotopes not intended to be
cooled are laser-heated. All isotopes are simultaneously trapped at the
usual trapping parameters and coupled to each other by Coulomb
interaction. The isotopes not directly laser cooled are sympathetically
cooled by Coulomb interaction with the directly laser-cooled isotopes [9].

However, rf heating, which may limit the achievable minimum kinetic
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energy, depends on the total number of trapped ions, while cooling power
decreases to the value of the natural abundance of the directly laser-cooled
isotope. To avoid this difficulty, enriched isotopes of Yb are used as a
source of Yb* at other laboratories. Unlike other laboratories, we
demonstrate that it is possible to laser cool Yb* ions stored in a rf trap
even when a natural isotope mixture of Yb is used [10]. The resuits are
described in Sec. 5.2.

When we decreased the number of trapped Yb* to be laser-cooled,
we encountered a problem of micromotion caused by an unexpected dc
field, as has been the case in other laboratories [11,12]. In 5.2.3, we
describe how we eliminated this problem. As a result, we successfully
laser cooled single '*Yb* ions [13]. We describe the fluorescence signals
of single "*Yb* ions and the determined temperature in Sec. 5.3.

It is necessary to measure the number of trapped Yb* ions to
evaluate their effect on laser cooling. For this purpose, we detected
sudden drops of fluorescence intensity by shelving the electron of each ion
to the °F,, metastable state [10]. These are quantum jump signals. We
describe them in Sec. 5.4. We later found four transitions to deexcite the
°F,, state. By using two radiation beams for pumping to and deexciting the

’F., state, we observed quantum jump signals repeatedly [14].

5.2. Laser Cooling of a Natural Isotope Mixture of Yb*
5.2.1. Theory of Laser Cooling
In this subsection, we introduce a principal of laser cooling of

trapped atoms or ions. At the end of this subsection, we consider laser

cooling in the simple case of a natural isotope mixture of Yb".
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(1) Summary of general theory of laser cooling [15-18]

Laser cooling and heating of atoms are caused by scattering forces
generated by interaction between the atoms and radiation. This force
arises, by averaging over the cycles of the momentum transfers occurring
upon the absorption of a photon of radiation and subsequent spontaneous
emission. We assume that the atom, which has a two-level term scheme, is
irradiated with resonant radiation. In the case that the atom moves against
the propagation direction of the radiation, as shown in Fig. 5.1, the atom

receives the momentum of the photon #ik when the atom absorbs a photon

of radiation, where k is the photon wave vector of the radiation.
Therefore, the atom is decelerated by this momentum. Subsequently, the
atom emits a photon by spontaneous emission. At this time, the atom also
receives momentum due to the reaction of the emitted photon. In the
spontaneous emission, the photons are emitted isotopically. Therefore, the
momentum change per spontaneous emission is averaged to zero after
several spontaneous emissions. Consequently, the atom is decelerated only
by the momentums of the absorbed photons of radiation. The averaged
velocity change per cycle of absorption and spontaneous emission process

is given by Av = hk/m, where m is the atomic mass. When the atom

moves with the propagation direction of the radiation, the atom is
accelerated by the same principle.

For example, in the case of 7'Yb*, Av is estimated to be 6 x 10~ m/s
when the S, - *P,, transition at 369.52 nm is used for laser cooling. The
speed of a 7'Yb* jon is 120 my/s at a kinetic energy corresponding to room
temperature. Therefore, to stop the “Yb* ion from this condition,
twenty-thousands cycles of absorption and spontaneous emission process

are required.
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(a) Deceleration

at spontaneous
emission

°— & O.

photon .

at absorption

mAv = -/ik mAv =0

(b) Acceleration

°o— &)

photon

mAv = +7k

Fig. 5.1.  Qualitative description of laser cooling and heating. In the
case of (a) where the atom moves against the propagation direction of the
radiation, in the absorption process, the atom is decelerated by an amount
of Av = fik/m. In the spontaneous emission process, the average change in

velocity is zero. Therefore, the atomic velocity can be reduced in the
cycles of absorption and spontaneous emission processes. In the case of (b)
where the atom moves along with the propagation direction of the
radiation, the atom is accelerated in the same principle.

151



Although the average momentum change of the atom at spontaneous
emission is zero, the atom makes a random walk owing to the reaction of
each spontaneous emission event, in other words, |v|* = 0. The minimum
temperature attainable by laser cooling is determined by the balance
between this heating due to recoil and cooling by scattering force.

We express laser cooling more quantitatively, as discussed by
Wineland and Itano [15]. We first consider the resonance (angular)

frequencies at absorption and spontaneous emission, @, and @,

respectively:
R
wabs=a)0+kabs°v—~1~w052+—, (5.1a)
2 h
Dy =Wg + Ky * ¥ —%a)oﬁz - 5, (5.1b)
1

where R is the recoil energy given by

(1k )?

R= ,
2m

(5.2)

B = |v|/h, w27 is the frequency of the transition, |k, | = @, /c, k.| =

w, /c, v is the atom velocity in the ground state, and v’ is the atom
velocity in the excited state. The second term on the right-hand side of
Egs.(5.1) is the first-order Doppler shift, the third term is the second-
order Doppler shift, and the last term is the recoil shift. We neglect the
relativistic term, i.e., the third term in Eqgs. (5.1). On a averaging many
spontaneous emission events, as discussed above, the second term in Eq.
(5.1b) becomes equivalent to zero. Finally, we obtain the change in atom

kinetic energy per cycle of absorption and spontaneous emission process

as
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AE = @4 — 0, )=k *v + 2R, (5.3)

Here we replace k., with k for a general case.

We assume that the radiation is incident along the x direction and

neglect saturation. The rate of kinetic energy change is obtained from Eq.
(5.3) as,

dE I
~ = h—wa(cu Xk, +2R), (5.4)

where I is the energy flux of the radiation and o(®) is the atomic cross
section for absorption. In the case that the atom has a velocity with a
Maxwell-Boltzmann distribution, the o{w) shows a Voigt profile. When
the natural linewidth at FWHM, ¥, and R/# are much less than the Doppler

width, we can approximate the cooling rate by

QE____.ﬂ[h(w—a)o)+R];fexp[—(w_w6) ], (5.5)

where w, = wo( 2kpT | m /c), and @, = w, + R/h.

Deceleration by scattering force works only in the propagation
direction of the radiation. Therefore, to cool all degrees of freedom of
free atoms, we need six components of deceleration force directed along
the +x, +y, and =z directions of a Cartesian coordinate system. To realize
this condition, at least four narrow-band laser beams are required [19].

To estimate the temperature limit on cooling, we assume that the
unpolarized atoms are irradiated with six laser beams along the =+x, =y,

and =z directions and that the kinetic energy of the atom has already

153



decreased to a region where the Doppler width is much less than the
natural linewidth. The maximum cooling rate is obtained when w, = w,’

- (1/2)y, and is given by

de - ;“’C;[m(hkvx +2R)+ o_(~hkv, +2R)]
_2dop M) Bl | (5.6)
hiw Y

The minimum kinetic energy derived when dE /dt = 0 is given by

(Ex )min -

hy . (5.7)

NS

This is called the Doppler cooling limit.

Next, we consider a case in which an atom is confined in a trap. We
first present discussions on only one dimension, as shown in Fig. 5.2. If
we irradiate a trapped atom with one beam of radiation, the atom moves
against and with the radiation in turn. According to the direction of the
movement, the atom is decelerated or accelerated by scattering forces. To
make only the deceleration force work effectively, we tune the frequency
of the radiation to lower than the resonance center. In this case, when the
atom moves against the radiation, the atom recognizes the frequency of
the radiation to be higher one and be closer to the resonance center due to
the Doppler shift. This results in increase of the absorption rate and
cooling power. However, when the atom moves in the direction of the
radiation, due to the Doppler shift, the atom recognizes the frequency of
the radiation to be lower and be further from the resonance center. This
results in decrease of the absorption rate and heating power. Consequently,

the cooling process is only effective.
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Fig. 5.2. Qualitative explanation of laser cooling of a trapped atom (in
the case of one dimension). If we irradiate the trapped atom with a beam
as shown in (a), the atom moves against and along with the radiation in
tern. To increase the absorption rate only when the atom moves against
the radiation, we detune the frequency of the radiation lower than the
resonance center. Owing to the Doppler shift, the absorption rate
increases when the atom moves against the radiation, and decreases when
the atom along with the radiation, as shown in (b). This fact makes the
cooling process essential. This explanation is valid in the case of weak
bounding, i.e., y >> w,.
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We express the laser cooling of trapped atoms more quantitatively.
When the radiation is directed along the x axis, the trapped atom

recognizes the optical electric field to be
E,. =E,sin(kc - of). | (5.8)

We assume that the trapped atom undergoes a harmonic oscillation of

frequency w,. The position of the trapped atom is expressed by

x = x, sin(@, ¢ +¢._). | (5.9)
Choosing ¢, = 0, we have

E, . =E; sin(kxo sin @, t — a)r).. ‘ (5.10)

This expression is that of a frequency-modulated electrical wave.
Therefore, Eq. (5.10) can be expanded in terms of a series of Bessel

functions.

Eom = Eq i],, (kco ) sin(-w +nw, )t (5.11)

=-—00

Therefore, the trapped atom recognizes the optical electric field to be a
composition of a carrier at @, and sidebands at w, + nw,, where z is an
integer. In the case of the spontaneous emission, the trapped atom also has
a spectrum of a carrier and sidebands, and each component has a natural
linewidth. For sfrong- bounding, i.e., ¥y << @, each component of the
spectrum is resolved, as shown in Fig. 5.3. At the spontaneous emission,

the average energy of the emitted photon is hw, Therefore, if we

irradiate the trapped atom with radiation whose frequency is in
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Fig. 5.3.  Absorption spectrum of a trapped atom. It is assumed that y

<< @, When the atom confined in the Lamb-Dicke region, or, kx5 <<

1, the maximum cooling rate occurs when the frequency of the laser is
tuned to the first lower sideband (dashed line). :

accordance with that of the lower sideband, e.g., ®, - mw,, the kinetic

energy of the trapped atom can be reduced by mhw, per cycle of

absorption and spontaneous emission.

If substantial cooling has already been realized and the amplitude of
the ion motion satisfies with k«x*»'* << 1, the components of the spectrum
are the carrier and the first upper and lower sidebands. The maximum
cooling rate occurs when the frequency of the radiation is tuned to the
lower first sideband. In this region, the kinetic energy is given in terms of

the mean occupation number {n,) of the harmonic oscillator state for the

atoms in the well. The minimum kinetic energy 1s given by [18]‘
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) : (5.12)

The minimum temperature, determined from a thermal distribution of

occupation number, is given by

R S (5.13)

min 2
w
knIn
? (Csyz)

This is called the sideband cooling limit. C, is a constant on the order of 1.
In the ideal case, the value of C, is 5/16 [18].

In the case of trapped ions, if we confine the more than one ion, the
kinetic energies in all degree of freedom can be laser cooled by one laser
beam due to thermalization by Coulomb coupling. Even in the case of
single ion and ¥ >> w,_, if one laser beam is directed at some oblique angle
with respect to the x, y, and z direction, the kinetic energies in all degree
of freedom can be laser cooled. However, this requires that the trap
potential has no axial symmetry. In the case of sideband cooling, i.e., ¥ <<
w,, a detailed discussion on the conditions of single-ion laser cooling is
given in Ref. [18].

(b) Laser cooling of a natural isotope mixture of Yb* [10]

We discuss laser cooling of a natural isotope mixture of Yb*. Laser
cooling was performed by driving the °S,, - *P,, transition at the UV
wavelength of 369.52 nm. The ?D,, metastable state, pumped by
spontaneous decay from the °P,, state, was depleted by driving the 2D, -
’[3/2]';,, transition at IR 935 nm [2].
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At the usual trapping parameters, all isotopes of Yb* ions are
simultaneously trapped. We assume that all trapped ions are strongly
coupled with cach other by the Coulomb interaction. Under this condition,
we can assume that the net cooling or heating of the trapped ions is
determined by the sum of the cooling or heating rate for each isotope of
Yb" ions. In our trapping parameters, @, << y, i.e., our laser cooling
approximates that in the case of free atoms. We can use Eq. (5.5) for
estimating of cooling/heating rate. Taking into account the isotope shifts in
the °S,, - *P,, transition and the natural abundance of the isotopes, and
neglecting the odd isotopes because of optical pumping in hyperfine
structures of the °S,, ground state, we sum Eq. (5.5) for each even isotope,
and then obtain the net cooling/heating rate. In Fig. 5.4, we show it as a
function of the temperature of the trapped ions. According to the result
shown in Fig. 5.4, we cannot laser cool all of the whole trapped Yb* ions

when we set the frequency of UV radiation in the lower-frequency side of

1109 , . s -
’UT 174Yb+ ’
2 5102 | + -
w 176yp" ‘ -
E "-_. \_1 70Yb+
o ) R N NS
o 1000K™ &0 %
5 100K”, L4 |
O 41022 | 10K’ '
8 5107 p.
Q

. 10000K
-1 10-21 VU B ] 1
-4 10° -210° 0 2 10° 410°

FREQUENCY (H2)

Fig. 5.4. Calculated cooling rate of a natural isotope mixture of Yb" ions
at the various temperatures. Temperatures are given in the figure. We
assume that all isotopes of Yb* ions are simultancously trapped and
rapidly thermalized. Cooling occurs when the sign of the cooI}ng rate is
negative. We only take into account the isotope shift of the °S,, - “P,,
transition.
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the resonance of *Yb*, if the temperature of the ions is over 770 K.
Under this condition, the sum of the heating rate of "*Yb* and "°Yb"* ions
exceeds the cooling rate of *Yb* ions.

In the above discussion above, we do not take into account the
isotope shifts of the *D,, - *[3/2],, transition at 935 nm. Therefore, this
discussion is valid in the case that the linewidth of the radiation at 935 'nm
is wider than the isotope shifts of the transition.- Fortunately, we found
that the isotope shifts of the *D,, - *[1/2],, transition were over 2.6 GHz,
as described in Sec. 3.4, and'W1der than those of the ’S,, - °P,, transition.
We used a single-frequency Ti:AlO, laser for driving of the transition.
Therefore, we were able to cool the all of the trapped Yb* ions even when
-we set the frequency of UV radiation in the lower-frequency side of the
resonance of '?Yb*, by carefully setting the IR frequency to the isotope to
be cooled, as will be shown in the results in the next subsection. In this
case, "*Yb* and "°Yb* ions stay in the ’D,, state because the radiation at
935 nm is off-resonant for these isotopes. Therefore, these isotopes do not

sympathetically heat all of the ions.

5.2.2. Result for a Large Number of Ions

When we cooled a large number of Yb* ioms, we turljéd on the
electron and neutral Yb sources for two minutes, and then we Cbrried out
irradiation with the UV and IR beams. The ffequencies of the two beams
are important owing to the isotope shifts. We carefully set them using the
signals of Yb* in a lamp as a reference. The frequency of UV radiation
was fixed at a few hundred MHz below the resonance center of the isotope
to be cooled. For IR rad1at10n we set the wavelength at that of the isotope
cooled by UV radlauon using a wavemeter. The expenmental set up is

shown in Fig. 5.5.

160



PHOTON

COUNTER
PHOTOMULTIPLIER
n=01%
369.52 nm -

[ DYE EXTERNAL 2
| LASER CAVITY SHG FrTTe e

TiAl20s | N e irenes * | RFTRAP

LASER IIII-/ ]
935.2 nm "WAVE

METER

SCANNING
"= =" 1CONFOCAL CAVITY

P

Fig. 5.5. Experimental setup for laser cooling of Yb*

We observed that the fluorescence signals increased within 10 s for
the three major even isotopes. After the signals were observed, we
selected the longitudinal mode of the IR laser by rotating the t-hin_etalon
until the maximﬁm fluorescence signals were obtainéd. It is”slufficientl to
select one or two adjacent modeé. We observed the spectra by frequency
.scanning of UV radiation from low to high. The results are shown in Fig.
5.6. We observed spectra of only the diréctly laser-cooled isotope.
However, when we switched the longitudinal mode of the IR lasc;r to that

of the optimum for each isotope as UV radiation was frequency scanned,
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Fig. 5.6. Spectra of a large number of laser-cooled trapped Yb* ions by
frequency scanning of UV radiation. Before scanning, we laser cooled (a)
2yb*, (b) Yb*, and (c) "°Yb'. The frequency of IR radiation was
fixed to the resonance frequency of the laser-cooled isotope. The upper
trace is an absorption signal of Yb* in a lamp simultaneously detected. g_ =
0.53 and a, = -0.03. Scanning speed was 7 MHz/s. UV power was (a) 70,
(b) 100, and (c) 120 mW. IR power was 30 mW.

we observed the spectra of isotopes not directly laser-cooled, as shown in
Fig. 5.7. We memorized the optimum longitudinal mode of the IR laser
for each isotope, using the scanning confocal cavity, before frequency
scanning. We estimated the temperature of Yb* from the half-width at
half-maximum on the lower-frequency side. For '*Yb* and "*Yb*, we
obtained about 100 K.

To achieve a lower temperature, it is necessary to reduce rf heating.

Two methods are used for this purpose: reducing the rf driving ampllitude
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[11,20] and decreasing the number of trapped ions [21]. First, we
examined the effect of reducing the rf driving amplitud‘é V... We trapped
and laser cooled ™Yb* ions with the same parameters as those in the case
of Figs. 5.6 and 5.7, and then, we reduced ¥ (we also made the dc
voltage of the ring electrode zero, i.e., @, = 0) and frequency scanned the
UV radiation. The temperature of Yb* decreased as ¥, became smaller,

as shown in Fig. 5.8. We obtained a temperature of 34 K at ¢, = 0.19.

174
(lamp) 179

176

5000 count/s
o

1 GHz FREQUENCY

Fig. 5.7.  Spectra of a large number of laser-cooled trapped Yb* ions by
frequency scanning of UV radiation. Before scanning, we laser cooled (a)
7yht, (b) Yb*, and (c) °Yb*. The frequency of IR radiation was
switched during frequency scanning to make it resonant on (2) YD to
17yht (b) YDb* to 2YbY, and (c) "°YDY, "Yb* to "Yb* (missing). The
upper trace is an absorption signal of Yb* in a lamp simultaneously
detected. g, = 0.53 and a, = -0.03. Scanning speed was 7 MHz/s. UV power
was (a) 70, (b) 150, and (c) 130 mW. IR power was 30 mW.
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Fig. 5.8.  Dependence of the temperature of large number of laser-
cooled trapped. "*Yb* on a trap parameter of g,

We next decreased the number of trapped Yb* ions by shortening
the period during which the filament emitted electrons to 1 ~ 4 s. We
obtained a temperature of 45 K even at g, = 0.54 and g, = 0. At g, less than
0.3, however,a'we:* observed 'thé Spectra shown in Fig. 5.9 and could not
narrow the spectral width. The reason rfor and our solution of this effect

are described in 5.2.3.
5.2.3.  DC Field Compensation
(1) Effect of micrdmotion on spectra
When a single ion is located at the center of rf traps, the
micromotion of the trapped ion is minimized because there is no rf

driving électric field at the center of the trap. Although we decreased the

number of trapped Yb* ions, we always observed the spectra shown in
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Fig. 5.9.  Spectra of a small number of laser-cooled trapped Yb* ions
by frequency scanning of UV radiation. (@ q. = 0 54, (b) g, = 0.25. No
dc field compensation was performed '

Fig. 5.9(b), rather than narrow spectra. This is considered to be caused 'By
the fact that unexpected stray dc field existed and pushed the trapped ions
away from the center of the trap [11]. If the ions move from the center of
the trap, their micromotions are forced by the rf driving field because the
rf dfiving'field is not zero thefe. Consequently; :spectre are ffequency
modulated due to the Doppler shift caused by the micromotions, while one
can laser cool the secular motion around the shifted position of the
trapped ions. The origin of the stray dc field may be the contact potential
caused by Yb deposited on the electrodes, or the charges on the surrface of
insulators. We estimate the effect of micromotion on the spectra’in one
dimension, as we refer to Ref. [18].

If one of the endcap electrodes has a stray dc potential AV, a
single ion is dlsplaced by Az from the center of the trap, where the force

and that caused By the stray dc field, F__, are balanced,

stray?

“of the trap, F,

trap?

where the position Z shows the averaged position over one cycle of

micromotion, i.e., over time 27/2. F, and F are given by

stray
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eAV

Foray = 5.14

s =5 Ta) (5.14)
and

Fpp =-mwldz, o | (5.15)

where «,, is a factor. used to compensate the fact that the trap electrodes

are not parallel plates. From Eqgs. (5.14) and (5.15), Az is given by

4eAKlray ' mr392aedAV;tray '
- = - — (5.16)
mq22%(zy /ay) 22V

Az =

If we assume that the kinetic energy in the micromotion of trapped ions,

E_... is equal to that of their secular motion, E__, at AZ, it is given by

eAI/SLray : 1 mr, 02 £A I/stray
B m

zQ(Zo / acd) 4V, (zo / aod)

E sicro (&)=%(q ) . (5.17)

The modulation index £ due to the micromotion is given by

B =kz,

. 2
_ 2‘\/5.717( eAI/slray ) v 4 ( o AI/slray , (518)

A qu'Qz(ZO/acd) =‘\/§A Vac(zo/aed)

where Z;, is the amplitude of the micromotion. The frequency between

the resonance center and the peak of the sideband spectrum is

approximately equal to €2/2x.
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For example, if we assume that AV= 1V, g, = 0.263, and «,, =0.85
for the case of hyperboloid electrodes [22], we ésiimate that Az = 80 um,
E.  =220K, =130, and fQ/27 = 280 MHz for "™Yb*. These values
are close to those of the épectrum of Fig. 5.9(b). ' |

(2) Result

To compensate the stray dc field, we first applied dc voltage to one
of the endcap electrodes (the other was at the ground potential), as
commonly performed for compensation [12}, and sometimes also to the
filament of the electron source, as reported in Ref. [6]. We show the
observed spectra- after dc field compensation in Fig. 5.10. Before
frequency scanning of UV radiation, we needed fine frequency tuning of
the IR laser owing to the narrow Doppler width. This procedure was
carried out by applying dc voltage to the PZT on which one of the cavity
mirrors of the Ti:ALQ, laser was mounted. In the case of "*Yb*, we often
observed a sharp drop in the fluorescence signal, indicating the cloud-to-
crystal phase transition [23], during frequency scanning.

We found that the problem of unexpected dc field was more severe
when we observed single Yb*. This demonstrates the need for more
precise tree-dimensional compensation. Unfortunately, we found that the
filament of the electron source had little effect in compensating dc field,
probably owing to the long distance between the filament and the trap
center. Therefore, we added two compensation electrodes, as shown in Fig.
5.11 and applied appropriate dc voltages to them and to one of the endcap
electrodes.

We obtained the spectra of a small number of (but not single) laser-
cooled Yb* ions by frequency sweeping of UV radiation as we changed the

compensation dc voltage. We show the frequency between the sideband
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Fig. 5.10  Spectra of a small number of:laser-cooled trapped Yb* ions
by frequency scanning of UV radiation when we applied compensation dc
voltage to one of :the endcap electrode and the filament of electron source.
Laser-cooled isotope was (a) "*Yb*, (b) "*Yb*, and (c) and (d) "*Yb*. In
the case of (d), we switched the frequency of IR radiation during
frequency scanning to make it resonant on each isotope. We estimated the
temperature of the laser-cooled isotopes from the half-width at half-
maximum in the lower- frequency side of the spectra to be (a) 2 K, (b) 11
K, and (c) 15 K. Applied dc compensation voltages were (a) -0.95 V, and
(b,c,d) -0.6 V to one of the endcap electrodes. In the case of (a),
compensation voltage of -80 V was applied to the filament of electron
source. The values of g, were (a) 0.19, (b) 0.21, and (c, d) 0.25, and a, =
0 for all cases. Scanning speed and the power of UV. radiation are shown
in the figure. |
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Fig. 5.11. A view of our small rf trap with compensation electrodes.
Compensation electrodes are copper wires of the diameter of 0.5 mm.

peak and the center of the spectra as a function of compensation dc voltage
in Fig. 5.12. For Fig. 5.12(a), we changed the dc voltage applied to one of
the endcap electrodes V', while the voltages to the compensation
electrodes were fixed to 0 V. For Fig. 5.12(b), we changed the voltage
applied to one of the compensation electrodes, while V', = -1.0 V and the
voltage to the other compensation electrode Veomp = 0 V. In Fig. 5.12(b),
we plot the HWHM of the spectra, where the peak of the sideband was
unclear as a result of the compensation. Accbrding to Fig. 5.12(a), it
seems to be sufficient to apply the dc compensation voltage only to one of

the endcap electrodes. Unfortunately, that was a very rare case and we
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Fig. 5.12. Frequency between sideband peak and center of the laser-
cooled “Yb* spectra as a function of the compensation dc voltages. (a) vs.
compensation voltage applied to one of the endcap electrodes, while
compensation voltages to the two compensation electrode were 0 V. (b) vs.
compensation voltage applied to one of the compensation electrodes, while
the compensation voltages to the other compensation electrode and one of
the endcap electrode were 0 V and -1 V, respectively. When the sideband
peak was not clearly resolved, we plotted the HWHM of the spectra in
place of it (open circles).
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usually needed to apply compensation voltages to all three of “the
electrodes. According to Fig. 5.12(a), the best compensation voltage
applied to the endcap electrode, i.e., -1.5 V, is approximately in
agreement with our estimated relation, as described above, between the
stray dc field on one of the endcap electrodes AV, and the frequency
between the sideband peak and the resonance center. -
According to Eq.(5.16), Az becomes large when the potential is
shallow. We confirmed this with the results using a small number of (but
not single) laser-cooled Yb* ions shown in Fig. 5.13, where we measured
the relative center of the ion cloud by scanning the position of the UV
beam as a function of the amplitude of rf driving voltage. Applying the

compensation voltage reduced the change in position of the center of the

ion cloud.
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Fig. 5.13. Movement of the center of the ion cloud as a function g,. We
changed the voltage applied to one of the compensation electrodes. @: O
V; O: 150 V. We scanned the beam position by moving the position of
the mirror mounted on a precision stage, as shown in the right figure.
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5.2.4.  Discussion

Figures 5.7 and -5.10(d) show that one of the three major even
isotopes of Yb* can be directly laser cooled under the condition that the
~ other isotopes are simultaneously trapped. We could not determine the
temperature of the not directly laser-cooled isotopes, because we
frequency scanned the cooling radiation itself to obtain the spectra, and
the isotopes were directly laser-cooled when UV radiation was resonant
on them during frequehcy scanning. Judging from the fact that the storage
time of uncooled Yb* was 1 minute, however, we conclude that the not
directly Iaser;cooled isotopes were trapped as a result of sympathetic
cooling by Coulomb interaction with the laser-cooled isotope.

The experimental results in Figs. 5.10 (c¢) and (d) indicate that
direct laser cooling of 13 % of the trapped ions sufficiently cools them,
and sympathetically cools the not directly laser-cooled ions at least to
some degree in the case where the total number of trapped ions was small.
However, this seems to become more difficult, as shown in Fig. 5.7((:), as

the number of trapped ions increases, owing to the increase in rf heating.
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Fig. S5.14 A spectrum of a large number of laser-cooled Yb* ions
obtained by frequency sweep of IR radiation.
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A closer investigation is needed; we must observe the spectra of the ions
not directly laser-cooled with a second radiation while one of the isotopes
is simultaneously directly laser-cooled. Also, it is of interest to observe
the spatial distribution of isotopes. In sympathetic cooling in the Penning
trap, the ion of the higher mass-to-charge ratio is located in the outer part
of the trap [9].

The spectra shown in Fig. 5.10(d) show the possibility that laser-
cooled trapped ions may be useful for the measurement of isotope shifts.
We obtained symmetric spectra by frequency scanning of IR radiation, as
shown in Fig. 5.14, as predicted in Ref. [2] (we performed this test only
for a large number of laser cooled Yb*). This makes it possible to
measure the isotope shifts of the *D,, - *[3/2],, transition precisely, as
well as to perform more precise measurement of the ion temperature,
because it is easy to determine the resonance center. Also, frequency
scanning of IR radiation is useful for performing more precise
measurement of the ion temperature and to observing micromotion-
induced sidebands due not only to the symmetry of 'thé spectra but also to
the narrower natural linewidth than that of the ’S,, - °P,, transition at
369.52 nm. Clearer spectra obtained by frequency sweeping of IR
radiation have recently been demonstrated by Tailar et al. at NPL [24],
and researchers at Universitat Hamburg where the ’D,, B D[1/2},,

transition at 609 nm was used [25].

5. 3. Laser Cooling of Single Yb*
After dc field compensation, we observed strong fluorescence of

single Yb* ions with an intensity of over 1,500 counts/s. We determined

the number of trapped ions by observing sudden drops of fluorescence
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intensity by electron shelving in the °F,, state (‘quantum jumps’ signal), as
described in Sec. 5.4. Even though strong fluorescence of single Yb* ions
was observed after dc field compensation, we could not obtain narrow
spectra by frequency scanning of UV radiation. We found that this was
caused by saturation broadening in the *S , - °P,, transition. We measured
the fluorescence intensity and HWHM of the spectra as a function of UV
power, as shown in Figs. 5.15 and 5.16, respectively. The narrowest
spectra obtained so far are presented in Fig. 5.17. The saturation count
rate of the fluorescence intensity was 1,800 /s and the saturation power
of UV radiation was about 10 uW.

To substitute the saturation broadening and to estimate the residual
linewidth, we replot Fig. 5.16 with the square of FWHM to UV power as
shown in Fig. 5.18. The saturation-broadened spectra show a Lorentzian
profile, as do ordinary saturated-broadened spectra. Therefore, we

obtained the non-saturated-broadened width by fitting the points in
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Fig. 5.15. Fluorescence intensity of a single laser-cooled trapped "Yb*
as a function of UV power. Different marks indicate different single
*Yb* jons (i.e., reloading of it).
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Fig. 5.17. Narrowest spectrum of a single laser-cooled trapped V*Yb*
obtained so far.
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Fig. 5.18 with a line and by extrapolating the fitting line to zero UV
power [26]. The value of the non-saturated-broadened width was estimated
to be 30.2 (= 3.5) MHz at FWHM. This value was in excess of the natural
linewidth of 19.8 MHz [27]. If we assume that the excess width is caused
by the Doppler width, we estimate the temperature from the Doppler
width to be 150 (+70, -60) mK from decomolution of a Voigt profile
composed of the natural width and the Doppler width. However, it is
more appropriate to conclude that the width in excess of the natural width
was caused by sidebands due to the residual micromotion, and dc field
compensation was still not completely perfect. Actually, we obtained all of
the data points in Fig. 5.16 by re-loading single '"Yb* ions three times.
The degree of perfection of the compensation was slightly different

between each loading.

0 10 20 30 40
UV POWER (uW)

Fig. 5.18. Replot of Fig. 5.16 as square of HWHM to the UV power.
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Because we use a natural isotope mixture of Yb*, the question of
whether other isotopes would be simultaneously trapped even though the
observed ion is certainly single arise. To check for the existence of other
isotopes, we observed the excitation of a stretch mode of ion crystals
[11,28] from a decrease in fluorescence intensity with rf voltage applied
between endcap electrodes. When the frequency of the applied rf i}_oltage
is in agreement with that of one of the ion oscillation modes, the ions
absorb the rf electric power and their kinetic energies increase. This
results in broadening of the Doppler width or an increase in the amplitude
of ion oscjﬂatiOn outside the laser beam. Consequently, a decrease in the
fluorescence intensity can be observed. This method was demonstrated by
Wineland, Bollinger, and Itano as a method of mass spectroscopy [29].

By scanning of the frequency of the rf voltage, we observed number
of resonances, which were assigned to be @, @, @, @, - ®, @, - @ (or
w/2), w, + w,(or 20, - @), w, + @ (or 20, - ), 2w, The measured
frequencies are surnmafiiéd in. Although we applied the rf voltage only
between the endcap electrodes, the anharmonicity of the trapping
pseudopotential, e.g., C,’ terms as shown in Eq. (2.16), makes it possible
to excite @,, w,, and other nonlinear terms. The anharmonicity is caused
by the imperfection of the trap itself and/or the space charge potential of
the ion cloud, as described in 2.3.2 . We found that w, and @, did not
degenerate in our trap, i.e., our trap did not have perfect axial symmetry
about the line r.= 0. The difference between w, and @, was approximately
20 %. This allows us to laser cool trapped Yb* in all three dimensions
using a single laser beam even in the case that only a single ion is trapped.

Figure 5.19 proves that the proposed method is effective for
determing the existence of not-directly laser-cooled trapped ions which do

not emit fluorescence. In Fig. 5.19, two "*Yb* ions were first trapped and

a stretch mode of ion crystals at /3 w_[11,28] was then observed. In the

second frequency sweep of the rf voltage, excitation of the stretch mode
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Fig. 5. 19 [Excitation of a stretch-mode of two trapped "*Yb* ions. In the
second sweep, excitation resulted in loss of one ion. Then, no signals was
detected at the third sweep because the residual ion was single. A
resonance at the highest frequency in the sweep range observed at the first
sweep may be the edge of the strong resonance of ..

caused loss of one of the two "*Yb* jons. Then, in the third sweep, we
could not detect excitation of the stretch mode which indicates that no
other isotopes were trapped. Therefore, if other not-directly-cooled
isotopes which do not emit fluorescence exist in the trap, the stretch mode
of ion crystals can be excited even when the observed ion is single. More
detailed investigations would be useful for evaluating laser cooling of a
natural isotope mixture of Yb*, using this method to confirm the existence
of the ions which do not emit fluorescence and a high-sensitivity imaging

system to observe the spatial distribution of trapped ions.
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5. 4. Quantum Jumps [10,14]

A method of measuring the number (the number here means the
number of isotopes directly laser cooled and emitting fluorescence) is to
observe sudden drops (quantum jumps) of the fluorescence signals due to
electron shelving of each ion [30]. Quantum jumps are easily observed
when Yb* is pumped to the °F,, state because of the very long lifetime of
the state. We found a scheme to .optically pump Yb* to the °F,, state.
Because the lifetime of the °F,, state is extremely long, we must pump out
of the state in order to observe quantum jumps repeatedly. We
investigated several transitions for this purpose.

To pump Yb* to the °F,, state, we drove the °D,, -
4£95d6s('D)'[3/2F,, transition at 861 nm using radiation from an
extended-cavity diode laser. The 'D[3/2],, state has strong connections to
the °S,,, ’D,,, and ’D,, states [31]. Therefore, driving this transition can
transfer Yb* to the °F,, state via the decay to the ’D;, state, which has a
spontaneous decay path to the °F,, state. The scheme of the related term of
Yb* is shown in Fig. 5.20. This scheme was effective as shown i Fig.
5.21, where we trapped and laser-cooled three Yb* ions. Comparing the
count rate of the spectra with one step in Fig. 5.21, which corresponds to
the fluorescence intensity of a single Yb* ion, we estimate the number of
trapped Yb* ions in Fig. 5.10 to be less than 10 for each isotope. The
drops of fluorescence owing to pumping to the °F,, state were observed
by Tamm et al. at PTB in a different pumping scheme [32], and more
recently, by Gill et. al. at NPL in a scheme of driving the S, - "D,
transition at 411 nm [33].

Gill et al. at NPL recently found an optical scheme to deexcite the
’F,, state, where by the ’F,, - 4°(’F,,)5d6s'D[5/2]’,, transition is driven
at 639 nm [34], and observed quantum jump signals repeatedly [33].

Referring to their results, we inferred that there is a possibility of
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Fig. 5.20. Sudden drops of the fluorescence signal of 'Yb* ions by
electron shelving to the *F,, state by driving the ’D,, - 'D[3/2],,, transition.
The number of steps, i.e., three, shows the number of trapped "*Yb* ions.
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deexcitation of the *F,, state by driving the transitions from the °F,, state
to states in the 4f°(C°F,,)5d6s('D°) or 4f"°(°F,,)5d6s(’D°) configurations.
The parity of the °F,, states and those of the 'D° or *D° terms are the same,
i.e., odd. Therefore, the transitions between °F,, and states in the 'D° or
*D° terms are primarily quadrupole transitions. This means that transitions
with AJ = 0, =1, 2 should be allowed. The possible transitions has the
upper states of J = 3/2, 5/2, 7/2, 9/2, 11/2. In the possible transitions, the
states of J =3/2 have a short lifetime and their primary decay path is to the
’S,, ground state. These would be better candidates for the deexcitation of
the °F,, state if high-power radiation can be prepared at these
wavelengths. The 'D° or °D° states of J = 5/2 or 7/2 are also useful because
these states seem to have decay paths to the‘sz and *D,, states, or D;,
states, respectively. The 'D° or *D° states of J = 9/2 or 11/2 may not be
effective for deexcitation of the °F,, state because these states have no
dipole transitions to the ’S ,, °P,,,,, and ’D;,, states. On the other hand,
if the transition has an upper state with a long lifetime, e.g., to *°D[3/2],, at
1873 nm, to °D[5/2];, at 913 nm, or to °D[5/2],, at 947 nm states [31], it
may have a potential for a clock transition because of the extremely long
lifetime of the °F,, state (however, use of '7'Yb* may be difficult because
of the many hyperfine structures and Zeeman splittings of the ’F., state)
We examined the possibility of deexcitation of the °F,, state by
several transitions using a large number of laser-cooled Yb* ions. The
scheme of the related term of Yb* is shown in Fig. 5.22. In addition to the
states in the 'D° or °D° terms, we also examined a straightforward method,
i.e., driving the °F,, - °D,, transition at 3.43 um. It should be possible to
generate radiation at 3.43 um by difference-frequency mixing of a diode-
laser-pumped Nd:YAG laser at 1064 nm and diode-laser radiation at 812
nm or 1543 nm. AgGaS, and KTA (or KTP) crystals should be phase-
matched in the case of 812 nm and 71543 nm, respectively. We génerated
about 100 nW of 3.43 um radiation from 65 mW of a 812 nm diode-laser
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Fig. 5.22. Transitions for deexcitation of the °F,, state

Table 5.1. Summary of the transitions examined for deexcitation of the

°F,,, state.
Transition =~ Wavelength (Isotope)  Laser Fluorescence
(nm) Power(mW) Recovery

°F,, - D,, 3431.7 (172) 10 O
52],,  638.619  (174) 0.36 O (ONPL [34)])
'3/2),,  760.076  (174) = 0.58 O
921,  828.098  (174) 13 O
521,  ~B64.84  (174) 7 x  (ONPL [24))
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Fig. 5.22. Fluorescence recovery by optically deexcitation of the *F/,,
state by driving (a) the °F,, - *D,, transition at 3.43 um, (b) the °F,, -
'D[5/2],, transition at 639 nm, (c) the *F,, - 'D[3/2],, transition at 760 nm,
and (d) the *F,, - °D[9/2],, transition at 828 nm.

and 150 mW of Nd:YAG-laser radiation with a AgGaS, crystal of length 5
mm. All of the ldiode lasers used here were extended-cavity laser diodes
composed of commercial diode lasers and gratings as the extended-cavity
mirror [35], except in the case of radiation at 812 nm for which we used

the prism configuration [36].
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The results are summarized in Table 5.1, and the observed
fluorescence recovery is shown in Fig. 5. 23. For pumping to the °F,,
state, we irradiated trapped Yb' ions with radiation at 861 nm, as
described above. The *F., - 'D[3/2],, transition has the potential for fast
deexcitation of the °F,, state due to the short lifetime of the 'D[3/2],,, state
of 19 ns, if much higher radiation at 760 nm is available. We conducted
the experiment of deexcitation of the °F,, state under an UHV condition.
However, thére was still the possibility that the observed fluorescence
recovery could be caused by the photodissociation of YbH', as was done
pfevidusly by.' researchers including us in the case of 369.48 nm, as
described in Sec. 4.4. We checked whether or not photodissociation of
YbH' occurred with irradiation at 639 nm in the presence of buffer gas,
as was done the experiment in Fig. 4.16. We confirmed that YbH' ions
were not photodissociated by irradiation at 639 nm. Therefore, this
wavelength should be the deexcitation line of the °F,, state. Although we
performed this test only for radiation at 639 nm, it is highly possible that
other wavelengths are deexcifation lines of the °F,, state because the
condition of the deexcitation experiment for each wavelength was the
same as that for radiation at 639 nm.

Although we did not succeed in deexciting the ’F,, state by driving
the °F,, - °D[5/2),, transition at 865 nm, researchers at NPL observed
fluorescence recovery by driving this transition with radiation of a higher
intensity than ours [24]. Researchers at Universitat Hamburg observed
deexcitation of the °F,, state by driving the ’F,, - °D[7/2],, transition at
771 nm [25].

With a combination of radiation at 861 nm and 639 nm, we
succeeded in observing quantum jump signals by fepeated pumping to and

deexcitation of the °F,, state, as shown in Fig. 5. 24.
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Fig. 5.24. Continuous observation of quantum jump signals of laser
cooled "Yb* by pumping to and deexcitation of the 2F,, state using
radiation at 861 nm and at 639 nm, respectively. (a) Four 17 Yb* ions, (b)
single "Yb* ion.
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5. 6. Conclusions

We demonstrated that Yb* can be laser-cooled from a natural
isotope mixture of Yb as a source. It was possible to directly laser cool
one of the three major even isotopes without serious laser heating of the
other isotopes, owing to relatively large isotope shifts of the *D;, - [3/2],,
transition at 935 nm. According to the results for "°Yb*, direct laser
cooling of 13 % of the trapped ioms is sufficient to cool them and to
sympathetically cool the not directly laser-cooled ions simultaneously
trapped, when the total number of trapped ions is small.

It was possible to trap and laser cool single "Yb* ions also from a
natural isotope mixture. We had a problem of an unexpected dc field
which induced micromotion of trapped ions, as is often the case with other
laboratories. We introduced two compensation electrodes to resolve this
problem. Applying condensation voltages to the compensation electrodes
and one of the endcap electrode, we observed narrow spectra of single
74Yb* jons. We evaluated saturation broadening of the °S,, - *P,, cooling
transition, then, determined the temperature of a laser-cooled single "*Yb*
ion to be 150 mK. However, we suppose that residual linewidth of the
spectra was still caused by imperfection of the dc field compensation. It
may be possible that not-directly laser-cooled isotopes of Yb* are
simultaneously trapped even in the case that a single Yb* ion is observed,
because we use a natural isotope mixture of Yb as a source. We proposed
that excitation of a stretch mode of trapped ions can be used for judging
the existence of other isotopes.

We observed quantum jump signals by pumping to the °F,, state.
This signal was useful to determine the number of (directly laser-cooled)
trapped Yb* ions. To observed quantum jump signals repeatedly, some
methods for deexciting the °F., state are necessary. We observed the

fluorescence recovery by deexcitation of the F,, state with driving the
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following four transitions: the *F,, - *D;, transition at 3.43 um, the °F,, -
'D[5/2];,, transition at 639 nm, the °F,, - 'D{3/2],, transition at 760 nm,
and the °F,, - *D[9/2],, transition at 828 nm. Using radiation for pumping
to and deexcitation of the °F,, state simultaneously, we observed quantum
jump signals repeatedly. Deexcitation of the °F,, state is essential when we
conduct high-resolution spectroscopy of the *S, - *D;, transition at 411

nm, because Yb* in the *D,, state spontaneously decays to the *F,, state.
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Chapter 6

‘Conclusions

In this thesis, we described mainly our investigation of Yb* stored in
rf traps. Since we began our investigation by constructing light sources for
Yb*, and thereafter studied the characteristics of buffer-gas-cooled and
laser-cooled Yb*. Yb* is a candidate for providing a reference transition for
use in future microwave or optical frequency standards. For this reason,
trapped Yb* ions have been extensively investigated at several laboratories
throughout the world including ours. On the other hand, unlike other ion
species considered as candidates for frequency standards, Yb* shows several
unique characteristics originating from the fact that Yb is one of the
lanthanoids. Therefore, it is important, or essential in some cases, to
understand them in order to establish a new frequency standard using Yb*.
This work makes some contributions to the goal of complete understanding
of the characteristics of Yb* stored in rf traps.

In Chapter 2, we described our experimental setup of 1f traps used
for the investigation of Yb*, and detection of trapped ions by an electric
method, 1.e., the rf resonance absorption method. We made two sizes of rf
traps: The larger one of 2r, = 22.6 mm was used for the investigation of
buffer-gas-cooled Yb*, and the smaller one of 2r, = 5 mm for laser-cooled
Yo

In the case of the larger trap, we were able to detect rf signals of

trapped ions. We investigated the anharmonic oscillation of trapped ions.
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We found that rf signals changed considerably as a function of the pressure

- of buffer gases even when the same number of ions was trapped. In the case
that Ba" was trapped, rf signals obtained by sweeping dc voltage of the trap
in a certain direction (sweep direction f in this thesis) disappeared at a high
buffer gas pressure in the case of Ba*. Also, anharmonicity in rf signals
depended on the number of trapped ions when the pressure of the buffer gas
was fixed. These observations indicate that the space charge potential caused
by the trapped ions had anharmonicity which changed as a function of the
spatial distribution of trapped ions. We pointed out that anharmonicity in rf
signals limits the accuracy in estimating of the total number of trapped ions
by the rf resonance absorption method.

In- Chapter 3, we described our light sources for Yb*. For the
radiation at 369.52 nm to drive the °S,, - °P,, transition, we established a
simple method of UV generation, i.e., SFM of diode-laser and ar gon-ion-
laser radiation. We obtained more than 1 ¢W of tunable cw radiation at 370
nm from 21 mW of radiation at 1310 nm from a diode laser, and 1.3 W at
515 nm from an argon-ion laser. We successfully detected the fluorescence
of trapped Yb* ions using this radiation. We used S-BaB,0, as a crystal of
SFM, and found that phase-mismatching tolerance was several times larger
with a strong focusing of input beams than with no focusing. In the case of
strong focusing, the aperture length was shorter than the crystal length. We
suggested that phase-mismatching tolerance should be calculated using the
aperture length in place of the crystal length.

We propose that radiation generated by sum- or difference-
frequency mixing can be frequency stabilized by controlling only one of the
two fundamental lasers. We demonstrated this simple frequency
stabilization method by the sum-frequency mixing of diode-laser and

argon-ion-laser radiation, where we controlled only a diode laser to lock
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the sum frequency to the frequency reference, while an argon-ion laser was
free-running. We propose that this frequency-stabilization method could be
applied to other combinations of fundamental lasers. In particular, diode
lasers are suitable for this method owing to their wide tunability.

For laser cooling, we needed more power than the radiation
generated by SFM. We obtained over 100 4W of radiation by SHG of
dye-laser radiation using an external cavity technique. We successfully laser
cooled trapped Yb* ions using this UV radiation. To laser cool Yb*, the °D,,
metastable state must be depleted. For this purpose, we generated radiation
at 935 nm using a Ti:ALQ, laser to drive the *D., - *[3/2]°,, transition. We
installed a homemade rough frequency scanning mechanism in the Ti:AlL,O,
laser and determined isotope shifts of the *D,, - °[3/2]°, , transition. This was
important in our laser cooling of Yb*, because we used a natural isotope
mixture of Yb*.

In Chapter 4, we presented the characteristics of Yb* stored in a rf
trap in the presence of buffer gases. First, we frequency scanned radiation
at 369.52 nm to drive the °S , - *P,, transition of Yb* and observed the
spectra of the transition. We revealed that fluorescence of odd isotopes was
not observed by frequency sweeping of only one UV beam due to optical
pumping in the hyperfine structures. We confirmed the cooling effect by
collision with light buffer gas.

Our investigation focused on the characteristics of buffer-gas-
cooled Yb* observed when we continuously drove the S, - ?P,, transition
using radiation at 369.52 nm. It is known that the fluorescence of Yb* ions
fades with continuous driving of the *S,, - ®P,, transition in the presence of
buffer gases. In addition, we found that rf signals disappeared while
fluorescence faded. We found rf signals disappear occurs when some

background gases exist in vacuum. For example, O, and H,0 gases enhance
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the disappearance of rf signals. We observed that the resonance point of rf
signals shifted to that of a heavier mass while rf signals disappeared.
Therefore, we proposed that, with rf-signal disappearance, molecular ions
were produced by chemical reaction of Yb* in the excited states with
background gases. We confirmed this proposal by mass-selective ionic
detection of trapped ions.

The mass-selective ionic detection system was constructed by
combining a quadrupole mass analyzer with the rf trap in order to clarify
the reason for the disappearance of rf signals and to confirm the production
of molecular ions. By mass-sclective detection, we found that YbH' is
produced by the chemical reaction of Yb* in excited states with H, gas. The
YbH' production is one of the causes of fluorescence decay, but is not
directly related to the disappearance of rf signals; The time scale of the
reaction is the same as that of the fluorescence decay. YbH' is
photodissociated by irradiation at 369.482 nm, 369.202 nm, and 368.947
nm, which were formerly assigned as wavelengths for deexcitation of Yb*
in the *F,, state to the ’S,, ground state. The resonance point of rf signals
shifted in accordance with the mass change from Yb* to YbH" (rf signals did
not disappear in the case of YbH'* productions.) and returned to the initial
point by photodissociation of YbH".

To clarify the reason for the disappearance of rf signals, we
measured the time variance in signal height of the mass-selective signals for
several ion species with continuous irradiation at 369.52 nm in the presence
of O, gas. We found that YbO* is produced by the chemical reaction of Yb*
in excited states with O, gas, as previously predicted. However, no
significant decrease in the number of YbO* ions from that of the initially
trapped Yb* ions was observed, even after the disappearance of rf signals.

In addition, UV radiation was terminated after the rf signals disappeared,
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and then rf signals recovered, although the rate of recovery was very slow.
Therefore, the disappearance of rf signals was not caused by the decrease in
the total number of trapped ions. -

In the final part of the chapter, we summarized our present
interpretation of the causes of fluorescence decay and rf signal
disappearance.

In Chapter 5, we demonstrated that it is possible to laser cool a
natural isotope mixture of Yb* ions by setting the frequencies of the two
cooling lasers properly. We found that one of the three major even isotopes,
i.e., 2Yb*, *Yb*, or 'Yb*, can be directly laser cooled without serious
laser heating of the other isotopes owing to the relatively large isotope shifts
of the *D,,- *[3/2]°,,, transition at 935 nm. Other isotopes not directly laser
cooled were simultaneously trapped as a result of sympathetic cooling.
According to the results for °Yb*, direct laser cooling of 13 % of the
trapped ions is sufficient to cool them and to sympathetically cool the not
directly laser-cooled ions, in the case where the number of trapped ions is
small and consequently, the effect of rf heating is small.

We found that it is possible to trap and laser cool single ""*Yb* ions
from anatural YD isotope mixture source. To laser cool single Yb* ions, we
found that it was necessary to compensate the undesired dc field, as was
found at many laboratories. We added two compensation electrodes and
applied appropriate dc voltages to them and one of the endcap electrodes.
After the dc field compensation, the temperature of a single "*Yb* was 150
mK. The temperature was estimated from the linewidth of the spectrum
obtained by a frequency sweep of the cooling laser at 369.52 nm. We
removed saturation broadening from the observed spectrum to determine
the temperature. »

To evaluate the number of trapped ions, we induced sudden drops of
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fluorescence inténsity, quantum jumps signals, by pumping to the *F,, state
by driving the *D,, - '[3/2],, transition at 861 nm. We found that Yb* is
deexcited from the °F,, state by driving the °F,, - °D, , transition at 3.43 mm,
the *F,, - '[3/2],, transition at 760 nm, and the °F,, - 3[3/2],, transition at
829 nm, in addition to the ’F,, - '[5/2]°,, transition at 638 nm found at NPL.
By using of radiation for both pumping to and from the ’F,, state, we

observed quantum jump signals repeatedly.

Through our investigations of Yb*, our understanding of the
characteristics of Yb* ions in the presence of buffer gases has progressed
significantly. The remaining problems are (i) to clarify whether or not
population trapping in the °F,, state actually occurs in the presence of buffer
gases, and (ii) to elucidate the cause of the disappeafance of rf signals. For
problem (i), it is helpful to apply the results concerning the °F,, state
obtained by laser-cooled Yb* under an ultrahigh-vacuum condition to
investigations of buffer-gas-cooled Yb'. The production of YbH' is
important in the field of frequency standards, because the production of
YbH' may be a problem in establishing a frequency standard using buffer-
gas-cooled Yb*, owing to the difficulty in removing H, gas from vacuum
systems.

We have succeeded in preparing laser-cooled single Yb* even from
a natural isofope mixture source. It was necessary for us to establish
techniques for laser cooling of a single '™Yb* ions, because we plan to
proceed to high-resolution spectroscopy of a single Yb* ions in the optical
wavelength region. Determining the transition which deexcites the °F,, state,
and observation of quantum jumps are regarded as the first steps toward this
aim. In particular, driving the ’S , - *D,, clock transition at 411 nm causes

subsequent spontaneous decay to the °F,, state. Therefore, it is essential to
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establish some methods for efficient deexcitation of the “F,, state to achieve
high-resolution spectroscopy of the ’S,, - “D,,, transition.

Finally, by combining the results concerning the chemical reaction
of Yb* in excited states, obtained in investigations of buffer-gas-cooled Yb*,
with techniques of laser cooling of a single Yb*, we propose the possibility
of applying a single laser-cooled Yb* ion to chemical investigation, e.g.,

cooled single-molecular-ion photodissociation spectroscopy.
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Appendix
Signal Strength of |[Fluorescence from Yb* in the Steady State

We simplify the process of the fluorescence decay by introducing
“dark” state, which includes “YbH*” state and, probably, the °F,, state (see
Chapter 4). We can analyze some time constants in the observed
fluorescence signals of trapped Yb*. However, the validity of this
simplification should be clarified when the actual micro processes of the
fluorescence decay is elucidated in future.

If N, are the populations of the state indicated by subscripts (where
[3/2] means the 4f"*5d6s(°D)°[3/2]°, , state, and dark represents the dark state
which includes “YbH'” state and, probably, the *F,, state (see Chapter 4)),
A, the spontaneous decay rate where subscripts 1 - 5 for j mean the %S, -
Pl Py - Dy, Dy - 7S, D,, - [3/2], and [3/2] - 2S,, transitions,
respectively, S, the excitation rate by resonant radiation., R, the pumping
rate from the “D,, to the dark state including “YbH®” state and, probably,
the °F,, state (see Chapter 4), R, and R, the deexcitation rate to the °S,, from
D,, and dark states, respectively, and r; the fraction of the ion cloud

irradiated, the rate equations for N, are given by
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dN
—d—ts =—rISIN5 +S}NP +A1NP +A3ND +A5NE3/?']

+R N gork
dN
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+A4Np o)
dN 3,y
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d‘?k = R5ND _RTNdark

If Ng+ Np+ Ny + Ny + Ny, = Ny, we can express the detected photon

number Nf in the steady state in the same equation as that for the three-level
system including only the S, P, and D states {1,2] by replacing 4, by R,’, as

described later.

AN
Ny-— A y (A2)
1+2+ {1 +r +r, —?—]xl

Ri
1 3

x4 1A No '

= X <<1 A.Z

A Az ( i ) ( )

1+-2+nx, —=
I 3

where x; = §/A; is a saturation parameter for the transition indicated by
subscript, and # the overall detection efficiency.
The equations expressing R, are presented as follows:

(1) three-level system (without irradiation at 935.2 nm at low buffer gas

pressure, i.e., S, = 0, R, << R,):
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R, = R, = A, + (collisional deexcitation rate from
the °D,, to %S, , state ) (A.3)

(2) five-level system

_:_[_.=i 1 (1+ 6]
R:.; .R3 &4_"454( A5 ) - R7

1+
R, R, \A,+S5,+A, (A.4)
1
* (R; +R) ’
A +=2—"22(4, +§, + A)

TSy
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