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Abstrakt
Práce se zabývá stabilizací diodového laseru pracujícího na vlnové délce 729 nm, který
slouží pro přesnou spektroskopii a interakci se zachycenými a zchlazenými ionty vápníku.
Interakce s iontem vyžaduje, aby excitační laser měl extrémně úzkou šířku spektrální čáry.
V práci jsou vysvětleny důležité postupy a metody vedoucí k dosažení provozu laseru se
spektrální šířkou čáry v řádu Hz či nižší. Součástí práce je sestavení optické sestavy
pro tento laser a k ní potřebných elektro-optických prvků. Hlavní důraz je kladen na
techniky stabilizace laserové frekvence pomocí externích referencí, jejich teoretický popis
a implementace je rovněž součástí této práce. Jako první přístup o zúžení spektrální
čáry je zvolena metoda uzamknutí optické frekvence laseru na vybranou komponentu
hřebene optických frekvencí pomocí elektronických fázových závěsů. Měření spektrálního
šumu bylo provedeno pomocí dvousvazkového interferometru s nevyváženými rameny.
Dosažené výsledky potlačení šumu u takto uzamčeného laseru byly poté porovnány s
režimem laseru volně běžícího. Dalším postupem je uzamčení spektrální čáry laseru na
velmi úzkou čáru vysoce jakostního optického rezonátoru. Touto metodou jsem dosáhl
laseru s velmi úzkou spektrální čáru (v řádech desítek Hz), avšak s krátkodobou stabilitou.
Finálním krokem bylo pak sestavení a použití techniky "trasfer oscillator", která zajistila
dodatečnou kompenzaci nežádoucího driftu rezonančního modu optického rezonátoru a
tímž zajistila dlouhodobou stabilitou celého systému. Takto stabilizovaný laser na 729
nm byl testován ve spektroskopii na zakázaném přechodu Dopplerovsky zchlazeného iontu
vápníku.

Klíčová slova
Polovodičový laser s externím rezonátorem, optický rezonátor s vysokou jakostí, šířka
spektrální čáry,stabilizace frekvence, kalciové hodiny, hodinový laser, fázový závěs, tech-
nika "transfer oscillator".



Abstract
The thesis deals with stabilising a diode laser operating at a wavelength of 729 nm,
which is used for high-resolution spectroscopy and interacting with captured and cooled
calcium ions. Interaction with the ion requires an extremely narrow spectral linewidth for
the excitation laser. The work explains essential procedures and methods leading to the
operation of a laser with a spectral linewidth in the order of Hz or less. The central part of
the work is to design and put together an optical assembly for this laser with the necessary
electro-optical elements. The main emphasis is placed on laser frequency stabilisation
techniques using external references, their theoretical description and implementation are
also a part of this work. The first chosen approach to narrowing the spectral linewidth is
locking the optical frequency of the laser to a selected component of the optical frequency
comb using electronic phase locks. Spectral noise measurements were performed using a
two-beam interferometer with unbalanced arms. The achieved noise suppression results
for the locked laser were then compared with the free-running laser mode. Another
approach is to lock the spectral line of the laser to a very narrow line of a high-quality
optical resonator. With this method, I achieved a laser with a very narrow spectral line
(in the order of tens of Hz), however, with short-term stability. The next step was the
construction and use of the "transfer oscillator" technique, which provided additional
compensation for the unwanted drift of the resonance mode of the optical resonator and
thereby ensured the long-term stability of the entire system. The laser stabilised in this
way at 729 nm was tested in spectroscopy on the forbidden transition of the Doppler-
cooled calcium ion.

Keywords
External cavity diode laser, high-finesse optical cavity, spectral linewidth, frequency sta-
bilisation, ion clocks, clock laser, phase lock loop, transfer oscillator technique.
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Introduction and structure of the work
A clock is a device that uses the stable oscillation pattern as a reference (i.e. pendulum,
quartz). An atomic clock is a laser whose frequency is stabilised relative to a narrow
optical atomic transition. Thus the oscillator, in this case, is a trapped and isolated atom
with a natural, very high oscillation rate. Thanks to this revolutionary idea and evolu-
tion of atomic frequency and time standards have taken a huge leap forward [1, 2, 3]. For
nearly 100 years, the atomic frequency standard played a critical role in basic science and
precision measurement. During this period, the increasing need for more precise timing
and synchronisation for various applications, including navigation or test of fundamental
physic, has demanded oscillators with higher frequencies and higher performance. The
most recent clock can reach the stability or instability of 1.5 parts in a quintillion (1 fol-
lowed by 18 zeros) in just a few thousand seconds [4].

Chap. 1 presents a brief history of time, the latest and the most stable optical clocks at
present, and the theoretical background of optical atomic clocks. Furthermore, it consists
of the general level scheme of the 40𝐶𝑎+ ion and summarises its interaction with the laser
waves.

This work closely relates to an optical atomic clock with a single 40𝐶𝑎+ ion. The
infrastructure consisting of trapping apparatus, ultra-high vacuum chamber, laser re-
quirement, and electronics was developed and fully built at the Institute of Scientific
Instruments (ISI) in Brno. The inverse of the lifetime gives a natural linewidth of this
electric quadrupole transition. Therefore to be able to coherently transfer population
between 42𝑆1/2 ↔ 32𝐷5/2 energy level, one needs a clock laser with an ultra-narrow spec-
tral linewidth. This is a crucial part of the optical setup when realising the optical atomic
clocks.

The main aim of this work is to design and build such a spectroscopy laser. The work
focuses on implementing the best possible method for linewidth suppression available.
The spectroscopy laser with suppressed linewidth to sub-Hz level gives us a tool for
many experiments with trapped ions. Apart from the high-resolution spectroscopy on the
ion forbidden transition for optical clock operations, it also allows us to individually
manipulate the quantum state of ions. Thus, the clock laser is a gate for the information
processing with cold ions going to quantum computers or quantum simulators [5].

The selection of primary laser source, its characterisation and noise properties meas-
urement is presented in Chap. 2. Chap 3 covers a theoretical background of available
methods for laser linewidth narrowing and their application in the set of my pilot exper-
imental setup.

Chap. 4 is key part of my work, where a complex optical and electronic setup is
build-up and experimentally verified and adjusted on the best operating conditions.

Chap. 5 shows my results of implemented methods by using the laser for coherent
excitation of 42𝑆1/2 ↔ 32𝐷5/2 transition.

Chap 5.3.2 includes a summary of my work on the clock laser setup. I also define
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the following steps to improve further the laser linewidth narrowing and the principles
of delivering the resulting clock laser beam to the vacuum chamber with trapped ions.

To support the importance of this work, I have attached a three selected papers. Their
reprints, brief summary, and my contribution are included in appendix I, II, III.

Background of the research topic

This work has been done under the project on trapping and laser cooling of ions, which
started in 2014. It is solved with the cooperation of two research groups. Our group from
the Department of Coherence Optics of the Institute of Scientific Instruments CAS focuses
on the infrastructure for the ion trapping and cooling, development of a Doppler cooling
lasers, construction of the highly coherent laser source working at 729 nm and precision
spectroscopy with ions stored in the radio frequency trap placed in the ultra-high vacuum
chamber (both parts belong to my thesis).

The main research aim of our group is frequency metrology with the cold ion, which
might be used for the realisation of an experimental optical atomic clocks. The second
group is the team from the Department of Optics of Palacky University Olomouc. They
focus mainly on quantum mechanics and information processing like quantum algorithms
and multiparticle entanglement. We all used same electro-optical setup with some modi-
fications. The overview of the Optical table, where all the laser are prepared before being
coupled and sent to particular assignment in the laboratory can be seen on Fig. 1. The
overview over the trap apparatus with necessary electro-optical parts for Doppler cool-
ing, sideband cooling and ion interrogation can be seen in Fig. 2. Although the vacuum
chamber, Paul trap, and a number of necessary supporting parts for ion trapping were not
directly the topic of my doctoral thesis, I participated significantly in the design, assembly
and overall tuning of this complex arrangement.
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Figure 1: The overview over the optical table, where all the lasers are prepared before
being coupled and sent into the chamber with the trapped ion. The main laser source is
generally divided to many path, which then can be used for stabilisation to wavelength
meter or are sent to another laboratory, where they are optically beat-noted with optical
frequency comb. Each laser has several acousto-optic modulators placed in their path.
They are used for frequency shifting, intensity stabilisation or serve in pulse sequence.
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Figure 2: Ion trap apparatus with all necessary optics for Doppler cooling, sideband cool-
ing and ion interrogation. The lasers are brought into setup via polarisation maintaining
fibres. Inside the passive magnetic box, a part of the power is steered into photodetector
for intensity stabilisation purposes. The main beam are prepared in terms of polarisation
and position adjustment before entering the vacuum chamber. The ion fluorescence is
collected by an collimating optic into an avalanche detector. One can also see the Helix
resonator and all necessary electronic parts and the ion pump.
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1. Optical atomic clock
1.1 History of clockworks

Time is one of the seven fundamental physical quantities which are distinct in nature.
For thousands of years, the time has accompanied man in his daily life. It told him when
to plant seeds and when to harvest, when to expect dry seasons and when to prepare
for winter. For that and many more reasons, ancient civilisations observed astronomical
bodies to learn and determine a time, dates and seasons. They had done it by dividing
natural cycles into smaller periods. A year, which is the time when earth finished one
circle around the Sun, was divided into twelve months, which is the number of Moon
cycles in a year. A month is then divided into four periods as it goes by four phases
of the moon as it circles the earth. A day was established as one rotation around its axis,
and day and night were evenly divided into 12 sections. Thus, the 24-hour day was born.
Remains of those times can still be found in stone circles such as England Stonehenge
and several others that are scattered around the world [6]. They have been thought to
be used to predict seasonal and annual events such as equinoxes or solstices [7]. However,
little is known of their civilisation or calendars as there is not much information recorded.

The first mention of the timekeeping method comes from Sumerians nearly 4000 years
ago. This method is called hexagesimal timekeeping [7]. And nowadays, it is well known
in both Western and Eastern societies. This numerical system has sixty as a base num-
ber. The exact reason they choose this system is unknown; however one theory is quite
reasonable. At that time, people were used to counting on their hands. Using the thumb
as a pointer to each finger bone on the rest four fingers, they can count to 12. Moreover,
five fingers times 12 is 60. Also, the number 60 is a highly composite number having
12 factors, namely 1, 2, 3, 4, 5, 6, 10, 12, 15, 20, 30, and 60. The result is that one hour
can be divided evenly into a section of 30 minutes, 20 minutes, and finally - 1 minute.

To be able to keep track of time, the first clock was invented. The so-called shadow
clock, first used by Egyptians, consists of an obelisk in the middle of Circe. The half
of this clocks disc was divided into 12 even sections and served as a sundial. According to
the position of the Sun in the sky, an obelisk cast the shadow on the sundial showing the
actual time. Although this method was very accurate, it still relied on the Sun and thus
was useless at night or in a cloudy weather. Therefore several alternative timekeeping
methods were developed. Among them were the water clock, merkhet clock, candle clock,
sand clock, clock moon dial, etc.

The era of precision timekeeping comes with the pendulum clock. The first pendulum
clock was designed and constructed by Christian Huygens, a Dutch scientist, in 1656 [8].
The advantage of a pendulum is that it works as a mechanical oscillator. Dependent
on its length, the pendulum swings forth and back in a precise time interval and resists
swinging at other rates. An early version of this clock goes off by less than one minute
per day, and later only by 10 seconds per day, a very accurate for that time. Huygens

9



then invented another mechanical device, a spiral balance spring system that works like
a pendulum in a clock that oscillates at a fixed resonant frequency. This portable device
lays the foundation for the modern watchmaking industry. For centuries those watches
have worked just fine. Then a new natural source of oscillation was discovered.

In 1880 Jacques and Pierre Curie discovered the piezoelectric properties of crystalline
quartz. They found that when the electricity was applied to quartz, it vibrated at a spe-
cific, incredibly stable rate. The oscillation of quartz was more than 32000 times per
second. Counting this oscillation would make an incredible precise clock. The first crys-
tal oscillator was built in 1921, and the first quartz clock in 1927 by Warren Morrison and
J. W. Horton at Bell Telephone Laboratories in Canada [9]. Those clocks would go off
by 15 seconds per month. The National Bureau of Standards (NBS), now known as the
National Institute for Standards and Technology (NIST), based the time standards of the
United States on quartz clocks until the 1960s, when in change to today, the most precise
timekeeping device, the Atomic clock.

Figure 1.1: Accuracy record for microwave and optical clocks [10]. From the first Cs clock
by Essen and Parry in the 1950s, clocks are getting better every year. Since development
of optical frequency combs the performance of the optical clock has overcome microwave
clock.

An ideal (ultra-stable) clock oscillator can be determined by three fundamental prin-
ciples. The first is a high and stable oscillation rate. The reason is that a clock operating
at a higher frequency has higher precision because of large number of clock "ticks" for
the measured time. Secondly, it should be insensitive to external influence, isolated from
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any environmental distribution. The last criteria are applicable for any standards, time
included. A base unit should be realisable anywhere and anytime, and it should be as
close as possible to a definition. Simply said, anyone can build his own clock, and that
clock will be as precise as his neighbours. And indeed, using an atom as an oscillator can
get us very close to meeting those requirements. This led to a redefinition of the second
in the International System of Unit (SI) in 1967. The second is now defined as a duration
of 9 192 631 770 periods of the radiation corresponding to the transition between the two
hyperfine energy levels of the ground state of the 133𝐶𝑠 atom [11].

The primary time standard - clock these days works on microwaves. Moving into the
optical domain it promised better performances due to higher frequencies. However, the
biggest obstacle was how to measure optical frequency directly or how to divide it to 1
Hz frequency, thus a signal with 1 s period. This disadvantage was overcome in 2000 with
the introduction of the femtosecond optical frequency comb by John L. Hall and Theodor
Hansch [12] (Nobel Prize in physics). The optical frequency comb (OFC) is a gearbox
between the radiofrequency domain and optical frequencies and vice versa. Therefore the
clock development swiftly moves from the microwave domain into the optical domain, see
Fig. 1.1).

1.2 Optical atomic clocks

Two primary approaches could be considered for building the clock as an optical frequency
standard. One is a single ion isolated in a radio-frequency trap, and the second neutral
atoms are trapped in a magneto-optical trap [13, 14, 10]. Those systems, both placed
in the ultra-high vacuum chambers, allow very high isolation of ions or atoms from external
disturbances. Frequencies of narrow-band electronic transitions of those isolated ions are
thus extremely stable references. Several of those systems have been already build over
the years including 𝐴𝑙+, 𝐻𝑔+/2+, 𝐻𝑔, 𝑆𝑟, 𝑆𝑟+/2+, 𝐼𝑛+/3+, 𝑀𝑔, 𝐶𝑎, 𝐶𝑎𝑉 , 𝑌 𝑏+/2+/3+ and 𝑌 𝑏

[15, 16, 17, 18, 19].
Our laboratory aims to build an experimental optical clock with 40𝐶𝑎+ ion [20, 21,

22]. The great technological advantage why use 𝐶𝑎+, is the availability of the wavelengths
needed for ion excitation. They can be easily achieved with relatively well available laser
diodes that allow large tuning over the frequencies see Subsec. 1.3 [23, 24]. The majority
of lasers are provided by Toptica company. Namely, 422 nm for photo ionisation of a
neutral atom. 866 and 397 nm for Doppler cooling and 729 nm and 854 nm for sideband
cooling, spectroscopy and electron shelving. More information of this lase-ion interaction
can be found in Subsec. 1.3.1 and Subsec. 1.3.2).

The experimental setup is schematically illustrated in Fig. 1.3. We use a linear Paul
trap with four blades separated by 1.13 mm and two tips separated by 4.5 mm, providing
the radial and axial confinement.

By applying the radio frequency (RF) of 29.8 MHz and power of 4W to the trap
electrodes and setting the mean tips voltage to 1200V, we achieve typical secular frequen-
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(a) (b)

Figure 1.2: Linear Paul trap with four blades and two end-caps electrodes, providing the
radial and axial confinement. An axial cross section cut reveal the two end-caps electrodes,
a pair of radial electrodes and a compensation electrodes (a). The radial cross section
cut show the detail on four radial electrodes symmetrically placed around an end-cup
electrode (small hole between the blades) (b).

cies 𝜔𝑟/2𝜋 = 2.7 MHz in the radial and 𝜔𝑎/2𝜋 = 1.1 MHz in the axial direction. The
single 𝐶𝑎+ ions are loaded into a trap by photo-ionising a beam of neutral calcium atoms.
Everything enclosed by an ultrahigh vacuum < 10−11 mbar [25], sufficient isolation from
the environment perturbation. The trap apparatus is then situated inside a passive mag-
netic shield box to suppress the magnetic perturbation during the experiment [26, 27,
28, 29]. In the trap, we can hold either one single ion or an enormous Coulomb crystal
consisting of tens of thousands of ions.

1.3 Laser-ion interactions

Energy level scheme of 40𝐶𝑎+

Calcium, proved by many laboratories, is one of the most suitable elements for ion trap-
ping and laser cooling [30, 31, 32]. Natural calcium is a mixture of the 5 isotopes
(40𝐶𝑎,42𝐶𝑎,43𝐶𝑎,44𝐶𝑎 and 46𝐶𝑎). The most common isotope of the calcium is 40𝐶𝑎,
which comprises 96,9% of all-natural calcium. It is the heaviest stable nuclide with equal
proton and neutron numbers. Implementing the Calcium isotope as a stable reference
has many advantages. Foremost all the relevant transitions are accessible by a solid-state
laser source. The Fir. 1.5 shows the five lowest energy level.

Table 1.1 shows the transition rates and a corresponded wavelength for each transition.
One can choose a favourable transition for Doppler cooling, resolved sideband cooling
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Figure 1.3: A schematic view over the electro-optical setup, including a frequency stabil-
isation of the lasers for cooling and integoration of the 40𝐶𝑎+ ion, The fluorescence of the
ion is collected by a single photon avalanche detector. H-Maser: Hydrogen maser, SHG:
Second harmonic generation, PLL: Phase loop lock, FPGA pulse box: Lase switching and
frequency control based on Field Programmable Gate Arrays.

(a) (b)

Figure 1.4: A detailed view of the linear Paul trap with gold plated electrodes (a). A
fluorescence from the Coulomb crystal made of 8 Ca ions. Ions are trapped and cooled to
a temperature near absolute zero by interrogating with cooling lasers (b).

or coherent manipulation of qubits.

The electric quadrupole transition of 40𝐶𝑎+

Compared to a dipole allowed transition which typically decay on ns [23], The 42𝑆 ↔ 32𝐷

transitions are the dipole-forbidden transitions with rather long lifetime (> 1 s). The
natural linewidth of the transition is an inverse of the lifetime. Thus the linewidth of the
transition is 1 Hz approx and less. This makes those transitions an ideal candidates for
precision spectroscopy and optical atomic clock.

The 40𝐶𝑎+ clock transition is driven by a laser working on wavelength 729 nm. If
the ion is placed inside a static magnetic field of a few Gauss, the Zeeman effect induced
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Figure 1.5: Level scheme of 40𝐶𝑎+. The 𝑆 ↔ 𝑃 transition is used for Doppler cooling,
while the 𝑆 ↔ 𝐷 transition is used for quantum operations.

Table 1.1: Transition wavelength and lifetimes of 40𝐶𝑎+ [33].

𝑆1/2 ↔ 𝑃1/2 𝑆1/2 ↔ 𝑃3/2 𝑆1/2 ↔ 𝐷3/2 𝑃3/2 ↔ 𝐷3/2 𝑃3/2 ↔ 𝐷5/2

𝜏𝑛𝑎𝑡 ns 7,7(2) 7,4(3) 94,3 901 101
𝜆𝑎𝑖𝑟 nm 396:847 393,366 866,214 849,802 854,209

𝑆1/2 ↔ 𝐷5/2 𝑆1/2 ↔ 𝐷3/2

𝜏𝑛𝑎𝑡 s 1.045 1.080
𝜆𝑎𝑖𝑟 nm 396:847 393,366

Table 1.2: Branching ratios of the 𝑃 levels [24].

𝑃1/2→𝑆1/2

𝑃1/2→𝐷3/2

𝑃3/2→𝑆1/2

𝑃3/2→𝐷3/2

𝑃3/2→𝑆1/2

𝑃3/2→𝐷5/2

15,88 150,8 17,6
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by this field defining by the quantization axis and by the electric quadrupole shift splits
the 42𝑆1/2 ↔ 32𝐷5/2 into ten components. There are possible six transitions available for
absolute frequency measurement i.e. the clock laser is locked to the 𝑆 − 𝐷 transition.
They are shown in the Fig. 1.6.

Figure 1.6: Level scheme of 42𝑆1/2 ↔ 32𝐷5/2 transition when the 40𝐶𝑎+ is place in
the static magnetic field. There are six possible transition for an absolute frequency
measurement.

The corresponding frequencies of these transitions are defined as a frequency difference
between the magnetic sub-levels of the ground 𝑚𝑆 and excited state 𝑚𝐷. They are
expressed as follow:

𝑓1 =
1

ℎ
(𝐸𝐷(| 𝑚𝐷 = −1/2⟩)− 𝐸𝑠(| 𝑚𝑆 = −1/2⟩)),

𝑓2 =
1

ℎ
(𝐸𝐷(| 𝑚𝐷 = −5/2⟩)− 𝐸𝑠(| 𝑚𝑆 = −1/2⟩)),

𝑓3 =
1

ℎ
(𝐸𝐷(| 𝑚𝐷 = +3/2⟩)− 𝐸𝑠(| 𝑚𝑆 = −1/2⟩)),

𝑓4 =
1

ℎ
(𝐸𝐷(| 𝑚𝐷 = +1/2⟩)− 𝐸𝑠(| 𝑚𝑆 = +1/2⟩)),

𝑓5 =
1

ℎ
(𝐸𝐷(| 𝑚𝐷 = −1/2⟩)− 𝐸𝑠(| 𝑚𝑆 = +1/2⟩)),

𝑓6 =
1

ℎ
(𝐸𝐷(| 𝑚𝐷 = +5/2⟩)− 𝐸𝑠(| 𝑚𝑆 = +1/2⟩)).

(1.1)

For more convenient way we name a transitions by their magnetic sub-levels differ-
ences. So |2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ as a Δ𝑚 = 0, |2𝑆1/2,𝑚 = −1/2⟩ ↔
|2𝐷5/2,𝑚 = −5/2⟩ as a Δ𝑚 = −2, etc.

By adjusting the polarisation of the circularly polarised light (397 nm sigma beam)
and the polarisation of the 729 laser to relative to the magnetic field, one can alternate the
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coupling strength on these transitions. We then select the transition suitable for resolved
sideband cooling and the transition for precise transition frequency measurement.

1.3.1 Doppler cooling

Ion trapped inside the RF trap typically has a temperature of several hundred up to a thou-
sand Kelvin. In this regime, the energy levels of the ion are mainly influenced by Doppler
effects caused by the ion kinetic energy. The motion of the ion is the superposition of two
types of motion. An excessive micromotion comes from an oscillating RF trap drive. The
secular motion is given by DC voltages applied to endcap electrodes providing the axial
confinement and RF trap potential on quadrupole electrodes. If we want to measure ion’s
transition frequencies more accurately, those motions need to be cooled down to motianal
ground state.

When operating in the so-called Lamb-Dicke regime, the uncertainty of systematic
shifts such as second-order Doppler shift is vastly reduced. A Lamb-Dick regime (or Lamb-
Dicke limit [34]) is a quantum regime in which the coupling between the ion internal
qubit states and its motional states is sufficiently small so that transitions that change
the motional quantum number by more than one are strongly suppressed. In order to cool
the ion down, it is necessary to reduce its kinetic energy. This cooling process is called
Doppler cooling [35, 36].

The table 1.1 indicates that the 𝑆1/2 ↔ 𝑃1/2 transition is the most suitable for Dop-
pler cooling of the 𝐶𝑎+ ion. As it has a very short lifetime, the cooling process can
be repeated many times over this period. As the 𝑆1/2 level decays with a probability
of 6% to metastable 𝐷3/2 level, the optical pumping has to be prevented. This is achieved
by simultaneously exciting the 𝑆1/2 ↔ 𝑃1/2 and 𝐷3/2 ↔ 𝑃1/2 transitions. Both lasers,
i.e. cooling (397 nm) and repumper (866 nm) are phase-locked to frequency optical comb
for more precise tuning. During the cooling process, the frequency of the repumping laser
is kept on the resonance while the frequency of the laser at 397 nm is slightly red detuned.
Due to the Doppler effect, atoms will always absorb more photons from the laser beam
that is moving towards to. Each absorption event causes the atom to lose a momentum
equal to the photon’s momentum.

Due to the favourable branching ratio, the ion is cooled on the 𝑆1/2 ↔ 𝑃1/2 transition
while the influence of the 𝐷3/2 ↔ 𝑃1/2 transition is small. Therefore, the cooling limit
is expected to be close to the Doppler cooling limit of a two-level atom. Yielding a mean
vibrational quantum number of 𝑛 = 10 for a trap frequency of 1 MHz [5]. The reachable
ions temperature is then usually is in hundreds of micro kelvin. In order to cool the ion
into the pure state of motion, one needs an additional cooling step. More details about
this technique is presented in Subsec. 1.3.2
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1.3.2 Sideband cooling

For the secular frequency of about 1 MHz, the Doppler cooling limit results in an average
vibrational quantum number of about 𝑛=10 [37]. Thus a second cooling step is necessary
to initialise the ion into the motional ground state. This step is realised by sideband
cooling technique with a 729 nm laser driving the 𝑆1/2 ↔ 𝐷5/2t transition. When the
laser is tuned to the red sideband from the carrier, the ion is transferred to the 𝐷5/2 level
and simultaneously the motional quantum number n is reduced by one [38, 39, 40, 41,
42].

Due to the long natural lifetime of this level, for an efficient cooling process, the ion
in 𝐷5/2 level is coupled to the fast decaying 𝑃3/2 transition by an 854 nm laser. From
the 𝑃3/2 level, it then, by emitting a photon, decays spontaneously back into the 𝑆1/2, see
Fig. 1.7. In this very simple description, the possibility of the ion decaying into the 𝐷3/2

instead of the 𝑆1/2 level has been neglected. If this happens, the ion is repumped by the
866 nm laser. However, now a decay into the wrong 𝑆1/2 state is possible, and the cycle
is not closed (see Fig. 1.7). The result of the cooling process can be seen as a ratio of the
blue and the red sidebands.

Figure 1.7: Sideband cooling in 40𝐶𝑎+. A 729 nm laser transfers ion from the 𝑆1/2 to
the 𝐷5/2 energy state. This results in reducing the motional quantum number n by one.
A 854 nm laser then transfers the ion to the 𝑃3/2 which has short natural lifetime. From
there it quickly decays to ground state.

1.3.3 Electron shelving technique

At the end of every experiment, the final quantum state of the atom is read out with
Avalanche photodiode (APD). The electron shelving technique allows us to differentiate
the occupation of the ion’s transition [38, 43, 39]. The efficiency of this process is close
to 100%. When the ion occupies the metastable state 𝐷5/2 it is not addressed by the
laser-cooling wavelength and thus will not be able to absorb the light. The fluorescence is
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not visible until it decays into 𝑆1/2 state. The 𝐷5/2 state occupation can be determined
as we repeatably drive the atomic state and measure the fluorescence on the 𝑆1/2 ↔
𝑃1/2 transition. The resulting photon count distribution and the appropriate atomic
level for this method are shown in Fig. 1.8. The left peak corresponds to the ion being
in the non-fluorescence state, while the right peak corresponds to the ion being in the
fluorescing state. Both peaks have a Poissonian distribution. Using the threshold, one
can discriminate between the 𝑆 and the 𝐷 level with an error rate as low as 0.1%.

Figure 1.8: Energy level scheme with involved transitions for electron shelving technique
(left), distribution of count rate for detection time 3 ms (right). Count numbers smaller
then threshold (dashed line) is evaluated as ion being in non-fluorescing 𝐷 state.
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2. Spectroscopy laser
The spectroscopy laser, also called a clock laser, is chosen for the excitation of a transition
between two narrow fine energy levels of an atom. As was already mentioned in Chap. 1,
our research group selected 40𝐶𝑎+ as a qubit for our experiments. The chosen transition
is the electronic quadrupole from 𝑆1/2 to 𝐷5/2 level. The corresponding laser wavelength
needed to probe this transition is around 729 nm. The natural linewidth of this transition
is given by the inverse of the lifetime. So the long lifetime of the states makes these
transitions an ideal candidate for high-resolution spectroscopy [44] and for the realisation
of an optical clock. For these purposes, the interrogation clock laser must have the spectral
line width at the Hz or sub-Hz level.

The most common operation of the spectroscopy laser are:

• high-resolution spectroscopy of narrow transitions,

• resolved sideband cooling of the ion motion,

• detection of the state by electron shelving technique,

• measuring the heating rate of the system using the Rabi spectroscopy,

• measuring the qubit coherence using the Ramsey spectroscopy,

• measuring the stability of the 40𝐶𝑎+ clock.

2.1 External cavity diode laser

In general, there are available three kinds of lasers that work at the wavelength range
of 729 nm. They are dye lasers, optically pumped solid-state lasers and semiconductor
lasers. A very promising was the optically pumped Ti:Sapphire solid-state laser, which
can reach the linewidth at about 25 kHz [45]. Furthermore, it has a very low noise floor
close to the emission line. Nevertheless, the laser needs external optical pumping, which
carries an additional laser source and thus a requirement for the optical table space. Dye
lasers also have external optical pumping, but they also have a poisonous operation due to
the toxicity of dye’s active matter [46, 47]. The semiconductor lasers come with a compact
size, wide tuning range, and high power. A special types of diode laser are external-cavity
diode lasers (ECDL) [48]. Compared with a standard laser diode, the ECDL has a longer
cavity that increases the damping time of the intracavity light and thus allows for lower
phase noise and a smaller emission linewidth (in single-frequency operation). A further
reduction of the linewidth can be achieved by placing an intracavity filter such as the
diffraction grating. Typical linewidths of an ECDL are below 1 MHz. One of these robust
and reliable external cavity diode lasers is a model TA-Pro (Toptica) [49] hereafter as an
L729.
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2.2 The spectral characterisation of the L729 laser

The critical behaviour of the spectroscopy laser is the spectral linewidth below 1 Hz with
the noise background at the level < 50 dB. The first step is then to characterise the
spectral properties of the L729. One traditional method for the laser spectral linewidth
measurement is a beat-note measurement of the laser through optical mixing against a
frequency-stable ultra-narrow linewidth laser. Unfortunately, in our case, we do not have
another stable reference laser with l Hz linewidth at the non-traditional wavelength of
729 nm. However, we have an optical frequency comb FC1500 (Menlosystems GmbH)
that generates the optical spectrum in the near-infrared part of the light spectrum with
a doubling unit, so visible part of the spectrum can be reached.

With the arrival of the optical frequency comb comes a new era of optical metrology
[50, 51]. To support the importance of the work, the fathers of these techniques, Theodor
W. Hänsch and John L. Hall, shared half of the 2005 Nobel Prize in Physics for contri-
butions to the development of laser-based precision spectroscopy, including the optical
frequency comb technique.

In optics, the optical frequency comb is a laser source whose spectrum consists of a
series o discrete, equally spaced frequency lines. There are several methods to generate
ultra-short pulses. Among the most popular ones is with mode-locker laser. Where the
lasers produce a series of optical pulses separated in time by the round-trip time of the
laser cavity. Another method uses the electro-optic modulator (EOM) to modulate the
phase or/and amplitude of the continuous-wave laser [52]. The optical frequency comb
is, in this case, centred around the optical frequency of the continuous-wave laser and an
external radio-frequency source provides the modulation. In this configuration, one can set
both degrees of freedom of the comb independently [50]. Either way, each pulse is formed
as a coherent superposition of numerous equally spaced optical frequencies. Those narrow
spectral components are separated by a repetition frequency 𝑓𝑟𝑒𝑝, and the spectral shift of
the entire frequency comb is called an offset frequency 𝑓𝐶𝐸𝑂. With those two frequencies
known, the OFC is fully defined, and all the it’s frequencies are also known. This feature
gives us a powerful tool as one can determine the unknown frequencies by beating them
with a OFC.

Based on this idea, I put together a setup where the L729 laser is optically mixed with
the output of the optical frequency comb. As a dispersion element, the optical grating has
been used as a filter to eliminate unwanted OFC’s components before a fast photodiode.
The resulted beat-note signal is shown in Fig. 2.1.

The measurement shows that the spectral linewidth of beat-note is around 300 kHz
approx for the integration time 1 s while our optical frequency comb has averaged tooth
spectral linewidth about 50 kHz. It’s clear that L729 contributes to the broad full-width
at half maximum (FWHM) of the linewidth and thus it does not fulfil the requirement
for the efficient pumping of long-lived forbidden transition (42𝑆1/2 ↔ 32𝐷5/2) of 40𝐶𝑎+

ion. Therefore an implementation of the linewidth narrowing technique for the L729
is necessary. In the following chapter, I will describe several techniques I have used to
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Figure 2.1: A spectral profile of the beat-note of a free running L729 and the optical
frequency comb for the integration time 1 s. The laser spectral linewidth is 300 kHz
approx.

achieve a laser with a narrow spectral line for high-resolution spectroscopy purposes.
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3. Emission line narrowing techniques
High spectral purity and coherence laser source is a crucial feature for many applications,
such as atomic physic, high-resolution spectroscopy of trapped ions, coherent manipula-
tion, and communication, to name a few.

This work is dedicated to delivering a laser with an ultra-narrow spectral linewidth
for high precision spectroscopy on 40𝐶𝑎+ ion. As mentioned in Chap. 2, to perform spec-
troscopy on its electric quadrupole transition, one needs a laser with a spectral linewidth
at the level of Hz.

The basis of the laser system for high-resolution spectroscopy of 40𝐶𝑎+ cooled ions
is the L729, whose spectral line-width is around 300 kHz. Therefore, this laser needs
improvement with a technique that reliably ensures the direction of narrowing the broad
spectral lines to the 1 Hz level. I have focused on several methods which I theoretically
designed and experimentally implemented in my work. The main focused methods are:

• the technique of phase-locking the optical frequency of the laser on a selected tooth
of an optical frequency comb,

• narrowing the broad spectral line-width with the help of a fibre interferometer,

• lock the optical frequency of the laser on a selected mode of a high-quality optical
cavity,

• transferring the stability from ultra stable source using the transfer oscillator tech-
nique.

In following sections I designed and experimentally tested pilot arrangements for the
individually mentioned methods. Then I compared achieved results.

3.1 Phase lock to optical frequency comb

The first approach to narrowing the linewidth of the L729 laser is using the phase-locked
loop (PLL) t an external narrow-linewidth reference represented by the optical frequency
comb. The principle of the method is in phase-locking to the laser optical frequency
to a selected component (one tooth) of an optical frequency comb, which has approxim-
ately ten times narrower linewidth than the L729. The schematic of the setup related to
the method is shown in Fig. 3.1.

A PLL is a feedback system combining a tunable oscillator (the L729 in our case) and a
phase comparator, which is usually implemented using an RF mixer. On a photodetector,
the input laser is non-linearly mixed with a OFC tooth producing an RF beat note signal.
Any changes in the input laser frequency will appear as a change in the phase of this
beat note signal. The beat note signal phase is compared to that of an RF reference
signal derived from the H-maser. This detected phase shift serves as an error signal for
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a cascade of fast and slow P-I-D controllers actuating the laser optical frequency. In the
equilibrium state of this control loop, the offset between the laser optical frequency and the
nearest comb tooth will be locked to the frequency of the RF reference signal. Provided
the bandwidth of the control loop is much higher than the original laser linewidth, the
resulting spectral profile of the L729 laser will copy that of the selected optical frequency
OFC tooth. The pilot testing setup of the scheme has been performed and can be seen
in Fig. 3.1.

Figure 3.1: The setup with the L729 laser and the phase lock loop chain for locking the
optical frequency of the L729 laser to the optical frequency comb. LP: Low-pass filter,
RF-mix: Radio frequency mixer, A: Amplifier, PID: Proportional Integral Derivative
controller, SG: Signal generator, PD: Photodetector, PBD: Polarizing beam splitter, FC:
Fibre collimator, FS: Fibre splitter/coupler, FCON: Fibre connection, M: Mirror, BD:
beam dumper, AOM: Acousto-Optic Modulator, 𝜆/2: Half-wave plate, Fspool: Fibre
spool, SHG: Second Harmonic Generation, H-maser: Hydrogen maser, 𝜆METER: high-
resolution wavelength meter, OFC: Optical Frequency Comb.

In order to verify the narrowing process of the L729, further characterisation laser
frequency noise is necessary. For this purpose, I used an unbalanced Mach-Zehnder in-
terferometer (MZI) in accordance with [53, 54]. This so-called self-heterodyning method
determines the relative phase shifts between the two separated beams originating from a
single source. The phase difference is induced by differences in the length of the path-
ways. In our case, a fibre spool delay line is inserted into one of the interferometer arms
and an acousto-optics modulator (AOM) is placed in the other arm. The AOM shifts
the optical frequency by 80 MHz. The heterodyne detection is accomplished by mixing
signals of the laser frequencies propagated in the long and the short arm. The output
beam is then focused onto a fast photodetector and analysed by a radiofrequency (RF)
spectral analyser. The analysed power spectral density (PSD) of the frequency noise of
the L729 laser was measured in the frequency range from 1 Hz to 200 kHz with a resol-
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Figure 3.2: The optical setup for the stabilisation the L729 laser by phase loop lock to the
optical frequency comb. The L729 is delivered via a polarisation maintaining fibre(the
upper right corner). The OFC enters the SHG stage and enters the optical beat-noting
setup from the left. Laser beams from L729 and OFC are aligned so that they met at the
photodetector.

ution bandwidth of 1 Hz. The data was analysed after averaging 100 sweeps of the RF
spectrum analyser. The comparison of the free-running laser and the laser phase locked
to one tooth of the optical frequency comb is shown in Fig. 3.3 (power spectral density)
and Fig. 3.4 (beat-note spectrum).

As we mentioned above, previous measurements in our laboratory revealed that the
individual component (one tooth) of the optical frequency comb has a line width of 50
kHz approx. for 1 s integration time. Thus I expected that implementing the phase
lock of an L729 onto the OFC would reduce laser linewidth by a factor of ten approx..
The advantage of this method, besides the line width narrowing, is that the L729 optical
frequency is derived from a metrologically traceable time scale thanks to the referencing
of the OFC with an active hydrogen maser that can reach a 10−15 fractional frequency
stability for 104 s integration time. For high-resolution spectroscopy, this narrowing factor
is still not sufficient. However, it is abundantly used for the rest of the wavelengths that
do not require such a pure spectrum profile.

3.2 Stabilization using fibre-spool

The previous realisation of the laser frequency noise analyser based on the MZI with a
fibre spool as a frequency discriminator gives an idea that one can use it also to spectral
narrowing of the laser frequency directly.

The fibre spool is built using a 500 m long single-mode fibre tightly wound in a helix
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Figure 3.3: The power spectral density of the L729 frequency noise for free-running regime
(blue) and for the phase lock to optical frequency comb regime (red). The green line
indicates the approx. level of optical frequency comb noises.

Figure 3.4: Normalized beatnote spectrum of the L729 laser. Comparison of free-running
(blue) and phase-locked on the optical frequency comb tooth (red) regime.

form and gives a fixed relative time delay 𝜏 = 2.45 𝜇s. The MZI then converts the deviation
of the laser optical frequency (𝜈𝑜𝑝𝑡) into phase error (𝜙𝑒𝑟𝑟) in the radio frequency domain.
The transfer function can be written as

𝜙𝑒𝑟𝑟(𝑓)

𝜈𝑜𝑝𝑡(𝑓)
= 1−𝑒−𝑗2𝜋𝑓𝑡𝑎𝑢

𝑗𝑓
(𝑟𝑎𝑑/𝐻𝑧), (3.1)
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where 𝜏 is the fibre-induced delay. The maximum bandwidth of the laser stabilisation
loop is limited by the delay introduced by the fibre spool. Practically the frequency limit
is ≈ 1/(2 · 𝜏). In our case, the imbalance arm with 500 m results in a bandwidth limit
of ≈ 0.2 MHz. The deviation of 1 Hz from the reference frequency in the optical domain
will transfer into an approximately 15 𝜇rad phase signal in the RF domain. If the fibre
length is 5000 m, a 1 Hz deviation will convert into 150 𝜇rad, etc. Here one can see that
the sensitivity of the frequency discriminator is directly proportional to the length of the
fibre spool.

The advantage of this method lies in its simplicity and not requiring any complicated
instrumentation. However, it is essential to isolate the fibre from environmental perturb-
ations such as temperature and vibration noises for long-term purposes. A long fibre is
susceptible to mechanical stress and thus will induce excess frequency noise in fibre sta-
bilised laser. So one can find himself stabilising not the laser, but the fibre spool as the
induced noise from fibre exceeds the laser noise. To overcome this problem, one can build
an isolation box around the spool or insert it into a vacuum chamber.

I put together a setup where the L729 linewidth is suppressed by MZI technique.
The schematic diagram us shown in Fig. 3.5.In my experiment, the initial optical wave is
divided into two separated waves by a 50/50 coupler. One enters the 500 m fibre spool,
and the other one is frequency shifted by the AOM that is driven by an RF frequency 𝑓𝑐𝑎𝑟𝑟
= 80 MHz. A 50/50 beam splitter then recombines those two waves. This beat-note signal
at a carrier frequency carries information about laser frequency noise and environmentally
induced phase noise. The detected signal is then amplified and compared with a reference
signal provided by H-maser. Depending on the phase difference of these two signals, the
controller adjusts the L729 injection current.

I tested the L729 narrowed by MZI technique in the spectroscopy on the 42𝑆1/2 ↔
32𝐷5/2 transition on the single cooled calcium ion. Thus using the primary pulse sequence,
including the electron shelving technique, the spectrum of one Zeeman component is
obtained (see Fig. 3.6). We can see the carrier of this transition and its secular motional
sidebands when the laser was scanned over the spectrum. The spectral linewidth of
the laser stabilized by MZI technique is still very broad (<50 kHz). For more detailed
information on electron shelving, please see Subsec. 1.3.3.

3.3 Transfer oscillator technique

Another stabilisation method is based on using a so-called transfer oscillator technique
described in [55, 56]. It allows us to transfer spectral profile of s highly coherent laser
from one wavelength to another laser working at a different wavelength. We operate a
laser working at 1540.57 nm (L1540) in our department at ISI CAS [57]. The laser L1540
is based on a narrow-linewidth fibre laser Basik11, which is phase locked to high-finesse
optical cavity. This laser is used for stabilization of the optical frequency comb repetition

1NKT Koheras Basik.
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Figure 3.5: The schematic diagram of the stabilisation stage using the Mach-Zehnder
interferometer in the servo-loop. PID: Proportional Integral Derivative controller, PD:
Photodetector, PBD: Polarizing beamsp litter, FC: Fibre collimator, FS: Fibre split-
ter/coupler, FCON: Fibre connection, M: Mirror, BD: beam dumper, AOM: Acousto-
Optic Modulator, 𝜆/2: Half-wave plate, Fspool: Fibre spool, SHG: Second Harmonic
Generation, 𝜆METER: high-resolution wavelength meter, OFC: Optical Frequency Comb.

Figure 3.6: The captured spectrum of the the 𝑆1/2 → 𝐷5/2 transition of 40𝐶𝑎+ ion meas-
ured with the L729 narrowed by means of the unbalanced fibre-spool Mach-Zehnder in-
terferometer.

frequency. Thanks to advanced synchronization technique where the H-maser plays a role
of disciplining oscillator for the OFC, the laser frequency of the L1540 is stable with the
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Figure 3.7: The optical setup for the stabilisation the L729 laser with unbalanced Mach-
Zehnder interferometer. The original wave is separated by an fibre optical splitter. One
of them is frequency shifted by an acousto-optic modulator. The second one is delayed
by a 500 m long fiber spool. Those two waves are then combined in a polarising beam
splitter and detected by a fast photodetector.

same relative stability as the H-maser. I put together a pilot setup where the spectral
profile and stability of the L1540 is transferred to spectroscopy L729 with using the OFC.

Figure 3.8: Transfer oscillator technique. DDS: Direct Digital Synthesizer, 𝑥/𝑦: Fiber
Optic Coupler. RF-mix: Radiofrequency mixer, PD: Photodetector. RF SYN: Radiofre-
quency synthesizer, 10 MHz reference is provided by the H-maser.

First, the L729 and L1540 lasers are individually optically heterodyned with specific
teeth of the optical frequency comb, closest to their optical frequencies. We will name
indices of those teeth as 𝑁729 and 𝑁1540. Due to the properties of the OFC spectrum
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defined as 𝜈𝑘 = 𝑓𝑐𝑒𝑜+𝑘 ·𝑓𝑟𝑒𝑝, frequency deviations observed between the 𝑁1540
𝑡ℎ tooth and

L1540 relate to observed deviations between L729 and the 𝑁729
𝑡ℎ tooth. The relationship

between L1540 and L729 beat frequency deviation observed at the same time can be
expressed as Δ𝜈𝐿729 = Δ𝜈𝐿1540 · 𝑁729

𝑁1540
. To subtract this frequency noise from the L729

beat, the beat signal of L1540 is frequency multiplied by the ratio of 𝑁729/𝑁1540 using a
direct digital synthesiser (DDS) DDS3 and then mixed with the L729 beat. The technique
of frequency multiplication by DDS was thoroughly described in [58]. Since the 𝑓𝑐𝑒𝑜 lock
of the OFC has its bandwidth limited by approx. 9 kHz, there is some non-negligible
residual frequency noise originating from the OFC pump laser present at higher Fourier
frequencies of the 𝑓𝑐𝑒𝑜 signal. This frequency noise is present in the L729 beat as well.
The 𝑓𝑐𝑒𝑜 signal from the OFC is thus used for subtracting this frequency noise from
the L729 beat note. After frequency multiplying the 𝑓𝑐𝑒𝑜 signal appropriately by DDS2
and mixing it with the L729 beat as shown in Fig. 3.8, we get the resulting virtual "transfer
beat" independent of both 𝑓𝑟𝑒𝑝 and 𝑓𝑐𝑒𝑜. Using this beat signal in a phase-locked loop,
we can narrow down the L729 laser to a level allowing us to efficiently transfer the qubit
population into |𝐷5/2⟩ with a precision <3 kHz, see Fig. 3.9.

Figure 3.9: Frequency scan over a carrier on a transition Δ𝑚 = 0 with the L729 narrowed
by the transfer oscillator technique. The spectral linewidth is 3 kHz approx.

The disadvantage of the transfer oscillator technique lies in the complexity of the whole
setup with many broadband servo loops that inevitably lead to transferring residual noise
from various sources, including complex locking electronics, into the resulting laser. Those
residual noises interact with the ion in the form of off-resonance excitation of the transition
lines, which reduces the fidelity and degrade the cooling process.

3.4 High finesse optical cavity at 729 nm

A more traditional and, so far, the most implemented method is the phase locking tech-
nique based on ultra-stable Fabry-Perot interferometers (FPI), also known as high-finesse
(HF) cavities [59]. The optical cavity consists of two highly reflective mirrors optically
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contacted to stable spacer [60, 61]. The spacer is usually made from a material that
has a very low expansion coefficient, like Ultra-low Expansion glass (ULE®) or a silicon
single-crystal [59, 62]. HF-cavities as references are broadly used and already commer-
cialised (Stable Laser Systems)[63]. The important property of these cavities is that their
fractional frequency instability of the longitudinal cavity mode directly relates to its frac-
tional length instability. HF cavities can serve as very sensitive frequency discriminators.
Using the Pound-Drever-Hall (PDH) [64] detection technique in a servo loop, we can lock
a spectroscopy laser wavelength to the HF-cavity length and achieve the laser with Hz or
sub-Hz spectral linewidth [62].

Moreover, one can find a relation between the finesse of the optical cavity and the
locking process. Effectively it is a number of the bounces a beam must make before
leaking out or being absorbed. It is fully determined by the optical cavity losses and is
independent of the optical cavity length. The finesse of HF-cavity is usually in the range
of 105.

The higher the finesse, the higher gain one can achieve in the control loop. The
limitation of this technique lies in two aspects. The first is an aging of the optical cavity’s
spacer which leads to permanent shift of the resonant frequency, thus very low frequency
noise. The other aspect is in the Brownian thermo-mechanical noise [65, 66] in the material
of mirrors, which directly leads to fluctuations of the optical length of the optical cavity
and thus affects the frequency noise of the laser locked to it in broad range of frequencies.
Using this method for the spectroscopy laser narrowing and frequency stabilisation, the
fractional frequency stability of the laser can reach 10−16 level for integration times shorter
than 1 s [4].

3.4.1 Optical cavity principle of operation

The optical cavity is an arrangement of mirrors which allows light to form a standing
wave called an optical cavity modes at specific resonant frequencies. There are many
types of optical cavities available with a different arrangements of the mirrors. Each one
of them has some pros and cons. The most common type is hemiconfocal optical cavity.
It’s arrangement consists of a plan-parallel (PPM) and a plan-concave mirror (PCM),
Fig. 3.10.

An incoming Gaussian beam enters the optical cavity via a PPM. With correct con-
ditions, in terms of spatial light incoupling and frequency constraints, it can be matched
into this optical cavity’s fundamental mode (𝑇𝐸𝑀00). Since the physical parameters
of the optical cavity is fixed, the only adjustable parameters are the position and size of
the beam waist of the incoming beam. Thanks to the asymmetric arrangement of the
mirrors, we can place the beam waist at the position of the planar mirror. Furthermore,
by adjusting the horizontal and vertical position of the incident beam, one can ensure the
right matching of the spatial model of the laser to that of the optical cavity [67]. The
beam waist can be calculated as follows:

30



Figure 3.10: The hemiconfocal optical cavity with a plan-parallel mirror on one side and
a plan-concave mirror on the other side. Here 𝑅𝑃𝑃𝑀 = ∞ and 𝑅𝑃𝐶𝑀 = 500 mm.

𝜔4
0 =

𝜆2

𝜋2
(𝑅− 𝐿)(𝐿). (3.2)

Where 𝑅 is the radius of a PCM and simultaneously the radius of curvature of Gaussian
beam at the position 𝐿. The second condition requires the beam phase to reproduce itself
after a competed round trip. That means that the Gaussian beam inside the optical cavity
has to be restricted to certain resonance frequencies.

If all the requirement are met, the laser light resonate inside the optical cavity in the
form of Hermite–Gaussian modes [68][67]. The simplest of those are the Gaussian modes,
where the field distribution is defined by a Gaussian function. The intensity distribution of
such a mode has 𝑛 nodes in the horizontal direction and 𝑚 nodes in the vertical direction.
For 𝑛 = 𝑚 = 0, the mode is called the fundamental mode or axial mode 𝑇𝐸𝑀00. It has
the simplest intensity profile and thus has the highest beam quality. Other modes are
called higher-order transversal modes and have a more compacted intensity profile. The
axial modes spacing (between two 𝑇𝐸𝑀00 modes) is called a Free Spectral Range (𝐹𝑆𝑅)
and is defined as

𝜈𝐹𝑅𝑆 =
𝑐

2𝑛𝐿
. (3.3)

Where 𝑛 is the refractive index of the optical cavity. We can adjust the coupling
into the optical cavity so that the distribution of the intensity into higher-order modes
is negligible to the intensity of the 𝑇𝐸𝑀00. By placing the sensitive photodetector after
the optical cavity, we can directly observe the spectral profile of the mode. And the
linewidth of the mode is defined as the full width at half maximum (𝐹𝑊𝐻𝑀) of the
transmission peaks,

𝛿𝜈 =
𝜈𝐹𝑆𝑅

ℱ . (3.4)

Where ℱ is finesse of the optical cavity. One can see that the higher the finesse, the
narrower the spectrum of the transmitted spectra. Thus the better quality of the optical
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cavity. A laser is typically locked to a 𝑇𝐸𝑀00 mode of the optical cavity. Thus only
stepwise changes of the laser frequency by one 𝐹𝑆𝑅 are possible.

When the light with a wavelength 𝜆, is sent to the optical cavity and reaches the
first mirror, it is partially reflected and partially transmitted. The transmitted light then
travels inside the optical cavity until it reaches the second mirror, where it splits into
reflected and transmitted parts again (Fig. 3.11). These transmitted and the reflected
fields are then given by

𝑡 =
𝐸𝑡

𝐸𝑖

𝑎𝑛𝑑 𝑟 =
𝐸𝑟

𝐸𝑖

. (3.5)

Figure 3.11: Multiple-beam interference of reflected and transmitted light in the optical
cavity (for this example, it is simplified to the optical cavity arrangemenr with two PPMs).

With 𝐸𝑖 = 𝐸0𝑒
𝑖𝑤𝑡 being the electric field amplitude of the incident light wave, 𝑟 the

reflection coefficient and 𝑡 the transmission coefficient. Here 𝑟 and 𝑡 relates to each other
as:

𝑟2 + 𝑡2 = 1 𝑎𝑛𝑑 0 ≤ 𝑟, 𝑡 ≤ 1, (3.6)

where 𝑟2 = 𝑅 is the reflectivity and 𝑡2 = 𝑇 is transmission of a mirror. For simplicity,
the absorption in the mirrors is not considered.

When calculating the reflection coefficient of the optical cavity, one has to take into
account the phase 𝜙 that the light accumulates during the time 𝑇𝜙 while bouncing from
one mirror to the other and back again. Furthermore, the 𝜋 phase shift of the light as
it is reflected at the first mirror has to be also taking into account. The phase 𝜙 can be
expressed as

𝜙 = 𝜔𝑇𝜙 = 2𝜋
2𝐿

𝜆
. (3.7)
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So a factor of 𝑒𝑖𝜙 has to be added for every roundtrip of the light. The total reflected
field for the optical cavity without losses is then given by:

𝐸𝑟 = 𝐸𝑖(−𝑟1 + 𝑡1𝑟2𝑡1𝑒
𝑖𝜙 + 𝑡1𝑟2𝑟1𝑟2𝑡1𝑒

2𝜙 + ...) = 𝐸𝑖(−𝑟1 +
𝑡21𝑟2𝑒

𝑖𝜙

1− 𝑟1𝑟2𝑒𝑖𝜙
). (3.8)

In case of a symmetric optical cavity, 𝑡1 = 𝑡2, 𝑟1 = 𝑟2 this equation is reduced to

𝐸𝑟 = 𝐸𝑖𝑟
𝑒𝑖𝜙 − 1

1− 𝑟2𝑒𝑖𝜙
. (3.9)

This term is important to derivering the Pound-Drever-Hall locking signal. The prin-
ciple of this laser frequency stabilising method is described in [64]. The reflected and
transmitted intensities of a symmetric lossless optical cavity are:

𝐼𝑟 = 𝐼0
4𝑅𝑠𝑖𝑛2𝜙

2

𝑇 2 + 4𝑅𝑠𝑖𝑛2
𝜙

2

, (3.10)

𝐼𝑡 = 𝐼0
𝑇2

𝑇 2 + 4𝑅𝑠𝑖𝑛2
𝜙

2

. (3.11)

As was aforementioned, the finesse of an optical cavity is effectively the number of
bounces a beam makes before it leaks out or is absorbed. Thus the finesse is directly
related to the reflectivity of the mirrors [11]. Assume the situation that the laser is sud-
denly switched off. The light in the optical cavity will still exist (accumulated) due to
the high reflection of mirrors. But each time the beam interacts with the mirror, it loses
a certain % amount of its power due to transmission. The quality of the optical cavity
(i.e. of its high-reflective coatings on the mirrors) can thus be defined by its losses.

𝛼𝑟 = 𝛼𝑠 + 𝛼𝑚1 + 𝛼𝑚2. (3.12)

Where 𝛼𝑠 is loss due to internal scattering and 𝛼𝑚1+𝛼𝑚2 are contribution of mirror losses
that are defined as:

𝛼𝑚 =
1

2𝐿
𝑙𝑛
1

𝑟
, (3.13)

Where 𝑟 is reflectivity of mirror. Finesse of the optical cavity is then defined as:

ℱ ≈ 𝜋

𝛼 𝑟
= 2𝜋𝜏𝑝𝜈𝐹𝑆𝑅, (3.14)

where 𝜏𝑝 is mean lifetime of photons in the optical cavity.

𝜏𝑝 =
1

𝛼𝑟𝐶
. (3.15)

Or one could find mean lifetime of photons 𝜏𝑝 related to linewidth could be calculated as

𝜏𝑝 =
1

2𝜋𝛿𝜈
. (3.16)

This widely used technique is called cavity ring-down spectroscopy (CRDS). We can
precisely determine its finesse by measuring the exponentially decaying light intensity
leaking from the optical cavity.
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3.4.2 Pound-Drever-Hall method

The optical cavity responds to the laser frequency change and can be detect in the form
of transmitted and reflected light, which can be used to produce the error signal for the
servo. The simplest way is to lock the laser frequency into one side of the fringe (known
as side-looking). As the slope of the fringe is very steep, just a slight change in laser
frequency will produce a strong cavity response. Unfortunately, with this method, one
cannot distinguish between the laser frequency and the intensity fluctuation. Also, as a
modulation-free technique, the signal is detected at DC, which can contain a significant
amplitude 1/𝑓 noise.

With the Pound-Drevel-Hall (PDH) stabilisation technique, we can avoid most draw-
backs by modulating the laser phase at a high frequency. The error signal is thus detected
at frequency, where the technical noise is very weak and thus total noise is near the shot-
noise limit [69]. The phase-modulated signal consists of a carrier and two sidebands. One
at the higher frequency (𝑓𝑐𝑎𝑟𝑟+Ω), with a phase relative to the carrier, is in phase with the
modulation, while the one at a lower frequency (𝑓𝑐𝑎𝑟𝑟−Ω) is out of phase by 180∘. Thanks
to this odd symmetry about the optical cavity line centre, we can lock the frequency to
the optical cavity resonance peak.

Figure 3.12: Scheme of the PDH locking technique. Isolator: Faraday isolator, EOM:
Electro-optic modulator, PBS: Polarizin beam splitter, SG: Signal generator, BP: Band-
pass filter, A: Amplifier, CO: Collimation optics, PID: Proportional Integral Derivative
controller, fm: modulation frequency.

The Fig. 3.12, shows the basic setup for PDH locking technique. The laser beam
from the L729 is firstly sent through an optical isolator to avoid the back reflection of
the laser to the laser diode. The laser beam is then phase modulated EOM and coupled
into the optical cavity via the polarising beam-splitter and the quarter-waveplate. The
reflected beam from the optical cavity is sent back through the quarter-waveplate and the
beam-splitter into the avalanche photodetector.

The detected beat-note signal is a nonlinear mixing of reflected spectra multiplied
by a complex function of the optical cavity reflection coefficient. The phase and the
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amplitude of this signal, at frequency 𝑓𝑚, depends on the laser detuning from the optical
cavity mode.

The photodetector will respond as follows. If there is no phase shift of the carrier
or modulation sidebands with respect to one another, there will be no response signal
at the modulation frequency. The reason is that a beating signal of the carrier and the
upper sideband will create a photocurrent modulation that is exactly cancelled by the
out-of-phase modulation from the lower frequency side. If on the other hand, the car-
rier’s phase is shifted or the sidebands are phase-shifted, there will be a response at the
modulation frequency.

The phase-sensitive demodulation of this signal against the RF reference (driving the
modulator crystal and thus providing the frequency offset between the carrier and phase
modulation sidebands) converts the symmetric minimum in the optical cavity reflection
coefficient into the desired antisymmetric frequency discriminator curve (better known
as PDH error signal). The locking point is the zero in the central high-slope region of this
curve. The steepness of this slope, thus the sensitivity to the fractional optical frequency
change, is inversely proportional to the linewidth of the optical cavity mode.

The error signal leads to a fast analogue controller, which steers the frequency of the
laser at the front of the high-finesse optical cavity setup. To reduce the laser linewidth
effectively, such a control loop’s bandwidth needs to be approximately two times higher
than the initial spectral linewidth of the laser.

This technique is described in more details in [64, 70, 71, 72].
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4. Experimental setup
After a thorough investigation and implementation of various frequency stabilisation tech-
niques, I considered the limitations of each technique. The result of implementation con-
cludes that the best technique (in both short-term and long-term points) is to optically
stabilise the L729 by locking its frequency to the ultra-stable HF-cavity (ULE C729) and
providing additional control for keeping the aging effect of the C729 spacer at a very low
level.

4.1 Optical setup

This section aims to present my final optical assembly that is currently used at the Insti-
tute of Scientific Instruments - ion setup. The assembly is used 24/7 for high spectroscopy
on trapped and laser-cooled calcium ions for carrying out many experiments from metro-
logy, quantum optics and mechanics. I carefully selected the best aspects out of all the
methods described in the Subsec. 3 and embedded them in one single optical setup. The
scheme of the whole optical setup is shown in the Fig. 4.1.

The setup can be divided into two main blocks. One with the implemented the C729
and its optical requirement for the locking process. The second one is for producing the
Ttransfer beat signal, which compensates for the C729 drift. A small portion of the light
is firstly coupled and transported to the wavelength meter and the beating stage with
the OFC. The main laser beam enters the setup with a single pass AOM for intensity
stabilisation. The rest of the optical setup in the vicinity of the L729 is for frequency
preparation before entering the chamber with cold 40𝐶𝑎+ ion.

4.1.1 Diode laser and fibres

The laser used for the experiment (L729) is a model TA-Pro1. TA-Pro series consists of a
laser diode chip with one end being anti-reflection coated. The laser cavity is completed
with a collimation lens and a mirror. This External-cavity diode laser is equipped with
a tape amplifier (TA) which allows for high power (400 mW) at a wavelength of 729 nm.
An intracavity diffraction grating provides a sufficiently wide coarse tuning of several nm.
The correctly set laser typically provides approx. 20 GHz mode-hop free tuning range.

To transport a laser light into many stages, we use polarisation maintaining fibres2.
The stabilisation stage with C729 is connected via 10 m long fibre, the beating stage with
an optical frequency comb, 3 m long fibre and the ion setup 10 m long fibre.

The fibre itself induces the noise into the laser light by Doppler effect. Thus the
connection path with C729 is equipped with fiber cancellation (FNC). In the future, we
plan to integrate this technique also on the rest of the long fibre connection.

1TA-Pro, Toptica, Germany [49].
2Thorlabs, panda style PM-fiber.
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Figure 4.1: Setup for the frequency stabilization of the L729. PID: Proportional-Integral-
Derivative controller, DDS: Direct Digital Synthesizer, Drift comp.: L1540 cavity drift
compensation controller, AOM: Acousto-Optic Modulator, TO: Tracking oscillator, EOM:
Electro-Optic Modulator, SHG: Second Harmonic Generation, FNC: Fiber Noise Cancela-
tion, 𝑥/𝑦: Fiber Optic Couplers, OFC: Optical Frequency Comb, SHG: Second Harmonic
Generation unit.

Figure 4.2: Scheme of the TA-Pro (L729) [49]. The laser diode generate a stable light.
After it pass the first isolator a portion of its light is steered out from the housing. This
additional beam can be used for monitoring. The main wave is then amplified, passed
through a second isolator and leave the laser housing. If the laser is well set, we can
achieve an optical power of 400 mW approx.
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4.1.2 Optical frequency comb

In our laboratory, we use a commercially available frequency comb3 with an intracavity
electro-optic modulator based on an Er3+-doped fibre oscillator with a repetition rate
𝑓𝑟𝑒𝑝 = 250 MHz. The offset frequency of the COMB 𝑓𝐶𝐸𝑂 is locked to RF reference derived
from a H-maser4. To get a broader range of optical frequencies, the output laser beam
of the OFC is doubled by a second harmonic generation (SHG) process and broadened
by a photonic crystal fibre to generate a super-continuum (broad optical spectrum). The
result is the OFC spectrum range from 600 to 900 nm. This gives us a reliable instrument
to stabilise all the wavelengths involved with 40𝐶𝑎+ (see Fig. 1.5).

4.1.3 Transfer oscillator technique

The transfer oscillator technique produces a virtual transfer beat-note between the L729
and the L15405. The mediator between two lasers is the OFC. To achieve higher coherence
of the L1540, it is locked to the C15406.

As it was described in Sec. 3.3, using special signal conditioning under "transfer oscil-
lator technique", the frequency noise induced by 𝑓𝑟𝑒𝑝 and 𝑓𝑐𝑒𝑜 is removed from the beat
note between L729 and the nearest OFC tooth.

The resulting virtual beat note signal between L729 and L1540 can be used either
for locking the L729 optical frequency directly to L1540 or for precise monitoring and
compensation of drifting exhibited by the L729 locked to a C729. In the case of this work,
the second approach brings more advantages since it leads to less high-frequency technical
noise to the resulting laser spectral profile.

4.1.4 Acousto-optic modulators for spectroscopy purposes

In general, the laser frequency of the transition 𝑆1/2 ↔ 𝐷5/2 of 40𝐶𝑎+ does not coincide
with the C729 resonance frequency. In our case, the laser frequency of L729 is needed
to be tuned so that it matches the mentioned transition of the ion. For this purposes
I used four AOMs7. They excel in many aspects (i.e. high optical power density, high
diffraction efficiency, wide frequency tuning range). two of them are capable of shifting
by 80 ± 40 MHz, one of them 40 ± 20 MHz and one 270 ± 100 MHz. AOM1 and
AOM2 operate in the double-pass configuration. This arrangement enables to shift the
frequency of the passing beam by factor two without loss in power due to the changes
in coupling angle. The rest of AOMs are arranged in a single-pass configuration, which
allows preservation of the beam’s optical power while simultaneously operating with them.
The fig. 4.1 shows the AOMs position as they follow the path of the laser. Their task is

3Menlo Systems M-Comb 1550.
4T4 Science iMaser 3000.
5NKT Koheras Basik, working at 1540.57 nm.
6HF-cavity (ULE), Stable lasers, finesse approx. 4.5 x 105.
7Brimrose corp [73].
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as follows:

• AOM1 - intensity stabilisation, scanning and pulse sequencing for spectroscopy tech-
niques with 40𝐶𝑎+ ion,

• AOM2 - slow C729 drift compensation due to aging of the HF-cavity spacer,

• AOM3 - fibre noise cancellation for the fibre connecting the laser L729 within the
C729,

• AOM4 - slow C1540 drift compensation due to aging of the HF-cavity spacer L729.

The RF signals driving the AOMs are delivered either by a signal generator or by
a Direct Digital Synthesizer unit, developed and built by our team in ISI CAS. All are
equipped with 10 MHz stable references fed from H-maser. AOMs are operated close to
their maximum RF-power limit (1.5 W), where their diffraction efficiency is specified to
be optimal.

4.1.5 Electro-optic modulators

The light leaving the collimator in the C729 side first passes through a Faraday isolator.
This ensures that the light reflected back will not pass through the Faraday isolator again
and will not be collimated back to the L729. It prevents unwanted lasing of the L729 due
to back-reflections from the optical setup. After that the light is phase modulated by an
EOM8 with frequency of 𝜔 = 12.9 MHz producing the sidebands on the frequencies ±Ω

as seen in Fig. 4.3. The ratio of the optical power in the carrier and in the first sideband
can be expressed as

𝑃𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑

𝑃𝑐𝑎𝑟𝑟𝑖𝑒𝑟

≈ 0.65. (4.1)

4.1.6 High finesse cavity

The HF-cavity C729 operated in our laboratory is a commercially available HF-cavity
working at 729 nm purchased by Stable Laser Systems. The high reflected coating on the
mirror was fabricated by Advanced Thin Films. It consists of two fused silica mirrors of
0.165" thickness and 0.5" diameter, separated by a distance of 47.65 mm.

The polished finish of the inner and outer mirror substrates has a surface quality factor
of 10−5 and 20−10, respectively. Those are results from spectrometric measurements of
the reflection and transmission coefficients of these substrates, carried out by the manu-
facturer. According to this data, the reflection coefficient 𝑟 of the inner surfaces of the
optical cavity mirrors at 729 nm is 0.9995, corresponding to a finesse of about 400 000
approx. But following measurement of the finesse by the ring-down technique confirmed
slightly decreased value.

8Conoptic, model: 370 (USA)
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Figure 4.3: Frequency spectrum of the EOM output with carrier and the two first order
sidebands, when modulating the laser light with 𝜔 = 12.9 MHz (left). A corresponding
PDH error signal as the frequency of the laser were scanned. The set-point for locking
the laser frequency is in the middle of the slope of of this signal (right).

The C729 spacer to which the mirrors are attached is made from premium-grade ULE
glass. This type of glass has a very low thermal expansion coefficient (typically 10−9𝐾−1

The curvature of the second mirror is 500 mm. By adjusting the optical alignment of
the incident beam and the axial axis of the C729 and placing the beam waist of 194 𝜇m
(calculated by Eq. (3.2)) at the plan-planar mirror (PPM), the axial modes in the C729 are
generated. Even if the coupling to the C729 was optimal, the higher-order modes were
always present to a small amount, especially the 𝑇𝐸𝑀01, 𝑇𝐸𝑀10 and 𝑇𝐸𝑀11. Those
modes can distort the locking error signal and therefore diminish the performance of the
C729 (lower finesse mainly). So it is in the best interest to suppress them as much as
possible. Much higher-order modes were not a problem because they are out of range of
the bandwidth of the locking loop. A large frequency scan of the transmission spectra of
the C729 is shown in Fig. 4.4. The spectrum includes 𝑇𝐸𝑀00 modes only with the period
3.14 GHz. Some higher modes can be observed, but as they are very far from 𝑇𝐸𝑀00

mode (more than 300 MHz), they can be neglected.
Once I know the exact 𝐹𝑆𝑅, I calculated the C729 length using the Eq. (3.3). The

resulting 𝐿 of the C729 is 47.65 mm.
The finesse of the C729 was determined by the decay time 𝜏 of the light field leaking

out of the C729 during the ring-down response. The exponential fit to measured data
yields an average photon storage time 𝜏 = 17.8 𝜇𝑠 thus, according to Eq. 3.14 the finesse of
C729 is quantified as 351 000 approx., and the corresponding linewidth of the fundamental
cavity mode is 𝐹𝑊𝐻𝑀 = 8.9 kHz approx. This narrow transition provides enough room
for detecting laser frequency changes down to a Hz level.
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Figure 4.4: The transmission spectrum of the C729 over 9.0 GHz scanning range. The
central optical frequency of the L729 was 411.041702 THz. (left). The record of the ring
down measurement shows the decay of light stored inside the HF-cavity (C729) after the
laser light from the L729 is switched off (right). the corresponding finesse of the C729 is
351 000 approx..

4.1.7 Optics for C729 incoupling and detection

After the EOM, the light passes through several optical components, namely the focusing
lens, a beam sampler, a half-wave plate, a polarisation beam splitter (PBS) cube and the
quarter-wave plate (in this order) until it reaches the first mirror of the C729. According
to Subsec. 3.4.1, one needs to satisfy certain conditions for successful mode matching of
the laser light into the resonance mode of the C729. The beam must be focused on the
first mirror, the plane-parallel mirror. The beam waist at the position of this mirror has
to have an appropriate width. By inserting the C729 diameter into the Eq. (3.2) the waist
spot size on the PPM was determined to be 369 𝜇m.

The choice of the appropriate focusing lens depends on the measured diameter of the
incoming, collimated beam and the required and calculated spot size. For the fine-tuning
of the focusing spot, the lens is mounted on a translation stage. The beam sampler
placed before the C729 extracts a portion of the light and directs it into a photodetector
for intensity monitoring followed by an intensity stabilisation. This ensures that the
intensity peak visible on the transmitted spectra is caused by frequency changes and
not by an intensity fluctuation of the L729 light. The intensity control also helps with
unwanted heating of the C729 mirrors due to high power incoming beam. Under normal
conditions, the light entering the C729 has approx. 30 𝜇W. Using the higher power would
result in a stronger PDH error signal and consequently better lock but, on the other hand,
causing strong power build-up inside the optical cavity due the high-finesse of the C729.
This leads to local heating of the mirrors and thus mentioned unwanted frequency drift.
The quarter-wave plate ensures that the reflecting wave from the C729, which effectively
passes the plate twice and thus has an opposite polarisation compared to the incoming
light, will be redirected on PBS and focused into a fast photodetector. On the other side
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of the C729, the transmitted light is either detected by a sensitive photodetector9, or it is
redirected to the CCD camera10 by a flip mirror. The camera is very useful for finding the
correct cavity mode, but when it is found, it is desirable to monitor the transmitted power
at its full range. The overall view of the optical arrangement with the C729 HF-cavity is
in Fig. 4.5.

Figure 4.5: The optical setup for a mode-matching the laser wave into the C729. The
vacuum chamber with the C729 is situated in the middle, surrounded by necessary optical
and electro-optical elements for mode-matching, adjusting the beam waist and its spatial
adjustment, cavity mode detection and generating the error locking signal. C729 optical
setup lies on an anti-vibration platform on the top of several vibration isolation elements.
The temperature is measured at seven points. Three PT100 temperature sensors are
placed on the vacuum chamber and his surroundings. Two sensors measure the temper-
ature of the water in both copper ends. One sensor is placed on the water heater/cooler.
The lase sensor provided by Stable Systems is place in close proximity of the C729. The
temperature inside the box is regulated through a water circulating in the evaporator
copper tube that is installed on the box walls.

4.2 Mechanical setup

The mechanical part of the setup consists of a vacuum chamber, where the HF-cavity
C729 is placed. The whole idea is to provide the cavity with a stable operating conditions

9PDA-430A, variable-gain avalanche detector, Thorlabs.
10Basler Ace ac460.
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Figure 4.6: The view of the high-finesse optical cavity assembled in a vacuum chamber
(left). Schematic of the vibration and thermal isolation platform, including the vacuum
chamber and the gold, plated aluminium passive heat shield centred around the ULE
cavity (The shield is temperature controlled with a Peltier element). The whole setup is
then enclosed in a wooden box with thick layers of thermal isolation material (right).

and isolate the cavity from environmental perturbations such as acoustic vibration and
temperature noises. The whole setup with individual isolation aspects can be seen in
Fig. 4.6.

4.2.1 Vacuum chamber for HF-cavity

To minimise the fluctuation of the refractive index of the inner part of the HF-cavity,
environmental vibrations on the optical cavity and thus reach a low-level thermal noise,
the C729 is sealed in the vacuum chamber11. A high-level vacuum inside the chamber is
reached with the 3 l/s ion getter pump12. The pump provides stable pressure of 7.3 x 10−8,
which is enough to isolate the cavity from thermal convection and pressure fluctuation.

In order to suppress cavity length variations due to temperature changes, the tem-
perature of the cavity needs to be stabilised. The optimal temperature for operating the
cavity is the so-called zero-crossing temperature at which the thermal expansion coefficient
is crossing the zero level [74]. In the present case, the zero-crossing temperature of the
C729 is 13 ± 3 ∘C, as was verified by the manufacturer via speed of sound measurement.

The stabilization of the cavity temperature is solved as a two-stage, in order to optimize
the temperature gradient of the cavity to the laboratory where the cavity is located. The
first stage is its own vacuum chamber.

The chamber contains a Peltier element13 and a thermistors with an impedance of
10 kΩ at 25 ∘C14. The thermistor is placed under the cavity holder and thus measures the
temperature at very close proximity to the cavity. I used a PID-controler for temperature
control of the cavity holder to keep the cavity on required temperature. The PID-controller

11Thermally insulated Stainless Steel Vacuum VH630-Can, Stable laser systems.
123S Titan Ion Pump, Gamma Vacuum.
13TE Technology HP-127-1.0-1.3-71R.
14General Electric MC65F103B.
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for temperature control of the cavity holder to keep the cavitz on the required temperature.
The PID-controller regulates the Peltier control current so that the temperature of the
cavitz holder is in 1 mK stability range at the temperature 13.5 ∘C. Furthermore, the
cavity is enclosed inside the gold-coated aluminium passive heat shield centred around
the cavity. This shield prevents the temperature exchange via radiation between the
cavity and chamber walls.

To prevent the temperature gradient between the laboratory environment and the
vacuum chamber. The whole setup is enclosed into a 10 mm thick wooden box inside
coated with 76 mm thick foam made from compressed fibre glass15 with 96 Kgm−3 density.
This is the second temperature stabilizing stage. The temperature inside of the box is
stabilised by a watter cooling system made from copper pipes surrounding the box walls
(the helical evaporator) (Fig. 4.6).

My design of the cooling water system is based on transferring the heat obtained
inside the wooden insulating box with the helical evaporator to the external radiator,
which is located under the laboratory’s ceiling. The transfer medium is distilled water.
The external radiator is connected to the water circuit via an aluminium heater equipped
with a Peltier element. The water circuit contains a water pump, but it is used only for
the initialisation phase of cooling and is switched off during regular operation. The system
thus works entirely on the self-gravity principle. Therefore, the liquid flow in the cooling
circuit is exclusively laminar and does not generate significant acoustic interference that
would be transmitted to the HF cavity.

The water circuit is equipped with three temperature sensors - thermistors. One
thermistor is placed on the outlet pipe from the evaporator and the other on its inlet.
The third sensor is placed in a heater fitted with the Peltier element. The temperature
stabilisation inside the wooden box is based on the temperature control of the liquid
that enters the evaporator in the wooden box. This temperature is monitored by the
appropriate thermistor and is fed to the PID1 controller, which subsequently determines
the temperature of the aluminium heater with the Peltier element. This required value
is sent to the PID2 controller, which then controls the current to the aluminium cooler’s
Peltier element and ensures its required temperature. This system makes it possible
to stabilise the temperature of the inlet liquid in the evaporator in a wooden box very
robustly even when the temperature in the laboratory changes by several degrees Celsius.

The Fig. 4.8 indicates the current scheme for the water cooling system designed for
temperature stabilisation of the C729 and its surroundings. The desired temperature is
sent from a computer to each PIDs. They then regulate the temperature by driving the
Peltier element. The temperature is measured as close to the element as possible. The
temperature sensors are placed as follows. TS1 - on the aluminium cooler, TS2 - on the
outlet end of the pipe, TS3 - on the inlet end of the pipe, TS4 - on the vacuum chamber,
TS5 - placed in the air, TS6 - measure the temperature of the optical table, TS7 - measure
the temperature of the C729.

15Prima acoustic Broadband 3".
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Figure 4.7: The view of a wooden box quipped with insulation elements for isolation the
HF-cavity from the acoustic vibrations. The temperature inside the box is kept at stable
16∘C by water cooling system (left).

Figure 4.8: The scheme of temperature monitoring and control. PE: Peltier element,
CAN: Controller Area Network, TS: Temperature sensor, PID1, PID2: Proportional-
Integral-Derivative controllers. Temperature sensors: TS1 - on the aluminium cooler,
TS2 - on the outlet part of the pipe, TS3 - on the inlet part of the pipe, TS4 - on the
vacuum chamber, TS5 - placed in the air, TS6 - measure the temperature of the optical
table, TS7 - measure the temperature of the C729 holder.
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4.2.2 Vibration isolation and acoustic shielding

The vacuum chamber lies in the actively controlled vibration isolation table16, with active
bandwidth from 0.6 - 200 Hz. The isolation performance is min. 25 dB at 5 Hz and 40 dB
at frequencies beyond 10 Hz. As the cavity is mounted the way that the axis of the
spacer is horizontally oriented, I have decided to minimise the sensitivity of the spacers
for vertical vibrations by placing the whole setup on a 250 kg block of granite. The granite
block lies on a fine sand bed, and a thermal isolation box then encloses the whole setup.
The block of sand is insulated from the floor by a rubber ELASTON-ELTEC FS 700 17

which is able to absorb mechanical energy between the floor and the sand block.
Acoustic insulation consists of a 1 cm thick wooden box, which serves as the first

acoustic noise isolation. The inside of the wall is laid with 76 mm thick foam made from
compressed fibre glass18 with 96 Kgm−3 density suppressing noise from 100 Hz to 5 kHz.
The followed 2 mm thick lead sheet also adds acoustic insulation.

4.2.3 Measurement of acoustic and vibration insulation

After completing the C729 arrangement, I provided measurement of the acoustic insula-
tion of the wooden box by a seismic accelerometer Model 731A19 placed on the Accurion
table. The record is in Fir. 4.9. For comparison, there is a record of vibration of the
deflated optical table next to the wooden box where HF-cavity C729 is place. There is
visible very effective suppression of vibrations in the spectral range from 0.1Hz to 150Hz
by a factor 20.

4.3 Electronic setup and digital control

All the electronics used for locking the L729 to the cavity and the electronics to produce the
virtual transfer beat signal were designed and built by our electronics-engineering group
in the ISI CAS. If possible, the care was taken to choose low-noise active components,
especially operational amplifiers.

4.3.1 Active analog loop filter - controller

The active analog loop filter module plays a role of a fast controller for locking lasers by
actuating their injection current with high frequency bandwidth and minimum transport
delay. Basically, it is a cascade of three operational amplifiers. The first two stages act
as integrators with limited frequency response. The third stage acts as a limited differ-
entiator. The circuitry also contains buffer amplifiers for interfacing external instruments

16Active vibration isolation system, Accurion halcyonics i4large M6/25.
17GUMEX company.
18Prima acoustic Broadband 3".
19Wilcoxon Sensing Technologies.
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Figure 4.9: Measured acoustic vibration by the seismic accelerometer Model 731A placed
on the Accurion table.

Figure 4.10: Measured acoustic vibration by the seismic accelerometer Model 731A placed
on the deflated optical table next to the wooden box where HF-cavity is placed.
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for monitoring the input and output signals. The active filter stages employ AD829 op-
erational amplifiers. In the output buffer stages, the design is uses AD811 operational
amplifiers, which provide both low-noise and high-bandwidth operation and output cur-
rents up to 100 mA. By triggering on-board digital inputs, the card can be remotely
activated, the filter gain inverted and the slow integrator bypassed. The overall function-
ality of the circuit simplifies the community’s well-known Toptica FALC, which lacks any
remote control capabilities.

4.3.2 Digital P-I-D controller

The digital P-I-D controller employs the NXP’s 56F8365 16-bit digital signal controller to
implement a medium-speed digital P-I-D controller for actuating the piezo tuning stages of
the L729. The input error signal is sampled using a 12-bit ADC with a 100 kHz sampling
rate. The analog output control signal is produced by a 18-bit DAC at the same sampling
rate. The module is fully remotely controllable and configurable from a lab computer
using the Controller Area Network (CAN) bus. This card also contains a set of digital
outputs which can be used to control the active loop filter card mentioned in the previous
section.

4.3.3 Direct digital synthesizer

The direct digital synthesiser module is based on Analog Devices’ AD9959 chip. This unit
allows for simultaneously generating RF signals in 4 channels with coherent sampling. The
frequency, relative phase and amplitude of each channel can be adjusted separately. The
maximum generated frequency is 200 MHz. Using the on-chip PLL, the DDS sampling
clock can be derived by multiplying a highly stable external reference signal. An 8-bit
micro-controller (MCU) MC9S08DZ60 from NXP acts as an interface between the DDS
chip and the CAN bus, which is used for the remote control.

4.3.4 Fibre noise cancellation controller

The fibre noise cancellation controller described more thoroughly in [57] is based on a mod-
ified printed circuit board of the original direct digital synthesiser module. The 8-bit MCU
was replaced by a 32-bit high-speed STM32H753 digital signal processor (DSP) clocked
at 400 MHz. The 16-bit ADC inputs of the DSP are digitising the output I and Q signals
of an analog quadrature phase detector with the sampling rate of 4 MHz. Phase decoding
and P-I-D control algorithms are implemented in the DSP that also steers the output
frequency of the DDS chip over the SPI bus with 500 kHz sampling rate. This allows
constructing digitally defined control loops with bandwidths up to ≈60 kHz. The card’s
firmware is versatile, so it can be reconfigured to a software defined tracking oscillator
only by changing several parameters controllable over the CAN bus.

48



4.3.5 Digital control of the electronics and servo-loops

I used the electronics developed in ISI CAS for all control loops and supporting signal
generation for providing the control of the optical setup in Fig. 4.5. I participated also
on the LabVIEW software control algorithms and graphical interface for parametrization
of the setup. An example of the graphic-user-interface for temperature control of the
HF-cavity C729 is in Fig. 4.11

Figure 4.11: View of the control panel for the HF-cavity C729 temperature adjustment
and monitoring (left). The temperature control and adjustment of the water cooling
system (right). The application allows to set the desired temperature and the step how
fast should it be reached. This is especially beneficial as cavities in general are very
sensitive to fast temperature changes.
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5. Experiments with trapped and laser
cooled Calcium ion

This chapter will deliver the measurement involving the spectroscopy laser. All the meas-
urement involving the 40𝐶𝑎+ presented in this work were measured in the |2𝑆1/2,𝑚 =

−1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ transition (Δ𝑚 = 0 ). This transition is least sensitive
to magnetic fluctuation, so the measurement of frequency behavior of the laser L729 is
the most accurate. When we have a stable and precise spectroscopy laser L729, we can
perform many experiments with the calcium ion. All the related spectroscopic experi-
ments on the 𝑆1/2 ↔ 𝐷5/2 transition are carried out with electron shelving, thus in pulse
sequence schemes. These schemes vary with the experiment but in general, are designed
as the following (Fig. 5.1).

Figure 5.1: Typical pulse sequence scheme for interrogation of 𝑆1/2 ↔ 𝑃1/2 transition in
electron shelving regime. The scheme can be easily altered by adding more rows as the
experiments require.

The description of the electron shelving steps:

• 1 - Doppler cooling: in the first step, the ion is Doppler cooled by probing the dipole
𝑆1/2 ↔ 𝑃1/2 transition with a wavelength of 397 nm and 866 nm as a pumper. This
results in the ion mean vibration quantum number of less than 10 (Doppler limit).

• 2 - State preparation: the state initialization step consists of wavelength 854 nm
to prevent pumping into 𝐷5/2 and an optical pumping into |2𝑆1/2,𝑚 = −1/2⟩

• 3 - Sideband cooling: this step requires the laser L729 to be frequency tuned into
the lower motional sideband (the red sideband) of the ion secular motion. The mo-
tional ground state is achieved by applying a set of pulses at 729 nm accompanied
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by 854 nm. The 854 nm pulse repumps the population from long-live 𝐷5/2 meta-
stable state into a fast decaying 𝑃3/2 state. After cooling pulses, the resulting mean
vibration quantum number is close to zero (typically 0.001). This motion state of
the ion is called as a ground state.

• 4 - Clear out: to ensure that the for the following experiment, the entire population
is actually at 𝑆1/2(𝑚 = −1/2) a short pulse of circularly polarised light (397 nm
sig.) is applied to the 𝑆1/2 ↔ 𝑃1/2 transition. A short pulse containing 854 nm for
clearing the 𝐷5/2 state is also included.

• 5 - Quantum state analysis: after the ion is prepared into its motional ground
state by previously described steps, now we can perform a designed experiment by
applying several pulses of light to the 𝐷1/2 ↔ 𝐷5/2 transition. The pulse duration
of this step varied with the different types of experiments.

• 6 - Waiting time: it is used for detection of the phase coherence between the laser
L729 and the 𝐷1/2 ↔ 𝐷5/2 transition.

• 7 - Detection: during the detection, the Doppler cooling lasers at 866 and 397 nm are
switched on and the fluorescence is monitored for several milliseconds. By comparing
the number of counts with a threshold value, we can discriminate whether the ion
was at 𝑆 or 𝐷 level.

• 8 – Clear out: this is the final step of the electron shelving when the quantum state
of the ion is ending at 𝑆1/2 ground state.

5.1 Spectroscopy on Zeeman levels

With the pulse sequence mentioned above, I performed the spectroscopy on Zeeman com-
ponents prepared by the magnetic field of ≈ 3.2 G influencing the cooled ion in the Paul
trap. The 𝜋-pulse duration (see Fig. 5.1, line 5) and the power of the laser closely correlate
to each other as one can transfer all population from 𝑆 to 𝐷 state either by shortening
the pulse duration and at the same time increase the power. High power of the laser L729
can cause spectral power broadening. Thus, it is unsuitable for this measurement when a
narrow line is required.

5.2 Rabi spectroscopy

Rabi spectroscopy is named after Isidor Isaac Rabi, who initially developed this method
for measuring the particle frequencies of the two-level quantum mechanical systems. It
is mainly used to analyze the cyclic behaviour of a two-level quantum system in the pres-
ence of the oscillating field. The Rabi spectroscopy consists of one interaction zone, where
the ion interacts with the excitation laser. In the case of 40𝐶𝑎+ ion, the Rabi oscillation
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(or Rabi flop) is obtained by measuring the evolution of an excitation probability of the
𝑆1/2 ↔ 𝐷5/2 transition when the pulse duration 𝜏 of the laser L729 is scanned. The
intensity of the spectroscopy laser is kept constant during the measurement.

Figure 5.2: Rabi oscillation on the carrier of the |2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩
transition. If there are induced incoherence between the ground and excited levels, the
Rabi oscillation slowly decays over the pulse length.

Fig. 5.2 shows the measured Rabi oscillation on carrier of the transition spectra. The
Oscillation slowly decrease to 50% excitation probability as the pulse length gets longer.
This is due to accumulation of incoherence to the probing laser.

We can set the 𝜋-pulse to a certain time when we excite the |𝑆1/2⟩ ↔ |𝐷5/2⟩ transition
and scan the frequency over this transition. Thus the L729 is in scanning regime and we
can see the carrier of the transition and motional sidebands generated by a secular motion
of the ion in the Paul trap.

Fig. 5.3 shows the frequency spectrum of one Zeeman component, more precisely
|2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ with its first axial and radial motional sidebands.

5.3 Ramsey spectroscopy

Ramsey spectroscopy, also known as a separated oscillating field method [75, 76], is a particle
interferometry method used for measuring the particle transition frequencies. Today’s
most precision atomic measurements, the SI unit definition of the second or atom inter-
ferometer, have a Ramsey-type configuration in their detection chain.

The main goal of precision spectroscopy is to find the absorption frequency between
the ground and the excited state of the ion. This can be accomplished by applying the
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Figure 5.3: Spectrum of |2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ transition measured
with one ion in the trap. We see typical secular frequencies 𝜔𝑟/2𝜋 = 2.7 MHz in the
radial and 𝜔𝑎/2𝜋 = 1.1 MHz in the axial direction.

external electromagnetic field at the frequency 𝜔 and finding the differences (also known
as detuning Δ) between 𝜔 and the resonant frequency 𝜔0 of the transition. The excitation
probability is maximized when Δ = 0.

Ramsey spectroscopy is an improvement of the Rabi method by splitting the one inter-
action pulse (𝜋-pulse) into two very short interaction pulses (𝜋/2-pulse). By shortening
the interaction time between the ion and the laser, there is less time to transfer the in-
duced noise from the source. This leads to more precise determination of the Δ. The
two 𝜋/2 pulses are separated by a much longer non-interaction zone (know as Ramsey
time, 𝜏𝑅). The Ramsey time determines the linewidth of the Ramsey fringe and thus the
resolution with which Δ can be determined. The linewidth of the Ramsey fringe 𝛿𝜈 is
defined as

𝛿𝜈 ∼ 1

𝜏𝑅
. (5.1)

By increasing the 𝜏𝑅 one can increase the precision of the detected frequency detuning.
The Ramsey fringe, as it is observed through the frequency scan, is shown in the Fig.5.4.
The set parameters are 𝜋/2-pulses = 20 𝜇s and Ramsey waiting time 𝜏𝑅 = 1 ms. The
Ramsey pattern is effectively an oscillation under the envelope of the Rabi method.

5.3.1 Test of qubit’s decoherence

The Ramsey spectroscopy is perfectly suited for a test of qubit’s decoherence [77]. The
experiment consists of two 𝜋/2 pulses with a probe time duration of 20 𝜇s separated
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(a) Frequency scan over the carrier with Ramsey sequence.

(b) A detailed zoom in 2 kHz window around the center frequency.

Figure 5.4: Frequency scan over the carrier of the |2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩
transition with a Ramsey sequence. The sequence consists of two 𝜋/2-pulses = 20 𝜇s
separated by Ramsey waiting time 𝜏𝑅 = 1 ms.

by a waiting time 𝜏𝑅. After applying the second pulse, the state of the ion is detected by
electron shelving using the APD for fluorescence detection. Each experiment is repeated
hundred times to obtain an excitation probability. Ideally, the excitation to 𝐷5/2 should
exhibit the modulation between zero and one when changing the phase between two pulses.
The loss of contrast in this observed pattern is caused by a dephasing of the qubit levels
when the superposition of the |𝑆⟩ and the |𝐷⟩ is exposed to decoherence for a long time.
I have systematically measured the Ramsey contrast for varied delay times between two
pulses (5 𝜇s up to 10000 𝜇s). Each data set was fitted to a sinusoidal function to get the
final contrast. The observed contrast 𝐶 = 𝑃𝑚𝑎𝑥

𝐷 − 𝑃𝑚𝑖𝑛
𝐷 /𝑃𝑚𝑎𝑥

𝐷 + 𝑃𝑚𝑖𝑛
𝐷 was plotted versus
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Figure 5.5: The contrast of the Ramsey pattern as a function of the delay time.
Both (solid and open) circles are the data measured on the same Zeeman component
(|2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩) with the same waiting time (𝜏𝑅). Open
circles represented measurement when the L729 was locked to the virtual transfer beat.
Solid circles represented the measurement when the L729 was referenced by the HF-cavity
length, and its drift was compensated using the transfer oscillator technique. The coherent
time was extended nearly twice.

the delay time in Fig. 5.5. To describe the decrease of contrast, we fit the measured data
with a Gaussian function. The resulting laser linewidth Δ𝜈𝐹𝑊𝐻𝑀

= 29 Hz corresponds to
Ramsey time of 7.64 𝜇s. Thus with the L729 locked to the C729 and using the TO as a
fine-tuning tool, we increased the Ramsey contrast by order of two. For the comparison,
I also measured the Ramsey contrast for Δ𝑚 = 2 with a similar results.

5.3.2 Locking the L729 to 𝑆1/2 ↔ 𝐷5/2 transition of 40𝐶𝑎+

Ramsey spectroscopy is foremost used as a tool to reference the laser to the ion forbidden
transition (𝑆1/2 ↔ 𝐷5/2). There are several methods to reference the clock laser into such
a clock transition. The simplest way is to lock the optical frequency of the laser to the
highest peak of the Ramsey fringe. Nevertheless, the situation is similar to when one locks
the laser to the cavity mode. The fluctuation of the peak intensity cannot be traced and
can be caused either by the intensity instability of the laser or the frequency deviation
from the central frequency. To trace the frequency fluctuation setting, the measuring
point at the middle of the fringe slope seems the most appropriate. Similar to HF-cavity,
at this point, the slightest change in frequency causes a massive response in detected
intensity (in this case, excitation probability). However, how can one decide the direction
of the frequency drift? To overcome this trouble, we can deploy a second measuring point
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on the opposite side of the same fringe. We will call the measured excitation probabilities
in those points as 𝑃𝐿 and 𝑃𝑅 (left and right side of the fringe).

𝑃𝐿 and 𝑃𝑅 are separated by a line width of the fringe. We then set the frequency
of the AOM 𝑓𝐴𝑂𝑀 so that it matches the centre frequency 𝑓𝑐𝑒𝑛𝑡𝑟𝑒 of the highest peak.
If the excitation probability at the 𝑓𝑐𝑒𝑛𝑡𝑟𝑒 changes due to a drop-off laser intensity, the
𝑃𝐿 and 𝑃𝑅 will remain the same. When the excitation probability on the one measured
point changes due to the frequency deviation from the 𝑓𝑐𝑒𝑛𝑡𝑟𝑒, the excitation probability of
the other measured point will change by the same amount but in the opposite direction.
𝑃𝐿 and 𝑃𝑅 are sent to the digital servo loop controller, which then accordingly adjusts
the 𝑓𝐴𝑂𝑀 so that the 𝑃𝐿 and 𝑃𝑅 are equal and ideally at 50% probability.

The computed Allan deviation (ADEV) is a traditional way to estimate the frequency
stability of the clock [78]. Allan deviation is defined as

𝜎𝑦(𝜏) =
√︁
𝜎2
𝑦(𝜏), (5.2)

where the 𝜎2
𝑦(𝜏) is Allan variance, which is defined as

𝜎2
𝑦(𝜏) =

1

2
(𝑦𝑛+1 − 𝑦)2. (5.3)

The 𝜏 is the observation period, 𝑦𝑛 is the 𝑛𝑡ℎ fractional frequency average over the
observation time 𝜏 . The samples are taken with no dead-time between them, which means
the time between each frequency sample is equal to 𝜏 .

Usually, the clock stability is compared against a far more accurate reference. The
most stable reference available in our laboratory in ISI CAS is the H-maser. The stability
of the H-maser can reach approx. 1 × 10−15 for the integration time in the vicinity of 104.

The ADEV in our case is computed from extracted frequencies 𝑓𝐴𝑂𝑀 over the measured
time. Here we can see that at the very short time 𝜏 , the ADEV is high. This is due to noise
contribution. This hump at 𝜏 = 30 s comes from the servo loop for compensating the
drifting of the C1540. This was later found during the comparison campaign between the
ISI CAS and the Federal office of metrology and surveying [57]. At longer 𝜏 the noise
is average out. Hence the ADEV decreases. The error bars increase with the 𝜏 because
large 𝜏 requires many data points, and thus, it is time-consuming. The lowest part of the
ADEV (before it starts to increase again) is the highest achieved stability. This is not
observed in the presented ADEV as the measured data points was too short.
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(a)

(b).

Figure 5.6: (a) The plot of the excitation probability of two measured points symmetrically
placed around the central frequency. When the laser L729 is locked to the |2𝑆1/2,𝑚 =

−1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ transition of 40𝐶𝑎+, their values remain the same over the
measured time. (b), The extracted frequency deviation from the center frequency of
|2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ transition .
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Figure 5.7: Allan deviation for extracted frequency of the AOM when the L729 is locked
to the |2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ transition within Ramsey technique
detection of the central frequency of this transition.
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Conclusion
This doctoral work aimed to develop a laser source with an ultra-narrow spectral emission
line called a spectroscopy or clock laser. The ultra-narrow spectral linewidth is crucial
not only for high-resolution spectroscopy on trapped and laser-cooled particles but the
laser is also used for ground-state cooling, electron shelving techniques and many other
application as an interrogation source. The laser source thus must excel in short-term
stability as well as in long-term stability. This is not an easy task as one usually must
reconcile with one at the expense of the other.

The heart of our optical atomic clock system is a 40𝐶𝑎+ ion. The clock transition of
the Ca ion is an electric quadrupole transition 𝑆1/2 ↔ 𝐷5/2. It has a rather long lifetime,
> 1 s. Thus, to transfer the population into this level coherently, the probing laser has
to have a linewidth at the Hz or sub-Hz level. However, by driving this transition, one
can get a stable oscillation of 411 THz with 1 Hz precision. This is the ultimate aim of
my work.

The work mainly focuses on exploring and analysing the available method to stabilise
the optical frequency of the external cavity diode laser working at 729 nm (model TA-Pro,
Toptica). The L729, in its free-running regime, has a relatively wide spectral linewidth
(approx. 300 kHz).

After a thorough investigation and implementation of various frequency spectral nar-
rowing techniques, i.e. phase lock the laser to an optical frequency comb, stabilisation
using the unbalanced Mach-Zehnder interferometer with a fibre spool, implementing a
transfer oscillator technique. I came to the conclusion that the best technique (in both
short-term and long-term point of view) is to optically reference the L729 by locking
its optical frequency to the ultra-stable reference, a high finesse optical cavity followed
de-drifting of the cavity aging by the complex setup with the optical frequency comb
disciplined by the RF reference – Hydrogen maser. It led to very complex arrangement
where I took many experiences from the field of vacuum technique, wave optics, polariza-
tion optics, optical modulators, spectroscopy detection techniques, control and analog and
digital signal processing, RF electronics and finally as well as from the field of quantum
physics and quantum mechanics.

I have designed and built a complete vacuum, optical and mechanical system to ensure
reliable cavity operation. The optical part consists of elements for mode-matching the
laser to the cavity and for generating the locking error signal. I designed and experiment-
ally realized the mechanical arrangement of the cavity box witch isolated the cavity from
the laboratory environment consisting of thermal fluctuation and vibration noise.

I put together the complex optical setup where the laser L729 optical frequency is
locked to the cavity mode using the Pound-Drever-Hall detection technique in a servo
loop. However, even though I achieved an ultra-narrow spectroscopy laser L729, the
locking frequency exhibited a drift due to the Brownian and ageing effects affecting the
cavity. I have used a transfer oscillator technique with help of the optical frequency comb
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disciplined by the H-maser to bypass this problem as a precise tracking oscillator, which
then tunes the frequency of the AOM before HF-cavity; so that the unwanted frequency
drift is compensated. I also completed the ring-down response technique for HF-cavity
finesse investigation. The cavity finesse measured by a ring-down response is 351 000,
corresponding to the linewidth of the fundamental mode of the cavity to 8.9 kHz. I
implemented and fully exploited Ramsey spectroscopy technique for a test of qubit’s
decoherence of 40𝐶𝑎+ ion with the L729 laser and thus testing the performance of the
spectroscopy laser. I have then systematically measured the Ramsey contrast for varied
delay times between two pulses (5 s up to 10000 s)

I fitted the measured data with a Gaussian function to describe the linewidth of
the L729 laser. The resulting laser linewidth of the L729 is Δ𝜈𝐹𝑊𝐻𝑀

= 29 Hz which
corresponds to the Ramsey time of 7.64 𝜇s. I assume that the majority of the noise
component causing the spectral broadening in the resulting laser linewidth is caused by
the unstabilised optical fibre path between the laser and the vacuum chamber with the
trapped ion. This will be a part of future research.

After my final adjustment of the narrowed laser L729 for spectroscopy purposes, the
laser was used for many experiments in quantum physics, quantum mechanics, and time
metrology. Since it was possible to achieve significant results with this laser, which were
subsequently published (see Appendix I-III of the thesis), I consider the completed spec-
troscopic laser L729 to be the key to further research in the field of laser ion cooling,
experiments in quantum mechanics and fundamental time metrology, such as the opera-
tion of optical atomic clocks.
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Appendix I

Key publications and my contribution

Here is a list of the first- and co-authored publications included in the doctoral thesis, together
with my contribution to each article.
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• Research article 1 (page 83)

A room-temperature ion trapping apparatus with hydrogen
partial pressure below 10−11 mBar

P. Obšil, A. Lešundák, T. Pham, K. Lakhmanskiy, L. Podhora, M. Oral, O. Číp, and L.
Slodička

Review of Scientific Instruments (2019), DOI: 10.1063/1.5104346

Contribution:

– I participated in preparing, cleaning and assembly of vacuum apparatus.

– I participated in preparing and assembly of apparatus for loading and trapping
ion.

– I prepared and build an optical path for ionisation lasers.

– I prepared and build an optical path for Doppler lasers.

– I prepared and build an optical path for spectroscopy laser.

– I participated in building an optical path for fluorescence detection.

– I controlled and managed technical support during measurements.

– I prepared and participated in measurements.

– I participated in editing the manuscript.
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• Research article 2 (page 91)

Optical frequency analysis on dark state of a single trapped
ion

A. Lesundak, T. M. pham, M. Cizek, P. Obsil, L. Slodicka, and O. Cip
Optics Express (2020), DOI: 10.1364/OE.389411

Contribution:

– I controlled and managed technical support during measurements.

– I prepared and build an optical path for Doppler lasers.

– I prepared and participated in measurements.

– I participated in processing the data.

– I participated in editing the manuscript.
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• Research article 3 (page 105)

Frequency stabilisation of 729 nm external cavity diode laser
with a combined approach using the high finesse cavity and

transfer oscillator technique

M. T. Pham, M. Cizek, A. Lesundak, A. Kovalenko, P. Obsil, P. Jedlicka, L. Slodicka and
O. Cip

Contribution:

– I cleaned and put together the vacuum setup for HF-cavity C729.

– I designed and put together an optical setup for locking the laser to HF-cavity.

– I put together isolation elements, designed and and build an insulation box.

– I designed and put together a water cooling system.

– I participated in cleaning and assembling a vacuum setup for HF-cavity c1540.

– I participated in assembling of optical setup for mode-matching the laser to
HF-cavity.

– I designed and put together an optical path for Doppler lasers.

– I designed and build an electro-optical setup for spectroscopy laser.

– I designed and build an electro-optical setup for interaction with the trapped
ion.

– I designed and build an electro-optical setup for fiber noise cancellation.

– I designed the experiment with trapped and cooled ion, measured and analyzed
the data.
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Appendix II

Commentary on key-publications

Here are a commentary on key-publications included in the doctoral thesis

74



Developing and building a new functional infrastructure for spectroscopy on the trapped
and cooled ion is tremendous and adventurous work. It requires knowledge from many
fields and a fair amount of dedication work. However, the fruit of this work is harvested
many times in the form of a highly specialised and precise tool that allows us to observe
an otherwise hidden scientific phenomenon. In this chapter, I would like to present three
scientific articles that show the results we have achieved thanks to this infrastructure.

Research article 1 focuses on designing and assembling an apparatus that will serve
for ion trapping and storing. An ultra-high vacuum (UHV) is necessary to isolate the
ion from the laboratory environment and is crucial for any experiments involving ground
state cooling. Suppose the one finds himself that the pressure is not sufficient. In that
case, it is labouring to disassemble the whole apparatus and get through a cleaning process
again. For these reasons, the techniques to achieve an ultra-high vacuum are continuously
revisited and improved by many laboratories.

This article presents our procedure for building a UHV apparatus containing a quad-
ruple linear trap for storing the 40𝐶𝑎+ ions. The first part focuses on vacuum components,
cleaning, and outgassing the apparatus. The resulting pressure level corresponds, to our
best knowledge, to one of the best results achieved in non-cryogenic vacuum apparatus.
Embraced by this result, we estimate the partial pressure by measuring the reaction rates
of the long 40𝐶𝑎+ ion string with a hydrogen background gas (BG).

The main chamber and the adjacent parts are made from stainless steel SS 316 LN. We
prefered this alloy due to its relatively low magnetic permeability, which helps to minimise
an unwanted magnetic field affecting the trapping region. The vacuum pressure inside
a chamber is kept by a combination of an ion pump combined with a non-evaporative
getter (NEG)1 and NEG pump2. Both consist of parts made from SS 304 L stainless
steel. The ion pump also consists of a solid permanent magnet necessary for the operation
of the pump. This magnetic part is kept as far from the trap centre as possible. Other
parts contributing to the gassing of the chamber and thus the deterioration of the vacuum
are viewports (fused silica), trap holder and assembly (Macor, titanium, sapphire crystal,
indium). The trap electrodes are made from six titanium electrodes, four for radial
confinement and two for axial confinement. The electrodes were electroplated with approx.
10 𝜇m thick gold layer to enhance the electrical conductivity for the applied RF-drive.
The electric connection is provided by oxygen-free high conductivity (OFHC) copper The.
A detailed list of all components installed inside the vacuum chamber is listed in the paper.

The most crucial step is the cleaning process of the above-listed part, many of which
come directly from the manufacturer without any cleaning. Each material needs to be
cleaned with a specific order of chemicals and some in an ultrasound bath (US). The
cleaning process consists of pre-cleaning, using detergent solutions like Simple Green®.
After that, the hard cleaning step uses high-performance liquid chromatography (HPLC)

1SAES Getters, NEXTorr D 100-5.
2SAES Getters, CapaciTorr D 50.
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grade alcohols. We summarise the whole cleaning process, including the duration of each
step, in a table I. and II., see [25].

Even when the parts are properly cleaned, one just cleaned out the near-surface mo-
lecules. However, residual molecules are still embedded within the internal surface of the
chamber itself. They will permeate the bulk to the surface as the vacuum increases,
and the restraining pressure is removed. To deal with the outgassing of those molecules,
one can establish the diffusion barrier on the surface of the chamber. This traditional
method used in many laboratories is air-bake. The bake-out can be divided into three
steps. We first bake out all the stained steel parts of the chamber to 400 ∘C for 8 hours.
In the second step, the chamber is enclosed, and while the apparatus is pumped by a tur-
bomolecular pump together with a Roots-type pre-pump system3, the temperature is set
to 270 ∘C for ten days. The final bake-out includes the insertion of a trapping appar-
atus and all the necessary parts into the chamber, and while pumping by turbomolecular
pump, the whole setup was heated to 195 ∘C for another ten days. During the final
part of the bake-out (temperature is ramped down to 45 ∘C, we also activate the oven
consisting of neutral calcium ore and the activation of the ion pump and the NEG.

After the baking process, we close the valve separating the chamber from the pre-pump
(Turbomolecular pump). Now The pressure inside the chamber is monitored by the ion
pump in the form of inserted current. After approximately two hours, the current reached
0 nA. This corresponds to the pressure level below gauging capabilities, which is specified
to be about < 10−11 mBar for nitrogen gas. To be able to estimate the actual hydrogen
pressure level, we carried out a measurement based on the reaction rate of the given
atomic isotope with the background gas.

There are possible two interactions between the ion and a BG. One is an elastic
collision, which transfers the momentum to the ion. The ion is heated up and changes
its position in the crystal, or in worst cases, even leaves the trap. The inelastic collision,
on the other hand, results in the formation of molecular ions.

Due to our relatively deep trap potential (approx. 3.5 eV), it is scarce to observe the
direct loss of the ion. To measure the elastic collision, one then can purposely load the
non-fluorescing isotope to the string. However, such a method is highly ineffective and
relates to too many parameters. Due to these reasons, we focused on the second type
of collision. The molecular reaction rates are highly insensitive to particular trap settings
and laser cooling parameters, thus leading to relatively small systematic uncertainties
of the measured pressure.

The inelastic collision rate can be estimated as

40𝐶𝑎+(4𝑃1/2) +𝐻2 →40 𝐻+ +𝐻. (5.4)

The dynamic of this reaction is

𝑁(40𝐶𝑎+) = 𝑁0(
40𝐶𝑎+) · 𝑒−𝛾·𝑡, (5.5)

3Pfeiffer Vacuum, HiCube 80 Pro/ACP 15.
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where 𝑁0(
40𝐶𝑎+) is the number of non reacted ions at the beginning of the measure-

ment period 𝑡 = 0, 𝑁(40𝐶𝑎+) is the number of non-reacted ions after time 𝑡, 𝛾 is the
reaction rate and it is equals to 𝑝𝑒 · 𝑛𝐻2 · 𝑘𝑟, with 𝑝𝑒 being the probability of 4𝑃1/2 level
population, 𝑛𝐻2 the number density of the 𝐻2 gas, and 𝑘𝑟 is the reaction rate constant.

The main experiment consists of loading a 34-ion long string. The string was Doppler
cooled with 397 nm laser and 866 nm laser as a repumper. The fluorescence scattered from
ions was collected by an EMCCD camera with 1.95 Hz rate and 500 ms acquisition time.
The time-lapse images were processed one by one by averaging the photon counts from
pixels surrounding the ion image for each ion separately. The post-processing of the 51-
hour-long captured record shows the four reactions. Whenever the ion goes dark, it stays
in the non-fluorescence state on a time scale of minutes before being bright again. The
measurement resulted in the partial hydrogen pressure of 𝑃𝐻2 ≤ (5.5± 2.8) · 10−12 mBar.
For a detailed description of measurement parameters and discussion, please see page 83.

Research article 2 is set to the field of high-precision sensing and spectroscopy.
High precision spectroscopy is a well-developed field and is used on a daily basis by many
laboratories. It is, in most cases, the essential step before performing the actual experi-
ments. Yet it still holds immense potential for further advancement by utilisation of newly
available tools for light signal generation.

In general, to be able to analyse a spectrum of optically beated signal consisting of two
optical fields separated by hundreds of THz, one usually needs an optical frequency comb,
which serves as a mediator of those two fields. This requirement often cannot be fulfilled
due to the cost of the whole equipment. This paper proposes a method for estimating the
optical frequency spectrum using the time-resolved measurement of light scattered from
a single trapped 40𝐶𝑎+ ion. The interference mediated by laser-cooled atoms allows for an
optical frequency beating of two optical fields. Furthermore, the sensitivity of frequency
deviation is enhanced by driving the atom close to a two-photon resonance in a lambda-
type energy level scheme. This atomic-level scheme enables the observation of dark states
in emitted fluorescence that occurs among the vast majority o spices commonly utilised
in ion trap experiments.

In the case of 40𝐶𝑎+ ion, the lasers driving this lambda-like scheme is at wavelengths
397 nm and 866 nm. The 397 nm laser serves as a Doppler cooling of the ion motion by
probing the 4𝑆1/2 ↔ 4𝑃1/2 transition. The 866 nm is a repumper in case the population
descend from 4𝑃1/2 to 3𝐷3/2. For more detailed information about 40𝐶𝑎+ level scheme,
please see the Subsec. 1.3.

When both laser are detuned from the resonance state by exactly the same value
(Δ866−Δ397 = 0), the population of the excited state 4𝑃1/2 disappears. This corresponds
to a dark state with no fluorescence emission. In practice, the dark population is limited
by the finite linewidth of the two involved lasers and finite coherence between the ground
state 𝑆1/2 and 𝐷3/2 as well as a thermal population of atomic motion.

This work aim to deliver a complete analysis of the limitation of this method. To have
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a reliable and stable measuring tools We firstly phase lock both lasers to particular teeth
of the fibre frequency comb, which is referenced by a hydrogen maser. With this step,
the lasers will adopt the frequency stability of the OFC. Hence the linewidth of the lasers
will narrow down to approx. 80 Hz (measured by beating both lasers with the OFC).

The scheme is set as follow. The measurement point, i.e. the point most sensitive
to frequency deviation, is set to the middle of the slope of the dark resonance. This
relatively steep (gradient of 2.2 counts ·s−1· kHz−1) linear area is ideal for frequency
sensing as a slight change in frequency will result in a significant response in fluorescence
intensity. The dynamic response of the ion fluorescence to the frequency detuning of
the excitation laser is observed by setting the 866 nm laser as an analyser to which a
deterministic frequency modulation is applied. In contrast, the 397 nm laser serves as a
reference field with a fixed frequency.

We then Analyzed the fluorescence respond for various set of modulation frequencies
𝑓𝑚, frequency deviations 𝐴 and frequency detunings = Δ866 −Δ397 . Each measurement
is analysed as a signal to noise ratio (𝑆𝑁𝑅) with respect to the time bin length 𝜏 . The
length of individual measurements 𝑇 is set to be an integer multiple of 1/𝑓𝑚, to avoid the
spectral leaking in the FFT spectrum.

The first measurement focus on the influence of the modulation frequency on the 𝑆𝑁𝑅

of the method. The 𝑆𝑁𝑅 were systematically measured for various modulated detunings
Δ866 in the range from 66 Hz to 120 kHz. The duration of each measurement was 300 s
with a fixed deviation 𝐴 of 300 kHz.

The 𝑆𝑁𝑅 is calculated as 𝑆𝑚/𝑁𝑚, where 𝑆𝑚 is the FFT frequency component at the
modulation frequency 𝑓𝑚 and 𝑁𝑚 is the average amplitude of the whole FFT spectrum
except the DC component.

The resulted 𝑆𝑁𝑅 is plotted against the gate interval 𝜏 in Fig. 4.[79]. The resulting
dependence shows that a similar 𝑆𝑁𝑅 can be achieved for modulation between 66 Hz
and 6.6 kHz. Higher modulation frequencies will decrease the signal-to-noise ratio of the
fluorescence intensity response.

The second measurement puts the dependency of the 𝑆𝑁𝑅 ratio against deviation vari-
ations and different measurement lengths. The modulation frequency is kept at a fixed
number, 66 Hz, to avoid any effect of fast modulation on the observability of high modula-
tion amplitudes (see the previous measurement). The spectral width of the dark resonance
slope gives the expected upper limit. At the same time, the lowest detectable modulation
depths will depend on the amount of detection noise. The 𝑆𝑁𝑅 data was measured for
a set of deviation values from 10 to 1000 kHz and for measured time 𝑇 , 2.5 and 500 s.
The result tells us that with higher the deviation, the higher 𝑆𝑁𝑅 will be, and the lowest
detectable deviation is 𝐴𝑙𝑖𝑚 = 68 ± 5 kHz. Also, an 𝑥-times lower the 𝐴 one can get the
same 𝑆𝑁𝑅 value simply by prolonging the measured time by a factor 𝑥2.

These two measurements give us a general insight into the proposed method’s lim-
itation for given frequencies. However, the whole spectrum needs to be searched when
estimating the amplitude of unknown frequency. In this case, the 𝑆𝑁𝑅 can be calculated
as 𝑆𝑁𝑅(𝑇,𝜏) = 𝑆𝑚𝑎𝑥/𝑁𝑚, where 𝑆𝑚𝑎𝑥 is the highest amplitude component of the whole
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FFT frequency spectrum except the DC component. The detectable frequency deviation
limit 𝐴𝑙𝑖𝑚 of this measurement is 68 ± 5 kHz for T=5 and 8.6 ± 0.4 kHz for T = 500 s.

For the complete and detailed description of the presented method, its analysis and
proposed further applications, please see page 91.

Research article 3 closely relates to the theme of the thesis. Unfortunately, at the
time of this thesis, it is not yet published. The paper is already well prepared except for
some minor details unrelated to the measured method or result presented in the paper.
Due to those reasons, I have decided to attach it to this work.

The paper presents the latest result on the innovative stabilisation method currently
used in our laboratory. The main goal of this paper is to deliver a report on the enhance-
ment of the already existing method commonly used for stabilisation the optical frequency
of the laser into a more stable reference.

For decades atomic frequency standards played a critical role in basic science and
precision measurement. During this period, the increasing need for more precise timing
and synchronisation for a wide range of applications, including navigation, synchronisation
or test of fundamental physics, has demanded oscillators with higher frequencies and
higher performance. To excite those oscillators coherently, a high spectra purity of the
laser source is a crucial feature and stabilisation techniques have constantly been renewed
and developed over time.

A commonly used technique is the transfer oscillator technique. The stability is trans-
ferred from an ultra-stable master source into a laser using the mediator. The main
advantage of this is that one can stabilise the laser to the stable reference on different
wavelengths. Also, many stabilisation stages can be built to share the one ultra-stable
reference. However, due to the complexity of this technique with many wide band servo
loops, it inevitably leads to transferring the residual noise accumulated in these servo
bumps into the resulting laser. Those servo pumps are visible on the frequency spectra
and interact with ions during the measurement. This occurs especially during the meas-
urement when the short pulse (a few-𝜇s ) duration is required. This results in relatively
high laser intensity and decreases the measurement’s fidelity.

A traditional way to stabilise the optical frequency is by locking its frequency to an ultra-
stable length of the high-finesse cavities. HF-cavity consists of the pair of the HR coated
mirrors optically contacted to a stable spacer. The spacer delivers the primary stability of
the whole system. Thus the material from which the body is made has to have a very low
expansion coefficient like ULE or silicon. The quality optical cavity, also known as finesse,
is calculated by the quality of the mirror coatings. The higher the reflectivity of the mir-
ror, the longer the beam will bounce on them before it leaves the optical cavity. The main
characteristic of the cavity is that its length instability is directly related to the longitud-
inal cavity mode. Thus they are highly selective frequency discriminators. However, the
cavity is a physical component, and thus it is susceptible to environmental perturbations
from which it needs to be isolated. Even well isolated, the cavity exhibit a slow drift due
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to Brownian thermal motion and the ageing effect. In our case, it is approximately 0.3
Hz·s−1, which reduces the laser’s liability and fidelity of the measurement.

Both techniques, if used alone, have their advantages but also limitations. Whether
it is instability due to drift of the cavity length and thus causes the drift of the locking
point or off-resonant driving of the transition due to transferred noises from the servo
loop. It continuously decreases the laser coherency and fidelity of the measurement and
causes inaccuracy while determining the detuning from the resonance frequency.

We then propose combining those methods when only the best features of both meth-
ods are involved. The laser locked to the cavity will deliver the short-term stability, while
the long-term stability will be achieved by implementing the virtual beat as a precise
tracing and servo loop correction of the cavity drift.

The cavity installed in our laboratory (C729) is made from ULE. It is 47.65 mm long
and has a finesse of 351 000. This corresponds to mode free spectral range of 3.14 GHz
and a linewidth of the central mode 𝐹𝐻𝑊𝑀 = 8.9 KHz. This narrow transition provides
enough room to detect laser frequency changes down to Hz. The laser is referenced to the
cavity using the standard P-D-H stabilisation technique. The cavity and the necessary
optic involved are enclosed into a wooden box, with various isolation elements ensuring
that the cavity is isolated from thermal and vibration perturbations. For more detailed
info on the setup, please see page 105.

The primary reference for the transfer oscillator technique is a stable laser (NKT Ko-
heras Basik) working at 1540.57 nm (L1540), whose stability is transferred to spectroscopy
laser working at 729 nm. A mediator of those two lasers is the OFC.

First, the L729 and L1540 lasers are individually optically beated with specific teeth of
the OFC closest to their optical frequencies. We will name indices of those teeth as 𝑁729

and 𝑁1540

frequency deviations observed between the 𝑁1540
𝑡ℎ tooth and L1540 relate to ob-

served deviations between L729 and the 𝑁729
𝑡ℎ tooth. This relationship can be expressed

as Δ𝜈𝐿729 = Δ𝜈𝐿1540 ·𝑁729/𝑁1540.
To subtract this frequency noise from the L729 beat, the beat signal of L1540 is

frequency multiplied by the ratio of 𝑁729/𝑁1540 using a direct digital synthesiser (DDS)
Chap. 4 and then mixed with the L729 beat. Since the 𝑓𝑐𝑒𝑜 lock of the OFC has its
bandwidth limited by approx. 9 kHz, there is some non-negligible residual frequency
noise originating from the OFC pump laser present at higher Fourier frequencies of the
𝑓𝑐𝑒𝑜 signal. This frequency noise is present in the L729 beat as well. The 𝑓𝑐𝑒𝑜 signal from
the OFC is thus used for subtracting this frequency noise from the L729 beat note. After
frequency multiplying the 𝑓𝑐𝑒𝑜 signal appropriately by another DDS and mixing it with
the L729 resulting in a virtual "transfer beat". This signal is independent to both 𝑓𝑟𝑒𝑝
and 𝑓𝑐𝑒𝑜. This signal is used as a precise tracking oscillator to compensate for the cavity
drift.

We demonstrate the practical impact of this stabilisation setup by performing a co-
herent manipulation on the |2𝑆1/2,𝑚 = −1/2⟩ ↔ |2𝐷5/2,𝑚 = −1/2⟩ narrow transition
of the 40𝐶𝑎+𝑖𝑜𝑛. The finite laser coherence value was then estimated through a Ramsey
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separated oscillating field method. The resulting laser linewidth is calculated from the
fit over the set of measured Ramsey contrasts. Our implementation results in Ramsey
time of 7.64, correspond to laser linewidth 𝜇𝑠 Δ𝜈𝐹𝑊𝐻𝑀

= 28.9 Hz. This is near twice the
improvement compared to when the virtual beat signal is directly used in a wide band
servo loop for locking the L729 to L1540.

Many experiments demand a pulse’s length in a few milliseconds range. In this regime,
the power broadening caused by high laser power operation can magnify the residual noises
that are contained in the spectra. However, in this case, the only wide band servo loop
is the P-D-H lock with a bandwidth of a few kHz. Thus the higher frequency noises
are suppressed. This is demonstrated in the measured transition spectra of the ion. The
fidelity obtained using our method is 99%. In contrast, we add the same spectral line
scanned with the L729 locked only to the virtual beat in a wide-band servo loop. One
can see that the spectrum also contains the residual noises from the servo, visible thanks
to power broadening. The excitation contrast is limited to 94%. In both cases, the laser
intensity was stabilised so that the 𝜋 pulse remains 25 𝜇s.
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A room-temperature ion trapping apparatus with hydrogen partial
pressure below 10−11 mBar

P. Obšil,1 A. Lešundák,2 T. Pham,2 K. Lakhmanskiy,3 L. Podhora,1 M. Oral,2 O. Číp,2 and L. Slodička1, a)
1)Department of Optics, Palacký University, 17. listopadu 12, 771 46 Olomouc, Czech Republic
2)Institute of Scientific Instruments of the Czech Academy of Sciences, Královopolská 147, 612 64 Brno,
Czech Republic
3)Institut für Experimentalphysik, Universität Innsbruck, Technikerstraße 25, 6020 Innsbruck,
Austria

(Dated: 3 December 2019)

The lifetime of trapped ion ensembles corresponds to a crucial parameter determining the potential scalability of their
prospective applications and is often limited by the achievable vacuum level in the apparatus. We report on the real-
ization of a room-temperature 40Ca+ ion trapping vacuum apparatus with unprecedentedly low reaction rates of ions
with a dominant vacuum contaminant: hydrogen. We present our trap assembly procedures and hydrogen pressure
characterization by analysis of the CaH+ molecule formation rate.

I. INTRODUCTION

Experimental platforms utilizing controllable electric po-
tentials for storing several charged atomic particles have be-
come pivotal in several modern research fields, including pre-
cision metrology, sensing, or quantum information process-
ing1–3. Besides representing a pioneering platform for tests
of a large number of advanced applications of quantum op-
tics phenomena, they have also provided an indispensable re-
source for fundamental studies of atomic structure and its in-
teraction with electromagnetic radiation. Dozens of experi-
mental research groups worldwide utilize atomic ion traps as
the main experimental platform and several efforts for the de-
velopment of standardized technological substances with the
possibility of involving automated industrial processing have
emerged in past few years4,5. One of the crucial technological
challenges in process of realization of ion trapping apparatus
corresponds to establishing sufficient vacuum environment in
the trapping region. The achieved vacuum pressure is propor-
tional to the mean free path of residual atomic particles, which
in turn determines the achievable lifetime of the trapped ionic
system. The collisions with the background gases can lead
to thermalization of ions and their crystalized spatial struc-
tures, chemical reactions, or even direct ejection of ions from
the trapping potential6,7. Vacuum quality can thus directly
limit performed experiments and impose requirements on fre-
quent ion reloading in some of the most advanced branches
of ion trapping applications which involve large numbers of
ions3,8–15.

The target vacuum pressures suitable for trapping single
atomic ions or small ion crystals are in the ultra-high-vacuum
(UHV) regime, well below 10−9 mBar7,16. Demands on the
feasibility of scaling up the number of trapped ions further
substantially decrease the required values of vacuum pressure
levels, as the number of collisions scales linearly with the
number of trapped ions. For thoroughly cleaned and well-
baked chambers pre-pumped with a turbomolecular pump,

a)Electronic mail: slodicka@optics.upol.cz

the limiting residual element with highest partial pressure
corresponds to a hydrogen due to its large concentration in
stainless steel and high diffusion rate17. The chemical reac-
tions of hydrogen with various atomic ion species were for-
merly studied due to their creation feasibility and suitability
for studies of ultracold ion chemistry18,19, direct or sympa-
thetic laser cooling20–24, proposed as sensitive probes of fun-
damental theories25, or considered as astrophysically impor-
tant molecules26.

Here we present our procedure of building an UHV appa-
ratus containing a linear Paul trap for spatial localization of
40Ca+ ions and estimation of the achieved hydrogen pressure
using the measurement of the molecular reaction rates. The
first part summarizes the particular employed procedures of
vacuum chamber assembly, which are, up to small differences,
well established in the experimental quantum optics commu-
nity working with trapped cold atoms or ions. The resulting
vacuum pressure level corresponds, to our best knowledge, to
one of the best values reached in non-cryogenic vacuum ap-
paratus in experimental trapped ion research and therefore we
focus on the rigorous estimation of the pressure of the residual
gas with the highest partial pressure corresponding to hydro-
gen molecules. The pressure is gauged by 40Ca+ ion crys-
tal by measurement and evaluation of reaction rates with the
hydrogen background gas. The conclusion includes a com-
parison of presented results with recent works focused on the
estimation of vacuum pressures from observable interaction
rates of trapped ions with background gas.

II. VACUUM CONSTRUCTION

The presented vacuum chamber is composed of and con-
tains solely UHV compatible materials with low outgassing
rates. The vacuum chamber and employed vacuum flanges
are made from stainless steel SS 316 LN with low relative
magnetic permeability in order to minimize unknown mag-
netic field gradients across the trapping region. For the same
reason, all stainless steel components of the trap and its holder
which mainly correspond to small screws are also made from
SS 316 LN. The only exception corresponds to the combined
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vacuum pump (SAES group, NEXTorrr D 100-5), which has
SS 304 parts and includes a permanent magnet necessary for
the operation of the ion pump, however, its position within
the chamber corresponds to the largest distance to the trap.
In addition to stainless steel, the large surface of the cham-
ber is employed for optical access using a fused silica vacuum
viewports with a broadband anti-reflection coatings covering
397 to 850 nm range. The trap and ion source assembly fur-
ther contain Macorr, titanium, sapphire crystal, and an in-
dium sealed source of calcium atoms. The trap electrodes
are connected to oxygen-free high conductivity (OFHC) cop-
per feedthroughs using an OFHC copper conductors and ad-
ditional wires with Kaptonr isolation were used for the con-
nection of the in-vacuum thermistor. Several parts were silver-
plated, which included chamber assembly screws and major-
ity of the OFHC copper gaskets. The total volume of the vac-
uum chamber has been estimated to approximately 1.6 litres.

The Paul trap itself is formed by six titanium electrodes,
four radial and two axial, and additional two pairs of
SS 316 LN stainless steel micro-motion compensation elec-
trodes27. All titanium electrodes were electroplated by ap-
proximately 10µm thick gold layer to avoid any oxidized sur-
faces in the proximity of the trapping potential and, at the
same time, enhance the electrical conductivity for the applied
radio-frequency drive, which in turn results in lower temper-
ature of the trap due to suppressed electric power dissipation.
Before the electroplating, electrodes were cleaned in an ul-
trasonic bath with acetone and methanol, respectively. Subse-
quently, hydrogen fluoride was used to remove native titanium
oxide. All etched parts were stored in the water in order to
slow down any further oxidation. A gold sulfite electroplat-
ing solution TSG-250 heated to 60◦C was used for creation
of satin-smooth electrodeposits on the titanium surface. The
endcap electrodes were electroplated with 10 mA current for
40 minutes and radial electrodes with 5 mA for 30 minutes.
The achieved gold surface has a low roughness with grain size
of less than a micron in diameter. The trap design corresponds
to ion to radial electrodes and ion to axial electrodes distances
of 566 µm and 2250 µm, respectively. We note that the mea-
sured heating rates with single 40Ca+ ion using the thermom-
etry on the 4S1/2 ↔ 3D5/2 transition in the final assembled
setup are 5.1±0.4 phonon/s for the axial motion at 1.2 MHz.

Besides choosing the appropriate UHV compatible mate-
rials, the crucial point in the process of building any UHV
vacuum chamber is cleanliness. Outgassing will play an im-
portant role below pressure levels of 10−6 mBar and poten-
tial residual organic compounds can limit the achievable vac-
uum pressure. During the whole cleaning and assembling pro-
cess we were strictly using cleanroom suits, nitril powder free
gloves certified for clean room applications, hair nets and anti-
dust mouth masks. The setup was assembled in the regular op-
tical laboratory inside a flow box employing the filter of class
H13 of norm EN 1822. The parts of the vacuum chamber and
pumping station assembly were cleaned in the ultrasonic (US)
bath with industrial detergents, demineralized (DM) water and
high-performance liquid chromatography (HPLC) grade alco-
hols, respectively. For the sake of comprehensiveness and re-
peatability, we specify the employed cleaning procedure in

Table I. The in-vacuum parts made from an OFHC copper

TABLE I. Overview of the general cleaning procedure used mainly
for stainless steel parts.

1. 10 min. in US bath in 5% Simple Greenr

2. Rinse under DM water to get rid of the detergent
3. 5 min. in US bath in DM water
4. Quick rinse (~10 s) under DM water
5. 10 min. in US bath in HPLC Aceton
6. Quick rinse (~10 s) under DM water
7. 10 min. in US bath in HPLC Methanol

tend to quickly oxidize on the surface when exposed to air
and the oxide layers were removed by etching in diluted citric
acid contained in industrial detergent Citranoxr. The cleaned
surface oxidizes fast in wet environment and it is important
to avoid any contact with water or long exposure to air after
final cleaning. Note that the employed cleaning procedure for
copper parts presented in Tab. II avoids the Aceton cleaning28.
We didn’t use any ultrasonic bath (US) cleaning for the em-

TABLE II. Overview of the copper cleaning procedure.

1. 10-15 min. in US bath in 2% Citranoxr

2. Rapid (~2 s) rinse under DM water to get rid of the detergent
and immediate submerge into HPLC Isopropyl alcohol

3. 10 min. in US bath in HPLC Isopropyl alcohol
4. 10 min. in US bath in HPLC Methanol

ployed vacuum chamber, electrical feedthroughs, and optical
viewports, as they were specified to be clean upon delivery
and so we just wiped them with HPLC methanol before the
assembly. The gold-plated trap electrodes were merely sub-
merged in the methanol bath. The thoroughly cleaned parts
were always stored exclusively in flowbox during the periods
of assembly procedures.

Four different vacuum pumps were employed for the
achievement of the resulting UHV pressures. Outside the vac-
uum chamber, a turbomolecular pump together with a Roots
type pre-pump delivered as a single vacuum system (Pfeiffer
Vacuum, HiCube 80 Pro/ACP 15) were used for reaching the
UHV levels before activation of the entrapment pumps inside
the chamber. The pumps in the vacuum chamber correspond
to an ion pump combined with non-evaporative getter (NEG)
pump (SAES Getters, NEXTorrr D 100-5) and single NEG
pump (SAES Getters, CapaciTorrr D 50) positioned in the
proximity of the ion trapping region at 55 mm distance, see
Fig. 1.

The vacuum level in a properly cleaned and outgassed ap-
paratus is typically determined by hydrogen partial pressure,
which diffuses through and from bulk stainless steel17,29. The
conventional method of dealing with outgassing of hydrogen
is based on establishment of a diffusion barrier on the sur-
face of the stainless steel parts by an air-baking30. It has been
predicted and observed that even small coating defects of the
oxidized stainless steel flanges can lead to a lateral diffusion
and outgassing of a hydrogen atoms into the chamber31. The
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FIG. 1. A 3D-views of the employed vacuum chamber depict the
relative positioning of the ion trap, entrapment pumps, and vacuum
valve. a) The side-top projection with spatial scale in millimeters. b)
The rotated perspective for illustration of the overall structure of the
vacuum chamber.

air-bake in a clean oven was realized after cleaning proce-
dure with all stainless steel parts including the chamber, blank
flanges, reduction and T-shape pipe30. The temperature was
ramped up at a rate of 1◦C per minute to 400◦C, where it was
maintained for 8 hours and afterwards ramped down at the
same rate to reach room temperature. The air-bake resulted
in a visible golden colour of the stainless steel surface cor-
responding to chromium-oxide. A second baking step with
simultaneous pumping of the preassembled chamber has been
realized in order to outgas the hydrogen and water as much
as possible before the final assembly. The chamber was as-
sembled with blank stainless steel flanges instead of view-
ports and the entrapment pumps and Paul trap were not in-
stalled, which allowed baking of the chamber at 270 ◦C. After
approximately one hour from the beginning of the pumping,
a sufficiently low pressure had been established to perform
a helium leak test which showed no detectable leaks. The
ramp up and down speed of the temperature in the oven was
set to the rate 15◦C per hour and the system was pumped at
270 ◦C for 228 hours. During the whole baking time the par-
tial gas pressures were monitored using the residual gas anal-
yser (RGA) and a substantial decrease of the most prominent
residual compounds, including predominant hydrogen, nitro-
gen, water, methanol and carbon dioxide, was observed. It
is recommended to fill your vacuum system with pure nitro-
gen gas or at least dry air when opening the vacuum cham-
ber, because outgassing of nitrogen is much easier than water
adsorbed from humid air. The controlled filling of the cham-
ber by high grade nitrogen also helps to avoid the risk of its
contamination. The third baking included the final assembly
of ion trapping apparatus and its temperature was limited by
optical viewports to 200◦C. Similarly as in the second bak-
ing stage, the helium leak test has been performed soon after
starting the pumping procedure and then the temperature in-
side the baking oven was ramped up at a rate of 15 ◦C per
hour to the target temperature of 195 ◦C where it stayed for

10 days. The ramp down at the same rate has been targeted
to 45 ◦C at which the ion pump magnets were attached and
the pump was running for 1 minute for degassing. After re-
moval of the magnets, the atomic oven containing calcium
metal powder originally closed under an argon atmosphere
and sealed with indium plug was heated for 2 minutes to de-
gas. Last procedure realized inside the baking oven was the
activation of NEG pumps using the original commercial driv-
ing units. One of the NEGs was first started in the condition-
ing regime to avoid a rapid increase of pressure in the chamber
and after about 2 minutes also the conditioning of the second
NEG pump was switched on. The actual pressure was ob-
served on RGA and after 15 minutes the full activation power
was switched on for the first NEG pump and with a 2 minutes
delay also the second. Both NEG pumps were activated for
1 hour and after that, both driving units and baking oven were
switched off. After thermalization of the NEG pumps, the ion
pump was switched on and the valve between chamber and
turbomolecular pump was closed a few minutes afterwards,
while the chamber temperature being still at about 40 ◦C.

The last partial pressures before the valve closure estimated
at RGA were signifying the dominant residual gas being hy-
drogen with the partial pressure of (4.62±0.05) ·10−8 mBar
followed by more than an order of magnitude lower popu-
lation of nitrogen/carbon monoxide (1.5± 0.2) · 10−9 mBar,
carbon dioxide (1.3± 0.2) · 10−9 mBar, water (1.0± 0.2) ·
10−9 mBar and methanol (6± 2) · 10−10 mBar, with the rest
of the residuals being below the noise floor of the RGA at
about 2 · 10−10 mBar level. The valve closure has resulted
in a step increase of hydrogen pressure on RGA outside the
chamber, which was the clear sign of its pumping by NEGs.
The current on the ion pump monitor decreased quickly and
after approximately two hours it showed solely 0 nA corre-
sponding to the pressure level below its gauging capabilities,
which is specified to be limited to about < 10−11 mBar for
nitrogen gas.

III. ESTIMATION OF THE HYDROGEN PRESSURE

The attainable information about the pressure level inside
the chamber using the ion pump gauge is rough and gives lim-
ited knowledge about the quality of achieved vacuum. Un-
fortunately, it corresponds to the only available instrument for
vacuum pressure estimation in our setup, similarly as for most
of apparatus in the ion trapping community. The basic techni-
cal prerequisite for operation of many trapped ion experiments
is the sufficiently long lifetime of the laser-cooled crystallized
ion ensemble, which is typically limited by the surrounding
vacuum level, laser cooling efficiency, or physical properties
of the particular employed trap. The dependence of the ion
crystal lifetime on the vacuum level can be in turn used for
the precise estimation of the vacuum level and, together with
the knowledge of particular reaction rate constants of given
atomic isotope with prominent vacuum contaminants, serve
also for the residual gas analysis. The conventional methods
for vacuum pressure analysis using trapped atomic ions are
based on estimation of rates of two types of interaction with
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background gas. One is corresponding to inelastic collisions
leading to the formation of molecular ions7, and the other is
involving the elastic momentum transfer, which can result in
an exchange of ion positions, rapid thermalization of ion crys-
tal, or even loss of ions from the trap32. The relatively high
depth of our trapping potential estimated at 3.5 eV prevents
a direct escape of ions and we do not observe any ion loss in
usual experimental settings. At the same time, unambiguous
measurement of ion crystal thermalization rates can be tricky
due to short Doppler re-cooling times. For these reasons, elas-
tic collision rates with background gas are typically measured
by observation of crystal structure changes with one or more
non-fluorescing ions purposely loaded in the string32,33. How-
ever, such method is highly dependent on particular trapping
parameters which determine the potential barrier between ob-
served crystal orders, electric field noise properties, or mo-
tional state of ions and probability of thermal activation of po-
sition flips7,32. On the other hand, the vacuum analysis based
on the observation of molecular reaction rates is highly insen-
sitive to particular trapping and laser cooling settings and can
thus lead to smaller systematic uncertainties of the estimated
pressures, provided that the type of the molecular association
reaction and corresponding rate coefficients are well known.

The presented vacuum chamber contains 40Ca+ ion trap-
ping apparatus and the hydrogen partial pressure can thus be
estimated by measurement of the rate of the reaction19,20

40Ca+(4P1/2)+H2→40 CaH++H, (1)

with its dynamics given by

N(40Ca+) = N0(
40Ca+) · e−γ·t . (2)

Here, γ is the reaction rate, N0(
40Ca+) is the number of non-

reacted ions at the beginning of the measurement period t = 0,
and N(40Ca+) is the number of non-reacted ions after time t.
The reaction rate γ = penH2kr, with pe being the probability
of 4P1/2 level population, nH2 the number density of the H2
gas, and kr is the reaction rate constant.

We trap linear 40Ca+ ion strings in the installed linear Paul
trap operated with 30.2 MHz radio-frequency drive and 3 W
power resulting in radial center of mass motional frequencies
of fx ≈ fy ≈ 1.86 MHz. The axial potential is set for optimiz-
ing the stability of the employed linear ion string, which for
the hydrogen pressure analysing measurements with 34 ions
corresponds to the center of mass mode frequency fz≈ 91 kHz
and Utip = 8 V. The micromotion has been carefully optimized
for employed trapping potential settings. The Doppler cool-
ing of ions is realized by a 397 nm laser red detuned from the
4S1/2↔ 4P1/2 transition and additional 866 nm laser beam is
used for depopulation of the metastable 3D3/2 manifold, see
Fig. 2-a). The 854 nm laser beam set to the 3D5/2 ↔ 4P3/2
transition resonance is used for depopulation of the 3D5/2
level, which is populated by extremely rare events correspond-
ing to 397 nm laser excitation of the 4S1/2↔ 4P3/2↔ 3D5/2
Raman transition. The 397 nm fluorescence scattered from
ions in the direction perpendicular to the symmetry axis of
the employed linear Paul trap is collected by a lens positioned
outside the vacuum chamber and observed on EMCCD cam-
era. The measured fluorescence emission spectrum with four
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FIG. 2. a) A simplified energy level scheme of 40Ca+ with corre-
sponding excitation laser wavelengths. b) Measured and fitted flu-
orescence spectra as a function of the repumping 866 nm laser de-
tuning for calibration of the 4P1/2 state population and correspond-
ing detected EMCCD camera intensity. c) The representative images
from EMCCD camera showing full 34 ion string (top), and the rare
event of string with a single ion becoming non-fluorescing due to
the chemical reaction (bottom). d) The evaluated number of detec-
tion events with measured intensities of detected fluorescence for the
outermost ion in the 34-ion string. The histogram is evaluated from
104 measurements on the EMCCD camera, each with an acquisition
time of 0.5 s. The large difference between the detected bright ion
intensity distribution (blue circles) and background intensity values
(grey squares) ensures the unambiguous detection of dark ion pro-
duction even at timescales shorter than half of our acquisition period.

dark resonances shown in the Fig. 2-b) serves for precise cali-
bration of the 4P1/2 population pe using the steady state solu-
tion of 8-level optical Bloch equations. The standard Doppler
cooling conditions correspond to pe on the order of a few per-
cent and the chemical reaction rate is too small to be observ-
able in our vacuum level even with several tens of ions. In
order to homogeneously enhance the laser induced reaction
rate (1), the probability pe was further tuned up to the average
value of pe = (15.9±1.7)% for all ions in the crystal using an
additional 397 nm excitation beam propagating along the ion
string. Nevertheless, the observation of a few chemical reac-
tions still necessitated very long measurements and thus stable
laser excitation parameters were ensured by frequency and in-
tensity stabilizations of both lasers, with frequency locks em-
ploying as a reference single optical frequency comb refer-
enced to hydrogen maser.

The illustration of the ion crystal employed in the pre-
sented measurement containing 34 40Ca+ ions is shown in
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the Fig. 2-c), where the bottom picture illustrates one of the
extremely rare events of one ion getting dark. This crystal
has been observed for 51 hours and its image has been cap-
tured with 1.95 Hz rate and 500 ms acquisition time. The
post-processing of the recorded images showed in total 4 re-
actions. After becoming dark, the ion always stayed in non-
fluorescing state on a timescale of minutes, namely for 63.5 s,
934.5 s, 506 s and 366.5 s and then became bright again,
which can be most likely attributed to an off-resonant opti-
cal dissociation22. The time-lapse images were processed one
by one by averaging the photon counts from pixels surround-
ing the ion image for each ion separately. A typical eval-
uated histogram of detected count rates shown in Fig. 2-d)
demonstrates that the fluorescence peak for each ion is sep-
arated very well from the background count rate values and
thus any nonfluorescing events longer than 0.25 s would be
unambiguously recognized. The observed timescales of the
three dissociation events statistically practically exclude any
dark events where the dissociation time would be faster or
comparable to 0.25 s in the same experimental conditions,
which further justifies the evaluation of the reaction rate as
1 reaction per 12.75 hours. The corresponding partial pres-
sure of the H2 in our system can be found using the equa-
tion (2), which results in PH2 ≤ (2.1± 1.1) · 10−13 mBar and
PH2 ≤ (5.5±2.8) ·10−12 mBar, when employing the reaction
rate coefficient kr from20 and from19, respectively. The quoted
standard deviations correspond to two statistically indepen-
dent uncertainty contributions. The dominant contribution is
caused by the uncertainty of random and time independent
success of observation of molecular reaction. The variance of
number of reaction events is given by the Poisson distribution
with a very large number of trials and very small success prob-
ability corresponding to 4 events per total number of trials.
This value has been convolved with statistically independent
uncertainty of 4P1/2 state population, which has been found
by the statistical analysis of the detected fluorescence count
rate.

The provided partial pressure analysis assumes that all
molecular association events correspond to reaction of 40Ca+

with H2. This assumption is based on the dominant resid-
ual content of hydrogen observable on RGA before the cham-
ber closure and on the typical characteristics of the residual
gas content in the vast majority of stainless steel UHV cham-
bers6,7,17,29,32. Although it is unlikely that we see reactions
with other vacuum contaminants, it is practically demanding
to implement means to unambiguously prove it and we have
to regard the presented values as an upper limit on the hydro-
gen partial pressure, as contribution of any other element to
the observed dark ion creation would effectively correspond
to smaller hydrogen content in the chamber.

IV. DISCUSSION

The ultra-high-vacuum generation corresponds to a rou-
tine, yet the crucial technological task necessary for achiev-
ing control over single charged atomic ions and its methods
are continuously revisited and improved among whole ion

trapping community. Current efforts on scaling some promi-
nent trapped-ion applications require experimenting with sta-
ble large ionic arrays which tighten up already stringent re-
quirements on the vacuum levels well below 10−9 mBar. A
room temperature ion trapping chamber presented here has
recently demonstrated the distinctive ability of working with
large and stable ion ensembles in experiments, where tem-
poral fluctuations of ion numbers would inevitably cause a
severe reduction of the observed phenomena9,34. The rig-
orous estimation of the achieved hydrogen partial pressure
using the estimation of molecular reaction rates has led to
its upper limits PH2 ≤ (5.5± 2.8) · 10−12 mBar and PH2 ≤
(2.1± 1.1) · 10−13 mBar using the reaction rate coefficient
from19 and from20. This corresponds to four chemical re-
actions in 51 hours long measurement with 34 ion crystal,
which, to the best of our knowledge, is the lowest value re-
ported for a room-temperature ion trapping experiment. The
dominant uncertainty in the observed upper limit on the hy-
drogen partial pressure is caused by the large discrepancy in
the reported reaction rate constants, which could not be fea-
sibly resolved in the current vacuum apparatus. We plan to
implement measures in a new vacuum chamber with Ca+ ion
trap comprising a high precision residual gas analyser, which
would allow for its comparison.

The provided explicit instructions for the vacuum genera-
tion, hydrogen pressure estimation, and the achieved vacuum
level itself, do not intend to be recognized as a milestone
breaking, but rather constitute a solid and reliable reference
for the realization and calibration of a chamber capable of
temporarily stable storage of large ionic arrays. They com-
plement a rich variety of recent notable reports from ion trap-
ping community on measurement of effective lifetimes of ion
strings with atomic ions localized in Paul traps. We do not
attempt to quantitatively compare the reported vacuum levels,
as different measures and atomic species could in principle
lead to incomplete conclusions. We instead enlist the recent
reported measurements relevant for the potential applications.
The collision rates on the order of a single collision per hour
per trapped ion have been reported by observations of dark ion
position change in the 171Yb+ ion string3. The same setup re-
ported an average lifetime of about 5 minutes for 53 ion crys-
tal with rare events reaching up to 30 minutes. Measurements
of rates of the dark ion position change in the 40Ca+ crystal
resulted in single ion position change every 86 s on average
for a 6-ion crystal and every 27 s for a chain of 20 ions33.
The same method employed for a 5-ion crystal of 171Yb+ re-
sulted in hopping every 49 s on average35. The recent rig-
orous analysis of reorder rate for a two-ion 40Ca+−27Al+

crystal motivated by the estimation of frequency shift in the
optical atomic clock caused by background gas collisions re-
sulted in the hydrogen-dominated background gas pressure of
(5.47±0.08)×10−10 mBar32. We stress again, that these re-
sults are generally dependent on trapping and laser cooling
parameters, and thus not directly comparable. Alternative ap-
proach for achieving very low vacuum levels employs cryo-
genic vacuum setups6,7. Besides simplifying and speeding up
the vacuum construction due to suppressed desorption rates,
the reduced kinetic energy of the background gases limits the
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observable heating of the ion crystal caused by collisions. The
background gas pressure of P4K < 1.3 · 10−13 mBar was es-
timated from dark ion production rates, while counting of
the sensitive zig-zag crystal structural changes gave P4.7K <
1.3 · 10−12 mBar7. Cryogenic setup reported in reference6

employed highly charged ions and the charge-exchange reac-
tions with hydrogen to derive its upper vacuum pressure limit
of P4.6K < 1.26(−0.11/+ 0.12) · 10−14 mBar. We believe
that, together with these recent remarkable achievements, pre-
sented guidelines for the ion trapping vacuum chamber con-
struction and achieved pressure estimation will facilitate cur-
rent efforts in mastering large trapped ion arrays for a broad
range of applications of quantum technologies3,8–14.
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O. Číp, L. Slodička, and R. Filip, “Nonclassical light from large ensembles
of trapped ions,” Physical Review Letters 120, 253602 (2018).

10T. Monz, P. Schindler, J. T. Barreiro, M. Chwalla, D. Nigg, W. A. Coish,
M. Harlander, W. Hänsel, M. Hennrich, and R. Blatt, “14-qubit entan-
glement: Creation and coherence,” Physical Review Letters 106, 130506
(2011).

11J. Keller, T. Burgermeister, D. Kalincev, A. Didier, A. Kulosa, T. Nord-
mann, J. Kiethe, and T. Mehlstäubler, “Controlling systematic frequency
uncertainties at the 10- 19 level in linear coulomb crystals,” Physical Re-
view A 99, 013405 (2019).

12J. Kiethe, R. Nigmatullin, D. Kalincev, T. Schmirander, and
T. Mehlstäubler, “Probing nanofriction and aubry-type signatures in a fi-
nite self-organized system,” Nature Communications 8, 15364 (2017).

13C. Maier, T. Brydges, P. Jurcevic, N. Trautmann, C. Hempel, B. P. Lanyon,
P. Hauke, R. Blatt, and C. F. Roos, “Environment-assisted quantum trans-
port in a 10-qubit network,” Physical Review Letters 122, 050501 (2019).

14S. Ulm, J. Roßnagel, G. Jacob, C. Degünther, S. Dawkins, U. Poschinger,
R. Nigmatullin, A. Retzker, M. Plenio, F. Schmidt-Kaler, and K. Singer,
“Observation of the kibble–zurek scaling law for defect formation in ion
crystals,” Nature communications 4, 2290 (2013).

15C. D. Bruzewicz, R. McConnell, J. Chiaverini, and J. M. Sage, “Scalable
loading of a two-dimensional trapped-ion array,” Nature Communications
7, 13005 (2016).

16A. H. Nizamani, M. A. Rind, N. M. Shaikh, A. H. Moghal, and H. Saleem,
“Versatile ultra high vacuum system for ion trap experiments: Design and
implementation,” Intl. Journal of Advancements in Research & Technology
2 (2013).

17R. Calder and G. Lewin, “Reduction of stainless-steel outgassing in ultra-
high vacuum,” British Journal of Applied Physics 18, 1459 (1967).

18L. D. Carr, D. DeMille, R. V. Krems, and J. Ye, “Cold and ultracold
molecules: science, technology and applications,” New Journal of Physics
11, 055049 (2009).

19A. K. Hansen, M. A. Sørensen, P. F. Staanum, and M. Drewsen, “Single-ion
recycling reactions,” Angewandte Chemie International Edition 51, 7960–
7962 (2012).

20N. Kimura, K. Okada, T. Takayanagi, M. Wada, S. Ohtani, and H. A.
Schuessler, “Sympathetic crystallization of cah+ produced by a laser-
induced reaction,” Phys. Rev. A 83, 033422 (2011).

21C.-w. Chou, C. Kurz, D. B. Hume, P. N. Plessow, D. R. Leibrandt, and
D. Leibfried, “Preparation and coherent manipulation of pure quantum
states of a single molecular ion,” Nature 545, 203 (2017).

22R. Rugango, A. T. Calvin, S. Janardan, G. Shu, and K. R. Brown, “Vibronic
spectroscopy of sympathetically cooled cah+,” ChemPhysChem 17, 3764–
3768 (2016).

23P. F. Staanum, K. Højbjerre, P. S. Skyt, A. K. Hansen, and M. Drewsen,
“Rotational laser cooling of vibrationally and translationally cold molecular
ions,” Nature Physics 6, 271 (2010).

24T. Schneider, B. Roth, H. Duncker, I. Ernsting, and S. Schiller, “All-optical
preparation of molecular ions in the rovibrational ground state,” Nature
Physics 6, 275 (2010).

25S. Schiller and V. Korobov, “Tests of time independence of the electron and
nuclear masses with ultracold molecules,” Physical Review A 71, 032505
(2005).

26D. Petitprez, B. Lemoine, C. Demuynck, J. Destombes, and B. Macke,
“Infrared diode laser spectroscopy of cah and cad (x 2σ+). determination of
mass-independent parameters,” The Journal of Chemical Physics 91, 4462–
4467 (1989).

27M. Guggemos, Precision spectroscopy with trapped 40Ca+ and 27Al+ ions,
Ph.D. thesis, University of Innsbruck (2017).

28S. V. Kagwade, C. R. Clayton, D. Chidambaram, and G. P. Halada, “Photo-
chemical breakdown of acetone on copper,” Electrochimica Acta 46, 2337–
2342 (2001).

29A. Chambers, Modern vacuum physics (CRC Press, 2004).
30L. Westerberg, B. Hjörvarsson, E. Wallén, and A. Mathewson, “Hydro-

gen content and outgassing of air-baked and vacuum-fired stainless steel,”
Vacuum 48, 771–773 (1997).

31W. Prins and J. J. Hermans, “Theory of permeation through metal coated
polymer films,” J. Phys. Chem. 63 (1959).

32A. Hankin, E. Clements, Y. Huang, S. Brewer, J.-S. Chen, C. Chou,
D. Hume, and D. Leibrandt, “Systematic uncertainty due to
background-gas collisions in trapped-ion optical clocks,” arXiv preprint
arXiv:1902.08701 (2019).

33C. Hempel, Digital quantum simulation, Schrödinger cat state spectroscopy
and setting up a linear ion trap, Ph.D. thesis, University of Innsbruck
(2014).

34P. Obšil, A. Lešundák, T. Pham, G. Araneda, O. Číp, R. Filip, and
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Abstract: We demonstrate an optical frequency analysis method using the Fourier transform 
of detection times of fluorescence photons emitted from a single trapped 40Ca+ ion. The 
response of the detected photon rate to the relative laser frequency deviations is recorded within 
the slope of a dark resonance formed in the lambda-type energy level scheme corresponding to 
two optical dipole transitions. This approach enhances the sensitivity to the small frequency 
deviations and does so with reciprocal dependence on the fluorescence rate. The employed 
lasers are phase locked to an optical frequency comb, which allows for precise calibration of 
optical frequency analysis by deterministic modulation of the analyzed laser beam with respect 
to the reference beam. The attainable high signal-to-noise ratios of up to a MHz range of 
modulation deviations and up to a hundred kHz modulation frequencies promise the 
applicability of the presented results in a broad range of optical spectroscopic applications. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
The optical atomic spectroscopy is a well-developed research field comprising some of the 
most advanced applications of optical and laser technologies. It provides many crucial 
investigation methods and contributes to a whole spectrum of modern natural sciences. At the 
same time, it still holds an immense potential for further advancements by utilization of newly 
available tools for light generation, control and analysis developed within studies of light and 
matter at the level of individual particles [1-3]. The possibilities of employing the individual 
atomic systems for optical spectroscopy have in the last decade to a large extent governed the 
development in the field of optical frequency metrology and its attainable accuracies [4]. The 
implementation of frequency analysis with individual atomic particles has been dominantly 
focused on the development of optical frequency references utilizing a direct probing of narrow 
atomic transitions. Related phenomenological advancements have mostly been corresponding 
to knowledge improvements of atomic internal structure and its sensitivity to external 
disturbances. The development of advanced methods for laser frequency stabilization 
complemented by progress in generation and control of optical frequency combs seen in the 
past few years have recently enabled the pioneering excitations of Raman  transitions in the 
gigahertz [5, 6] and terahertz domain [7] as well as new atomic spectroscopy methods [8]. 

Here we present a method for optical frequency analysis based on the time resolved 
spectroscopy on atomic dipole transitions with enhanced sensitivity to frequency deviations 
using the probing of individual atoms close to a two-photon resonance in a lambda-like three-
level energy scheme. The spectral resolution and bandwidth of the presented approach profit 
from both, the high attainable count rates on atomic transitions with large decay rates and, at 
the same time, possibilities of continuous probing of narrow two-photon resonances with 
disparate optical wavelengths enabled by the sub-wavelength localization of probed single 



atom. The two-photon interference not only enhances the spectral sensitivity but, crucially, it 
allows for optical frequency analysis of target optical field on optical reference field with very 
different frequency, which corresponds to a paramount task in many metrological applications 
[9-11]. The interference mediated by laser cooled atoms allows for optical frequency beating 
of two optical fields separated by hundreds of THz. This is typically realized indirectly via an 
optical frequency comb, which provides a traceability to stable frequency reference in a broad 
optical ruler [12, 13]. The presented method provides an alternative approach within limited 
spectral range, by representing a convertor of the relative optical frequency difference to the 
intensity of fluorescence emitted by a single atom. 

We implemented a continuous measurement scheme on a single trapped 40Ca+ ion excited 
in the lambda-type energy level scheme 4S1/2 ↔ 4P1/2 ↔ 3D3/2 by two lasers at wavelengths 
397 nm and 866 nm, respectively. The 397 nm laser is simultaneously used for Doppler cooling, 
while the 866 nm laser serves as a repumper from a long-lived 3D3/2 manifold. Both lasers are 
phase locked to particular teeth of a fiber frequency comb referenced to a hydrogen maser. In 
this way, they adopt known frequency linewidths and stability of the optical reference. We 
analyze the properties of the presented scheme in terms of the fluorescence intensity response 
to imposed laser frequency characteristics and measurement length. For this purpose, the 
repumping laser serves as an analyzed field to which a deterministic frequency modulation is 
applied, while the cooling laser is the reference field with fixed frequency. A simple theoretical 
model for achievable signal-to-noise ratios (SNR) is compared with measured fluorescence 
intensity responses in a range of modulation frequencies and amplitudes. Finally, we estimate 
the limits of the presented method and discuss the comparisons of measured data with 
simulations. 

2. Experimental scheme 

To measure the dynamic response of ion fluorescence to the frequency detuning of the 
excitation lasers, it is necessary to narrow the linewidths and stabilize the frequencies of the 
lasers to levels where they do not interfere with the measurements. For this reason, two 
extended-cavity diode lasers (ECDLs) are phase locked to the optical frequency comb. The 
whole experimental setup is schematically shown in Fig. 1 with three parts: a) is dedicated to 
the ECDLs, b) to the phase locking and c) to the ion trap. The frequency comb with a center 
frequency at 1550 nm is frequency doubled by the second harmonic generation (SHG) process 
and broadened by a photonic crystal fiber to generate an optical supercontinuum ranging from 
about 600 nm to 900 nm.  This broad spectrum is mixed with both laser beams to create beat 
notes with particular frequency comb teeth. The product of this mixing is spatially separated 
according to the wavelengths by a diffraction grating and serves as a signal for phase locked 
loop (PLL), which efficiently narrows a laser linewidth down to linewidth of a single 
component of the frequency comb. This method allows for stabilization of multiple lasers in 
near infrared and visible range to a single frequency reference within one optical setup. The 
two radio frequency parameters of optical frequency comb - the repetition rate frep and the offset 
frequency fceo are referenced to a hydrogen maser, which is disciplined for long-term stability 
by a GPS clock.  

Particular beat note signal between the nearest comb tooth and the laser is amplified, and 
mixed with a reference signal. This reference signal is generated by a radiofrequency (RF) 
synthesizer referenced to the hydrogen maser, and has the value of desired beat note frequency 
fb. After low-pass filtering, the product of the mixing is a DC signal that is proportional to the 
phase error of the comb-laser beat note and serves as the error signal for laser phase-locked 
loop (PLL). The PLL is realized with fast analog control electronics. In this way, the laser 
linewidths efficiently adopt the linewidths of the frequency comb. The cooling laser at 397 nm 
cannot be directly locked to the frequency comb and the lock is realized at its fundamental 
wavelength at 794 nm. The laser frequencies written in terms of the comb frequencies are then: 
ν866 = 2(n(2∙866) frep + fceo) + fb866 and ν397 = 2[2(n(2∙794) frep + fceo) + fb794]. The frequency difference 



between lasers as seen by the ion is Δν = (4n(2∙794) - 2n(2∙866)) frep + 2fceo+ fb794 - fb866, where 
4n(2∙794)-2n(2∙866) = 1635856. Standard deviations of the comb basic frequencies are σ( frep) ≤ 1 
mHz and σ(fceo) ≤ 1 Hz at 100 s averaging time, which indicates standard deviation of laser 
frequency detuning below 1 Hz at the same averaging timescales. We measured the linewidth 
of a single comb tooth by beating it with a laser at 1540 nm which has linewidth at the level of 
a few Hz and obtained FWHM = 40 kHz with 1 kHz resolution bandwidth setting. The main 
contribution to this linewidth comes from the fceo. The frep contribution in these time scales can 
be neglected. After each SHG process, the linewidth is also doubled. However, since the noise 
source is common for both 397 nm and 866 nm lasers, a simple estimation of their mutual 
linewidth based on Δν leads to 80 kHz. 

 

Fig. 1. Scheme of the experimental setup distributed over three optical tables corresponding to 
parts a, b and c. The cooling laser beam is generated by doubling the 794 nm ECDL laser to 397 
nm. The near infrared laser beams are sent through an optical fiber to table b for frequency 
stabilization. Laser beams prepared for excitation with the trapped ion are led into acousto-optic 
modulators (AOMs) in double pass configurations for frequency and amplitude modulation and 
then sent to the ion trap positioned on optical table c. The optical frequency comb comprising 
the units for frequency doubling and supercontinuum generation is optically mixed with lasers 
for generating the error signals for frequency stabilization. The excitation laser fields are set to 
particular desired polarization and are amplitude stabilized at the proximity of the ion chamber 
on optical table c. The single ion fluorescence is collected by a lens with numerical aperture of 
0.2 and detected by EMCCD camera or single photon avalanche diode (APD). The detection 
signals including precise photon arrival times are recorded using fast time-tagging module or 
converted by analog-digital card (ADC) for further processing. 

The target frequencies of atomic transitions are achieved by fine frequency tuning with 
acousto-optic modulators (AOM) in double-pass configuration. These AOMs are also used for 
stabilization of excitation laser intensities. The beams are combined by a dichroic mirror and 
focused to the center of the linear Paul trap with 45° angle of incidence relative to the trap axis. 
The ion is trapped in the radial x, y directions by harmonically oscillating electric field at 
frequency of 30 MHz and with an amplitude corresponding to the radial secular motion 
frequency fx,y ≈  1.66 MHz. The axial position is confined by the voltage applied to tip electrodes 
Utip = 500 V, leading to the axial secular frequency fz ≈ 780 kHz. The ion is Doppler cooled by 
a red detuned 397 nm laser. Fluorescence from the ion is collected in the direction of the 
magnetic field using a lens system with numerical aperture of 0.2. A flip mirror in the optical 
path is used to switch the detection between the electron multiplying CCD (EMCCD) camera 



and single-photon avalanche detector (SPAD). The photon detection times are recorded with 
fast time tagging module with up to 4 ps resolution. 

In the case of 40Ca+ ion, the convenient three-level systems with Λ configuration can be 
realized on transitions 4S1/2 ↔ 4P1/2 ↔ 3D3/2, which are simultaneously driven by two laser 
fields at wavelengths 397 nm and 866 nm. For the individual laser detunings set to the two-
photon resonance corresponding to the vanishing difference Δ866 - Δ397 = 0, the population of 
the excited state 4P1/2 disappears in ideal case. This corresponds to a dark state with no 
fluorescence emission [14, 15]. In practice, the dark state population is limited by the finite 
linewidth of the two involved lasers and finite coherence between the ground states 4S1/2 and 
3D3/2 as well as thermal population of atomic motion [16-19]. The magnetic field of 6.1 Gauss 
is applied at the position of the ion to lift the degeneracy of Zeeman states which results in 
effective internal energy level scheme with eight states, see Fig. 2-a). The angle between linear 
polarization of laser fields is chosen to be perpendicular to the magnetic field, therefore only 
transitions with Δmj = ±1 are excited, which allows for efficient depopulation of the outermost 
states from the 3D3/2 manifold and leads to the observation of four dark resonances. Tuning the 
866 nm laser to the slope of particular dark resonance, which is described by the slope 
parameter m(Δ866) representing the resonance gradient, allows to use the ion as a direct convertor 
of frequency deviation to fluorescence intensity due to its quasi-linear dependence. See Fig. 2-
b) for schematic explanation. The fluorescence spectrum with dark resonances can be very well 
reproduced using standard approach based on 8-level optical Bloch equations [20], which allow 
for the estimation or cross-check of several experimental parameters including laser detunings, 
intensities or magnetic field amplitude and direction. 

 
Fig. 2. Principle of operation of time-resolved optical spectroscopy close to a dark-resonance of 
a trapped 40Ca+ ion. a) The employed energy level scheme of 40Ca+. The two laser fields with 
polarizations perpendicular to the magnetic field lead to observation of four dark states between 
S1/2 and D3/2 manifolds. b) A simulation of the P1/2 level occupation probability proportional to 
fluorescence intensity as a function of 866 nm laser frequency detuning Δ866. The detail of the 
selected dark resonance depicts the fundamental parameters determining the performance of the 
spectral analysis including the detuning Δ866, frequency deviation of the frequency modulation 
A, modulation frequency fm, conversion through the slope with parameter m onto the 
fluorescence with an average photon rate per second R and measured with a SPAD gate interval 
τ. 

The enhancement of the dark resonance contrast and slope steepness by utilization of 
frequency stabilization of 397 nm and 866 nm lasers to the frequency comb is illustrated in Fig. 
3. At this locking configuration, the fluorescence spectrum is measured, though only in narrow 
bandwidth limited by the PLL frequency range corresponding to frep/2. The whole spectrum 
containing all dark resonances is measured again but with the 866 nm laser frequency locked 
to the wavemeter with time constant in order of a second. This “wavemeter frequency lock” 
does not enhance the coherence properties of the laser in relevant frequency bandwidth in our 
scope of interest, but ensures well defined frequency scanning of the whole dark resonance 
spectra. Both fluorescence spectra are fitted with the optical Bloch equations; see Fig. 3. From 



observed four resonances, one corresponding to transition between electronic states |S1/2,+1/2⟩ 
and |D3/2,-3/2⟩ is chosen for frequency analysis experiments because it is the closest one to a 
global fluorescence maximum and has the longest resonance slope. The measurement point ΔM1 
is chosen in the middle of the slope of the dark resonance to maximize the measurable 
amplitudes of frequency modulation. The slope parameter for linear approximation at this 
measurement point was evaluated to m(ΔM1) = 1.79±0.01 counts s-1∙kHz-1, with corresponding 
photon count rate of 6800 counts∙s-1. The frequency detunings of analyzed and reference lasers 
from their corresponding transition frequencies are Δ866 ≈ -9  MHz and Δ397 ≈ -12 MHz. The fit 
of optical Bloch equations of the measured fluorescence rates does not perfectly follow the 
fluorescence curve since the equations do not include the ion motion affected by the Raman 
cooling and heating processes naturally involved within the measurement scheme [16]. 
Particularly at the measurement point ΔM1 its gradient corresponds to mBloch(ΔM1) = 2.21 
counts∙s-1∙kHz-1, which is 24% greater than the gradient of the numerical fit. For this reason, 
we use the polynomial fit as the slope function mnl, instead of the fit of the optical Bloch 
equations. The fit parameters are: the magnetic field B = 6.1 Gauss, the detuning of the blue 
laser Δ397 = -12 MHz, angle between the light fields and the magnetic field α= 90°, saturation 
parameters S397=1, S866=4 and combined linewidth of the two lasers Γ= 251 kHz and Γ=124 
kHz for the case of employed PLL frequency stabilization.  

 
Fig. 3. Dark blue dots represent the fluorescence spectrum measured with both ECDL lasers 
phase-locked to the frequency comb with limited bandwidth due to PLL limited scanning range. 
Red line is the fit and black circle corresponds to the measurement point. Parameters of the fit 
are the magnetic field: B= 6.1 Gauss, the detuning of the blue laser Δ397 = -12 MHz, angle 
between the light fields and the magnetic field α= 90°, saturation parameters S397=1, S866=4 and 
combined linewidth of both lasers Γ=124 kHz. Light blue dots represent the fluorescence 
spectrum with all dark resonances visible, measured by scanning of the 866 nm laser frequency 
locked to the wavemeter. Purple line shows its theoretical fit with the lasers combined linewidth 
parameter Γ=251 kHz. The black circle marks the chosen measurement point ΔM1. The inset 
depicts the lower part of the resonance slope to show the differences between the two spectra 
and the fits in the relevant region. 

3. Analysis of the spectral sensitivity 

To determine the dynamic response of the ion as a detector of mutual frequency shifts of the 
two lasers, we introduce a controlled frequency modulation of one of the lasers followed by 
fluorescence signal processing. A phase noise power spectral density distribution of both phase 
locked ECDLs to the optical frequency comb has dominantly 1/f noise shape profile [21]. The 
low magnitude of the noise has no influence on the dynamic response of the ion 
characterization. The modulation is applied to the 866 nm repumping laser as a harmonic 
frequency modulation with specific modulation frequency fm and peak frequency deviation A 
(frequency deviation), see Fig. 2. The modulation results in a periodic signal on fluorescence 
which can be considered harmonic due to the quasi-linearity of the slope close to the 
measurement point. The fluorescence signal is detected by the SPAD and recorded as arrival 



times of detected photons by the time tagging module. The timing resolution of the detected 
fluorescence is limited by the resolution of the SPAD and is on the level of 1 ns. The processing 
of such discrete signal with a nanosecond-sampling period can be simplified by summing the 
number of photon counts over time τ (gate interval). This acts as the filtering by a low-pass 
filter, which does not limit the extracted information about the spectrum if the fluorescence 
signal does not contain significant spectral components above the low-pass filter frequency 
band. The time tag record is thus processed into data of photon count rate in units of number of 
photon counts per interval bin τ. 

To determine the theoretical response function of the detected fluorescence photon rate to 
the introduced frequency modulation, we compare natural fluorescence noise to the observable 
signal in the evaluated frequency spectrum. The equation for the SNR is derived as the ratio of 
function describing the amplitude of harmonically modulated fluorescence S(fm,τ,A) to 
amplitude of fluorescence detection noise N(R,T,τ). The signal function converts the 866 nm 
laser frequency deviation A to the amplitude of fluorescence harmonic signal S(fm,τ,A) 
according to the slope parameter of dark resonance m(Δ866), modulation frequency fm and the 
gate interval τ. Although not necessary, a linear approximation of the slope parameter can 
simplify the evaluation and is defined as m=∂(〈n〉∙s-1)/∂Δ866 at measurement detuning point ΔM, 
where 〈n〉∙s-1  is an average number of detected photons per second. In case of (1/fm)≪τ and the 
linear slope parameter m, the fluorescence signal amplitude can be approximated as S(fm,τ,A) ≈ 
mAτ. The modulation frequency fm and the gate interval τ affects effective fluorescence 
modulation amplitude Aeff by averaging the fluorescence over time τ,  

 ( ) ( ) ( )eff m m
0

1 cos d sincA A f t t A f
τ

τ τ
τ

= =∫ . (1) 

The resulting amplitude S of the imposed signal is 
 ( )msincS mA fτ τ= . (2) 
The SNR can be then found by comparing the amplitudes of detectable signal and the noise for 
a given frequency bandwidth. In an ideal case, when the noise contributions from the reference 
laser field and the applied magnetic fields are negligible, the noise of detected fluorescence 
corresponds to the shot noise. The noise amplitude can then be expressed as the shot noise of 
the average photon count rate R over number of measurement samples ns=T/τ, 

 RN
T
τ

= , (3) 

where R=〈n〉/τ is the average count rate per gate interval τ, and T is the measurement time. The 
corresponding SNR is  

 ( )msincS TSNR mA f
N R

τ τ= =  . (4) 

In case of large frequency deviations (A ≈ hundreds of kHz) it is important to include a 
function, which reflects a true response of the observable fluorescence rate to the relative 
frequency detuning of analyzed laser Δ866. The nonlinear slope function mnl(Δ866) is taken from 
a polynomial fit of a measured fluorescence spectrum around the measurement point. To obtain 
the signal amplitude, modulation amplitude factor m·A is replaced with one half of the 
fluorescence difference at the two extremes of modulated detuning frequency ΔM +A and ΔM -
A. This yields 
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where 𝑝𝑝𝑛𝑛 are coefficients of nth degree polynomial fit mnl(Δ866). 
 



4. Measurements of the fluorescence intensity response to the laser 
frequency modulation 

The spectrum of the analyzed 866 nm laser deviations is measured by keeping the reference 
397 nm laser at a constant detuning Δ397 and modulating the frequency detuning Δ866(t) = ΔM 
+Acos(fmt). The measurements are done for various sets of modulation frequencies, frequency 
deviations and frequency detunings. Each measurement is analyzed in terms of its frequency 
spectrum with respect to the time bin length τ. For the given τ, the FFT algorithm evaluates the 
spectrum and the frequency component at the given modulation frequency (or with the highest 
amplitude) is compared to the average amplitude of the whole spectrum. The length of 
individual measurements is set to be an integer multiple of 1/fm, to avoid the spectral leaking in 
the FFT spectrum. The natural unmodulated fluorescence has Poissonian distribution, thus its 
spectrum has the character of white noise and can be averaged as a whole.    

Relatively low photon count rate does not theoretically place any fundamental limit on the 
detectable modulation frequency. The information about frequency modulation is obtained 
from the modulation of the photon counts in the time bins and the information is thus still 
preserved even when the average count per bin is below one. Note that this should not be 
confused with the frequency detuning out of dark resonance slope, e.g. detuning into the bottom 
of the dark resonance where the count rate could eventually drop to zero. As mentioned above, 
the slope function mnl is defined in a certain region of the count rate (2000 c∙s-1 to 14000 c∙s-1). 
These boundaries obviously scale with the gate interval. A check that fluorescence has not 
crossed these boundaries, e.g. due to laser-locking dropout or ion vacuum impurity kick, has 
been performed for all measurements with 10 ms gate interval. Very rare but possible dropouts 
with prompt reappearing on shorter time scales can be considered to have negligible effect on 
the resulting signal. 

We summarize the results of the frequency response measurements in four figures. Three 
of them are done at measurement point ΔM1 and emphasize the SNR(τ) dependence on the 
critical measurement and evaluation parameters with respect to the gate interval τ, simulating 
variable gate time of a photodetector. These important parameters include modulation 
frequency, frequency deviation, and measurement time. The minimum of τ is chosen such that 
sinc(fmτmin)> 0.99 and the maximum is chosen arbitrary but always much higher than 1/fm. The 
last figure compares the SNR(ΔM) for two modulation frequencies with respect to the 
measurement point ΔM to allow for estimation of optimal measurement points in future 
experiments. Note that we do not attempt to cover the whole accessible spectral range of 
modulation frequencies fm and frequency deviations A, but rather illustrate the working 
mechanism of the presented scheme and show its intrinsic limits. 

4.1 Modulation frequency 

First, we evaluate SNR(fm,τ) performance of the method in term of the frequency bandwidth by 
realization of the measurements with varying modulation frequencies and constant frequency 
deviation. We set the length of the measurements to T = 300 s, frequency deviation to A = 300 
kHz to be well within the employed resonance slope and range of modulation frequencies from 
fm = 66 Hz to 120 kHz. For values of τ longer than the period corresponding to the modulation 
frequency fm, the modulation component is aliased in the spectrum at aliased frequencies 
falias=|b/(2τ) - fm|, where folding factor b is the closest even integer of multiple 2fmτ. The values 
of signal-to-noise ratio are then SNR = Sm/Nm, where Sm is the FFT frequency component at the 
modulation frequency fm or at the frequency falias (for τ>1/fm) and Nm is the average amplitude 
of the whole FFT spectrum excepting the DC component. Importantly, the single ion based 
spectral analysis presented  in Fig. 4. shows high attainable SNR in the whole measured spectral 
range of fm. The observed SNR(fm,τ) ratios are well reproduced by the theoretical predictions of 
eq. (5) up to modulation frequencies comparable to the photon count rate R = 6800 c∙s-1. 



 

Fig. 4. Measured signal-to-noise ratio for 300 s long measurements of fluorescence intensity 
response to modulated detuning Δ866 as a function of the analysis gate interval τ. Frequency 
deviation is kept at 300 kHz and modulation frequency varies in a broad range from 66 Hz to 
120 kHz. The measured data are shown as full circles and red lines are corresponding theoretical 
plots evaluated using nonlinear slope function mnl. The mean time between two successive 
photon detections is ~ 0.15 ms. 

4.2 Frequency deviation and measurement time 

We have studied the potential of the presented spectrometry method with respect to capturing 
the frequency deviation A within the measurement time T. The expectable upper limit will be 
given by the spectral width of the dark resonance slope, while the lowest detectable modulation 
depths will depend on the amount of the detection noise. The SNR dependence on the gate 
interval is measured for low modulation frequency fm = 66 Hz to avoid any effect of fast 
modulation on the observability of high modulation amplitudes. Figure 5. shows measured data 
of SNR for A ranging from 10 to 1000 kHz and T from 2.5 to 500 s. 

 

Fig. 5. Signal-to-noise ratio measurements of fluorescence with harmonically modulated 
detuning of analyzed laser field Δ866 with modulation frequency set to 66 Hz as a function of a 
gate interval τ. The measured data for selected combinations of frequency deviations and 
measurement times are shown with dots.  Lines show the theoretical simulation of SNR.  
Amplitude levels for signals are taken from known frequency position in the spectrum. 

The combinations are chosen in a manner to advert that an x-times lower A gives the same value 
of SNR if the measurement time is an x2-times longer, reflecting the close to ideal Poissonian 
character of the detection noise. The measured SNR data nicely reproduces the theoretical 
predictions down to a plateau of the lowest detectable signal, which has its limits given by 
amplitudes of shot noise at the specific frequency components fm or falias. The plateau is 
measured to be on the level of SNRpl = 1.8±0.4, which corresponds to Apl = 38±8 kHz for T = 5 
s respectively Apl = 3.8±0.8 kHz for T = 500 s. 



4.3 SNR limit for unknown modulation frequency 

For a general task of estimation of amplitude of unknown frequency components, the whole 
FFT spectrum has to be searched. In this case, the signal-to-noise ratio can be calculated as 
SNR(T,τ) = Smax/Nm, where Smax is the highest amplitude component of the whole FFT frequency 
spectrum excepting the DC component. Thus, there is always a spectral component with 
amplitude at least on the level corresponding to the detectable limit defined here as variable 
SNRlim. That means, if there is an unknown frequency modulation, we are able to detect it only 
if its SNR is higher than SNRlim. It is obtained by simulating data of shot noise with Poissonian 
distribution. The simulated data represent pure fluorescence without any modulation and have 
the same count rate R and measurement length T as the real data. This simulated fluorescence 
is analyzed in the same way as the measured data and the SNRsim is calculated.  An average of 
500 simulations SNRsim is used for estimation of the detection limit SNRlim(T,τ) =〈SNRsim〉500. 
Fig. 6. shows two measurements of SNR(T,τ) both with fm = 66 Hz, A = 300 kHz and with total 
measurement times T equal to 3 and 300 s. Observed SNR(T,τ) values strictly follow theoretical 
curves in all regions above the limit of SNRlim(T,τ). Importantly, the figure also shows the effect 
of the measurement length T on the detectable limit SNRlim and as can be seen, the limit is not 
constant with T. A simple explanation is, as there is a higher probability for higher noise 
amplitude in longer measurements, SNRlim actually increases with measurement time. The rise 
of SNRlim is compensated by a decrease of noise mean value N. This ensures better detection 
sensitivity for longer measurements. For the two measurements times and gate interval τ = 1 
ms, the detectable limit levels are SNRlim(3 s,1 ms) = 3.2±0.3 and SNRlim(300 s,1 ms) = 4.0±0.2 
with corresponding detectable laser frequency deviations Alim= 86±8 kHz respectively Alim= 
10.8±0.5 kHz. In addition, for comparison with the previous paragraph and measurement times 
5 and 500 s, the corresponding detectable frequency deviations are Alim= 68±5 kHz s and  Alim= 
8.6±0.4 kHz, respectively. 

 
Fig. 6. Signal-to-noise ratio data for 3 s and 300 s measurement of fluorescence with 
harmonically modulated analyzed laser detuning Δ866. Modulation frequency and frequency 
deviation are fixed to 66 Hz and 300 kHz, respectively. The signal amplitudes are found as the 
maximum of the whole frequency spectrum except DC. The full circles show the measured data, 
red lines depict the corresponding simulated values. Dashed lines represent numerical limits 
given by simulated signal with Poisson distribution SNRlim.  

4.4 Measurement point 

We have further searched for optimal measurement point by characterization of the reciprocal 
dependence of the SNR on the count rate R, as shown in Fig. 7. Measurements of SNR(R) for 
two modulation frequencies fm = 12 Hz and fm = 120 kHz with A = 300 kHz are realized along 
the dark resonance spectrum by changing the frequency detuning measurement point ΔM. Gate 
interval τ is chosen such that sinc(fm,τ) > 0.99. At each measurement point, the average SNR of 
ten measurements with T =10 is compared with theoretical SNR calculated using the slope 



parameter m obtained directly from the measured fluorescence spectrum. Furthermore, the ratio 
between the measured results of the two fm sets shows a decrease of SNR for the signal with fm 
> R and that this decrease is proportional to ~ 1/R.  

 

Fig. 7. a) The comparison of achievable signal-to-noise ratios for frequency analysis with various 
reference laser detuning. The detected fluorescence rates across dark resonance are shown as 
blue dots and the measured signal-to-noise data for 20 measurement points are shown for two 
modulation frequencies fm of 12 Hz and 120 kHz depicted as black dots and crosses, respectively. 
The yellow dots are theoretical SNR data calculated from the measured dark resonance. Plot b) 
shows the ratio between measured SNR for the two modulation frequencies. 

 

5. Results and Discussion 

We have proposed and implemented a method for the estimation of optical frequency spectrum 
using the time resolved measurement of light scattered from a single trapped ion with a 
sensitivity enhanced by the excitation on the slope of dark resonance. Fluorescence rate 
sensitivity to laser frequency deviation A is given by the slope function of the dark resonance 
m, which depends on the parameters of applied magnetic and laser fields. The measurement 
point ΔM1 stands on the slope, whose length in the axis of frequency detuning has been set by 
the parameters of excitation lasers approximately to 8 MHz. This gives us the fundamental 
upper limit of the presented method on the frequency deviation and modulation frequency. 
According to the Carson rule for frequency modulation bandwidth with 98% of modulation 
energy [22], combined frequency deviation and modulation frequency has to satisfy the 
condition 2(A+fm) ≈ 8 MHz, this condition was well satisfied for all presented measurements. 
The smallest detectable modulation amplitudes are limited by the amount of fluorescence noise. 
In terms of signal to noise ratio, this limit is defined in two approaches; when the signal part is 
taken from real data at specific frequency – SNRpl and when the signal part is taken in the whole 
FFT spectrum of simulated data – SNRlim. Specifically for measurements at measurement point 
ΔM1 the empirical limit is measured as SNRpl = 1.8±0.4, which corresponds to the lowest 
detectable frequency modulation Apl= 38±8 kHz for T= 5 s or Apl= 3.8±0.8 kHz for T= 500 s. 
The simulated limit scales up with measurement time, however the mean level of amplitudes 
of noise frequency spectrum N is proportional to /R Tτ  thus the lowest detectable frequency 
deviation scales down with longer measurement times. The corresponding detectable frequency 
deviations in our setup are Alim= 68±5 kHz for T= 5 s and Alim= 8.6±0.4 kHz for T= 500 s. 

The detectable modulation frequency should be, according to the presented theory Eq. (5), 
unlimited. However, the measurement results show a decrease of SNR(fm,τ) for high modulation 
frequencies. The decrease has been observed for modulation frequencies higher than the photon 



count rate R, where signals start to be undersampled. Comparisons of SNR for two modulation 
frequencies fm = 12 Hz and fm = 120 kHz measured at 20 points along the dark resonance 
indicate a correlation of the decrease with fluorescence intensity, although the theoretical 
simulation shows that the undersampling itself should not limit the observable modulation 
frequency detection bandwidth. Simulation results did not show any decrease of SNR, even for 
an order of magnitude higher modulation frequencies observed with the same photon rate. 
Other possible effects, including leaking of the spectral modulation sidebands out of the 
resonance slope or the frequency response of the AOM, were also investigated and do not 
explain the observable decrease of SNR. Thus, at this point, we leave the attainable bandwidth 
limit of the presented method, as well as the studies if possible excitation of the motional 
sidebands within the employed Raman excitation scheme might play a role, for further 
investigation. 

The atomic level scheme that enables observation of dark-states in emitted fluorescence is 
occurring among vast majority of species commonly employed in ion trap experiments. 
Different branching ratios of the decay constants leads to different spectral shapes of the 
fluorescence. In general, the optimal spectral shape will depend on experimental parameters 
such as detuning of a cooling laser, laser intensities and strength and direction of applied 
magnetic field. A lower intensity and lower detuning of the cooling laser should always lead to 
narrower resonances and higher fluorescence gradients. On the other hand, such adjustment 
decreases the spectral width of dark resonances thus limiting spectral bandwidth of the method, 
also decreases fluorescence rate, and leads to unstable Doppler cooling performance. We 
provide a simplified comparison of 40Ca+ with other frequently employed alkaline earth metal 
ions, such as 88Sr+ and 138Ba+ by estimating the values of fluorescence gradients on the same 
lambda scheme incorporating S1/2, P1/2 and D3/2 levels. This is done by simulating dark 
resonance spectra, using optical Bloch equations and the same experimental parameters as 
described in section 2. For 40Ca+ the highest gradient is on transition between Zeeman states 
|S1/2,-1/2⟩ and |D3/2,-1/2⟩ with m(-1/2,-1/2) = 2.3 counts∙s-1∙kHz-1. For 88Sr+ it is m(-1/2,-1/2) = 2.4 
counts∙s-1∙kHz-1 and for 138Ba+ the highest gradient is on transition between states |S1/2,+1/2⟩ 
and |D3/2,+1/2⟩ with value m(+1/2,+1/2) = 2.6 counts∙s-1∙kHz-1. In practice, a better Doppler cooling 
performance and smaller broadening of resonances by motion for the heavier elements should 
increase the attainable gradients and higher detection efficiency at strontium’s 422 nm and 
barium’s 493 nm wavelengths can enhance the sensitivity of the method too. 

The presented method of optical frequency analysis has been verified in a range of 
experimental parameters. The observed sensitivity to frequency deviations and achievable 
spectral bandwidths, which are in good agreement with theoretical model, are already sufficient 
for a large range of interesting applications in the optical spectral analysis [23]. Besides the 
techniques employing optical frequency combs, it offers an alternative method for frequency 
analysis of spectral noise of two frequencies of very distant lasers, which can excite transitions 
in atomic probes sharing a common level. The method can be extended to analysis of 
complementary experimental platforms for atomic trapping in optical lattices or tweezers. 
Another natural application of the presented scheme corresponds to analysis and phase locking 
of the two lasers for the purposes of coherent operations on Raman transitions incorporating 
two disparate wavelengths [7]. In addition, the method can be directly applied to spectral noise 
analysis of magnetic field seen by the ion. This simple sensing scheme with spatial resolution 
on the level of tens of nm can be beneficial when the knowledge of spatial dependence of the 
magnetic field within the Paul trap is of interest.  Such knowledge is essential e.g. for quantum 
algorithms where multiple ions are stored at different locations of a segmented Paul trap and 
accumulate undesired position-dependent phases [24]. In comparison with traditional 
spectroscopy on narrow transitions or with direct analysis on dark resonances, this method can 
provide complete information of magnetic field change in time. The presented lowest detectable 
laser frequency deviations for T = 500 s would allow for detecting magnetic field deviations of 
Bpl= 1.9±0.3 mG and Blim= 2.8±0.1 mG in the corresponding frequency range. The sensitivity 



of the detectable fluorescence rate to the analyzed probe frequency deviations can be further 
improved by increasing the overall fluorescence detection efficiency, which has been in our 
case limited mostly by numerical aperture of the collection optics to 2% of the full solid angle. 
The other feasible option is to increase the number of trapped ions. Both approaches will 
linearly enhance fluorescence intensity and thus the steepness of the dark resonance slope. 
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Standard methods for stabilising laser for precision spectroscopy on trapped particles are either to lock it to the ultra-
stable reference such as a high finesse cavity or a transfer-oscillator technique. Both of them used alone has their
imperfections. Cavities are affected by environmental elements such as thermal dependent and ageing-related drift.
On the other hand, the transfer-oscillator technique is limited by the complexity of the locking cascade of regulators.
This paper demonstrates using only the best properties of both techniques and achieving a stable and precise laser for
precision spectroscopy and experiment on the trapped calcium ion.

This paper report on a method of the frequency stabilisa-
tion and fast locking of the Extended cavity diode laser us-
ing the high finesse cavity and the transfer oscillator tech-
nique. We illustrate the effect of this implementation by
analyzing the noise spectra of the laser and the benefits
of suppressing it by using the laser to drive the narrow
|2S1/2,m =−1/2〉 ↔ |2D5/2,m =−1/2〉 transition of 40Ca+

ion. The achieved result shows the increase in Ramsey co-
herence time by an order of two. Likewise the spectral
purity of the laser show no residual noises in the area of
the carrier.

I. INTRODUCTION

High spectral purity and coherence laser source is a crucial
feature for many applications, such as atomic physic, high-
resolution spectroscopy of trapped ions, coherent manipula-
tion, and communication, to name a few. To acquire a stable
and reliable laser source, one usually uses the conventional
method by stabilizing the laser source onto ultra-stable refer-
ences also known as hight finesse cavities (HF-cavity). They
are made from material that has a very low expansion coef-
ficient, like Ultra-low Expansion glass (ULE®) or a silicon
single-crystal1–3. They are broadly used and already commer-
cialized (Stable Laser Systems, Menlo Systems). The Impor-
tant property of these cavities is that their fractional frequency
instability of the longitudinal cavity mode directly relates to
its fractional length instability. Thus the HF-Cavities serve
as a very narrow frequency discriminator. Using the Pound-
Drever-Hall (PDH)4 locking technique one then can easily
lock the spectroscopy laser into its length and achieve a laser
with Hz or sub-Hz resolution.

a)Also at Institute of Scientific Instruments of the CAS, v. v. i.;
https://www.isibrno.cz

What is more, one can find a relation between the finesse
of the cavity and the locking process. The higher the finesse,
the higher gain one can achieve in the control loop. In ad-
dition, perturbation added to the error signal, like residual
amplitude modulation, will have a minor effect on the con-
trol loop. The finesse of these cavities is usually in the range
of 105. The limitation of this technique lies in the Brown-
ian thermo-mechanical noise5,6 in the material, which directly
leads to fluctuation of the optical length of the interferometer
and thus changes the frequency stability of the laser stabilized
to it. Using this method, one can also frequency stabilize only
one laser. The stability of the laser stabilized by this method
can reach 10−16 fractional instability.

Another stabilization method is by using a so-called
Transfer-oscillator technique. This technique allows us to
transfer the stability of the ultra-stable source into the sta-
bilized laser. The advantage of this technique indeed arises
when using it with the optical frequency comb (OFC), here-
inafter referred to as comb. One can then realize many fre-
quency locking stages for lasers at different wavelengths. The
disadvantage lies in the complexity of the whole setup with
many wideband servo loops that inevitably lead to the trans-
fer also residual noise from the reference source into the re-
sulting laser. By combining the advantages of both meth-
ods, we achieved a stable and precise laser source for high-
precision spectroscopy on |S1/2〉 → |D5/2〉 atomic transitions
of the 40Ca+ ion. The HF-cavity, in this case, will deliver ulti-
mate short-term stability while the long-term stability will be
obtained using the transfer-oscillator as a fine-tuning against
the cavity’s slow drifts. Here we analyze the performance of
the commercial extended-cavity laser (ECDL) working at 729
nm laser stabilized by the scheme mentioned above. Then
we characterize the power spectral noise density (PSD) of
this laser. We demonstrate the practical impact of this en-
hancement by performing a coherent state manipulation of
the |2S1/2,m =−1/2〉 → |2D5/2,m =−1/2〉 transition on the
trapped and laser-cooled 40Ca+ ion.
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II. EXPERIMENTAL SETUP AND METHODS

The whole experimental setup is schematically illustrated
in Fig. 2. We use a linear Paul trap with four blades separated
by 1.13 mm and two tip electrodes separated by 4.5 mm, pro-
viding the radial and axial confinement. By applying the radio
frequency (RF) of 29.8 MHz and power of 4W to the trap ra-
dial electrodes and setting the mean tip voltage to 1200V, we
achieve typical secular frequencies omegar/2π = 2.7MHz in
the radial and omegaa/2π = 1.1MHz in the axial direction.
The single Ca+ ion is loaded into the trap by photo-ionizing
a beam of neutral calcium atoms. Everything is enclosed by
an ultrahigh vacuum > 10−11 mbar7, sufficient isolation from
the environment perturbation. Each optical axis is equip with
a pair of coils allowing for generating the three axis magnetic
field. We used a constant magnetic field of ≈ 3.2 G to split
the |S1/2〉 → |D5/2〉 transition onto 10 Zeeman components.
Choosing a good geometry for polarization, k-vector and mag-
netic field direction, we selected two transitions with good
coupling strength for our experiments (∆m = 0 and ∆m = 2).
The whole trap apparatus is then situated inside a passive mag-
netic shield box to suppress the magnetic perturbation during
the experiment.

For the spectroscopy laser used in our experiments, we have
chosen an ECDL working at 729 nm (Toptica, TA Pro). The
laser emits a spectrum with ≈ 300 kHz linewidth. This rel-
atively broad linewidth does not fulfill the requirement for
sufficient coherence time of many experiments (Ramsey in-
terferometry or quantum memory8). It needs to be narrowed
down by several orders of magnitude using an ultra-stable ref-
erence. The reference for stabilizing the spectroscopy laser is
a high finesse cavity working at 729 nm (c729). The c729
is manufactured from ULE and purchased by Stable Laser
Systems. With a finesse approx 3 x 105 and a free spectral
range (FSR) of 3.14 GHz, a spectral linewidth of its mode
is roughly 8 kHz. This provides enough room for detecting
laser frequency changes down to sub-Hz level. To minimize
the environmental vibrations on the resonator and thus reach
a low level of thermal noise, the resonator is sealed in the
vacuum chamber. The chamber is thermally stabilized with a
Peltier element with the 1 mK stability and lies on the actively
controlled vibration isolation table. As the cavity is mounted
the way that the axis of the spacer is horizontally oriented, we
have decided to minimize the sensitivity of the spacers for ver-
tical vibrations by placing the whole setup on a 250 kg block
of granite. The granite block lies on a fine sand bed, and
a thermal isolation box then encloses the Whole setup. The
temperature inside of the box is stabilized by a water cooling
system (Fig. 1).

The laser beam travels to HF-cavity via a 10 m long
polarization-maintaining optical fibre. As this long fibre takes
many perturbations from the environment, such as tempera-
ture or acoustic pressure from the normal speech, it leads to a
broadening of the spectrum towards the kilohertz domain9,10.
To stabilize the fibre length in terms of cancellation of this
induced phase noise, we apply the Fibre Noise Cancellation
(FNC) technique involving the Michelson interferometer and
an acousto optic modulator (AOM) placed before the fibre11

FIG. 1. Schematic of the vibration and thermal isolation platform
including the vacuum chamber and the passive heat shield centered
around the ULE cavity. Whole setup is then enclosed in the wooden
box with thick layers of thermal isolation material.

(see the AOM3 in Fig. 2). Many other teams widely ac-
cepted and implemented this simple yet very effective cor-
rection scheme9,12,13 for compensating short-term fractional
frequency instabilities below 10−13. The AOM3 driven by
a radio frequency of 70 MHz is double passed with a retro-
reflecting beam from the beam sampler (BS) at the fibre
end. Laser beam propagated through the fibre will accumulate
phase noise φ f . Thus twice the fibre phase noise information
will appear as phase shifts on the 140 MHz radio frequency
(RF) beat note signal detected by the avalanche photodiode
(APD) at the source end. The detected signal is processed by
the digital Fibre Noise Cancellation controller (FNC control)
where its instantaneous phase is compared to that of the RF
reference by a phase detector producing an error signal. The
error signal is processed by a digital loop filter and its output is
relayed to a DDS driving AOM3. The bandwidth achieved by
this control loop is approx. 40 kHz which is sufficient enough
for compensating all common mechanical and acoustic vibra-
tions effects. The digital fiber noise cancellation controller has
already been described in more detail in our previous work14.

Although the spectral line of L729 locked to the optical res-
onator using the above method is very narrow, its central fre-
quency follows the slow drift of the HF-cavity resonant mode
caused by Brownian thermal motion and ageing. To ensure
repeatability of spectroscopic measurements this frequency
needs to be tracked by comparing to an optical reference with
a high long-term fractional frequency stability.

For reliable referencing of several concurrent experimen-
tal setups, our laboratory uses an ensemble of microwave and
optical references, which is formed of an active Hydrogen
maser (H-maser) (T4 Science iMaser 3000), highly coherent
1540.57nm laser and an optical frequency comb. The pri-
mary optical reference (L1540) consists of a narrow-linewidth
(FWHM < 1 kHz) laser (NKT Koheras Basik) working at
1540.57 nm locked to a HF-cavity (ULE from Stable Laser
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Systems) using the PDH technique to suppress the residual
phase noise reducing its spectral linewidth to sub-Hz level.
The finesse of the cavity is approx 4.5 x 105. The cavity
is equipped with similar protective elements as previously
mentioned 729. To correct the resonator’s slow drift (70
mHz·s−1)14, the laser output is coupled into the femtosecond
optical frequency comb setup. The comb is used in a regime
that is referred to as the optical frequency divider. In this
regime the offset frequency of the COMB fceo is locked to RF
reference derived from a H-maser. The repetition frequency
frep of the comb is actuated so the distance of the comb tooth
nearest to the L1540 remains constant. All changes made
to the optical frequency of L1540 are thus transmitted pro-
portionally to the frep. By a sensitive phase demodulator
(6.14× 10−6 rad resolution), the phase of the RF signal pro-
duced by a photo detector monitoring frep of the comb is com-
pared to that of a 250MHz reference signal derived from the
H-maser. This error signal is then processed by a loop fil-
ter steering the driving frequency of AOM4 so the phase dif-
ference remains zero. This leads to a CW laser output after
AOM5 that has its high coherence given by the PDH lock to
the cavity and long-term relative frequency stability same as
that of the H-maser. Also the teeth in OFC spectrum adopt
their coherence from the L1540 laser and the long-term frac-
tional stability of the teeths’ frequencies is given by locking
to the H-maser.14

The OFC is equipped by the fundamental output especially
for beating with CW lasers in the infra red C-band and the
second-order harmonic output in the visible part of the spec-
trum generated by the SHG unit. The fundamental comb spec-
trum can be expressed as νk = fceo + k · frep, where νk is
the optical frequency of a comb tooth with index k ∈ N. The
second-order harmonic comb spectrum generated by the SHG
unit can be expressed as νk = 2 · fceo + k · frep. This second-
order harmonic output is used for measuring the drift of the
L729. The transfer oscillator technique with signal condition-
ing described further is used for producing a virtual beat note
signal between L729 and the L1540 reference laser.

As it was said, the beat note between L1540 reference laser
and the nearest comb tooth with index of k1540 is phase locked
to a RF reference by actuating frep. Any residual frequency
deviations of the L1540 beat are thus translated via the frep
to deviations of the optical frequency of the comb tooth with
indexed of k729 closest to the L729 laser. The L1540 beat fre-
quency deviations translated to the L729 beat detected at PD3
can be expressed as ∆ν1 = ±∆νL1540 · k729/k1540. To subtract
this multiplied frequency noise from the L729 beat detected
by PD3, the frequency of L1540 beat signal detected by PD4
is multiplied by ratio of k729/k1540 using DDS3 (by ≈ 2.112
in our case) and then mixed with the L729 beat. The "±" sign
denotes that the beat frequency deviation can be both positive
or negative multiple of the actual CW laser optical frequency
deviation. It depends on whether the laser frequency is higher
or lower than the optical frequency of the nearest comb tooth.

The fceo of the OFC is locked to the RF reference derived
from the H-maser. Since the fceo lock has a bandwidth lim-
ited by approx. 9 kHz, there is some non-negligible frequency
noise from the comb pump laser present at higher Fourier fre-

quencies of the fceo signal. This frequency noise is present
in the L1540 beat as well and thus translated via the frep in
the same way as described in the previous paragraph. We
can express the fceo contribution to the L729 beat frequency
noise as: ∆ν2 =±2 ·∆ fceo±∆ fceo ·k729/k1540. To subtract this
residual fceo noise from the beat signal detected by PD3, the
fceo signal from the comb is frequency multiplied by DDS2
(by ≈ 0.112 in our case) and mixed with the mixing product
described in the previous paragraph.Finally we get the virtual
beat note signal between L729 and L1540 that is cleaned from
the comb fceo noise and free of noise multiplied through the
frep.

In order to obtain a long-term frequency stable L729 with
a narrow spectral emission line the transfer beat signal can
be principally used in two ways. The most straightforward
method implemented by various teams is to use the virtual
beat signal directly in a wide band servo loop to lock L729 to
L1540. The main advantage of this solution is that it does not
require locking L729 to the c729 H-F cavity15–17. However
as it will be shown in Section III a high-bandwidth PLL can
imprint certain high-frequency noise into the resulting laser
emission spectrum. The source of this residual noise may be
in the main optical reference, in servo-loops stabilising the
OFC or in the RF signal conditioning electronics.

The method used by our team utilizes the virtual beat signal
for precise monitoring of long-term frequency drifts of L729
locked to the c729 H-F cavity. To compensate this drift ac-
tively the virtual beat signal is followed by a tracking oscilla-
tor (TO) as shown in Fig. 2. In order to reject majority of
fibre-induced and other technical high-frequency noise, the
tracking oscillator bandwidth is set to ≈5 Hz. A correction
computed by the controller is applied to AOM2 keeping the
resulting L729 optical frequency long-term stable. This solu-
tion reduces the number of high-speed servo loops in the cas-
cade interacting with the L729 from four (L1540 P-D-H lock,
OFC frep lock to L1540 optical reference, OFC fceo lock to
RF reference, L729 transfer beat lock to just one, which is the
P-D-H lock of L729 to the c729 H-F cavity.

III. MEASUREMENTS AND RESULTS

All the presented measurements involving the 40Ca+ were
measured in the |2S1/2,m=−1/2〉↔ |2D5/2,m=−1/2〉 tran-
sition (∆m = 0 ) as it is least sensitive to magnetic fluctuation.
The pulse sequence cycle consists of 1 ms of Doppler cooling
on S1/2 ↔ P1/2 at a wavelength of 397 nm and 866 nm as a
repumper. The state initialization step consists of wavelength
854 nm to prevent pumping into D5/2 and an optical pumping
into |2S1/2,m =−1/2〉. After that, we use the L729 frequency
stabilized by the method mentioned above to carry out the ex-
periment on the |2S1/2,m=−1/2〉↔ |2D5/2,m=−1/2〉 tran-
sition.

The Ramsey spectroscopy is perfectly suited for a test of
qubit’s decoherence18. The experiment consists of two π/2
pulses with probe time duration 20µs separated by a waiting
time τR. After applying the second pulse, the state of the ion
was detected by electron shelving using the APD for fluores-
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FIG. 2. Setup for the frequency stabilization of an ECDL L729 to an ensemble of references formed of H-Maser, L1540 and optical frequency
comb. PID: Proportional-integral-derivative controller, DDS: Direct digital synthesizer, Drift comp.: L1540 resonator cavity drift compensa-
tion controller, AOM: Acousto-optic modulator, TO: Transfer oscillator, EOM: Electro-optic modulator, SHG: Second harmonic generation,
FNC: Fiber noise cancelation controller14, x/y: Fiber optic coupler

cence detection. Each experiment was repeated 100 times to
obtain an excitation probability. Ideally, the excitation to D5/2
should exhibit the modulation between zero and one when
changing the phase between two pulses. The loss of contrast
in this observed pattern is caused by a dephasing of the qubit
levels when the superposition of the |S〉 and the |D〉 is ex-
posed to decoherence for a long time. We have systematically
measured the Ramsey contrast for varied delay times between
two pulses (5 µs up to 10000 µs). Each data set was fitted to
a sinusoidal function to get the final contrast. The observed
contrast C = Pmax

D −Pmin
D /Pmax

D +Pmin
D was plotted versus the

delay time in Fig. 4.
To describe the decrease of contrast we fit the measured

data with a Gaussian function. The resulting laser linewidth
achieved from the fit is ∆νFWHM = 28.9 Hz correspond to Ram-
sey time of 7.64 µs. For comparison to the same measurement
with L729 locked to L1540 using the virtual beat signal di-
rectly in a wide band servo loop, the resulted laser linewidth
was 57.3 Hz, which correspond to Ramsey time of 3.65 µs.
Thus with our proposed method, when L729 is locked to c729
and using the virtual beat signal as a slow-tuning tool, we in-
creased the Ramsey contrast by an order of two. For the com-
parison, we also measured the Ramsey contrast for ∆m = 2
with a similar result.

Many experiments, such as those in trapped ion simula-
tion and quantum computing, require a few-µs to few-ten-µs
pulses, thus a relatively high laser intensity. The high laser
intensity will manifest the spectrum in terms of power broad-
ening and will reduce the measurement’s fidelity. The Fig. 4)
demonstrate the frequency spectrum over the ∆m = 0 tran-
sition with L729 stabilized to the HF-cavity length as a pri-
mary stable reference and using the transfer beat signal only
for correcting the resonant frequency drift. The fidelity ob-

FIG. 3. The Contrast of the Ramsey pattern as a function of the delay
time. Both (solid and open) circles are the data measured on the same
Zeeman component (|2S1/2,m = −1/2〉 ↔ |2D5/2,m = −1/2〉) and
with the same waiting time (τR). Open circles represent measurement
when the L729 was locked to the virtual transfer beat. Solid circles
represent the measurement when the L729 was referenced by HF-
cavity length and its drift compensated using the transfer oscillator
technique. The coherent time was extended nearly twice

tained using this method is 99%. For comparison, we add the
same spectral line scanned with the L729 locked directly to
the using the transfer beat signal. One can see that the spec-
trum also contains the broadening caused by residual high-
frequency noise from the servo. The excitation contrast is lim-
ited 94%. In both cases, the laser intensity was stabilized so
that the π pulse remains 25µs.

To illustrate the possible mechanism of frequency noise im-
printing to the resulting L729 spectral emission profile Fig. 5
shows frequency noise power spectrum density of fceo and
L1540 beat signals used for generating the transfer beat sig-
nal. These plots are compared to actual out-of-loop frequency
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FIG. 4. Spectroscopy of the |2S1/2,m=−1/2〉↔ |2D5/2,m=−1/2〉
transition with L729 locked to the virtual beat we obtain 94% exci-
tation contrast (open circle). With L729 locked to HF-cavity and
steered with transfer beat signal, the excitation contrast was mea-
sured over 99% (filled circles). In both measurements the laser L729
was intensity stabilized so that the π pulse remain always 25µs
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FIG. 5. The illustration of imprinting frequency noise while locking
L729 directly to the virtual transfer beat. Frequency noise power
spectrum density of fceo (blue) signal and L1540 beat signal (red)
used for generating the transfer beat signal compared to that of L729
obtained with c729 working as a frequency discriminator (yellow).

noise measured using the c729 working as frequency discrim-
inator. Note that the response of the discriminator was cor-
rected based on the knowledge of its ring-down decay time
constant. One can see that side-band peaks visible in Fig. 4
correspond to noise peaks visible on the L729 frequency noise
PSD plot in Fig. 5. These peaks correspond to excess noise
visible in the transfer beat input signals. Although these sig-
nals contain useful information at most the extra noise is dif-
ficult to overcome. Therefore using the transfer beat only in
slow servo loops with bandwidth below 1 kHz can be seen as
an effective engineering solution.

IV. CONCLUSION

For decades atomic frequency standards played a critical
role in basic science and precision measurement. During this
period, the increasing need for more precise timing and syn-
chronisation for a wide range of applications, including navi-
gation, synchronisation or test of fundamental physic, has de-
manded oscillators with higher frequencies and higher perfor-

mance. To excite those oscillators coherently, a high spectra
purity of the laser source is a crucial feature and stabilisation
techniques have constantly been renewed and developed over
time.

A commonly used technique is stabilising the laser optical
frequency to an ultra-stable length of the high-finesse cavi-
ties. However, the cavity is a physical component, and thus
it is susceptible to environmental perturbations from which it
needs to be isolated. Even well isolated, the cavity exhibit
a slow drift due to Brownian thermal motion and the ageing
effect. In our case, it is approximately 0.3 Hz·s−1, which
reduces the laser’s liability and fidelity of the measurement.
Another commonly used technique is to transfer the stability
from an ultra-stable master source into a laser using the medi-
ator. However, due to the complexity of this technique, it can
lead to transferring the residual noise from wide band servo
loops into the resulting laser.

To overcome the shortcoming of both stabilisation tech-
niques, we propose an implementation setup where only the
best feature of both techniques is used. The short-term sta-
bility is full-filed by locking the L729 to the c729 HF-cavity,
while the long-term stability is achieved by utilising the vir-
tual beat signal for precise monitoring and servo-loop fre-
quency correction of c729 HF-cavity. In this case, the only
wide band servo loop interacting directly with L729 is the P-
D-H lock to the resonator.

We demonstrate the practical impact of this method by per-
forming a coherent manipulation on the |2S1/2,m =−1/2〉 ↔
|2D5/2,m = −1/2〉 narrow transition of the 40Ca+ion. The
finite laser coherence value was estimated through a Ram-
sey separated oscillating field method. The resulting laser
linewidth is calculated from the fit over the set of measured
Ramsey contrasts. Our implementation results in Ramsey
time of 7.64, correspond to laser linewidth µs ∆νFWHM = 28.9
Hz. This is near twice the improvement compared to when the
virtual beat signal is directly used in a wide band servo loop
for locking the L729 to L1540. Many experiments demand a
pulse’s length in a few milliseconds range. In this regime, the
power broadening caused by high laser power operation can
magnify the residual noises that are contained in the spectra.
In our case, the only wide band servo loop is the P-D-H lock
with a bandwidth of a few kHz. Thus the higher frequency
noises are suppressed. This is demonstrated in the measured
transition spectra of the ion. We do not intend to claim the
novelty of this implementation as a breaking new method for
locking the optical frequencies but rather to present an addi-
tional way of enhancing the yet-existed and well-developed
method.
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