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PALACKÝ UNIVERSITY OLOMOUC

Abstract
Faculty of Science

&
Institute of Scientific Instruments of the CAS

This report presents the main methods and results of the thesis titled Distance Measurements with
Mode-filtered Frequency Comb and Analysis of Fluorescence from Trapped Ion at Modulated
Dark State.

The result of the first part of the thesis presents homodyne interferometry with a mode fil-
tered frequency comb as a powerful method to measure long distances with high accuracy and
absolute scale. The measurement principle requires that individual comb modes are spectrally
resolved. For this reason the method cannot be applied directly to frequency combs with a low
repetition rate (e.g. 100 MHz), since the modes are too close to each other to be resolved. Cavity
mode filtering is used to increase the pulse repetition rate of a comb and the filtered comb is ap-
plied for mode-resolved absolute distance measurement. Mode-filtering takes place with a single
Fabry-Pérot cavity in a Vernier configuration, allowing to set mode spacing ranging from tens of
GHz to more than 100 GHz. It is demonstrated that large mode-spacing significantly reduce the
requirements on the resolution of the spectrometer and enables absolute distance measurement
with a mode-filtered frequency comb using a simple array spectrometer for detection. Here a
1 GHz comb is used, that is converted into a 56 GHz comb by mode-filtering. It is shown that in
comparison to a conventional counting interferometer an agreement within 0.5 µm for distances
up to 50 m is found.

The results of the second part of the thesis present a method using a single trapped 40Ca+ ion as
convertor from optical frequency domain to fluorescence intensity for optical frequency analysis
of lasers interacting with the ion. The method is based on analysis of fluorescence emitted from
the ion at a dark state excited by two laser fields with modulated mutual frequency detuning.
The response of detected photon rate to relative laser frequency deviations is recorded within the
slope of a dark resonance formed in the lambda-like energy level structure corresponding to two
optical dipole transitions. Both employed lasers are phase locked to an optical frequency comb,
which allows precise calibration of the method by deterministic modulation of the frequency mod-
ulated laser beam with respect to the beam with fixed optical frequency. Measured fluorescence
responses are evaluated using the Fourier analysis and the results are compared with theoretical
model for achievable signal-to-noise ratios in a range of modulation frequencies and amplitudes.
The results shows the limits of this method in terms attainable modulation frequencies and de-
tectable laser frequency deviations.
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and Martin Čížek for their scrupulous and consistent work on the preparation of the vacuum ap-
paratus, ion trap and all the electronics.

Furthermore, I thank Steven van den Berg who has given me the chance to do my research at
VSL and also Sjoerd van Eldik and Dirk Voigt for their endeavor on setting up the distance mea-
surement interferometer and the spectrometers.

Finally, I am very grateful for generous support of my charming fiancée Petra Pokorná. I thank
Petra for her encouragement, patience, strength and genuine love.



iii

Contents

Abstract i

1 Introduction 1

2 Spectral interferometry 4

3 Frequency comb mode filtering 5

4 Experimental setup for distance measurements 8

5 Measurements 11

6 All fiber filter cavity approach 14

7 Ion experimental setup 16

8 Analysis of fluorescence of ion at modulated dark state 19

9 Conclusion 25

References 27



1

Chapter 1

Introduction

Light in the form of laser fields is used as indispensable tool in wide range of applications. Two of
the fundamental metrology fields: distance measurements and optical frequency measurements
are presented in the thesis. They both uses the optical frequency comb – form of light consisting of
many coherent and tied waves within one optical beam. However, both applications are distinct
in their nature and in the field of use, they both profit from the unique properties of the frequency
comb laser. An optical frequency comb (OFC) is the spectrum of a laser whose optical modes are
phase locked in such way, that they interfere together to form a train of pulses with a repetition
rate frequency frep which directly represents spacing between neighboring modes in the frequency
domain [1]. The nth comb mode frequency fn = ωn/2π is given by

fn = n frep + f0 (1.1)

where f0 is carrier-envelope offset frequency. Its development in 1999 [2, 3] caused a revolution in
optical metrology. Frequency chains [4] previously used for absolute frequency measurements has
been rapidly replaced by much simpler systems based on self-referenced frequency combs capable
of covering large spectral ranges of hundreds of terahertz [5]. They provide direct traceability to
a stable frequency reference such as a maser or an atomic clock [6]. In the past decades a wide
variety of frequency comb applications has emerged, ranging from ultra-fast physics [7, 8], precise
spectroscopy [9, 10] and astronomy [11, 12] to length metrology [13, 14].

There are two common types of optical frequency comb lasers distinct by the type of a laser
gain medium and a passive mode locking mechanism. As representative of the first type, the
early developed combs were based on titanium doped sapphire crystal (Ti:Sa) in a free space laser
cavity. Later on a more robust and much less fragile second type – fiber frequency combs were
introduced, where the gain medium is an optical fiber doped with Ytterbium or Erbium [15, 16].
Comb mode spacings are typically from tens to 250 MHz for fiber combs and roughly 80 MHz to
1 GHz for Ti:Sapphire combs. For distance measurements presented in this thesis a Ti:Sapphire
comb with frep = 1 GHz and emission spectrum in region 810–830 nm is used. In measurements
with trapped ions an Erbium doped fiber laser with frep = 250 MHz and emmision spectrum
around 1560 nm, however frequency doubled and broadened to bandwidth ranging from 600 to
900 nm, has found its application .

Distance measurements with mode-filtered comb
In the first part of the thesis the optical frequency comb serves as a light source for optical distance
measurements, while its properties are enhanced by a mode filtering optical cavity. This research
have been carried out at Netherlands national metrology institute VSL in Delft as a part of the Eu-
ropean Metrology Research Programme (EMRP) project “Metrology for long distance surveying”.

In the field of optical distance measurements a frequency comb can serve as a frequency refer-
ence to a continuous wave (CW) laser, which is then used as a light source for a displacement mea-
surement. Other indirect methods for absolute distance measurement use the optical beat of two
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CW lasers, whose phase shift of the synthetic wavelength determines the distance [17, 18]. Many
schemes have been developed using the frequency comb itself as a light source for length metrol-
ogy. One pioneering method was based on the heterodyne beat between longitudinal modes
of a mode-locked laser [13]. An approach based on a time of flight of femtosecond pulses was
later proposed [14], followed by several experimental demonstrations of cross-correlation based
measurements [19, 20, 21, 22]. Homodyne and heterodyne interferometric schemes utilizing one
frequency comb [23, 24] and two frequency combs [25, 26], respectively, have also been demon-
strated. In 2012, Van den Berg established absolute distance measurements with a frequency comb
laser, based on homodyne mode-resolved many-wavelength interferometry [24, 27]. The laser il-
luminates a Michelson interferometer, whose output is then spectrally resolved with a virtually
imaged phased array (VIPA) spectrometer. The method allows for accurate measurements with a
single frequency comb and a wide range of distance non-ambiguity. However it cannot be directly
used with fiber frequency combs, which are better suited for potential field applications because
of their ease of operation, robustness and smaller sensitivity to environmental disturbances. The
reason for this is their small mode spacing of a few 100 Mhz, which cannot be resolved even with
a VIPA spectrometer.

To enable the application of the method for low repetition rate frequency combs and also to
enable the use of a simple grating-based spectrometer for detection, cavity mode filtering can be
applied to increase the repetition rate of the laser source. The first implementation of external
Fabry-Pérot cavity to a frequency comb was used for cavity-enhanced spectroscopy [9]. However,
cavity filtering of frequency comb modes found its application soon after in astro-combs for cali-
bration of high-resolution astronomical spectrographs [28, 11, 29]. Experimental work published
on this topic describes in details the cavity filtering model with an effect of cavity-comb offset [30],
selection of optimal cavity mirrors radius of curvature [31] or cavity dispersion [32].

A cavity mode filtering method, which uses the Vernier effect to enhance its performance, is
presented. The mode filtered comb is then used for 50 m long distance measurements in labora-
tory conditions and the results are compared with a commercial fringe counting interferometer.
Development of an all fiber approach for frequency comb mode filtering is also presented.

Fluorescence analysis

The second part of this thesis describes measurements carried out at my home Institute of
Scientific Instruments of the CAS in Brno. Here a frequency comb is employed as a single optical
reference for another lasers utilizing its stable frequency properties. The lasers are then used for
interaction with a single calcium ion trapped in a Paul trap. The goal of presented measurements
is to characterize ion fluorescence response to laser frequency deviations of two lasers driving
appropriate atomic transitions. The ion serves as a convertor of optical frequency detuning of two
interrogating lasers to photon fluorescence intensity. This approach is explored as a method of
optical frequency analysis of optical fields separated by hundreds of THz, however within limited
spectral range. The sensitivity of the fluorescence to relative frequency detuning of interrogating
lasers is enhanced in the vicinity of a dark resonance.

Atoms with lambda-like energy level system are ideal for observations of this phenomenon. In
such system destructive interference of amplitudes between two excitation paths from two ground
states to an excited state leads to atom fluorescence quenching. Fluorescence spectrum of the atom
close to the two-photon resonance is manifested with high photon count rate dependence on the
mutual frequency detuning of the two excitation laser fields. These features called dark resonances
have been found useful in many applications since their discovery by Alzetta et al. [33]. Various
schemes of their use in laser cooling can be found [34, 35, 36, 37]. They can serve as a probe for
motional state of single ion [38], or as a thermometer for trapped ions or ultracold atom cloud [39,
40].
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To reveal possible applications and limits of the effect of optical two-photon interference with
single atom as a tool for frequency metrology, we implemented a continuous measurement scheme
on a single Doppler cooled calcium ion 40Ca+ excited by two lasers at wavelengths 397 nm and 866
nm. The lasers are phase locked to common optical reference – the fiber frequency comb. Proper-
ties of the presented scheme are analyzed in terms of the fluorescence response to imposed laser
frequency characteristics and measurement time. For this purpose, one of the lasers is frequency
modulated, while the other has fixed frequency. Measured fluorescence responses are evaluated
using the Fourier analysis and the results are compared with theoretical model for achievable
signal-to-noise ratios (SNR) in a range of modulation frequencies and amplitudes. Finally we
estimate the limits of the presented method and discuss comparison of measured data with simu-
lations.
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Chapter 2

Spectral interferometry

The principle of distance measurements presented in this thesis is based on spectral interferome-
try, which is a parallel homodyne interferometry with many spectrally resolved wavelengths [41].
A frequency comb with a multiplied repetition rate m frep is used as a light source. The distance
is obtained from frequency dependent phase change of an interference signal, recorded by a spec-
trometer, that has distance-unique shape in the non-ambiguity range.

I( f ) = 2 |E0|2
[

1 + cos
(

2π · 2L · nr · f
c

)]
. (2.1)

To employ the advantage of many optical frequencies in acquiring the distance, the phase change
as function of frequency is utilized

dΦ
d f

=
4πL

c

[
nr + f

dnr

d f

]
=

4πL
c

ng. (2.2)

The distance L can be thus expressed as

L =
dΦ
d f

c
4πng

. (2.3)

In practice, the information about the phase change with frequency dΦ/d f is obtained from the
measured spectrum I( f ) by a cosine fit with Φ = C · p + C2. In this equation C and C2 are fitting
parameters and p is a comb mode label associated to comb mode frequency fp = m frep(Q +
p) + f0, where Q is a large integer number. Since the frequency comb is a periodic pulse train,
the distance L is defined in a range of non-ambiguity − 1

2 Lpp < L < 1
2 Lpp, where pulse-to-pulse

distance is
Lpp

2
=

c
m frepng

. (2.4)

Then a random distance is given by

Lt =
1
2

jLpp + L. (2.5)
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Chapter 3

Frequency comb mode filtering

Cavity comb interaction

To describe the behavior of a frequency comb in an external cavity, firstly, we suppose that the
cavity length is arranged to match the length of the laser cavity or that FSR = frep. This would
ideally leads to the transmission of all comb modes.
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FIGURE 3.1: The cavity transmission of the frequency comb with central wavelength
λ=820 nm, frep = 1 GHz and f0 = 0 GHz as a function of the cavity length shift
around length corresponding to FSR=1 GHz for 3 values of finesse F= 1, 3, 30 (blue,

red, yellow).

With premise that the cavity dispersion is negligible and the comb is coupled to the TEM00 cavity
mode, we compute the cavity transmission of the frequency comb as a function of cavity length L
around value L = c

2FSR for which
FSR = frep. (3.1)

This corresponds to searching for a correct cavity length when parameters of the frequency comb
are fixed. At this positions all comb modes are in resonance with cavity modes. The computation
is done individually for each comb mode and then the sum of 104 modes is plotted in Fig. 3.1. The
cavity transmission occurs at cavity length

Lc =
c

2 frep
. (3.2)

Since the cavity finesse is finite, non-exact solutions of Eq. (3.1) can be found. These solutions
will result in a set of lateral transmission peaks. At this point FSR 6= frep, but nonzero linewidth
∆ν of cavity modes allows for transmission of many comb modes. The cavity length can be unin-
tentionally tuned into one of the lateral transmissions because their corresponding cavity lengths
differ from Lc only in a nanometer range.

∆Lc =
c

2ν

frep

FSR
=

λ

2
. (3.3)
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Nonzero offset frequency f0 will shift all transmission peaks, the central will become the lateral,
eventually with an identical twin for f0 = frep/2. The peaks height follows a transmission enve-
lope shape.
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FIGURE 3.2: The cavity transmission as a function of length L for 3 values of f0= (0,
0.25, 0.5)· frep.

Since Eq. 3.2 holds only if the offset frequency f0 equals zero, any offset frequency has to be com-
pensated by slightly detuning the cavity by changing the cavity length by

∆L f0 ≈
λ

2
f0

FSR
. (3.4)

An example of the cavity transmission as a function of the cavity length and the effect of the offset
frequency is shown in figure 3.2.

Frequency comb mode filtering
Frequency comb mode spacing, comfortably resolvable by a diffraction grating spectrometer is
above 30 GHz. Such values can be achieved by setting the cavity FSR to an integer multiple m of
frep, FSR = m · frep. Such cavity arrangement is technologically very challenging, since it leads to
cavity length Lc ≈ 0.5 mm.
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FIGURE 3.3: Example of low finesse F = 6 Fabry-Pérot cavity transmission (gray)
with 1 GHz spaced FC modes (red). The cavity is set to Vernier configuration
4 · FSR = 5 · frep. The FSR = 1.25 GHz, however 5 GHz spaced comb modes are

transmitted.

A better solution to achieve such filter ratios has been found. The filtering method is based on the
Vernier effect, with the cavity FSR set to a non-integer multiply of the frep

iFSR = m frep, (3.5)

where i and m are integers. This is a scheme that is similar to frequency comb Vernier spec-
troscopy, see e.g. [12]. As a result we obtain a spectrum consisting of modes spaced by the lowest
common multiple of the FSR and frep. Rewriting equation 3.2 in the Vernier configuration, the
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cavity transmission occurs at cavity length

Lc =
i
m

c
2 frep

. (3.6)

An example of the cavity transmission as a function of frequency is shown in Fig. 3.3. The advan-
tage of the Vernier method is that the filter ratio is not inversely proportional to the cavity length
and high filter ratios m can be obtained, via high values of the factor i, with a large mirror to mir-
ror distance. This allows to build such a cavity with common optomechanical components and
also to adjust the filter ratio ranging from 10 to infinity with small change of the cavity length. In
practice, the largest filter ratio sufficiently filtering unwanted modes is proportional to the cavity
finesse. For the distance measurements presented in this thesis, we used filter ratio of m = 56 and
factor i = 3 corresponding to FSR = 18.6̄ frep. A simulation of the comb mode suppression for
such parameters is in Fig. 3.4. The slight detuning of the cavity to account for nonzero f0 leads
to a small mismatch between the cavity resonance and the comb wavelengths. However, for an
optical bandwidth of 14 nm, which is the spectral width of the Ti:Sapphire laser used in this thesis,
it only leads to a 0.1 dB decrease of the transmitted signal in the wings of the spectrum.
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FIGURE 3.4: Simulation of frequency comb mode suppression by filter cavity with
FSR = 18.6̄ GHz. The comb repetition rate is frep = 1 GHz, the offset frequency
f0 = 180 MHz and the bandwidth of 14 nm is centered at 820 nm. With a cavity
finesse F = 313 (mirror reflection 99%), the suppression of unwanted modes remains
below -20 dB. The transmission of wanted modes is suppressed at the edges of the
spectrum due to the offset frequency only by 0.1 dB. On the left side a small zoomed
part of the spectrum is shown, to visualize individual modes. On the right side the

mode suppression is shown for the full spectrum.
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Chapter 4

Experimental setup for distance
measurements

The experimental setup for the distance measurements can be divided into three main parts: a
light source, a Michelson interferometer and a grating spectrometer, see Fig. 4.1. The light source
is a Ti:Sapphire pulsed laser with the pulse repetition rate frep = 1.012 GHz and the offset fre-
quency fceo = 180 MHz. The emitted optical spectrum is an optical frequency comb centered at
wavelength λc ≈ 820 nm with bandwidth of 14 nm.

HeNe count.
erfint .

Carriage

a

b

c

PC

50 m bench

Laser frequency comb

Lenses Piezo Cavity
mirrors

Sampler

Meas. arm

Ref. arm

Mirror

Diffraction
grating

Lens
CCD Array

Lens

PM fiber

Circ.

PBS

BS

Synthesizer

PIDS

Dichroic
mirror

Ref. arm

Mirror

Mirror

Retro
reflector

Filtered frequency comb

Lenses

FIGURE 4.1: Experimental setup of the relevant parts for the distance measurement
split into 3 sections. a) Filtering part showing the frequency comb laser, cavity mode-
matching optics, cavity with piezo actuator, collimation lens and beam sampler. The
green parts are the detector and electronics for locking the cavity length. The filtered
frequency comb is led through an optical circulator towards the 50 m bench part.
b) This part shows two Michelson interferometers with a common measurement
arm for the filtered frequency comb and the He-Ne laser. c) Spectral analysis of the

interferometer output with a diffraction grating and linear CCD camera.

The filter cavity based on two dielectric mirrors is used to increase the repetition rate of the fre-
quency comb. The interferometer consist of two combined Michelson interferometers with com-
mon measurement arm, one is dedicated to frequency comb measurements and the other serves
for comparison measurements utilizing a He-Ne continuous wave laser and interference fringe
counting method. The spectral analysis is done with the grating spectrometer, however the VIPA
spectrometer is also implemented into the setup for investigation of the filter cavity performance.
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Filter cavity setup
The filter cavity setup consists of a Fabry-Perot cavity, cavity mode-matching optics and cavity-
comb locking optics and electronics. A symmetric cavity was built with two concave dielectric
mirrors with reflectivity of R = 99.0% and group delay dispersion below 20 fs2. Each cavity
mirror is attached to ring piezoelectric actuator for cavity length modulation and stabilization.
For successful coupling of the frequency comb laser modes to the TEM00 mode of the optical
cavity, a set of achromatic lenses are used to mode-match the laser beam to the cavity eigenmode
and to collimate the cavity output.

Interferometer and spectrometer
The interferometer is located at the VSL long distance measurement laboratory. The labora-

tory is equipped with 50 m long rail bench. A commercial Helium-Neon laser fringe counting
interferometer head (Agilent) is also part of the experimental setup and serves for the distance
measurement comparison. The Michelson interferometer for frequency comb has common mea-
surement arm with the counting interferometer.

FIGURE 4.2: Large image: Long bench - the Michelson interferometer measurement
arm with electronic carriage. Small image: interferometric head based on two inch

sized optics.

The interferometer measurement arm has a maximum length of 50 m and consists of a long
rail with electric carriage carrying the retroreflector, see Fig. 4.2. The comb beam is in the mea-
surement arm mixed with the HeNe beam and as a result, both beams largely propagate through
the same volume of air having the shared optical path. The reference arms for the comb and the
HeNe laser are different, since the HeNe laser interferometer is based on measurements requiring
a polarizing beam splitter. After propagation through the Michelson interferometer, a fiber circu-
lator directs the FC interferometric output towards the spectrometers. The VIPA interferometer
is implemented in the setup for diagnostic purposes. Returning beam from the interferometer is
directed by the circulator to either the grating spectrometer or the VIPA spectrometer. Both spec-
trometers are mounted on transportable breadboards and for the experiments the breadboards
are on the frequency comb optical table together with the filter cavity setup, pictured on Fig. 4.3.
The grating spectrometer uses the source fiber connector ferrule as an entrance slit with 5 µm
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FIGURE 4.3: Three transportable breadboards, one with filter cavity setup and one
for each of the spectrometers.

mode field diameter. The light is collimated by an achromatic lens with 100 mm focal length di-
rectly in grazing incidence onto a 50 mm wide reflective holographic diffraction grating with 1800
grooves/mm. The first order diffraction is focused with a 200 mm focal length achromatic lens
on a sensor of CCD line camera. The camera has 3000 pixels, 7 µm pixel pitch and 200 µm pixel
height. This configuration provides sufficient resolution to distinguish at least 20 GHz separated
filtered comb modes, while capturing the full 20 nm wide spectral range of the comb spectrum.

The VIPA spectrometer is based on a VIPA etalon with 53 GHz free spectral range. VIPA etalon
disperse the light in vertical direction towards a blazed diffraction grating with 1200 grooves/mm,
which disperse the light in horizontal direction. A 400 mm focal length achromatic lens images
the light on a CCD camera and creates 2D VIPA pattern.
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Chapter 5

Measurements

This chapter describes the performance of the filter cavity by means of imaging the filtered fre-
quency comb with the VIPA spectrometer and measurements of distances using the filtered fre-
quency comb and the grating spectrometer.

Cavity filtration performance
When cavity length is scanned in the µm range its transmission shows many envelopes of trans-
mission peaks. Each envelope corresponds different parameters i and m in the Vernier filtering
condition i · FSR = m · frep. As an example, the second derivative of the cavity transmission is
shown for cavity length scan with scanning range of about 1 µm showing the envelope for FSR
= 20 GHz and approximately 100 µm scanning range around FSR ∼20.15 GHz with many en-
velopes.
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FIGURE 5.1: The second derivative of the cavity transmission as a function of cavity
length. The transmission envelope for FSR=20 GHz – left, many envelopes within a
100 µm scanning range – right. The second derivative is used to enhance the visibil-
ity of the envelopes. Values of the cavity FSR and corresponding multiplied repeti-

tion rate m · frep are shown below respectively above envelopes.

Each envelope consists of a series of transmission peaks, as described in the chapter ??. Lock-
ing the cavity to one of the peaks, represents a stable frequency comb filtration with a filter ratio
m. Changing the ratio m multiple times in the Vernier configuration can be done by a fractional
change of the cavity length. As can be seen in Fig. 5.1 in the vicinity of FSR = 20 GHz, there are
visible transmission envelopes for m · frep in the THz range. The cavity filtering performance is di-
agnosed with the high resolution VIPA spectrometer. It resolves all the modes of the Ti:Sapphire
frequency comb laser, separated by frep ≈ 1.012 GHz, and creates an 2D image of dotted VIPA
pattern. Each dot is an individual comb mode. In the vertical direction, dot-to-dot distance rep-
resents the frep, in the horizontal direction dot-to-dot distance represents the VIPA etalon FSR of
53 GHz.
The performance of the comb mode filtering is shown in Fig. 5.2 for four settings of the cavity
FSR described in Table 5.1, note that an approximation of frep=1 GHz is taken in the table.
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FIGURE 5.2: Composite VIPA spectra of the filtered frequency comb for four result-
ing values of m · frep = [20, 41, 81, 101] GHz (white dots) laying over the original

unfiltered spectrum (blue dots)

Lcavity [mm] 7.50 7.43 7.41 7.32
FSR [GHz] 20 20.2 20.25 20.5

i 1 5 4 2
m · frep [GHz] 20 101 81 41

TABLE 5.1: Table of cavity settings fulfilling the vernier condition i · FSR = m · frep
for presented VIPA spectra.

Distance measurements
In this section a procedure and results of distance measurements using spectral interferometry
with mode filtered frequency comb and diffraction grating spectrometer are presented. The length
of the filter cavity is set at 8.0 mm, corresponding to a FSR = 18.6̄ frep, which due to Vernier
selection, results in a filter ratio m = 56. This corresponds to a pulse-to-pulse distance Lpp =
5.3 mm. The distance measurements are performed quasi-simultaneously with the Helium-Neon
laser fringe counting method, which serves as comparison. The results are then presented as a
difference between the two methods [41]. The reference data from the measurement Imeas and
reference Ire f arms are used for intensity normalization of interference spectrum I as shown in
Fig. 5.3

cos(Φ) =
I − Ire f − Imeas

2
√

Imeas Ire f
. (5.1)

From its cosine fit the distance L is calculated. The results in Fig. 5.4 show the differences between
the individual measurements done by frequency comb and the average distance as measured with
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FIGURE 5.3: Top: typical reference measurement-blue, Ire f intensities - red circles.
It is used for correct finding of the comb mode positions at CCD and also for the
interference normalisation. Middle: interference measurement - blue, with values of
I( f ) intensities - red circles. Bottom: normalized intensities I( f ) - blue circles and

cosine fit - red.

the HeNe counting interferometer. The zero position is based on the average of the five zero mea-
surements. For each individual measurement the agreement between the frequency comb and
the HeNe laser is within 0.8 µm. When averaged over five measurements, the largest difference
is 250 nm. The standard deviation doesn’t show a clear distance dependence and is on average
0.33 µm. The comparison measurement shows that the mode-filtered frequency comb is a suitable
tool for distance measurements, with a relative difference < 10−8 with the HeNe laser reading for
a distance of 50 m. The observed differences between both methods for a single measurement are
caused by environmental effects, like turbulence and vibrations. These effects are not perfectly
canceled because of small timing differences between the simultaneous HeNe and comb measure-
ments. When averaging all measurements and all distances, the agreement between both methods
even reduces to below 100 nm.
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FIGURE 5.4: Measured differences between distance measurement with a filtered
frequency comb and a HeNe laser interferometer for distances up to 50 m. The error

bars show the standard deviation of the measurements.
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Chapter 6

All fiber filter cavity approach

This chapter briefly describes an alternative method of frequency comb mode filtering based on
a single mode optical fiber cavity. The aim for the development of such a tool is its simplified
implementation into an optical setup. No requirement for any mode-matching optics allows for
plug-n-play by simple connecting the fiber cavity to an input and output optical fibers. Different
fiber based comb mode filtering has been published, with use of a fiber coupled free space cavity
[42], ring fiber resonator [43] and cascade Mach-Zhender fiber interferometer [44] or more recently
a few meter long single optical fiber [45].

Fiber cavity design
Principle construction of presented fiber cavity is the same as of a free space cavity. There are
two reflecting surfaces at the ends of the fiber. Lateral cavity modes are tuned by fiber stretching.
The maximal amount of reversible stretching is not precisely known but approx. 0.5% of the fiber
length is considered as safe.
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FIGURE 6.1: Silver-coated-fiber cavity transmission of a 100 MHz frequency comb
as a function of length. Theoretically, infinite number of transmission envelopes is

available.

Although a fiber cavity cannot be stretched in order of cm, Fig. 6.1 shows calculated cavity
transmission of frequency comb modes for such range in order to highlight the amount and posi-
tions of Vernier transmission envelopes. The first generation of a fiber cavity is designed to work
with an Er3+ fibre based frequency comb with central wavelength at 1550 nm. Its free spectral
range is designed to be FSR=1 GHz. Fiber with near zero dispersion is used for fiber patch-
cord production. The fiber length corresponding to FSR = 1 GHz is L f iber=102.1 mm but actual
length of fiber patchcords is designed to be 101.8 mm. The production has been carried out by
SQS Vláknová Optika a.s., where the fiber was cut to predefined length and equipped with FC/PC
type ceramic ferrules and connectors. Cavity mirrors are created by sputtering of a reflective
material directly on the fiber patchcord ends. A 40 nm thin layer of Ag has ∼95% reflectivity and
∼1.5%transmission, the rest of light∼3.5% is absorbed. Reflective layers are created by magnetron
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sputtering deposition at ISI Brno by the Thin Layers group. A cage mounting system is used for
holding the fiber cavity and to adjust its length. Two standard fiber connectors are mounted to
the cage, one with help of a custom made adapter, the other is attached to a manual translation
mount via a custom made adapter with a ring piezochip. The fiber length can be stretched and
electronically locked to a required transmission peak. The cavity length is stabilized with the same
locking technique as the free space cavity, however using only one piezochip for both, modulation
and stabilization.

Results
The cavity filter properties were tested at the TU Delft, The Department of Imaging Physics. The
fiber frequency comb they possess has repetition rate frep = 100 MHz. The cavity multiply the
original frep to m · frep = 1 GHz, in a normal configuration i · FSR = FSR (not Vernier, i > 1). The
cavity comb mode filtering is observed with a TU Delft VIPA spectrometer. The VIPA spectrometer
is not able to resolve modes of the fiber frequency comb. In the VIPA spectral image the modes
merges into lines. However it is able to resolve less dense modes of the filtered frequency comb
which are observable as dots, see figure 6.2. The presented result shows that an optical frequency

FIGURE 6.2: VIPA images for frequency comb with frep = 100 MHz - left and fiber
cavity multiplied frep = 1 GHz - right.

comb can be filtered by a fiber based filter cavity. Further development of this method has been
started. Fiber patchords in the Vernier configurations has been designed using dielectric layers
with zero chromatic dispersion and reflectivity of more than 99% instead of the silver reflective
coatings. However, this second generation of the fiber cavity has to be yet properly tested.
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Chapter 7

Ion experimental setup

The aim of the experiment discussed in the second part of the thesis is to analyse the fluorescence
response of a calcium ion stored in a radio frequency trap to modulation of frequency detuning
of two excitation laser fields. We are particularly interested in the characterization of fluorescence
sensitivity to laser frequency detunings mediated by the ion in a dark state. This measurement
is explored as a method for optical frequency analysis using the ion as a convertor of the rela-
tive optical frequency difference to the intensity of emitted fluorescence from the ion. The main
goal is to provide a characterization and point out limits of this method. The dark resonance not
only enhances the spectral sensitivity but, it allows for optical frequency beating of two optical
fields separated by hundreds of THz, which corresponds to a frequent task in many metrological
applications [4, 5, 46]. This is typically realized indirectly via an optical frequency comb. The pre-
sented method provides an alternative to these methods within limited spectral range, however
the frequency comb serves here as a stable optical reference for the excitation lasers.

The experimental setup for ion trapping is newly build in the laboratories of the Institute of
Scientific Instruments of CAS in Brno. On its set up cooperated colleagues from the ISI Brno and
from the Department of Optic of Palacký University Olomouc. On the development of the vacuum
apparatus was also involved Mesing company and the Paul trap was designed and fabricated at
the University of Innsbruck.

FIGURE 7.1: Scheme of the complete vacuum chamber setup with Paul trap inside –
left. Actual picture of the vacuum chamber with optical components for ion interro-

gation – right.
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Laser stabilization
The fluorescence analysis described in the thesis requires highly stable optical frequency per-
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FIGURE 7.2: Schematic view of the phase locking of an ECDL to frequency comb,
however for simplicity shown only for one laser – left. The real optical part of the
scheme for five lasers is shown in the picture on the right. Top of the picture shows
supercontinuum generation. At the bottom is diffraction grating separating mixed
laser beams, which are then with mirrors on the left reflected to detectors on the

right. (Only two used for the experiment.)

formance of the 397 nm and 866 nm lasers. For this reason both lasers are phase locked to a
corresponding tooth of the optical frequency comb. A scheme of electronics and picture of op-
tics for phase locking are in Fig. 7.2. The frequency comb with a center frequency at 1560 nm
is frequency doubled by second harmonic generation (SHG) process in and then broadened by a
photonic crystal fiber to generate an optical supercontinuum ranging from about 600 to 900 nm.
This broad spectrum is mixed with laser beams to create beat notes with particular frequency
comb tooth. The beat note signal is used as an input for phase locked loop (PLL), which efficiently
narrows the laser linewidth down to linewidth of a single component of the frequency comb. Par-
ticular beat note signal between the comb tooth and the laser is amplified, filtered and mixed with
a local oscillator (LO). This LO is generated by a direct digital synthesizer (DDS) referenced to the
hydrogen maser, and has the value of the desired beat note frequency raised by 100 MHz. After
bandpass filtering, the product of mixing is mixed once more with 100 MHz reference signal to
generate a DC signal which has the phase information 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. The target frequency of atomic transition is achieved by a fine frequency tuning with
an AOM in double pass configuration. These AOMs are also used for amplitude stabilization of
the laser intensities. An overview of the experimental setup is shown in Fig. 7.3. It is separated to
the tree optical tables dedicated to the ion lasers, frequency comb and laser beating and the table
with the ion trap.
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FIGURE 7.3: Scheme of the experimental setup distributed over three optical tables
corresponding to parts a), b), c). All ion ECDLs are placed on table a). The cooling
laser beam is generated by frequency doubling the 794 nm to 397 nm. The near
infrared laser beams are send through an optical fiber to table b) where the optical
frequency comb supercontinuum is optically mixed with lasers by use of broadband
optical elements and the products are spatially separated for beat note detection.
Individual beat notes are after filtering and amplification used for generating the
control signals for frequency stabilization of the lasers. The 397 nm and 866 nm laser
beams dedicated to the ion are led into AOMs in the double pass configuration for
frequency and amplitude modulation and then sent to the ion trap positioned on
the optical table c). The laser fields are set to particular desired polarization and are
amplitude-monitored at the proximity of the ion chamber. The ionization laser are
send directly to the ion only with 422 nm wavemeter-based control. A beam shutter
blocks the ionization lasers after successful loading of desired number of ions. The
ion fluorescence is collected by a lens with Numerical aperture of 0.2 and detected
by the EMCCD camera or single photon avalanche photdiode. The detection signals
including precise photon arrival times are recorded using fast time-tagging module

or converted by an analog-digital card (ADC) for further processing.
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Chapter 8

Analysis of fluorescence of ion at
modulated dark state

A continuous measurement scheme on a 40Ca+ ion with the transitions 4S1/2 ↔ 4P1/2 and 4P1/2 ↔
3D3/2 excited by two lasers fields at wavelengths 397 nm and 866 nm is implemented. The 397 nm
laser is also used for simultaneous Doppler cooling, while 866 nm repumps the ion from a long
lived 3D3/2 manifold. Both lasers are phase locked to the fiber 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. 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. Properties of the presented scheme are analyzed in terms
of the fluorescence response to imposed laser frequency characteristics [47].

FIGURE 8.1: Scheme a) shows the employed energy level scheme of 40Ca+. The
two laser fields with polarizations perpendicular to the magnetic field lead to ob-
servation of four dark states between S1/2 and D3/2 manifolds. Scheme b) shows a
simulation of the P1/2 level occupation probability proportional to fluorescence in-
tensity as a function of 866 nm laser frequency detuning ∆866. Detailed zoom in the
selected dark resonance depicts the fundamental parameters determining the per-
formance of the spectral analysis including the detuning ∆866, frequency deviation
of the frequency modulation A, modulation frequency fm, conversion through the
slope with parameter m onto the fluorescence with average photon count rate per

second Rs and measured with an APD gate time τ.

The trapped and Doppler cooled ion is simultaneously driven by two laser fields at 397 nm
and 866 nm. Applied magnetic field lifts the degeneracy of the Zeeman states, which results in
energy level scheme with eight states, see Fig. 8.1a. The angle between polarization of the laser
fields is chosen to be perpendicular to the magnetic field, therefore only transitions with ∆mj = ±
1 are excited, which leads to the observation of four dark resonances. Fluorescence from the ion is
collected in the direction of the magnetic field using objective lens with numerical aperture of 0.2
and focused onto the free spaced APD. Time tags of photon detections are recorded with fast time
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tagging module. Tuning the 866 nm laser to a position at a slope of particular dark resonance,
described by a slope parameter m(∆866) representing the resonance gradient, allows to use the ion
as a direct frequency deviation to fluorescence intensity convertor due to its high and quasi-linear
dependence, see Fig. 8.1b for schematic explanation.
Fluorescence spectra with phase locked lasers
Figure 8.2 illustrates the enhancement of the dark resonance contrast and slope steepness by
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FIGURE 8.2: Dark blue fluorescence spectrum measured with both lasers phase-
locked to the frequency comb with limited bandwidth due to PLL limited scanning
range. Red line is the optical 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 from the degenerate transition ∆397 = -16 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 =124 kHz.Light blue is fluorescence spec-
trum with all dark resonances visible, measured by scanning of free running 866 nm
laser monitored by wavemeter. Purple line is its fit with the only parameter signifi-
cantly different from the PPL scan being the lasers combined linewidth Γ = 250 kHz.
The insertion shows the lower part of the resonance with the measurement point.
Difference in the resonance depth for the two spectra is clearly visible. The shape of

the PLL resonance also does not perfectly fit to the theory .

utilization of frequency stabilization of 397 nm and 866 nm lasers to the frequency comb. The
fluorescence spectrum is measured , however in narrow bandwidth limited by the PLL frequency
scanning range of fbeat from 0 to 125 MHz. The whole spectrum containing all dark resonances is
measured again, but with 866 nm laser frequency controlled utilizing only the wavemeter-based
feedback. Both fluorescence spectra are fitted with the optical Bloch equations.
Measurements of fluorescence response
The frequency spectrum of the analyzed 866 nm laser deviations is measured by keeping the ref-
erence 397 nm laser at constant detuning ∆397 and modulating the frequency detuning ∆866(t).
To determine the theoretical response function of the detected fluorescence to the introduced fre-
quency modulation a natural fluorescence noise is compared to the observable signal in the eval-
uated frequency spectrum of the fluorescence. Equation for the fluorescence signal to noise ratio
SNR is derived as the ratio of function describing the amplitude of harmonically modulated fluo-
rescence S( fm, A, τ) to the amplitude of fluorescence noise N(R, T, τ)

SNR =
S
N

=

√
T

Rτ
mAτ |sinc( fmτ)| . (8.1)
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The measurements of fluorescence response are done for various sets of modulation frequen-
cies fm, frequency deviations A, measurement time T and also measurement points ∆M. A fluo-
rescence time tag measurement is processed into set of fluorescence data in units of photon counts
per τ, where τ has values from a certain range simulating a variable gate time of a photodetector.
These data are then individually analyzed in terms of their frequency spectrum evaluated by the
FFT algorithm. The values of signal-to-noise ratio are then SNR = Smeas/Nmeas, where Smeas is
the frequency component at the modulation frequency fm (or component with maximal ampli-
tude) and Nmeas is the average amplitude of the whole FFT spectrum. The results of frequency
response measurements are summarized in four figures. Three of them emphasize the SNR(τ)
dependence on the critical measurement and evaluation parameters, in particular modulation fre-
quency Fig. 8.3, frequency deviation Fig. 8.4, and measurement time 8.5 with respect to the gate
time τ. The last figure compares the SNR(∆M) for two modulation frequencies with respect to the
measurement point ∆M which corresponds to different values of count rate Rs and slope parame-
ter m Fig. 8.6.
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FIGURE 8.3: Signal to noise data for five 300 s long measurements of fluorescence
with modulated detuning ∆866. Frequency deviation is kept at 300 kHz and modu-
lation frequency varies - dots. Red lines - theoretical signal to noise ratio calculated
using nonlinear slope function mnl. Note that mean time between two successive

photon detections is ∼ 0.15 ms.

The lowest detectable signal in the frequency spectrum has its limit given by frequency ampli-
tudes of shot noise. This detectable limit is defined here as variable SNRlim. The limit is obtained
by simulating data of shot noise with Poissonian distribution. The simulated data represents pure
fluorescence without modulation and have the same count rate R and measurement length T as
the real data.
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FIGURE 8.4: Signal to noise measurements of fluorescence with harmonically mod-
ulated detuning of analyzed laser field ∆866 with modulation frequency set to 66
Hz. The measured data for different frequency deviations are shown with dots with
lines. Full lines show the theoretical simulation of SNR for the highest and low-
est frequency deviations, respectively. Dash-dotted gray line represents a numerical
limit given by pure signal with Poisson distribution evaluated as maximal ampli-
tude of shot noise. Amplitude levels for signals are taken from known frequency
position in the spectrum, thus the fringe pattern is slightly visible even below the

limit.
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FIGURE 8.5: SNR data for 3 s and 300 s long measurement of fluorescence with
harmonically modulated laser detuning ∆866. Modulation frequency and frequency
deviation are fixed to 66 Hz and 300 kHz, respectively. The signal amplitudes are
found as the maximum of whole frequency spectrum except the DC component.
The dots show the measured data, dashed lines represent numerical limits given by

simulated fluorescence with Poisson distribution SNRlim.

The results of presented measurements are interpreted in here in terms of fundamental limits
of the proposed method. Fluorescence sensitivity to 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 used for the measurements with variables A, T and fm is no worse
(in terms of fluorescence gradient) than 1/2 of the steepest slope of any dark resonance achiev-
able by tuning the parameters of applied fields to the ion. It however stands on the slope, whose
length in the axis of frequency detuning, has been set by the parameters to ∼ 8 MHz. This gives a
fundamental upper limit of the presented method on the optical frequency bandwidth which does
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FIGURE 8.6: Upper graph shows theoretical data of SNR data – orange dots calcu-
lated on basis of measured fluorescence spectrum – blue dots. Average SNR of ten
measurements with T = 10 for two modulation frequencies 12 Hz – green circle, 120
kHz – green square are measured along the dark resonance. Errorbars corresponds
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not cause 866 nm laser to detune out of the resonance slope. The width of the employed dark res-
onance slope and the measurement position on the slope thus limits the frequency deviation and
modulation frequency. According to the Carson rule for frequency modulation bandwidth with
98% of modulation energy [48, 49], combined frequency deviation A and modulation frequency
fm has to satisfy condition 2(A + fm) = 8MHz. This condition is well satisfied in the measure-
ments. The smallest detectable modulation amplitudes are given by fluorescence noise at given
photon count rate and total length of the measurement. This limit is defined as SNRlim and cor-
responds to ratio of maximal amplitude in a pure shot noise frequency spectrum with its mean
value N. Scale up in the measurement time T leads to raise of the SNRlim limit value, however the
mean level of amplitudes of shot noise frequency spectrum N is proportional to

√
Rτ/T, thus the

lowest detectable frequency deviation can be scaled down with longer measurement times or by
measuring in the lower part of the resonance slope with smaller photon count rates. Specifically
for measurement at point ∆M with the linear slope parameter m = 1.78 cps/kHz, count rate Rs =
6800 cps, measurement time T = 300 s, gate time τ = 1 ms and modulation frequency fm = 66 Hz,
the limit of detectable frequency deviation is Amin = 2 kHz.

Detectable modulation frequency is according to the presented theory in Eq. (??) unlimited,
however, the presented measurements show decrease of SNR( fm, τ) for high modulation frequen-
cies. In our particular case, the decrease has been observed for modulation frequencies on the
order comparable to photon count rate Rs, where signals start to be undersampled. Comparisons
of SNR for two modulation frequencies fm = 12 Hz and fm = 120 kHz along the dark resonance in-
dicate correlation of the decrease with fluorescence intensity, however the theoretical simulation
of modulated fluorescence shows that the undersampling itself should not limit the observable
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modulation frequency detection bandwidth. Simulation results did not show any decrease of
SNR, even for the order of magnitude higher modulation frequencies then what was 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 investi-
gated and do not explain the observable decrease of SNR. The bandwidth of spectral modulation
sidebands is given by the Carson rule, as described earlier. The response of the AOM was mea-
sured up to modulation frequency fm = 1 MHz, but we measured flat response. At this point we
thus leave the attainable frequency bandwidth limit of the presented method for further investi-
gation, including studies of possible excitation of first or higher order motional sidebands within
the employed Raman excitation scheme might play a role.

The sensitivity of the fluorescence to frequency detuning can be further improved. First option
is to increase the fluorescence detection efficiency, which has been in our case mostly limited by
the numerical aperture of the collection optics to 0.15% of the total emission rate. The other option
is to increase the number of trapped ions. Both options will linearly enhance fluorescence intensity
and thus also the steepness of the dark resonance slope.
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Chapter 9

Conclusion

In the first part of this thesis we have demonstrated that long distances can be measured with high
accuracy using a mode-filtered frequency comb and a simple linear array spectrometer based on
a diffraction grating. In comparison to a HeNe laser a relative agreement below 10−8 has been
shown. The method of cavity mode filtering opens up the possibility to use a low repetition rate
frequency comb, like a fiber comb, for many-wavelength homodyne interferometry. Since fiber
combs are smaller, easier to operate and less sensitive to the environment than Ti:Sapphire-based
combs, this could be of interest for potential field applications of this method using fiber combs.
When using a filter cavity to generate repetition rates of several 10s of GHz, it is possible to replace
the complicated VIPA spectrometer with a linear array spectrometer. This not only simplifies the
experimental setup, it also simplifies data processing and analysis.

The filter cavity constructed for the purpose of the distance measurements has been designed
to work in a Vernier configuration, which allows for a large tuning of filter ratio with fractional
change of cavity length. This also enables to obtain high repetition rates of 100s GHz with rel-
atively large cavity lengths, which simplifies its construction. Even easier operation of a filter
cavity has been investigated using all fiber approach. A fiber filter cavity has been designed and
constructed to work with fiber frequency combs at 1550 nm. The performance of the silver coated
fiber cavity to multiply frep from 0.1 to 1 Ghz was successfully tested using the VIPA spectrometer.

In general, the availability of frequency combs having a mode spacing that is sufficiently large
to be resolved by an array spectrometer, will be a step forward towards practical applications of
many-wavelength homodyne interferometry for absolute distance measurement.

In the second part of this thesis we have used a frequency comb as the optical reference for
investigation of a method of optical frequency analysis using fluorescence emitted from a single
Doppler cooled 40Ca+ ion trapped in a Paul trap. The method is based on enhanced fluorescence
sensitivity to optical frequency fluctuations due to the probing of the ion close to a dark state in
a lambda-like three level system. The ion’s dark resonance represents a convertor of the relative
optical frequency difference to the intensity of fluorescence. The characterization of this method
has been carried out by deterministic modulation of relative frequency detuning of the two exci-
tation laser at 397 and 866 nm which has been phase locked to the frequency comb. In this way
they adopt known frequency linewidths and stability of the optical reference.

For the analysis of the ion fluorescence response to the laser frequency modulation a simple
theoretical model of fluorescence signal to noise ratio has been developed. Its comparison with
signal to noise data obtained by the Fourier analysis of measured fluorescence showed good agree-
ment, however also certain limits of this method. We have shown that for applied measurement
settings, the fundamental upper limit for optical frequency bandwidth is 8 Mhz and the lowest
detectable laser frequency deviation is 2 kHz. The comparison of the theory with the presented
measurements have also shown a decrease of signal to noise ratio for modulation frequencies on
magnitudes higher than photon count rate. The measurements also showed a correlation of the
decrease with fluorescence intensity, however we have not proved that the signal undersampling
is the cause. Other possible effects have been also investigated and do not explain the observable
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decrease of signal to noise ratio, thus we had left the attainable frequency bandwidth limit of the
presented method for further investigation.

The presented feasible bandwidths, which are in good agreement with theoretical model, can
be further improved by increasing the fluorescence detection efficiency or by increasing the num-
ber of trapped ions, what would also led to improved sensitivity of the fluorescence to frequency
deviations.
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Souhrn v českém jazyce 
Tato disertační práce se zabývá aplikací optického frekvenčního hřebene ve dvou odvětvích 
základní metrologie: měření vzdáleností a měření optických frekvencí. První část práce 
prezentuje homodynní interferometrii s módově filtrovaným frekvenčním hřebenem efektní 
metodu pro měření dlouhých vzdáleností si vysokou přesností a absolutní škálou. Princip 
měření vyžaduje, aby jednotlivé módy frekvenčního hřebene byli spektrálně rozlišitelné. Z 
tohoto důvodu nelze tuto metodu použít přímo s frekvenčními hřebeny s nízkou opakovací 
frekvencí (např. 100 MHz), protože jednotlivé módy jsou příliš blízko u sebe a nelze je rozlišit. 
Na zvýšení opakovací frekvence je zde využito filtrování módu pomocí optického rezonátoru a 
takto filtrovaný frekvenční hřeben je pak použit k měření absolutních vzdáleností. Módová 
filtrace je realizována pomocí Fabry-Pérotovho rezonátoru ve Vernierovské konfiguraci, co 
umožňuje dosažení opakovacích frekvencí v rozsahu od desítek GHz do více jak 100 GHz. Je 
demonstrováno, že vysoké módové rozestupy významně redukují požadavky na rozlišení 
spektrometru a umožňují absolutní měření vzdálenosti s módove filtrovaným hřebenem 
s použitím jednoduchého řádkového spektrometru pro detekci. Použit je 1 GHz hřeben, který 
je filtračním rezonátorem konvertován na 56 GHz. Je ukázáno, že porovnání s konvenčním 
relativním interferometrem je dosažena shoda v měření vzdáleností až do 50 m na úrovni 0.5 
mikrometru.  

Druhá část dizertační práce prezentuje metodu využívající zachyceného iontu vápníku  40Ca+ 
jako převodníku z optických frekvencí do intenzity fluorescence pro optickou frekvenční 
analýzu laserů interagujících s iontem. Metoda je založená na analýze fluorescence emitované 
z iontu v temném stavu, který je vybuzen dvěma lasery s modulovaným vzájemným 
frekvenčním odladěním. Odezva detekovaného fotonového toku na vzájemné frekvenční 
odchylky je měřena na svahu temné rezonance vytvořené  v lambda energetické struktuře, která 
koresponduje s dvěma dipólovými optickými přechody.  Oba využívané lasery jsou fázově 
zavěšeny na optický frekvenční hřeben, což umožňuje přesnou kalibraci metody 
deterministickým modulováním frekvence analyzovaného laseru vzhledem k fixní referenční 
frekvenci. Měřená fluorescenční odezva je vyhodnocována s použitím Fourierovy analýzy a 
výsledky jsou porovnány s teoretickým modelem pro dosažitelné poměry signálu k šumu pro 
škálu modulačních frekvencí a amplitud. Výsledky ukazují shodu s teorií pro určité rozsahy 
modulačních parametrů a taktéž vymezují limity metody ve smyslu detekovatelných 
frekvenčních odchylek a dosažitelných modulačních frekvencí. 
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