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Chapter 1 An overview

Before starting to explain the composition of this master thesis, a few words are used to
clarify the reader on the reason why | chose this particular subject. | will tell something
about my history regarding the subject of the thesis. It is followed by a summary of my
thesis.

In the autumn of the year 2000 | participated in the course “Optics and Lasers” at the
Molecular Laser Physics department. Due to this course my interest in laser control grew
and | became curious about the computer component in a laser-system. The lecturing
professor at that time was dr. Frans Harren, who introduced me to the basics of laser
physics. Principles as Einstein-relations, population inversion, optic feedback, threshold
conditions, line shape and laser modes, passive and active resonators, single mode
working, frequency stabilization, mode-locking and Q-switching are very common in this
area of science. Most of these principles lie outside the scope of this thesis. But laser
modes and the corresponding mode locking are two of the subjects of this thesis.
Computers are used to control a laser-system. In general the physicist himself develops the
computer programs that control such a laser-system. Because these scientists typically
have little know-how on computer science, these programs are often badly documented
and lack a good (fundamental) structure due to the absence of a well-considered model.
One of the objectives of the computer science department is to create methods to produce
good and useful computer system models that can be used to develop new software.
Computer system models come in different kinds and shapes where they all have their own
advantages for different systems.

It was quite a coincidence that at the time | was searching for a subject for my thesis, a
PhD by the name of drs. Maarten van Herpen was developing a new laser. This created the
great opportunity to also develop new software to control this laser. At first the physics
department had the intention to develop the software itself. When | came across this
matter | had some good fundamental thoughts about a model for this particular piece of
software. | convinced them that a good model is essential for a good program. They agreed
to let me develop the necessary software to control the new laser and the subject of my
master thesis was born.

The method that seems to be the most suitable for modelling this particular laser-system is
the hybrid automaton model. Hybrid automaton models are used when there are
continuous and discreet parts in the system that interacts with each other. A clear and
simple example is the control-system of a car. The velocity of the car is an analogue value
that changes continuously. The goal of the controller is to accelerate the car to a specified
velocity. The control of the car can only make discreet steps in determining which action
(the next acceleration) is to be taken. For more information on how this modelling process
is conducted | refer to [6]. In case of this laser-system, we also deal with a hybrid system.
At the one end the continuous analogue laser; and at the other end the discreet computer.
To acquire enough background information on how to develop a hybrid automaton model |
asked prof. dr. Frits Vaandrager to become my supervisor. After he accepted my proposal
we asked prof. dr. ir. Jan Vytopil to become my co-supervisor. His knowledge and
experience on developing large hybrid feedback systems could be of great value. The next
step was to construct a plan on how to approach this problem. The thesis that lies before
you is the outcome of the construction of this plan.
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The paper is divided into five parts and nine chapters. The first part captures the
introduction to the paper. In this introduction a brief history is given of the thesis and the
relationship of the author with subject. Furthermore an overview is stated to give the
reader an idea what to expect. A separate chapter (chapter 2) is used to discuss the
research questions and goals. The next two chapters are gathered in the following part
that covers the static model and the laser-system as a whole. Chapter 3 deals with a lot of
physics to explain the working of the laser itself. In several sections the basics of the laser
(section 3.1), the use of actuators (section 3.2), cavity modes (section 3.3) and the etalon
(section 3.4) are explained. This chapter is concluded with a model that combines the
previous sections (section 3.5). In chapter 4 a quick overview is given on the laser-systems
that are used regarding the software that is to be developed. Different parts that are used
to control the laser and conduct the experiments are explained.

Three chapters, the dynamic model, form the third part of the thesis. Chapter 5 deals with
one of the most important devices: (as later is shown) ‘the lock-in’. This device uses a
Fourier analysis (a mathematical method to compare different signals) to produce an error
signal. The way it performs this analysis and how the error signal is constructed is the topic
of this chapter. The last section of this chapter (section 5.3) is used to discuss the
corresponding hybrid automaton model. In chapter 7 four different kinds of scans are
discussed. Performing a scan is the main activity of these laser-systems gathering
information on a particular specimen. For some scans it is necessary to scan all the
wavelengths, to realise this a mode-lock is established. This mode-lock is the core of my
research. The use of the mode-lock implies a feedback loop that uses previous results to
determine the next action. The components of the feedback loop and the final model are
explained in chapter 6. In the last section of this chapter (section 6.4) a brief discussion is
given about a correctness assertion concerning the complete model.

The fourth part deals with the implementation of the designed model in LabVIEW. LabVIEW
is a graphical programming language that is specially developed for physical purposes. In
two chapters | will explain the use of LabVIEW and the main components of the program.
The last part of the paper is reserved for appendices: document of demands, full system
documentation of the program and the bibliography.
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Chapter 2  Research questions

Conducting my research and throughout the thesis, different goals are pursued. The main
goal concerning the program is that there will be a working version of the software that
satisfies the criteria of good software (as educated throughout the study). Some of these
criteria are:

e The program can be used to support the research activities of the user (a document
of demands is added to this paper as appendix A1).

e The software has a modular structure so that new expansions are easily integrated.
The program should be well documented so that future maintenance can track the
different choices that were made during the development of the current version (a
system-documentation is added to this paper as appendix A2).

e The program should be clear and easy to comprehend.

To reach these goals a part of the laser-system will be modelled. This model shall be made
of the mode-lock process that controls the stabilization of the laser beam. The mode-lock
plays an important role in some of the research that is conducted using the laser. A good
model of such a process is especially useful to get a complete and thorough comprehension
of the process examined. The model should give insight in:

o The external variables that influence the process as a whole.

e The internal variables that determine (together with the external variables) the
behaviour of the process.

e The dependencies of the external variables with the internal variables.

e The transitions that can be taken within the system that can influence the process
and the corresponding conditions to these transitions.

Such a model gives us an advantage in the construction of the program. The structure of
the model gives a body for the modular framework of the program. The model as such can
be used in the documentation of the program. The other important reasons for models to
be developed is to create the opportunity to make sound statements on the process. These
statements can be proven using the model. The model can also be used to perform a
simulation of the process to discover errors in the design of the process control.

The question that is considered throughout the thesis is the bridge between two worlds. At
the one hand the world of the computer science, were models and proof tools are used to
make correct software. The other world is the world of the physicists, where scientists are
interested in the boundaries of the different parameters wherein there system works. The
model constructed by the computer scientist gives more information on these boundaries
concerning the performance of the computer system. The question that arose was:

Which advantages or disadvantages does the use of a hybrid model have when
developing real-time software used in controlling a laser-system?

Advantages that are under consideration:

e The capability of the hybrid automaton model to enclose the behaviour of the
laser-system.
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e The use of the model in providing boundaries for the different parameters.
e The use of the model in constructing the computer program and how easy the
different parts of the model are integrated in the program.

Within the scope of this thesis lies the evaluation of the used programming language. The
use of LabVIEW within the Molecular Laser department as in the Computer Science is
relatively new. This gives both departments the change to gain experience in the field of
graphical programming. | will try to compare this language with the more common
languages as C and Pascal.
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Part 2: The static model
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Chapter 3  The laser

In this chapter we discuss how a laser works. In the experimental set-up two different
laser-systems are used. These two systems share the most common parts and despite their
differences they work the same. The first section covers the most significant parts of the
laser-systems and the basic physics involved. At this point both the laser-systems are
explained. In the following sections | discuss only one laser-system, but it is arbitrary
which of the stated systems is taken. At some places in the system actuators are
assembled to a piece of the system. In the case of our laser-systems there are three such
actuators; all of them will be explained.

Section 3.3 covers a necessary part on laser optics. Here | will explain why a laser cannot
function on the entire frequency spectrum. The keyword for this phenomenon is called a
mode. Modes play an important role in the earlier mentioned mode-lock (see chapter 6 for
more details).

The etalon is a key part of the laser-system (that we consider) concerning the stabilization
of the laser beam. The stabilization of the laser beam is established due to performing a
mode-lock. The use of the etalon and its optics are discussed in a separate section.

The different modes of the laser can be seen as states in a state-machine. In the last
section of this chapter a hybrid automaton is discussed derived from the previous sections.
This model will be used to formulate a correctness assertion on the whole system.

3.1 Lasers, the basics

Two different types of laser-systems are used in the experimental set-up. A brief
description on how lasers work should be sufficient here to understand these two systems.
For a precise description about the working of lasers in general, see “Lasers and Electro-
optics, Fundamentals and Engineering” of Christopher C. Davis [1]. | will use formulae
originating from this book throughout the following three chapters.

A laser is actually nothing more than two mirrors with a special medium between them,
together called the cavity. The mirrors are high reflective, but at least at one mirror a
small percentage of light is passed through. The medium is responsible for generating the
laser beam. By putting energy in the medium (with ordinary light, a current or another
laser beam) the medium will emit photons in a specific area of the light spectrum. When
these photons (treated as waves) fit in the cavity then the light with the corresponding
wavelength can be amplified (see for more information section 3.3). Lasers come in al
different forms and sizes. The main difference is found in the kind of amplifying medium
that is used. There are solid-state lasers (they use a crystal as the medium), gas lasers (a
mixture of gases is used), dye lasers (dye dissolved in a fluid which flow through the
cavity) and semiconductor lasers (where one can not speak of a medium as such). The
medium chosen determines in which area of the spectrum amplification is possible. For
example: A CO, gas laser works between 9 um and 11 pm (2.7-10*3.3.10 GHz) [2], a YAG
solid-state laser (Y3Al;0;, with Nd*" ions) works between 0.9 pm and 1.4 pm (2.1-10°-3.3-10°
GHz) [3] and a New Focus Model 6262 semi-conductor laser operates between 1510 nm and
1590 nm (1.89-10°-1.99-10° GHz) [4].

As mentioned before, two laser-systems are operational within the set-up. One of these

lasers is a Colour Centre laser (FC-laser or just FCL; where FC stands for “Farben Centrum”
which means ‘colour centre’ in German). The other laser is being developed by drs. M. van
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Herpen and is called an Optical Parametric Oscillator laser (or just OPO-laser). Both lasers
are so-called ‘tuneable’; an explanation is given in section 3.3). | shall first explain the
colour centre laser, followed by a discussion in which it differs from the OPO laser.

The Farben Centrum laser

Figure 3.1: The interior of the

- Sensors FC laser.

Input: pump beam

o

Piezo electric Grating

Crystal tunable etalon (end mirror)

Cavity
end mirror

The cavity of this laser (where the interior is displayed in figure 3.1) is made of several
mirrors and a grating, on which of one of the end-mirrors a piezo is attached to move the
mirror over a small distance. The grating (a mirror with a milled edge) can be turned over
an angle. The grating reflects the major part of the laser beam back into the cavity; a
small part is directed outside the cavity to use during the experiment. The cavity of the
laser is then defined as the area from the left end mirror to the grating.

The pump beam is inserted into the cavity through an opening in the shell of the laser and
a mirror that only reflects at a particular angle is used. The energy of the light from the
pump beam is used to get the molecular parts of the amplifying medium (in this case a
crystal) in a higher energy state. This state is not stable and the molecules will emit
energy in the form of photons. These photons will bounce back and forth through the
cavity with a chance to trigger another emission when passing through the crystal. Due to
this process more photons are filling the cavity. Not all of these photons can survive in the
cavity, only those photons which have a particular wavelength (more in section 3.3 on
cavity modes). Because also warmth is emitted the crystal needs to be cooled with liquid
nitrogen. The nitrogen atoms do not interfere with the laser process.

The mirrors of the cavity have a high reflection, so most of the light is kept within the
cavity. Mirrors with a reflection of 98% till 99.99% are used to reflect the light. The end
mirror of the laser has a reflectivity of 97%. The etalon, which is placed within the cavity,
also has two mirrors situated opposite to each other. The reflection of these mirrors is in
general of a much lower value; in the case of the FC laser a reflectivity of 30% is used.
More on the etalon and its use can be found in section 3.4.
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The Optical Parametric Oscillator laser

Figure 3.2: The interior of the
OPO laser. Piezo electric
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/

Input: pump beam
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The first, and most important, difference between the FC laser and the OPO laser is the
fact that the OPO laser has a ring cavity (which is schematically shown in figure 3.2).
Within a ring cavity the light is not bounced back and forth, but circulates within the
cavity. There is one moveable ‘end mirror’, an etalon (both driven by a piezo) and a
crystal. The OPO laser uses no grating, but the same effect of turning the grating within
the FC laser is achieved by moving the crystal perpendicular to the light beam. How the
latter is achieved lies outside the scope of this paper, but can be read in [5] which deals
with the structure of the crystal.

3.2 The actuators

Two different kinds of actuators are used within the laser-system: the piezo and the
stepper-motor. The piezo is a small device that can be used to move objects over very
small distances. It is possible to change the position of the piezo within micrometers. A
continuous current controls the piezo and there is a linear relationship between the
current and the position of the piezo. The computer gives a low current between zero and
ten volts, but the piezo needs a voltage between zero and hundred volts. So a high-voltage
supply is used to boost the signal in sending it to the piezo. The boost is set to multiply the
signal one hundred times, hence the signal from the computer is limited between zero and
one volt.

The stepper-motor is a different, less precise device. The control of the stepper-motor is
also very different. Where the piezo only needs one (analogue) signal, the stepper-motor
uses ten digital signals. The first eight signals are used to set the speed and the position of
the motor. The ninth signal is used to turn the motor on. Finally the tenth signal is a
controller of the stepper-motor that sends a signal back that the motor has reached its
position.
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3.3 Cavity modes

Every photon has its characteristic | »
wavelength. Within a cavity only the photons
with the correct wavelength can survive within
the cavity. The correct wavelengths are those
that fit exactly m times within the cavity for |.
some natural number m. The wavelengths that
fit this condition are called modes. Hence,
these modes are a direct result of the optical
path length [ of the cavity and therefore they

are also called cavity modes. Modes are also ’
called transmission peaks. In figure 3.3 the
cavity is represented as two parallel mirrors

(L meters apart) with a certain medium
between them. In general the refractive index Figure 3.3: A schematic

of this medium n will differ from the refractive reproduction of a laser cavity.
index of the medium n’ outside the cavity.

Hence, the incoming angle of the light 6’ will differ from the angle of the light 6 between
the two mirrors. The frequencies that have the maximal transmission in this cavity satisfy:

2
" 2nlcosH (3.1)

where ¢, is the speed of light in vacuo and m is an integer [1]. This formula shows that a
change in the refractive index or a change in the optical path length results directly in a
change in the corresponding frequency of the mode. The laser-system is always adjusted to
make the optical path as short as possible, therefore we can assume that the angle 60 is
zero and hence cos6 is one. The optical path length is given by (3.2). Here we take the
refractive index (n(x)) to be constant and L is the physical length between the two mirrors
of the cavity:
1= [n(x)dx

L
0

[xn];
Ln (3.2)

Between every mode there is a region where no resonance can occur. This region is called
the free spectral range (FSR). The distance of this free spectral range Av can be taken
from (3.1) using (3.2). This gives us:

Av =<8 (3.3)
2n°L
When the path length is changed, for example the optical path becomes larger due to a
miniscule vibration of one of the end mirrors; it has an opposite effect on the FSR. In this
case the FSR will become smaller which results in the modes being closer to each other. A
minor change in the refractive index or in the path length results in a major frequency
shift for the higher cavity modes.
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It is also possible to determine the current cavity mode when the frequency (vn) is known
(what in general will be the case). The mode number m is calculated using (3.3):

2n*v, L
m=

Co

(3.4)

Usually not the frequency v, but the wavelength A, is known. The two quantities are
related by the equation:

_ %

VT (3.5)

When we combine (3.4) with (3.5) we get the mode number depending on the wavelength:
2nL
m=—

A (3.6)

Cavity finesse

A frequency corresponding with a mode is not strict. What this means is that the
transmission peak is not an exact point on the wave spectrum, but a function around a
specific centre frequency. Hence, frequencies that are close to this centre frequency can
be amplified. The transmission peak at this centre frequency can be seen as a Lorentzian
function with a particular width. To measure the width of Lorentzian we look at the full
width at half the maximum transmission peak (FWHM).

It is known that the sharpness of the transmission increases with the reflectivity R of the
mirrors used for the cavity [1]. This is represented in the finesse F of the cavity:

nVR

I-R

F =

(3.7)

We see that the finesse increases as the reflectivity increases. With this we can give a
measurement for the FWHM Avy,:

Av
AV./2 —7, (38)

where Av is the free spectral range. The higher the finesse the narrower the transmission
peaks get. Also, the higher the free spectral range the broader the transmission peaks
become.

Numerical example
To make the previous section more understandable a little example is given.

We take a look at the FC-laser that is used in the laboratory for research. The cavity of this
laser is 54,55 cm. For the most part the laser cavity is plain air, the part where the
amplifying takes place is designed not to resonance in that particular section of the cavity.
For this we say that the refractive index of the cavity is the refractive index of air (n =
1,00029). With this given we can calculate the free spectral range using (3.3):

Av = cg
2n°L

~ 2,998-10°
2-(1,00029)* - 0,5455
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=274.634.456,K ~275-10° =275 MHz

It is known that the FC-laser operates in the 2,7 - 3,1 um region of the light spectrum.
These wavelengths correspond with respectively the following frequencies: 1,11-10° GHz
and 9,67-10° GHz (using (3.5)). The total number of cavity modes M can be calculated
through division using (3.6):

M 2-1,00029-0,5455

2710 =404.191 modes

The number of modes that lie within the region of the laser (AM) are:

AM =52.153 modes

To calculate the FWHM we first need to determine the finesse of the cavity. As stated in
this section the finesse is totally dependant on the reflectivity of the mirrors. In this case a
reflectivity of approximately 97% is used:

PR Av, =&Y
1-R F
10,97 _274.634.456,1
“ 12097 103,14
~103,14 ~2,7-10° =2,7 MHz

We see that the width of the transmission peak is about one hundred of the free spectral
range of the cavity. This means that the peak is very sharp in contrast with the area where
there is no resonance possible.

3.4 The use of the etalon

Figure 3.4: The three
different transmission Etalon transmission
peaks and the loss line
of the laser.

Grating transmission

Cavity trangmission
An etalon is a small resonator

constructed by only two mirrors
(the etalon cavity). The etalon |Losslite

has the same construction as a
laser but without the amplifying

medium to enhance the power of

the light beam. Because the
etalon has its own cavity it also has its own transmission peaks and free spectral range.
Here the mirrors are far more closely together than the mirrors of the laser cavity.
Therefore the FSR of the etalon will be much broader than the FSR of the laser. The
finesse of the etalon is very low. In combination with the broad free spectral range a large
FWHM is the result. This results in broad transmission peaks of the etalon (etalon modes).
We shall see that many cavity modes are captured within one etalon mode.
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Figure 3.5: The transmission
line of the laser.

The tricky part is to position the top
of one of the etalon transmission
peaks over the centre frequency of a

cavity mode. In this way only the | _usine

| | h A
specified frequency will pass through
the etalon and the other competing
neighbour cavity modes are died out.

By looking at figure 3.4 (a what =
simplistic reproduction) we see that the centre etalon transmission peak coincides with the
transmission peaks of the cavity and the grating. In terms of figure 3.4 we need to multiply
the different transmission lines with each other to acquire the transmission line of the
laser as a whole (see figure 3.5). The figure clearly shows that only one cavity mode has
the best opportunity to beat the other modes.

Within a laser-system there is a particular (constant) amount of energy available for
making the laser work. A minimal amount of this energy is necessary to start an amplifying
process of a particular mode. This minimal amount is known as the loss line. Modes that lie
below the loss line have no chance of creating a laser effect.

Nevertheless there are still other modes that lie above the loss line, but due to mode
competition the centre mode will beat the others. This principle is easy to explain because
building up the cascade requires energy and therefore less energy is available for the other
modes. In terms of figure 3.5 the loss line of the other modes becomes higher.

Power output of the laser

The use of an etalon in a laser-system has an effect on the power output of the laser
beam. The power of a laser beam depends mostly on the reflectivity of the mirrors and the
kind of amplifying medium that is used. The laser cavity cause losses to the power output
as will the etalon cavity. In case of the etalon these losses will depend on the difference
between the current frequency v. and the centre frequency of the etalon v.. In most
literature the intensity of the laser beam is given. The relationship between the power and
the intensity of the laser beam is:

P(v,)= M, (3.9)
' dt
with:

100 =110 o 0 sine [ AL (3.10
2R, (1- cos(%‘l:))

aetalun (Vc) = ) tAvl

1+R; -2R, cos(AV:)

Av! =v,-v,
)

sinc’(B) = SIHBEB)

where the factor I is assumed to be independent of the signal frequency. In the second
factor, o4 denotes the losses of the cavity without etalon, and odetaon(vc) denotes the
additional, frequency selective losses induced by the etalon. Finally, Ak(v.) denotes the
phase factor within the cavity [8].
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Numerical example
We use the example of the previous section to make the theory more understandable.

Again we take a look at the FC-laser that is used in the laboratory for research. The cavity
of the etalon L. is 7,0 mm. The interior of the etalon cavity is plain air; for this we say that
the refractive index of the cavity is the refractive index of air (n = 1,00029). With this
given we can calculate the free spectral range of the etalon Av. using (3.3):

Av, = Cz"
2n°L,
B 2,998-10°
2-(1,00029)*-0,0070

=21.401.870.829,307K ~21.401-10° =21.401 MHz = 21,4 GHz

The total number of etalon modes M. are again given to us using formula (3.6) and knowing
that the laser works within the 2,7 - 3,1 um region of the light spectrum:

~2-1,00029-0,0070

. > 710 =5.187 modes

The number of modes that lie within the region of the laser AM. are:
AM =670 modes

To calculate the FWHM we first need to determine the finesse of the etalon cavity Fe. In
this case a reflectivity R. of approximately 30% is used:

Fezn\/R_e AV%EZA;E
1-R, e
6
K 0.30 z21.40l~10
1-0,30 2,46
~ 2,46 ~8,7-10° =8,7 GHz

We see that the width of the transmission peak Avy, . is less then one third of the free
spectral range of the etalon cavity. This means that the peak is very broad in contrast of
the area where there is no resonance possible. We can give a rough indication on how
many cavity modes are under one etalon transmission peak by dividing the FWHM of the
etalon through the FSR of the laser cavity. This tells us that there are approximately 31
cavity modes under one etalon transmission peak.

3.5 The automaton model

Now we need to define an automaton model that captures the above. The cavity and the
etalon modes of the laser-system are perfectly useable for the states in the model. With
this choice the model gets a large number of states. Because this amount of states would
make the picture difficult to survey | reduced the number of states that is visualized within
the picture. In fact | only need two states: one state with the current mode number and
another state for a different mode number. When the laser makes a mode-hop it is
arbitrary to which new mode it jumps, the only thing that is sure is that the new mode is
different from the previous one.
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Now the only question is: when does the laser make a mode-hop? We distinct two different
causes for the mode of the laser to make a jump: due to a disturbance and due to the user
by moving the piezo of the etalon.

We presume that the disturbance of the laser-system is always caused by a change in the
refractive index of the air. Changes in the pressure of the room or the presence of moving
air can result in changes of the refractive index (with y the maximum disturbance
possible). Knowing this we can say:

d=%,wherede[—x,x] (3.9)

Using formula (3.4) we can express the frequency v, in terms of the length of the cavity L.,
the cavity mode m. and the refractive index n.

v = Come
' 2
¢ 2n°L,

The next step is to make a statement about the maximal frequency shift that is allowed
before the mode-hop may occur. We estimate that the maximal shift is equal to the half of
the full width at half maximum (FWHM) of the etalon. Thus when the frequency
corresponding with the current cavity mode is drifting outside the etalon mode a mode-hop
may occur. This condition can be expressed as follows:

(3.10)

v.€v,—-Av ...V, +Av ]
A
AVmaXEI/ZAV%EZI/Z' Ve
—_ % (3.11)
4n’L,F,

Also the user can influence the state of the laser by changing the distance between the
etalon mirrors L.. This chance in length is caused by a chance in the voltage on a piezo
that is attached to one of the etalon mirrors. There is a linear relationship between the
distance of the etalon mirrors and the voltage on the piezo p. (with t a scaling constant
and L, the minimal distance between the mirrors):

L,=L,+t-p, (3.12)

When applying the definition of m. we obtain an expression with a frequency ve. In this
case the frequency is the centre frequency of the etalon mode. We can derive the
following equation between the frequency and piezo voltage:

c,m

Ve — 02 e
2n°L,
_ COme

2n*(Ly+1-p,)
The above condition and the corresponding equations are gathered in figure 3.6, were the
two states are shown with the ‘mode-hop’-transition between them.

(3.13)
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v 2 CaMe Cn ]
Me= m'ICO c = L2rel — 4rilek (Me = M2e A Mye= Mag) v
modehor O
Me= M1g mode-hop (Mg = M2a A Myg= Mg

Figure 3.6: An automaton of a laser.
An m-state machine (using the mode
numbers as state indicators) with the
corresponding transition between
two states.

Input variables:
Output variables:

Internal variables:

States:
Transitions:

Equations:

pe (R), d ([-x,x ]
P (R)

Ve (R), Ve (R), Le (R), Le (R), Lo (R), Fe (R), Fe (R), Re (R), Re (R),
n (R), mc (X), me (X)

All combinations of valuations of the internal variables m. and m,

see figure 3.6

L =L,+t-p, d =,
— S com
Vc 2n2L Ve T2’
_T'i\/IT _n\/IT
Fc 1-R Fe ~ I-R

Pv,)=""),
[&,) =1y [0, 40y, (v,)]-sine 2 (0087

2Rl,(1—cos(A"%ej)

a‘etalon (Vc) = ]+R?—2R,COS(A\'% )
= %
Av!=v_ —v, Av, Aﬁze
* N
VU=%7»C Vez%kc
sinc?(B) = Sinz(%z
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Chapter 4 The physical layout

In this chapter | will give an overview of the physical layout of the laser-system. This will
be a brief description of the different devices that are used in the set-up of an
experiment. The devices that | will discuss are (in order): the wavetek, the photodiode,
the lock-in, the spectrum analyser and the computer (see figure 4.1). In the previous
chapter the laser is described and in the next chapter the lock-in will be discussed in more
detail.

=== s
Legenda L HW-supply Bl -
—_— Lasar beam = |
Sern—ee Electric signal : ri I —— . |
| i : : HV-supply
;T T I %
| I Laser ; Piezo g 'y
} | Steppe['— & P1ezuv* / y [
A [ motor Etalon !
| e e ! |
| | I P |
[ " | Photo- | |
Pl wavetek r diode ! Wave- 1. !
| i F | > meter _: |
i r: [ Spectrum | | _ - P
' . I analyser | . il | I
: | | . : l mll * meter T !
. I : [
| I o
! vy ¥ : l B
| - W
Lock-in R > Computer € — — .
| e ] e -
T
e e e e e Y e e et - R

Figure 4.1: An overview of the
complete system.

The wavetek

The wavetek is a device that produces a variable current. The way the current is changed
over time is adjustable. The wavetek can produce a sinus-current, a saw-current and a
step-current, were in any case the amplitude and the period is adjustable. In this case, the
wavetek is used to put a sinus-current on the etalon piezo (a jitter). This jitter is used to
create an error signal (see for more information section 5.2).

The reference frequency (the result of the sinus-current) is sent to the same HV-supply as
where the computer program sends its signal. The HV-supply combines these signals into
one signal that positions the piezo. The reference signal is also used by the lock-in.

The photodiode

The photodiode is a very simple device that only measures the changes in the power
output of the laser beam. Hence, it takes the derivative of the power function produced by
the laser.
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The lock-in

The lock-in compares two signals and returns a real number that indicates the equality of
the two signals. In this case the signal from the wavetek is compared with the derivative of
the power output. The output signal of the lock-in is used as error signal; a signal that
plays an important role in the feedback loop that controls the mode-lock (see chapter 5).

The spectrum analyser

When conducting an experiment, the spectrum analyser plays an important role in
retrieving significant information about the specimen examined. With the analysis of the
spectrum of the different substances the error signal is also used, but not to keep the
mode locked. The goal of a spectrum analysis is to determine the composition of the
different frequencies of the laser beam.

Figure 4.2: The use of

the cavity end-mirror Power Wavelength
piezo for the spectrum +
analysis.

This goal is accomplished by moving (piez0)

. £l e bm ) T
Time (Laser beam) Time

the end mirror of the laser cavity ~Transmission

(using a piezo) over a specified =>

distance (see figure 4.2). The

mirror is moved with a constant (Spectrum analyser) Time

velocity and displaces periodically

over the specified distance. The distance is determined by setting a particular maximum
voltage on the piezo. A saw-function on the voltage of the piezo is used to move the end
mirror. This results in a shift over the frequency domain. When the transmission peak of
the etalon is in phase with a cavity mode it will be visualised by a peak in the diagram.
The figure above shows two peaks, the large peak shows the main frequency, but the
smaller peak indicates a second mode is competing and is getting a change to amplify. In a
perfect situation only one frequency is active at a time.

The spectrum analysis is contra intuitive visualised. It gives a high signal when there is no
transmission and a low signal when there is full transmission. This phenomenon is caused
by a photodiode that is used for the analysis. In general a broader area is scanned to
ensure that the whole frequency range between two cavity modes is scanned. The small
peak in the middle of the spectrum analyser is a result from the quick return of the piezo
to its start position.

The computer

Last, but not least, there is the computer. The role of the computer is very broad. It is
used to store the great amount of sensor data that is produced throughout an experiment.
It collects the data and stores it in files so it can be used for post-analysis. The computer
has also control over the different actuators connected to the laser (the two piezos and
the stepper-motor). Moreover the computer is in charge when performing a scan. There
are four different kinds of scans that the computer can perform: the grating scan, the
mode-hop scan, the mode-hop-free scan and the pump scan (see for more information
about scans chapter 7).

When using the mode-hop-free scan it is important that the laser stays in a particular
mode. To keep the laser in this mode a feedback loop called ‘mode-lock’ is used. At this
point the computer is also used to act as a controller that closes the feedback loop (more
about the mode-lock in chapter 6).
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Part 3: The dynamic model
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Chapter 5 The Lock-in

The lock-in is a sort of analogue-digital converter that converts the output signal of the
laser into an error signal. In this chapter the mathematical background of the lock-in is
explained and completed with some practical examples. Furthermore the error signal is
discussed and an automaton model is given of this device.

5.1 Mathematical background

To understand the working of the lock-in a little analytic mathematic is necessary. The
lock-in uses a kind of Fourier analysis to compare the incoming signals. A Fourier analysis is
used to determine whether a particular signal (of some frequency) is present in a signal.
When this is the case, it also tells us the contribution of the particular signal in the whole
signal. To make this analysis the following integral is solved:

T

[r@)-(S@+d)ar, (5.1)

0

where r(t) is the reference signal and S(t) is the signal in question. The addition ¢ is used
to correct any unnecessary phase shifts. This ¢ is manually set by the user and therefore
has no origin in the rest of the process. To demonstrate this Fourier analysis a few
examples are given. Within these examples ¢ is chosen to get the right phase and in the
end we take T = 2x.

Example 1:

T T

_[ cos(mt) - cos(ot)dt = jcosz (ot)dt

0 0
_ [% i sin(2u)t)4m](7;
— % + sin(ZmT%w
=T

Example 2:

T
. sin2 r
j cos(wt) - sin(wt)dt = [““ (m%n]o
0
in’
—s (u)T%m

=0
Example 3:

T
ICOS((,Ot) i COS(2(Dt)dt — [sin((m—Z(n)%(mizm) + sin(((n+2m)%(m+2w)]

0
sin(—oT sin(3w T
— __sin( m%m+51n(m%m
=0

T
0
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Example 4:

T T
Icos(oat) -cos(owt +m)dt = —_[ cos’ (wt)dt

0 0
— _[% +sin(2cot% ](7;
0]
- % _ sin(ZmT%m
=-T

Example 5:
Jcos(o)t) (V5 cos(wt) + % cos(2wt))dt = Y, J.cosz (ot)dt + %I cos(wt)cos(2wt)dt

0 0
z%.n +%.O
:%~T[:

The preceding examples make it possible to indicate some particular phenomena. Example
1 shows two similar signals give a positive value (in this case ). Example 2 indicates that
when two sinus-signals with the same period and amplitude have a phase difference, the
analysis shows us that they cannot be considered identical. With example 3 we show that
when a signal has a double period compared to the reference signal, the analysis also
concludes that the two signals are not identical. Example 4 shows that a phase difference
of m gives us just the opposite value of example 1. The last example (example 5) is the
most interesting one. When a signal is a composition of different signals the Fourier
analysis can indicate which part of the composition is the reference signal. In example 5
we see that one third of the signal is identical with the reference signal.

5.2 The error signal

Etalon transmission

Figure 5.1: Etalon
transmission peak with
three cavity modes.

As a result of the Fourier analysis Power: QU)U%LU[—\‘ Frequency of the wavetek

(as explained in the previous . \ / ~ to the piezo of the etalon:
section) the error signal is Photodiode: S~/ .
obtained. i

This error signal is formed through

Lock-in: 10 0] 10

four steps. At first a jitter is put
on the etalon. This jitter comes from a device that is called a wavetek (see chapter 4).
The signal that causes the jitter is called the reference signal. A result of the jitter is that
one of the mirrors from the etalon starts to move constantly over a small distance in a
small amount of time. A common used frequency is 200 Hz, thus the mirror is moved back
and forth 200 times per second. As a direct result little changes will occur in the power
output of the laser beam. In figure 5.1 an etalon transmission peak is shown with three
possible positions of the current cavity mode. The etalon is in the right position when the
etalon transmission peak is exactly in line with a cavity transmission peak (situation 3).
With a sinus as reference signal there will first be a drop in the power output, then a rising
occurs and this will repeat itself in the same period as the reference signal. When the
transmission peak of the etalon is out of phase with the peak of the cavity another signal
signature will be emerged (situation 1 and 2).
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In this case not the power itself but the changes in the power are measured by a
photodiode. The photodiode gives us the differentiation of the power output. The
measured signal is then send to the lock-in that compares the signal with the reference
signal coming from the wavetek. The comparison is done with a sort of Fourier analysis
where a possible phase difference with the reference signal is taken into account (see
section 5.1). The lock-in sends a continuous signal to the computer called the error signal
(indicated with the letter ¢). This signal is zero when the two input signals are completely
different and thus the transmission peaks of the etalon and the cavity coincide with each
other. When there is some comparison the lock-in will send a value from zero through ten
(or minus ten). The computer uses this value to calculate the action that needs to be taken
to get both the transmission peaks back in phase.

5.3 The automaton model

To complete the automaton model two local variables are introduced (hist_r en hist_P’) to
store the history of the reference signal and the signal coming from the photodiode. These
variables store the values of the corresponding signals of the last time interval with size T.
The following hybrid automaton is shown in figure 5.2. In this figure a state machine with
only one state is shown without any transitions. This indicates that there is a continuous
analogue output.

r P Figure 5.2: An automaton of the
lock-in. A one-state machine
producing an analogue output.

g = ,I'Thist_r[t]-[hist_P'[t]+¢]dt
0

R

O

Input variables: r (R), P’ (RN)
Output variables: ¢ (R)

Internal variables: hist_r ([0,T] = R), hist_P’ ([0,T] = R), ¢ (R), T (N)

States: There is one continuous state

Start state: The first T seconds the automaton assigns zero to ¢
Transitions: There are no discrete transitions

Equations: V oy [hist_r=r]

Vo [hist_P'= P']

& = [hist_r(r)- (hist_P'(t)+¢ )dt
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Chapter 6 The mode-lock

The mode-lock is used in the mode-hop-free scan (explained in section 7.3). In this chapter
I will explain why it is so important to avoid mode-hops during these scans and how a
mode-lock can help achieve this. Furthermore, | will explain the complete feedback loop
that controls the mode-lock. Together this results in a model of the mode-lock as a
process. This chapter concludes with a discussion on a correctness assertion on this model.

6.1 The use of the mode-lock

As mentioned is section 5.3, mode-locks are used to cover complete spectrum of
frequencies while performing a scan. When a mode-hop occurs, there is no way to control
which frequency is selected after the hop. Engaging a mode-lock ensures that the
frequency used during the scan is known at all times.

The mode-lock aligns the transmission peak of an etalon mode with the transmission peak
of a cavity mode. To keep both transmission peaks in line we need to adjust the position of
the etalon mode as soon as the cavity modes starts to shift. Due to a disturbance in the
laser-system, or by moving one of the end mirrors (the mode-hop-free scan), the free
spectral range of the cavity will change. This results in a mode-shift and the free spectral
range of the etalon has to be adjusted to suit the new conditions. To detect mode-shifts an
error signal is used. The error signal is generated using a jitter on the etalon, a photodiode
and a lock-in. The computer is used to interpret the error signal and make changes to the
free spectral range of the etalon. The first three parts of this process have been discussed
in previous chapters; the next few sections concern themselves with the role of the
computer in this process.

6.2 The feedback loop

The computer closes the feedback loop. For this purpose the program uses the error signal
and a value o that represents the history of the previous actions to determine the next
action. Depending on the value of the signal send by the lock-in, the program calculates
the new voltage that is put on the piezo of the etalon. When the error signal lies within a
particular range around zero or the new signal value differs too little from the old, the
situation stays unchanged. The program itself computes the increase or decrease in
voltage needed to correct the mode-shift.

Figure 6.1: The relationship
between the error signal and the
adjustment on the piezo voltage

Ap o

To determine the new piezo voltage a function
f(g,e0,0) is evaluated. This function returns the
voltage that needs to be added to or subtracted
from the old piezo voltage. To make a first
£ approximation we consider the relationship between
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the error signal and the corresponding change in the voltage of the piezo as a linear
function (see figure 6.1). We normalize this function by presuming that it always go
through the origin of the axis. To determine the final value of the function f the effect of
the previous action is taken into account. To calculate the effect the previous error signal
is used. If the effect is not too small the calculated value is divided by the effect. In the
case of a very small effect the result value of the function will blow up. A high voltage on
a piezo may result in damaging the device.

f(e,e,,a) =y, where (6.1)
-_ &
Y= et 6,)

eff(c,e,) = |1—§

To calculate the new slope of the function a best-fit algorithm is used on the previous
results. The values of the last several points are stored to determine a best fit. The best-
fit algorithm is similar to a least square fit algorithm (see for more information on this
topic [7]). The function results in new values for the slope a.
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6.3 The automaton model

The results from the previous section can be summarised in the following hybrid
automaton. It is a one-state machine with only one transition. The machine makes use of a
clock x that control the next transition. When a transition takes place, the clock is reset.
The resulting automaton is shown in figure 6.2.

Figure 6.2: An automaton of g
the controller. A one-state l
machine with the
corresponding transition ‘adjust’ % =0
using one clock. '
Ag i=85- 8
X = min, if e g [-6,5] n Ae g [-8,5]
then p, 1= p.+ fle.%.0)
o := slope(LSF (hist_g))
O 7
¥ OE MaK,

Input variables: e (M)
Output variables:  pe (R)

Internal variables: x (R), min, (N), maxy (R), Ac (R), & (R), 8 (R), a (N),
hist_e (N 2 R)

States: There is one state
Transitions: See figure 6.2
Equations: vie[O,N][hiSt_a (i) =¢]

p. =p, +1(e,&0,0)
-
eff(e,g,)

effie,&,) =|1—§
o =slope(LSFhist _¢))

fle,ey,0) =
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Now it is possible to unite the different pieces into one hybrid automaton. The last part,
the photodiode, is not separately defined because of its simplicity. The photodiode is a
one-state automaton that has a continuous analogue output (the derivative of the input).
As is shown in figure 6.3 the hybrid automaton of the mode-lock consists of four
independent, smaller hybrid machines. This reflects the physical situation in which the
four machines are indeed independent devices. The arrows between the different
machines represent the wires that connect them. There are two signals that come from
outside the system. There is a disturbance d that influences the working of the laser itself;
no control of any kind is possible on the value of this disturbance. The other signal is the
reference signal originating from the wavetek. This signal finds its way to the lock-in to be
used in the Fourier analysis. Finally, within each box of the model the local variables are
shown.

Me= M1 Laser
d
Mg=m m
— Me=Me | . [zgﬂnz—Lz + ﬁfe
mode-hop' =O
Mz = M2z A Myc= Mz v P
A
°> (Mg = M2g A M= Mze)
P
¥
o -
ve, Ve, Lo ley Lo, R, B, Re, Ry me, me Ehotodiode
pr P
Tt
0 O
Controller P!
‘adjust’ xi=0
ME '=Eg-E
P ifeeg [-6,6] nte & [-5,58]
N * then py 1= p, + g5
o = slope(LSF(hist_g)) \
O & =€ Lock-in _,‘P
xEmaxe y g, As, gy, hist_g T
4. g := [ hist_r(t) (hist_P'[t)+q) dt
o ° rlt
= e
¢, T, hist_r, hist_P’

Figure 6.3: The complete mode-lock
automaton. The bolded texts are the
local variables.
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6.4 A correctness assertion

The most important issue during a mode-lock is, of course, the prevention of a mode-hop.
The automaton as described in the previous section needs to enforce this behaviour. The
unwanted transition is the transition in the laser model as described in section 3.5. When
too much time passes where the centre frequency of the cavity mode can drift away from
the centre frequency of the selected etalon mode, the laser-system may make a mode-
hop. To detect these drifts a jitter is placed on one of the etalon mirrors. This results in
small movements of the transmission peak of the etalon. When this movement is too big
and the transmission peak of the etalon becomes too far from the cavity mode, a mode-
hop also may occur.

We can formulate this condition in a mathematical expression. The idea behind the
expression is that at every moment in time t the mode-hop-free-condition will hold. This
means that the frequency of the laser must lie within the range as expressed in formula
6.2. The correctness assertion states for all reachable states:

G, o
vV, € + 6.2
{2;124 4n’L,F, } (6-2)

The question is: for which values of the parameters does the correction assertion hold? It is
shown in formula 6.2 that the length of the etalon (L.) plays an important role in the
condition. When the jitter, which is placed on one of the mirrors of the etalon, it too large
the length of the etalon can be too small at some point in time and a mode-hop may
occur. The disturbance d that is introduced in section 3.5 is countered by changing the
length of the etalon. With an increase of the refractive index the distance between the
etalon mirrors is decreased (and vice versa). When the disturbance is too large the system
may not be able to react fast enough and a mode-hop may occur.

Because there is very little experimental data gathered it is very difficult to give
indications on the range of the parameters. Further research is needed to create a clear
view on the boundaries of the parameters.
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Chapter 7 De scans

Several types of scans are possible when conducting an experiment. Different ways of
scanning a light spectrum of a specimen give the researcher different information. The
user has the opportunity to scan a broad area, to get a quick but inaccurate reading on the
spectrum; a grating scan is used to perform the latter. When a more precise reading on the
spectrum is wanted a mode-hop scan is used. Other ways of accurate scanning are the
mode-hop-free scan and the pump scan. This chapter includes the description of the
previously named scans and explains which parts of the laser-system are used to perform
these scans.

Scans are used to gather information on the light spectrum of the specimen. Every
substance has its own characteristic absorption spectrum. When a specific frequency of
light is within this absorption spectrum the light will not pass the specimen. A scan is a
systematically controlled sweep along a particular part of the light spectrum. When
measuring which frequencies are absorbed, the absorption spectrum of an unknown
substance can be established. Comparing this spectrum with known absorption spectra give
the scientist information on the composition of the unknown substance.

7.1 Grating scan

The grating scan is not a real scan in terms of gathering experimental data on the
specimen. The grating scan is used to roughly set the laser in a specific area of the
frequency spectrum. The laser can operate on a very large area of the total light
spectrum, but the other (more precise) scans can only scan within a particular small part.
With the grating scan the particular area is set.

There is a difference in performing a grating scan on the two specific laser-systems. In
case of the FC-laser the grating can be turned using the stepper-motor. As we have seen in
figure 3.3 the grating has its own transmission peak. By turning the grating this
transmission peak is moved. In case of the OPO-laser the same effect can be reached by
moving the crystal perpendicular to the laser beam. The moving of the crystal is
established by using the stepper-motor. The crystal is in such way constructed that moving
it has the same result as turning the grating in the FC-laser (see for further reading [2]).
Despite the fact that the OPO-laser uses the crystal to perform this functionality we keep
using the term grating scan in both laser-systems. Because both the crystal as the grating
is controlled due to a stepper-motor, we do not have to distinguish the two laser-systems.

7.2 Mode-hop scan

The mode-hop scan is used to acquire data points on the frequency spectrum of the
specimen. With the mode-hop scan the cavity length is locked. To scan the spectrum the
distance between the etalon mirrors is changed. By doing this the transmission peak of the
etalon moves and shall coincide with the following cavity mode (see also section 3.4). In
normal circumstances the selected mode will stay active, despite the fact that it is not
situated in the centre of the etalon transmission peak anymore. To select the next cavity
mode a chopper is used to turn the laser “on and off”. The chopper is a rotating disk with
holes in it. Whenever a hole passes the laser beam the laser is turned on, otherwise it is
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turned off. To get the maximal transmission for the desired cavity mode the transmission
peak of the grating is also moved (see figure 7.1).

Figure 7.1: Performing a
mode-hop scan. The grating
transmission peak is visible
with three (simplistic)
etalon modes.

The mode-hop scan is very quick and it has a relatively large range (in contrast of the
mode-hop-free scan). The drawback is that not every frequency of the spectrum is
scanned. Because the laser hops from cavity mode to cavity mode the frequencies that lie
between them in the free spectral range are skipped. It depends on the size of the free
spectral range and the goal of the user, whether this is desired.

7.3 Mode-hop-free scan

The mode-hop-free scan is also used to gather information about the frequency spectrum
of the specimen. As the name implies no mode-hops are allowed when performing this
scan. To ensure that the laser does not make such a mode-hop the so-called mode-lock is
used (see chapter 6 for more details). Moving one of the end mirrors of the laser cavity
controls scanning over the frequency spectrum. The length of the etalon cavity can only be
set by means of the feedback loop that controls the mode-lock. As mentioned in the
pervious section the mode-hop-free scan is slower than the mode-hop scan and also covers
a smaller range. The reason for using this kind of scanning is that the whole spectrum is
covered.

7.4 Pump scan

The pump scan is a scanning technique that uses the pump laser to scan the spectrum.
With the two laser-systems in use, only the OPO-laser is fit to use this technique (due to
characteristics of the pump laser). When using a pump scan nothing within the laser-
system is changed. The frequency of the pump laser is changed and as a result the
frequency of the laser-system will also change. It is possible to change the frequency of
the pump laser by changing the voltages that controls this laser.

The frequency shift is not steady due to characteristics of the pump laser. After a small
shift the frequency falls back to a lower value. This phenomenon is illustrated in figure 7.2
were the voltage on the pump laser is set against the frequency. It is important to the
users to realise that there are ‘jumps’ in the frequency. In after-calculations the user
needs to compensate the experimental data for these jumps.

Figure 7.2: The frequency
according to the changes in Hz
the voltage of the pump
laser.
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The pump scan can be compared to a mode-hop-free scan, in speed as in range. The
prominent advantage of the pump scan is its simplicity. The range of the pump scan is
about 40 GHz, but this is not enough to make a complete analysis. Therefore a
combination of the pump scan and a mode-hop scan is used to increase the range of the
scan (as illustrated in figure 7.3). Now a larger area of the spectrum can be scanned
without making a lot of changes on the laser-system.

Figure 7.3: A

combination of the
pump scan and the Hz
mode-hop scan.

L o

Pump scan Mode-hop scan Pump scan

A
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Part 4: The implementation
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Chapter 8 LabVIEW

In this chapter | will explain and discuss the use of the graphical development language
known as LabVIEW. This language exists only of objects that can be wired to each other.
The objects are called virtual instruments and good use can make the program clearly and
understandable. In chapter 9 the program itself will be explained.

8.1 Graphical programming

LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a development
workbench that is been based on the graphical programming language G. LabVIEW is
capable of communicating with different hardware to gather experimental data and to
control many different sorts of processes. Furthermore, LabVIEW has many built-in
libraries that make it possible to use different software standards such as TCP/IP and
ActiveX. LabVIEW has a 32-bit compiler to create fast applications; additionally it is
possible to create stand-alone version of the software.

Because LabVIEW is completely graphical orientated the programming consists of placing
graphical symbols (virtual instruments or just vi) for the user-interface and the
instructions that lie behind them. Furthermore, LabVIEW offers the basics of many other
workbenches. It is possible to define breakpoint instructions to debug the program and
there is an extensive help. Everything is completed with a huge amount of examples that
come with the workbench itself. Finally it is possible to simulate the program without
wiring it to the physical world.

Using a graphical programming language has its advantages and disadvantages (just like
any other programming language). The chance of endless debugging as a result of a minor
type error is drastically reduced. It is still possible to make simple mistakes by wiring the
wrong objects to each other or by using the wrong object, but these mistakes are much
easier to spot and less easier to make. The use of a simulator is a very powerful instrument
of the workbench. Especially when used by instrument makers it is indispensable if this
functionality should be missing. Instruments that are used in physical experiments are in
general very sensitive and a wrong or to powerful signal could easily destroy such a device;
a computer crash is one of the least problems a physicist has.

One major disadvantage of graphical programming is its so-called ease of use. This ease of
use makes it comparatively simple for inexperienced programmers to quickly write a
computer program, without possessing the in-depth knowledge of the exact semantics of
the programming language. This unfortunately, makes it rather tempting to start writing a
new program without planning in advance. Obviously, the result of such an approach is a
system that is very hard to understand and, for all practical purposes, difficult to
maintain.

A major advantage is that dataflow diagrams can be easily copied into the ‘program-code’.
So is it possible to use the diagrams, which may result from a modelling phase, directly
into the program.
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8.2 The use of vi’s and sub-vi’s

As mentioned in the previous section a program consist of one or more virtual instruments
(vi’s) that can be wired together. Such a vi consists of a front panel (figure 8.1) and a back
panel which is also known as a block diagram (figure 8.2). The front panel is used to
construct the user interface combined with all the local variables the program needs.
Objects on this panel can be invisible so the user will only see what he is meant to see.
Common objects that can be found on a front panel include buttons, switches, editing
boxes, numerical input boxes, diagrams and indicators.

As an example the ‘Parse Arithmetic Expression’-vi is used. The description of this vi
reads:

This somewhat more advanced example vi shows how to use the Scan String for
Tokens and Scan From String primitives to write an infix arithmetic expression
parser.

To use this vi we need to push the run-button. We are then prompted to insert an
arithmetic expression. The result of this expression will automatically appear in the lower
indicator as the ‘Result’.

Figure 8.1: An example

P dit DOperate Tool: Browze window Help of a front panel. Two

—— T — T Z+2
| SN AR ] mll | 130k Application Font | =318 =0l ono <A1 25 1 * boxes are shown, the
oogisy = | 80 | e T T e Ty T . .
1] above is an input box
Arthmetic expression [infix] parser and the lower is an

indicator.
=

Enter an anthmetic exprezsion into the control below.  Known operators are: +, -, %, £ % [ ]
Press <ctil-he for more information.

Arithmetic Exprezsion
J1+31415=22

Result

|0,000000
0 [ _*LJ;'»

The block diagram is used to describe the actions that a given front panel should perform.
The block diagram can be viewed as a dataflow chart; every object in the diagram waits
for all its input values before it executes itself. Additionally it is possible to define optional
input parameters. During the execution of the program the exact execution path is
unknown. The only certainties for a programmer are that every parameter of a vi is
valuated before executing a vi and that all the vi’s are executed before a new iteration is
taken.
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Figure 8.2: An example of a block
diagram. The corresponding ‘code’ of
the front panel (figure 8.1) is shown.

As in any other programming language it is possible to create your own modules, in this
case called sub-vi’s. A sub-vi is not the same as an object in a regular O0-language, where
objects have its own properties and methods. Rather, a sub-vi is similar to a function with
the necessary local variables and input parameters. Furthermore, a sub-vi allows the
possibility to define more than one output parameter (unlike more classical functions).

Page 49



Page 50



Chapter 9  The program

This chapter will explain in further detail some parts of the program. First a brief
description of the user-interface is given to give the reader an idea on the looks of the
program. The next section holds the code for the mode-lock. Different parts of the code
are explained and where possible a link is made with the hybrid model. The last section
covers the scans that are implemented in the program.

9.1 The user-interface

The user-interface consists of four panels that each has their own functionality. The first
panel (figure 9.1) is the start-up panel were the user controls the next action. From here
three different actions can be taken. The user has the ability to make a scan, to set the
calibrations for performing a scan, or the laser-system can be tested. The use of different
panels gives the user a clear overview of the functionalities of the program. The user is not
overwhelmed by a large amount of buttons, input-boxes and waveform charts. It is possible
to stop the program at all times by pushing the ‘Stop program’-button (situated in the low-
right corner of the program). In the low-left corner the ‘Enable mode-lock’-button is
situated (more on its functionality in section 9.2).

Figure 9.1: Start-up screen of the
program. The buttons on the left give
acces to other parts of the program.
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Before performing a scan, the user has to pre-calibrate the different sensors. This gives
the user the opportunity to scale a particular signal relative to another, or give it an offset
so that, for instance, two signals do not overlap. The calibration page is shown in figure
9.2; there are seven signals that can be scanned, six predefined and one free. The page is
also used to set up other variables used throughout the application.

DAoL o

43,0000

=1 =1 = = =1 =1
= = = = = =

=
=

Figure 9.2: Calibrations and set-up
screen of the program.

There are, as explained in chapter 7, four different scan options. The program offers to
perform these scans (grating scan, mode-hop scan, mode-hop-free scan and pump scan)
and the possibility to acquiring data from the laser without performing a particular scan.
Within the screen (figure 9.3) it is possible to select a base for the waveform chart (time is
the default here). It is also possible to visualize only a subset of the signals. When the user
is finished with a scan the program offers the opportunity to store the acquired data into a
text file. At the time of finishing this thesis only data acquisition is possible. Due to the
absence of a piezo on one of the end mirrors of the laser cavity and a setback on the
control of the stepper-motor, it was impossible to implement the functionality of the
scans. In section 9.3 more details are discussed on the implementation of the scans.

The test page can be used to test the different actuators and check if the sensors work
correctly. The test screen is shown in figure 9.4.
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Figure 9.3: General scan interface.
This page is used for all kinds of
scanning.

Figure 9.4: Test screen with
controls to the piezo’s and
stepper-motor.
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9.2 The mode-lock

The mode-lock is a separate process within the program. The process is divided into three
different steps: the initialisation, the main loop and the finalization. During the
initialisation (figure 9.5) that takes place during the initialisation of the entire program,
the variables receive their initial value. Some of the variables receive values that were
stored during a previous execution of the program (see finalization).
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Figure 9.5: The initialisation of the
mode-lock.
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The core of the mode-lock consists of one big while-loop that is performed every T
milliseconds (min, < T < max,). The computer reads during the iteration the value of the
error signal (¢) from the corresponding input-port. When the new value is not too small and
it differs enough from the previous value (¢ ¢ [-5,8] A Ae ¢ [-3,5]) a voltage difference is
calculated (f(e,e0,a), With g as the previous error value). T