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Chapter 1

Introduction
During the beginning of the 20th-century, the use of engines was spread evenly
among internal combustion engines, electric engines, and steam engines. However,
the seemingly ever ongoing industrialization provided the need for more and more
motors. This demand could be attributed to both the commercial use, as well as
the increase of prosperity of the average citizen, who could now afford a vehicle and
needed a daily commute to work in the factory. Hence, it was clear that one of
the engines would surpass the others and win the race for the most used means of
transportation.
If we look at the streets today, we see that the internal combustion engine is the
winner, as it has a market share of 98 percent of the cars in Germany in 2016 [1]. The
steam engine was never suitable for the everyday use, as it was too complicated to
operate. Thus it was declined for the usage in cars. One of the first engines was the
electric engine, and it held many records for both speed and distance before internal
combustion engines arose [2]. But the availability and inexpensiveness of petroleum
in the 20th-century marked the reason for the success of the internal combustion
engine.
If we look back to the decision of choosing the combustion engine over the electric
motor, we see that a wrong decision may have been made. As the supply of fossil
fuels is exhausted, politics is trying to drive the change towards renewable energies.
Due to the established role of the combustion engine, this transition will be difficult.
By proper investigation and a balance of advantages and disadvantages for different
kinds of motors at the beginning of this era, it may have been possible to keep
humankind from facing this challenging move. In this thesis, want to use this wrong
choice of power as the motivation for studying a new kind of engine.
An experiment by Rossnagel et al. showed that a single ion confined in a tapered
Paul trap could be used as the working agent for a heat engine [3]. For engineering
cold and hot reservoirs, laser cooling and electric-field noise were used. Thereby,
the produced work was stored in an independent degree of freedom as a harmonic
oscillation. As a motivation for this experiment, the miniaturization in technology
was used; an additional subject was the investigation of thermodynamics at the level
of single particles [4].
If we now come back to investigating the means of propulsion for engines, we see
that the experiment does not offer choice. Since we do not know about possible uses
or the impact of this research, it is worth studying an alternative way of providing the
single-ion heat engine with energy. In that regard, we propose the idea of incoherent
laser heating for powering the engine and present the fabrication of a digital laser
5

controller, for the experimental implementation of this ansatz. As this thesis provides
a detailed explanation of the tools and software for that project, it might as well serve
as a guide on how to digitalize any analog system. In the end, we will even build
on the trend of household devices and show how to make the digital laser system
become an embedded system with a touchscreen [5].
Chapter 2 starts by presenting the fundamentals of a Paul trap, which is used for
confining single ions. We explain, why the particle has to be charged, and give the
potential inside the trap. The potential is used to derive the equations of motion,
and these equations will be solved in an approximation.
In chapter 3, we become familiar with an alternative approach for the trap. The
tapered Paul trap is mandatory for having the confined particle undergo a thermodynamical cycle. In this chapter, we provide two derivations of the temperature for
a single particle, before demonstrating the idea of the single-ion heat engine.
As the thesis focuses on building a laser system, we describe the theory of lasers
in chapter 4. It includes the gain medium, energy pump, and optical cavity. Also,
an in-depth explanation of Doppler cooling will be subject to this chapter, as it is
the basis of the idea of laser heating. We explain how Doppler cooling can be used
on the example of calcium and the chapter will explain the theory of diode lasers.
Chapter 5 spans the way for the experimental part of the thesis. It explains how
the physical laser parameters, i.e., frequency and intensity, are obtained experimentally. We teach the principle of photodiodes and present the wavelength meter, which
will be used for the setup. The chapter will present the laser control unit, which is
the starting-point for the experimental controller. Also, the chapter explains, how
the electronics in the controller work.
As we will learn in this chapter, the wavelength meter needs a regular calibration,
for which we stabilize a helium-neon laser in chapter 6. We explain the theory of
helium-neon lasers and stabilization methods for these. After this, we provide a
detailed explanation of the electronics used for this subproject. In this context, the
principle of control theory arises, which is explained in appendix A. At the end of
the chapter, we show long-term measurements of the laser and present how the laser
can be used to calibrate the wavemeter.
In chapter 7, the laser controller will be modified in a way that the laser parameters can be controlled with a computer. For this, we introduce the computer system
of the digital laser system and a digital-analog converter. We prove that the digitalization of the controls improve the accuracy and investigate the noise enhancement
in the system. We close the chapter by showing an example of how the digital laser
controller might be used. Further motivation for the controller is presented in the
outlook, which says that the main advantage is that the user can programme custom
software for the laser controller.
As an application for the controller, chapter 8 is dedicated to the idea of the laser
only heat engine. We introduce the concept of laser heating and prove the working
of this method with numerical investigations. As manipulating an ion with a laser
usually results in coherent excitation, we also show that the particle is thermally
excited in this case.
The thesis finishes with a user-friendly interface for controlling the laser in appendix B. In this chapter, we show how the preparation of the laser system can be
used for creating an embedded laser system.
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Chapter 2

The Paul Trap
“We never experiment with just one electron or atom or (small) molecule.
In thought-experiments we sometimes assume that we do; this invariably
entails ridiculous consequences.”
wrote Erwin Schroedinger in 1952. This statement is no longer up-to-date. Nowadays, ion traps are used to store and investigate single ions. They established an
essential role in state-of-the-art physics, and the invention was awarded the Nobel
Prize in 1989.
Initially, the system was used as a mass spectrometer. By changing the parameters, it is possible to filter the confined particles for specific m
e ratios, which gives an
additional use of the setup.
In this chapter, we will give an understanding of the Paul trap. In section 2.1,
we start by investigating the potential, which is necessary to trap a particle. We
will find the equations of motion in section 2.2 and solve them in section 2.3 in an
approximation. In this section, we discover the characteristic micromotion. We close
the chapter by emphasizing that a Paul trap is usually found in a linear configuration
in section 2.4. Information in this chapter is based on [6].

2.1

The Quadrupole Potential

One way of trapping an ion is to confine it inside a harmonic potential, such as
φ=


φ0
λx2 + σy 2 + γz 2 ,
2
2r0

(2.1)

where φ0 , r0 , λ, σ, and γ are multiplicative constants. The harmonic potential will
always push the particle towards the center of the potential as long as the parameters
are positive.
The most effortless way of preparing potentials is by using a charged particle and
electromagnetic fields. However, these potentials need to satisfy Laplace’s equation
0 = ∇2 φ =

φ0
(2λ + 2σ + 2γ) .
2r02

(2.2)

This means that
λ+σ+γ =0
must hold. A potential of this property is called a quadrupole potential.
7

(2.3)

Potential

y
x

(a)

(b)

Figure 2.1: The figure shows a plot of the saddle potential (2.4) and the setup
for realizing this it.
(a) High values of the potential are colored red and low value are colored blue.
(b) The structure consists of four hyperbolically shaped bars aligned parallel
to one another. The figure has been adapted from [6].

2.2

Mathieu Equation

For simplicity we set the parameters to λ = 1, σ = −1, and γ = 0. Then, the
potential is given by
φ = φ0

x2 − y 2
.
2r02

(2.4)

It is called saddle potential. Figure 2.1a shows the potential.
It is not possible to confine an ion in this kind of potential, as the ion would
accelerate along the y-axis. To overcome this problem, the parameter φ0 is chosen
to be changing over time. The resulting potential is
φ = (U − V cos (Ωt))

x2 − y 2
.
2r02

(2.5)

In an experiment, a potential like this can be realized with a setup of four hyperbolically shaped bars with a distance of r0 to the center. On two opposing bars
the radiofrequency voltage U − V cosΩt is applied, and on the remaining bars, the
negative of this voltage is set. You can see the structure in figure 2.1b.
With the help of equation (2.5) it is now possible to extract the equations of
motion. They are
m

d2 x
∂φ
e
= −e
= − 2 (U − V cosΩt) x
dt2
∂x
r0

(2.6)

m

d2 y
∂φ
e
= −e
= + 2 (U − V cosΩt) y,
dt2
∂y
r0

(2.7)

with a particle inheriting the elemental charge e.
If we substitute
4eU
2eV
Ωt
a≡
, q≡
, and ζ ≡
2
2
2
2
2
mr0 Ω
mr0 Ω

(2.8)

we gain the Mathieu differential equations
d2 x
+ (a − 2qcos2ζ) x = 0
dζ 2
d2 y
− (a − 2qcos2ζ) y = 0.
dζ 2
8

(2.9)
(2.10)

CHAPTER 2. THE PAUL TRAP
The Mathieu equations are a well-known set of equations. In section 2.3, we will
show that the solutions are bound for a specific choice of the parameters. They
depend on the offset voltage U , the amplitude V and the frequency of the voltage Ω.
The experimental setup can be used to confine charged particles within the trap.

2.3

Micromotion

Despite the trapping, the particle does not perform a perfect harmonic oscillation.
It is undergoing micromotion, which is an additional oscillation due to the radiofrequency voltage. To investigate the micromotion, we split up the particles motion
into a rapidly changing part ξ and a slowly evolving part X so that
with ξ  X.

x=X +ξ

(2.11)

If we plug this into equation (2.9) we obtain
d2 ξ
− 2qcos2ζ · X = 0,
dζ 2

(2.12)

where for the first x the slowly changing part could be ignored due to the derivative,
and for the second x the rapidly changing part was left out because of ξ  X.
Additionally, the parameter a, which corresponds to the offset voltage U , has been
set to be zero, as this voltage is only used for mass spectrometry and is not necessary
to trap a particle [7].
It follows for the rapidly changing part that
ξ(t) = −

qX
cos2ζ,
2

(2.13)

which describes the micromotion. From this, we learn that the micromotion is inverted with respect to the radiofrequency voltage. Also, we read that the amplitude
of the micromotion depends on the mean displacement X of the particle.
In order to prove that the particle is confined, we need to show that the mean
position X is undergoing a bound motion. We plug (2.11) and (2.13) into the original
equation of motion (2.9) and get


d2 x
qX
= 2qcos2ζ X −
cos2ζ = 2Xqcos2ζ − q 2 Xcos2 2ζ.
(2.14)
dζ 2
2
By averaging over one period, it is possible to receive the mean position so that
 2 
Z

d2 X
d x
1 π
q2X
2
2
=
=
dζ
2Xqcos2ζ
−
q
Xcos
2ζ
=
−
.
(2.15)
dζ 2
dζ 2
π 0
2
From this, we see that the mean position X undergoes a harmonic oscillation. The
frequency of this motion is
ω=

q2
2e2 V 2
= 2 4 4.
2
m r0 Ω

(2.16)

This proves that the trap confines the particle. The calculations can be done analogously for the y-coordinate. We denote that the proof does not hold for arbitrary
values of q because for high amplitudes of the radiofrequency voltage it is not legit
to assume ξ  X.
9

2.4

Linear Geometry

The Paul Trap is often constructed in a linear geometry, which means that the four
metal rods are aligned parallel to one another, like the setup in figure 2.1b shows.
In this geometry, no force acts along the axis of the trap. This structure has the
advantage that the particle can be moved to an arbitrary position along the trap
axis. Also, it is easy to feed ions to this kind of trap. In the linear geometry, the ion
is accessible from all sides. This feature is important to manipulate the ion in the
trap.
For specific applications, it is necessary that the trap also confines the particle
axially. For this purpose, endcaps with a DC-voltage are used. The endcaps usually
have a small hole in it, which allows shining a laser along the axis of the trap.

10

Chapter 3

The Single-Ion Heat Engine
Since the beginning of the industrial age, nearly all inventions were subject to miniaturization. Regardless if it is computers that went from being as large as a house to
so small that we carry them around every day, or if it is the downsizing of car engines [8]. Almost all kind of technology seems to be shrinking over time. This trend in
technology and economics motivated scientists to miniaturize thermal engines down
to the microscale. These investigations culminate in an experiment performed by
Rossnagel et al. in [3]. They present the lowest boundary of what can be considered
an engine. The working agent for this engine consists of a single ion only.
In this chapter, we will present the idea of the single-ion heat engine. We start
by explaining macroscopic heat engines in section 3.1 with information from [9]. We
continue by defining a temperature for a single ion classically in section 3.2 as well
as quantum mechanically in section 3.3. In section 3.4, we go into detail about the
tapered geometry of the Paul trap, which is necessary to have the ion operate as
an engine, and we present the thermodynamical cycle in section 3.5. Information is
based on [10]. We close the chapter by comparing the sequence to an Otto and a
Stirling cycle in section 3.6 with the help of [11].

3.1

Heat Engine

Friction is the most obvious transfer between mechanical energy and heat. When
two surfaces chafe, some kinetic energy is converted into heat energy, which is an
irreversible process. By intuition, we know that the inversion of such a process is
not possible. The second law of thermodynamics describes this idea [12].
To have a practical conversion between heat and mechanical energy, heat engines
come into play. They are cyclically working mechanisms, which transform some
amount of heat energy into mechanical work. The heat engine contains a specific
working agent, for instance, this could be the steam in a steam engine or the mixture
of fuel and air in an internal combustion engine. The working agent takes some
heat amount from a reservoir with higher temperature; it performs work whereby
mechanical energy is transferred to the environment, and it gives some heat amount
to a reservoir with lower temperature. After this, it goes back to its initial state,
which closes the cycle.

11

3.2

Ergodic Hypothesis

The working agent in a classical heat engine is usually a gas. Every particle of this
gas has a dedicated position ~q and momentum p~, and these phase space coordinates
are sufficient to describe the gas. If we look at the gas at a particular point in time,
some of the accessible microstates are occupied. However, if we consider just one
particle, this particle can occupy only one microstate at a given point in time. To
have the single particle occupy the same microstates as the full gas, we have to look
at the particle several points in time.
The Ergodic hypothesis states that for a thermodynamical system the ensemble
average of a large system is equal to the time average for a single particle [13].
It is possible to derive a temperature by setting equal the kinetic energy and the
equipartition energy of the particle. It follows that
(3.1)

EEQP = Ekin
f
1
kB T = m v 2
2
2
m v2
T =
.
f kB

(3.2)
(3.3)

In this equation, T is the temperature of the gas or the particle, respectively, m is the
mass of the constituents, f describes the degrees of freedom and kB is Boltzmann’s
constant.
The Ergodic Hypothesis tells us that the mean squared velocity v 2 in these
equations can either be calculated by taking the average over the whole system for
a single point in time or by just considering one particle at multiple points in time.
Meaning that
!
!
X
X
1
1
vj2
=
v2 =
vj2
. (3.4)
Nparticles
Ntimepoints
particles

timepoints

1 timepoint

1 particle

Thus the Ergodic hypothesis gives a derivation for a temperature of a single particle.

3.3

Thermal State

Instead of the statistical way shown in the previous section, one could also describe
the temperature of the ion inside a Paul trap with the help of a quantum mechanical
approach. For this, we represent the trap as a quantum harmonic oscillator. Then
the possible energies En of the ion are given by


1
,
n = 0, 1, 2, ...
(3.5)
En = h̄ω n +
2
where h̄ is the reduced Planck’s constant, ω is the eigenfrequency of the harmonic
oscillator, which can be calculated with equation (2.16), and n is the occupation
number. We only cover the one-dimensional case to keep it simple.
The probability distribution of the states is given by [14]
Pn (x) = |ψn (x)|2

(3.6)



 r
2
 mω 1/4
mωx2
mω
1
·
· exp −
· Hn x
,
= √
πh̄
2h̄
h̄
2n n!
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THERMAL STATE
n

B(En )
+
P (x)

x
9

Figure 3.1: The figure shows a visualization for the derivation of the thermal
state. Each probability distribution is weighted with its dedicated Boltzmann’s
factor. The sum gives the thermal state, which is a Gaussian probability distribution.

in which m denotes the mass of the particle and Hn is the nth-order Hermite polynomial.
To introduce the aspect of temperature, we use Boltzmann’s factor [15]


En
B(En ) = exp
(3.8)
kB T
to calculate the population of the individual levels. Since the ion is in a mixture
of these states, the resulting probability distribution is the sum of the probability
distributions, respectively. It is calculated by
P (x) =

∞
X
B(En )

Z

n=0

· Pn (x)

(3.9)

in which Z is a constant used for normalization. Figure 3.1 visualizes the situation.
As equation (3.9) is complicated to calculate analytically, we evaluate the equation numerically for discrete spatial points with an ion temperature of T = 5 mK
and a trap frequency of ω = 50 · 106 Hz. The result of the numerical investigation,
where the sum has been stopped for n = 200, can be seen in figure 3.2.
If we compare the result to a Gaussian probability distribution with a width
of [10]
r
kB T
σ(T ) =
,
(3.10)
mω 2
we see that the curves look very similar. In fact, we calculate the mean relative error
of the points of evaluation to be 0.0004119 for this particular case. By this, we see
that a Gaussian probability distribution gives an ideal description of the thermal
state. The width of the curve increases with its temperature.

3.4

The Tapered Trap

In contrast to the linear geometry of a Paul trap, which has been presented in section 2.4, it has been shown that a tapered geometry provides additional features [4].
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Thermal State

Gaussian

Thermal State

Probability

2.0 ´ 107
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Gaussian
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-4. ´ 10-8

-2. ´ 10-8
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2. ´ 10-8
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Figure 3.2: The figure shows the numerically evaluated thermal state and a
Gaussian probability distribution, whose width is calculated by equation (3.10).
In the upper left corner, we see the thermal state evaluated at discrete spatial
points. The lower left corner shows the theoretical curve of the thermal state.
The principal figure on the right displays both data on top of one another.
The figure reveals that the Gaussian probability distribution gives an excellent
explanation of the thermal state.

Figure 3.3: The figure shows the setup for the tapered trap, where the bars
are no longer shaped hyperbolically. The bars of the Paul trap are placed at
an angle θ. The endcaps, which are provided with a DC-voltage, keep the ion
from falling out of the trap axially. The figure has been adapted from [10].
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In this setup, the electrodes of the trap are placed at an angle θ with respect to
the axis of the trap. The configuration is shown in figure 3.3. In this kind of trap,
the distance between the electrodes and the center of the trap depends on the axial
position. To get the potential one must replace r0 in equation (2.5) with r0 + ztanθ.
It yields the potential
φ=


V cos (Ωt)
2
2
2 x −y ,
2 (r0 + ztanθ)

(3.11)

in which r0 gives the distance between the electrodes and the center of the trap at
the shallow end. Note that in this potential the offset voltage U is again set to be
zero as described in section 2.3.
Moreover, this setup features two DC-endcaps supplied with a voltage UDC , which
give an additional harmonic potential in z-direction. The overall potential for the
tapered trap reads
φ=

 UDC 2
V cos (Ωt)
2
2
+ 2 z .
2 x −y
z0
2 (r0 + ztanθ)

(3.12)

The advantage of the tapered trap is that one can control the position of the
particle axially. In section 3.3, we derived that a Gaussian probability distribution
with a width that grows with the temperature describes the thermal state of an
ion in a Paul trap. As the temperature rises, the ions probability of being in the
center of the trap decreases. With this, the force towards the broader end of the trap
increases. This force in superposition with the effect of the endcaps gives rise to a
shifted equilibrium position of the particle along the axis of the trap. In contrast,
the ion can also move to the shallower end of the trap by decreasing its temperature.
This feature of the trap is indispensable for the single-ion heat engine. For the
working principle of any heat engine, microscopic or macroscopic, a movement due
to a change in temperature is used to transfer caloric energy to kinetic energy.

3.5

The Thermodynamical Cycle

The tapered geometry of a Paul trap provides the ability to transfer caloric energy
to kinetic energy of the ion. In order to have this transfer occur repeatedly, a cyclic
process is necessary. In the following, we describe the thermodynamical cycle of the
single-ion heat engine. The sequence is illustrated in figure 3.4
The cycle starts with the ion at a specific temperature T and by equation (3.10)
a dedicated width of the probability distribution of the ion. We say that the ion is in
equilibrium, so the ion does not undergo strong oscillations. In stroke one, the ions
temperature is increased by coupling it to an engineered heat bath. We will describe
this in detail in chapter 8. Due to its increased temperature, the ion gets pushed
towards the wider end of the trap in stroke two. After this, the ion is cooled down in
stroke three, which makes the ion move in the direction of the shallower end of the
trap in stroke four. Thus the thermodynamical cycle is closed and can be repeated.
The period of alternately heating and cooling the ion is chosen to be in resonance
with the eigenfrequency of the trap in its axial degree of freedom. In this way,
the energy is transferred to a coherent oscillation of motion in this direction. The
amplitude of the oscillation would continuously increase due to a lack of friction.
Therefore, it is necessary to damp the axial movement of the particle to keep it
confined inside the trap.
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(a)

(b)

(c)

(d)

Figure 3.4: The figure shows the thermodynamic cycle of the single-ion heat
engine. In the first stroke (a) the particle is heated, which causes the ion to
move toward the broader end of the trap in the second stroke (b). In the third
stroke (c), the ion is cooled down, and it goes back to the shallower end of the
trap in the fourth stroke (d). This move closes the thermodynamical cycle.
The figure has been adapted from [10].

The fact that it is possible to transfer the produced energy to an independent
degree of freedom shows that the ion is working as a heat engine. In the experiment [3], the movement of the ion during heating and cooling periods was below
measurement accuracy. Thus the transfer of energy enabled to validate the working
of the thermodynamical cycle.

3.6

Otto Cycle and Stirling Cycle

The Otto cycle consists of two isochoric and two isentropic processes. During the
isochoric temperature change, heat is transferred between the working agent and the
reservoirs, and during the isentropic change of volume, work is either transferred
from or to the piston. In an ideal scenario, the latter are adiabatic and reversible
processes.
In practice, the Otto cycle describes a spark-ignition four-stroke combustion engine. The explosion of the fuel-air mixture happens in a short time compared to the
movement of the piston. Thus the engine is decoupled from the reservoirs during the
working stroke.
On the other side, in a Stirling cycle, the working agent is permanently coupled
to one of the reservoirs. The cycle is made up of two isochoric and two isothermal
processes. This means that the working agent is still coupled to the reservoir while
the piston moves. For the experiment of the single-ion heat engine, it was easier to
choose a Stirling cycle [3]. Due to technical reasons, it was not possible to decouple
the ion from the heat baths completely.
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Chapter 4

Laser Cooling with a Diode Laser
Lasers and their light have long been invading our everyday lives. If it is the laser in
a CD player, using the laser as a tool, such as a laser scalpel, or just the fascination of
the light itself in a laser show. The facet which is characteristic about the laser is the
coherence of its emitted light. This means that the light is of a specific frequency,
unlike the broad spectrum of a lightbulb. Consequently, lasers are often used in
physics.
Nowadays, by far the most popular laser is the diode laser. The first diode lasers
were invented around the 1960s. They consumed a lot of power and needed to be
cooled with liquid nitrogen [16]. This has nothing to do with diode lasers today.
They became the most efficient type of lasers and are the most used both in the field
of science and in everyday life. This success is also a result of the broad frequency
range, which stretches from infrared to ultraviolet laser diodes.
The word laser is an acronym for the term light amplification by stimulated
emission of radiation. A laser is constructed from the three fundamental parts
gain medium, energy pump, and optical cavity. These will be topic in section 4.1,
section 4.2, and section 4.3, respectively. Information is taken from [12, 17]. We
continue by explaining the principle of Doppler cooling in section 4.4 and its limits in section 4.5 summarized from [18]. We present the level scheme of calcium
and define the wavelengths used for Doppler cooling, in section 4.6. This section
is based on [19]. Also, we will describe the working principle of a diode laser in
section 4.7 with information from [17], and in section 4.8, we explain how to set the
laser parameters for a diode laser. As a source, we chose [20] for this part.

4.1

Gain Medium

In contrast to a classical system, a confined quantum mechanical system can only
occupy discrete energy levels [14]. Although we are primarily talking about energy
levels of electrons, it is not necessary to restrict to these for the moment. To explain
the principle of the gain medium inside a laser, we imagine an arbitrary two-level
system with the states |0i and |1i, and the energies E0 and E1 with E0 < E1 . If
our system occupies the lower energy state and we want to excite it to the upper
level, we can achieve this by stimulated absorption of light. However, this will only
happen if the resonance condition
E = E1 − E0 = h̄ω
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(4.1)

n<0

n>0

n1

|1i

n1

n0

|0i

n0

Figure 4.1: The gain medium of the laser can be imagined as a two-level
system with the states |0i and |1i. The number of particles in a particular
state is given by n0 and n1 , respectively, and is illustrated by the orange circle.
Excitation is denoted with a red arrow, stimulated emission is shown with a
blue arrow, and the curvy yellow arrow represents spontaneous emission. The
right system has higher excitation number in the lower level, and the right
system shows a higher excitation in the elevated state. The left system is
suitable for a laser. The figure has been adapted from [17].

is fulfilled. h̄ is the reduced Plancks constant. We refer to this process as an absorbed
photon of the angular frequency ω.
Eventually, the system will radiate the absorbed energy and will decay into the
ground state again. If the system was not exposed to a surrounding electromagnetic
field, we call the process spontaneous emission. The photon gets emitted in a random
direction.
For the working principle of a laser, we are interested in the so-called stimulated
emission. Thereby, the excited system is driven by an external light field, which
causes it to oscillate in sync. The incoming light field gets amplified. In the photon
picture, we say that a photon is emitted. The photon is in the same state as the
incoming photon.
Lets now consider multiple particles in the gain medium. n0 is the number of
particles in the ground state and n1 the number of particles in the excited state.
Then absorption reduces n0 , and emission increases it. The rate equation
dn0
= −β · p · n0 + β · p · n1 + A · n1
dt

(4.2)

holds, where p is the photon number density, A is the Einstein-A-coefficient and
β = B · h̄ω with the Einstein-B-coefficient. Accordingly, the particle density of the
excited state n1 follows
dn1
= β · p · n0 − β · p · n1 − A · n1 ,
dt

(4.3)

which is illustrated in figure 4.1.
If we set p = 0, it can be seen that
dn1
= −A · n1
dt
n1 (t) = n1 (t = 0) · exp (−A · t) .

(4.4)
(4.5)

By this, we see that the system will fully decay to the ground state without any light
field.
18

CHAPTER 4. LASER COOLING WITH A DIODE LASER
To keep the laser running, it necessary to keep the upper energy level occupied.
The gain medium will only amplify the incoming light with the means of stimulated
emission if the top energy level has a higher occupation as the ground level. Thus
the variable of interest is the difference in occupation number
∆n = n1 − n0 ,

(4.6)

∆n > 0 : amplification of light

(4.7)

∆n < 0 : absorption of light,

(4.8)

and we know that

because a system with ∆n > 0 has a higher occupation in the excited state as in the
ground state.
In thermal equilibrium, the occupation number can be calculated by Boltzmann’s
factor [15] to be


n1
E1 − E0
,
(4.9)
= exp −
n0
kB T
where kB is Boltzmann’s constant and T is the temperature of the system. It is always
the case that ∆n < 0. Hence, a thermal occupation can never cause amplification
of light, and the system has to be held at inversion by the mechanism called energy
pump.

4.2

Energy Pump

Since the inverted system will continuously lose excitations due to stimulated emission, a constant flow of energy to the gain medium is necessary. We call the concept
of keeping the gain medium inverted energy pump.
To keep the inversion, it is mandatory to utilize two additional energy levels. By
pumping energy to the system, it gets excited to an energy level, which we call the
upper pumping level. Excitations in this pumping level decay into the high lasing
level. These excitations are used for stimulated emission at a rate of A. It is required
that the decay rate from the lower lasing level to the lower pumping level A0 is faster,
thus A < A0 . In this way, it is guaranteed that the upper lasing level is of higher
excitation than the lower lasing level. The mechanism is illustrated in figure 4.2.
The process of pumping energy into the system and the process of stimulated
emission in the lasing levels are independent of one another. Thus it is valid to cover
the two lasing levels only and assume them to be inverted as we did in section 4.1 .
It is also possible to construct a laser with only three levels altogether. For this
kind of laser, the upper pumping level and the upper lasing level are identical.

4.3

Optical Cavity

An optical cavity is an assembly of two mirrors facing each other. Under the resonance condition, it is possible that a standing wave arises in this cavity. The setup
is also called Fabry-Perot interferometer [21] and obeys the resonance condition
n λ = 2 L,
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n ∈ N.

(4.10)

Pumping Levels

Lasing Levels

n1

A

n0
A0

Figure 4.2: For an inversion of population, i.e., n0 < n1 , two additional
pumping levels need to be employed. The energy, which gets pumped into the
system, causes an excitation from the lower pumping level to the upper pumping level. The system decays into the high lasing level, where the characteristic
stimulated emission takes place. After this, the system decays into the lower
lasing level. In order to maintain an inversion of population, the latter transition must be faster than the stimulated emission between the laser levels. The
figure has been adapted from [17].

The wavelength of the light is described by λ, and the length of the cavity is L. The
condition says that there will be a maximum of light in the cavity if a multiple of
the halved wavelength λ2 fits inside the cavity. In the laser, this condition is used to
select the wavelength for the laser.
Another crucial part of the cavity in the laser is the fact that it guides the laser
light through the gain medium multiple times. This guarantees that the process of
stimulated emission happens as many times as possible and the laser medium is used
more efficiently.
To emit the beam, one of the mirrors transmits a small amount of light. The
other mirror completely reflects back into the cavity. Only photons traveling along
the axis of the laser get amplified. In this way, the direction of the laser is defined.
In some cases, lasers use an additional external cavity to select the wavelength; this
is described in section 4.8. Figure 4.3 shows a schematic representation of the cavity
inside a laser.
As the laser may underlie internal losses during one roundtrip of the cavity, a
specific gain is necessary to correct for these losses. We call this phenomenon the
laser threshold. As long as the threshold is not met, no coherent light gets amplified
inside the laser, and it does not function.

4.4

Doppler Cooling

One application of a laser due to its narrow frequency distribution is Doppler cooling.
It is a widespread method of cooling particles or gases inside a trap.

20

Reflectivity < 100%

Reflectivity = 100%

CHAPTER 4. LASER COOLING WITH A DIODE LASER

Gain Medium

Beam

Figure 4.3: The cavity surrounds the gain medium. This is done to enhance
the efficiency of the laser, as the beam passes the gain medium more often.
The mirror on the left side is entirely reflective, and the mirror on the right
side is partially reflective, so the cavity emits the laser beam. The figure has
been adapted from [17].

To describe the effect of Doppler cooling, it is sufficient to cover two levels of the
energy scheme of the cooled particle. We describe the light in the photon picture.
As mentioned in section 4.1 the particle can absorb a photon. This happens if
the incoming photon fulfills the resonance condition E = h̄ω. The probability of
absorption follows a Lorentzian curve, which means that the particle can still absorb
a photon if the condition is not perfectly met.
On occasion, that the particle is moving at a velocity ~v , it sees a Doppler-shifted
frequency of the laser. The Doppler-shift can be calculated by [12]
v
∆ω = ω · ,
c

(4.11)
~

k
where v is the projection of the velocity ~v onto the laser axis, thus v = |k|
· ~v . On
that account, it is possible to address only specific velocity classes of particles if the
laser is deliberately put off resonance.
The concept of changing the frequency of a laser is called detuning. Based on
the spectrum of visible light, we call a detuning with a lower frequency red detuning
and a detuning with higher frequency blue detuning. It is illustrated in figure 4.4a.
Since the particles in a trap are undergoing an oscillation, they are moving away
or towards the laser source at specific times. If we shine red-detuned light, the
probability of absorption is higher, when the particles approach the laser. This is
because the velocity v in equation (4.11) is negative for particles moving towards the
laser, which cancels out the red detuning, and these particles show a maximum of
the absorption probability. The effect on the probability curve is seen in figure 4.4b.
Along with excitation, another effect on the particle is the transfer of photon
momentum. After the process, the velocity of the particle is

~v 0 = ~v +

h̄ ~
k.
m

(4.12)

We see that for the case of ~v and ~k being antiparallel to one another the absolute
value of the velocity gets reduced. A reduction of speed cools the particle.

4.5

Doppler Temperature

In some cases, Doppler cooling is only the first step of cooling down particles. Due
to its limitations, other cooling techniques such as sideband cooling [22] or Sisyphus
cooling have to be employed [23]. The restrictions of Doppler cooling come from the
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Figure 4.4: The figure introduces the principle of detuning.
(a) We see a two-level system consisting of the states |0i and |1i, which are
coupled through the frequency ωsp . The green arrow denotes a laser transition
on resonance with the shift. For detuning, one deliberately chooses a frequency,
which is not in resonance. The blue arrow shows a frequency too high for
the transition, thus blue detuned, and the red arrow indicates a red-detuned
frequency.
(b) The diagram shows the scattering probability plotted against the frequency.
The laser source is detuned by the parameter δ, which shifts the Lorentzian
absorption curve towards the right-hand side. As the particle is moving with
a negative velocity concerning the laser, the graph goes back to its original
position, which leaves particles in this velocity class with a high probability of
absorption.

spontaneous emission after the scattering event. After the absorption of a photon,
the particle is in an excited energy level. From this state both spontaneous and
stimulated emission is possible.
For the case of stimulated emission, the initial conditions are restored. The
particle emits a photon in the direction of the laser field. Thus, the particle gets
a momentum kick in the opposite direction. This momentum kick cancels out the
momentum kick, which the particle received, to begin with. Even the number of
photons is the same as before the interaction.
In contrast, the spatial distribution of a spontaneously emitted photon is isentropic. Consequently, the momentum kick for the particle is randomly directed and
the kick cancels out over the large number of scattering and emission events, which
are necessary to cool down the particle properly. However, the kick provides a small
reheating effect. This limits the procedure of Doppler cooling to a specific temperature. The so-called Doppler temperature only depends on the linewidth of the
Doppler state Γ and can be calculated to be [24]
TDoppler =

hΓ
.
2kB

(4.13)

The absorption curve of the particle with respect to the speed of the particle v is
still finite for positive velocities. Since this is not taken into account for the Doppler
temperature, the Doppler limit generally is not reached.

4.6

Doppler Cooling of Calcium

As the fundamentals of lasers and the mechanism used to cool ions have now been
explained, we want to have a closer look at the wavelengths we need for the laser
system.
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42 P3/2
42 P1/2

854 nm

32 D5/2
866 nm
32 D3/2
393 nm
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42 S1/2
Figure 4.5: The figure shows the level-scheme of calcium with the states which
are relevant for Doppler cooling. The P- and D-states split due to spin-orbit
interaction. For Doppler cooling, the states 42 S1/2 and 42 P1/2 are employed.
However, the laser might emit a photon, which causes a shift towards 42 P3/2 .
The P-states can decay into 32 D3/2 and 32 D5/2 , respectively, which leaves the
ion in a dark state with a long lifetime. Therefore, these excitations need to be
pumped back.

In ion trap experiments predominantly calcium ions are used. The Doppler temperature of calcium is [10]
TDoppler, calcium = 0.55 mK.

(4.14)

The reason for using calcium is that earth-alkali ions show the properties of
alkali ions when ionized once. The ionization is needed to trap the particle, and it
is achieved with a laser of the wavelength 422.79233 nm.
Alkali ions have the advantage that they have a closed electron shell of a noble
gas with an additional electron. This gives the ion a simple energy scheme without
troublesome interactions between the electrons. Especially 40 Ca+ is used because it
has no nuclear spin, thus no hyperfine splitting.
40 Ca+ has the electron configuration [Ar] 4s. The states employed for Doppler
cooling are 42 S1/2 and 42 P1/2 . They are shown in figure 4.5. The wavelength of
this transition is 396.95950 nm. From the excited state, a decay into both 42 S1/2
and 32 D3/2 are possible, where the probability of a transition towards the D-state is
p = 0.064. Since this shift is unwanted and will leave the ion in a dark state for a
lifetime of 1.18 s, a laser of the wavelength 866.45090 nm will continuously pump
the excitations from the D-state back to the P-state.
Additionally, the 397 nm-laser of has a low but nonzero probability of emitting a
photon close to 393 nm. This photon excites the calcium ion to 42 P3/2 , from where
a transition to 32 D5/2 is possible. Again, this would leave the ion in a dark state.
Thus a second repumping laser of the wavelength 854.44356 nm is required. In this
way, it is guaranteed that Doppler cooling of a 40 Ca+ ion is possible.
Overall the requirements for the laser system of the single-ion heat engine are
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Laser Diode

Grating

Collimator
Output
Figure 4.6: The figure shows the schematic setup of a diode laser with controlled feedback in a Littrow configuration. The light from a diode laser is
highly divergent and needs to be collimated by a lens. A grating makes sure,
not all of the light is emitted, but the first order maximum is guided back into
the laser. In this way, the laser is not as sensitive to stray feedback.

four lasers of the wavelengths
λ1 = 396.95950 nm,

(4.15)

λ2 = 422.79233 nm,

(4.16)

λ3 = 854.44356 nm,

(4.17)

λ4 = 866.45090 nm.

(4.18)

These wavelengths are most accessible with diode lasers. We will explain the principle
of a diode laser in the following.

4.7

Diode Laser

Similar to a regular diode, a laser diode is made up of a p-n junction with a possible
intrinsic layer. Current produces electron-hole pairs, the pairs recombine, and generate light of a defined wavelength, which is emitted by the diode. Mirrors enclose the
diode and act as the cavity for the laser. These mirrors are the difference between a
laser diode and a regular diode.
The wavelength of the laser diode depends on the band gap of the specific material, which the junction is made up of. For selecting a wavelength of the laser, one
has to find an appropriate semiconductor junction.
Inside the active region of the junction, electron-hole pairs recombine. Although
this area is small, the laser beam can be very divergent. Thus, collimating the beam
of a laser diode is necessary. Additionally, the beam can be elliptic. Since light is
emitted perpendicular to the current, the divergence parallel to the current flow is
lower.
For low currents, the losses inside the junction exceed the gain, and the diode does
not produce coherent light. At the threshold current, the inversion of the population
is reached, and the laser starts lasing. The intensity of the laser increases linearly
with current and can have an efficiency as high as 50 percent [20]. This makes the
diode laser more efficient than any other laser, and together with its inexpensiveness
justifies the enormous impact on scientific and commercial use.
A common design for scientific purposes is a diode laser with controlled feedback
in a Littrow configuration. A schematic model for this kind of laser can be seen
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Figure 4.7: The figure shows the contribution of the different effects on the
frequency of the diode laser. The gain medium is a broad curve, which depends
on the semiconductor material. The internal cavity is made up of mirrors, which
enclose the junction of the diode. The grating feedback depends on the angle
of the grating, which is used to provide controlled feedback into the laser. The
external cavity is the resonator in between the laser diode and the grating. All
of the effects add up to the overall gain of the laser in frequency space.

in figure 4.6. In the diagram, the first step is to collimate the laser light with a
lens. Next, the laser light is shined onto a mirror grating. The grating is oriented
in such a way that most of the light is emitted from the laser and the first order
maximum shines back into the laser. The grating forms an additional cavity outside
of the laser, which we call the external cavity. The external cavity gives two main
advantages, where the first one is a reduction of the linewidth just like it is explained
in section 4.3. The second benefit is that it makes the laser more robust to feedback
into the laser. Even just the slightest bit of light, which hits the inside of the laser
can have a drastic effect on the laser properties. By providing constant feedback into
the laser, the impact of any stray feedback will not be as significant.

4.8

Tuning a Diode Laser

The diode laser is subject to irregular mode jumps, and they depend on many factors
primarily for the controlled feedback design. Mode jumps are affected by the gain
medium, the internal cavity, the grating feedback, and the external cavity. In the
following, we will explain these effects.
Figure 4.7 shows each effect of the gain curve. In order to get the overall gain
curve, we have to multiply the gain curves, respectively.
The gain medium of the laser shows a relatively broad spectrum compared to
the other effects. The gain depends on the properties of the semiconductor material.
Its maximum changes with the temperature of the laser. However, the medium gain
curve is so large that it is less critical for tuning the laser.
The internal cavity is formed by the junction of the diode. The diode is covered
with mirrors, which makes the diode act as a cavity. Thus the gain of the internal
cavity shows a periodic structure in frequency space. The periodicity is given by the
free spectral range. With its short length, the inner cavity has a low periodicity.
The effect of the internal cavity can be manipulated with both the current and the
temperature. A change in temperature is reflected in a change in cavity length, and
a change of the current affects the charge carrier concentration, which influences the
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refractive index, thus the optical path length, of the internal cavity.
The grating feedback depends on the wavelength of the laser, since the position
of the first order maximum changes with the wavelength. The grating should always
be set in such a way that the light reflects back into the laser. This leaves us with a
narrow peak in frequency space.
The external cavity is made up of mirrors in the laser diode and the grating.
Just like the internal cavity, it provides a periodic gain curve. Since the external
cavity is larger than the internal, the free spectral range, thus the periodicity, is
shorter. The length of the external cavity is controlled with a piezoelectric element.
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Chapter 5

Measurement and Control of
Diode Laser Properties
After explaining the fundamentals about lasers, this chapter will be dedicated to
measuring and manipulating intensity and frequency of a laser experimentally. We
start by presenting the working principle of a photodiode in section 5.1 and explain how a photodiode is used optimally in section 5.2, where information is taken
from [25] and [26], respectively. Section 5.3 will show how to obtain the frequency of
a laser with a wavelength meter from [27], and section 5.4 will present how a cavity
provides information about the frequency. In section 5.5, we introduce a laser control
unit as a basis of the laser system, and we present the functioning of the device in
the remaining sections of this chapter.

5.1

Principle of a Photodiode

A photodiode is a semiconductor device. Like a regular diode, the photodiode is
made up of a p-n junction. If light enters the junction, it produces an electrical
current. A photon of sufficient energy ionizes an atom inside the junction, which
creates an electron-hole pair. This process is called the inner photoelectric effect [28].
If this happens inside the depletion zone of the junction the electron and the hole
get accelerated in opposite directions because of the permanent electric field between
the P- and the N-region. Thus, a current is produced.
The penetration depth of the photon depends on its wavelength. Since only
electron-hole pairs, which are produced within the depletion zone, contribute to
the diode current, the signal of the photodiode is wavelength dependent. So for
applications that require a broader frequency response an intrinsic region between
the P and the N is added. This enlarges the depletion zone of the photodiode and
enhances the sensitivity for longer wavelengths. The setup benefits from biasing the
PIN photodiode in reverse. This configuration makes sure that the depletion zone
will be extended all the way through the intrinsic layer.
In principle, a photodiode does not differ from a regular diode. A diode can still
be affected by incoming light and contaminate the signal. Since this is an unwanted
issue for diodes, they are coated to protect them from light and X-rays.
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Figure 5.1: The figure shows a transimpedance amplifier, which converts the
current of the photodiode to a voltage. As the photodiode produces a current,
the voltage at the high impedance input of the operational amplifier loads.
Thus, the operational amplifier has to put a current, which compensates the
current of the photodiode, to match the two inputs. The output of the opamp
is given by Uout = R · I, where I is the current, which the photodiode emits
and R is the feedback resistor.

5.2

1

Photodiode Circuit

The signal from a photodiode can be observed as current or voltage. However, most
electronic measurement devices are equipped with voltage detection. So the most
straightforward measurement setup for a photodiode would be, to connect it in parallel with a resistor and measure the voltage across the resistor. Since the photodiode
still acts as a diode, it provides logarithmic current to voltage characteristics. A
voltage across the photodiode enlarges the depletion zone, and therefore a higher
voltage is necessary to drive current through the diode. This behavior results in a
nonlinear response of the signal to an incoming light field.
On the other hand, photodiodes show excellent linearity in current output. To
pass this signal to a device, which accepts voltage inputs only, a conversion is necessary. The most accessible approach for this is a layout with an operational amplifier.
See appendix C.1 for further information about operational amplifiers, which we will
refer to as opamp. 2
3
4
The feedback schematic, as seen in figure 5.1, converts the photodiode current to
a voltage. We know that the positive input U+ is kept at ground level. In order to
equalize the negative input U− to the positive, the output Uout must compensate for
any current produced by the photodiode. Otherwise, a resulting current would cause
a non-zero voltage at the high impedance input of the opamp. Thus, the output
reads
Uout = R · I,

(5.1)

where I is the current of the photodiode and R is the feedback resistor.
The choice of an appropriate feedback resistor is essential. For utilizing full
dynamic range, it is necessary for this resistor to be modifiable. In this case, a
conventional potentiometer is not suitable, as the exact value of the resistance is
difficult to measure during operation. Instead, an array of resistances with different
orders of magnitude provides the advantage that the sensitivity of the photodiode
circuit can be chosen to measure both extremely powerful and weak signals. For
instance, it is possible to measure signals between 1 pW and 10 mW with resistors
between 1 Ω and 5 GΩ [26].
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Figure 5.2: The figure shows a schematic setup for a Fizeau-interferometer,
which the wavemeter WS7 uses. The light is emitted from a fiber. Next, the
beam is collimated by a parabolic mirror. Two quartz plates are attached in
such a way that they form a wedged air gap. The entrapped air causes an
interference pattern, which is beamed onto an array of charge-coupled device
sensors to measure the separation between the maxima. This distance can
be used to calculate the wavelength with equation (5.2). The figure has been
adapted from [27].

5.3

Wavemeter

A wavelength meter or wavemeter is a precise interferometer to measure the wavelength of a laser. The wavemeter can be based on different kinds of interferometers.
In the following, we will explain the working principle of a Fizeau-wavemeter, which
is the mode of operation for the wavelength meter Ångstrom WS7/30 by HighFinesse.
Inside the wavemeter WS7, first, the laser beam is emitted from a fiber. After
this, a parabolic mirror collimates the beam as soon as the beam has sufficient size.
Then, the beam is guided into the Fizeau-interferometer. It is made up of two quartz
plates, which enclose an air gap. The gap is slightly wedged with an angle of a few
arcseconds. As a result, the light beam shows an interference pattern. The distance
between two maxima of this pattern ∆ can be calculated to be [27]
∆=

λ
,
2 n tanφ cosα

(5.2)

where λ is the wavelength of the laser, n is the refractive index of air, φ is the wedge
angle, and α is the angle at which the light beam hits the Fizeau-interferometer.
It can easily be seen that ∆ depends linearly on λ and all the other variables are
constant, as long as any change of the refractive index of air is taken car of. By
recording the intensity of the light with an array of charge-coupled device sensors, it
is possible to determine the distance between two maxima and receive the wavelength
of the laser with the help of equation (5.2). Figure 5.2 shows a schematic view of
the Fizeau-wavemeter.
The advantage of a Fizeau-wavemeter is the simple setup. This structure makes
it more compact and inexpensive than other wavemeters. It does not include moving
optics, which makes the data and the wavemeter itself more robust.
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Figure 5.3: The figure shows a setup for a diode laser, which is stabilized
with a cavity. In this structure, the cavity provides information about the
wavelength of the laser. A photodiode picks up the signal and passes it to a
PID controller, which adjusts the laser parameters to stabilize the frequency of
the laser.

To adjust for changes in the refractive index of air, the wavemeter measures the
air pressure and the temperature of the air. However, it will need regular calibration
to correct for these precisely. The calibration of the wavemeter will be covered in
chapter 6.

5.4

Reference Cavity

As described in section 4.3 a cavity provides a selection of specific wavelength for a
laser. The signal from a cavity can also be used to stabilize a laser. For this, the
cavity provides information about the wavelength, which is passed on to a controller,
to manage the wavelength of the laser. We will describe the concept in the following.
A schematical setup for stabilizing a diode laser can be seen in figure 5.3. First, a
beam splitter divides the beam into two parts. One arm of the laser beam is used for
the experiment, and the other is used to determine the wavelength. The measurement
path is guided through a cavity, where both mirrors are partially reflecting with high
reflectivity. The transmission spectrum of the cavity features narrow maxima at
points, where the interference condition (4.10) is fulfilled.
This effect can be explained by the interference of an incoming beam and a beam
that has cycled through the cavity. If the two beams are in phase, they will enhance
the light, which leads to a higher transmissivity of the cavity. In the case of the two
beams being out of phase, no enhancement will take place, and the transmissivity
will be at a minimum. Since there is not just one beam but also beams that are
cycling through the cavity multiple times, any small differences in the phase of the
laser beams will result in destructive interference for beams that cycled through the
cavity various times. Therefore, the maxima of the transmission spectrum become
narrower the higher the reflectivity of the mirrors is.
The transmissivity of the cavity can directly be measured with a photodiode at
the other end of the cavity. Thus the photodiode provides a signal of the wavelength.
To stabilize the laser, it is necessary to feed the signal of the photodiode back to
the laser, where methods such as Pound-Drever-Hall stabilization [29] are employed.
However, in this thesis, we will focus on another means of stabilization, which will
be subject to the next chapter.

30

CHAPTER 5. MEASUREMENT AND CONTROL OF LASER PROPERTIES

Figure 5.4: Laser control unit by the company Radiant Dyes: The figure
shows the device, which is used to control the properties of a diode laser. It
controls the voltage at the piezo stage, the temperature of the laser diode and
the current, which flows through the laser diode. The device also features an
integrator, a lock-in amplifier, a photodiode amplifier, and a sine generator. To
the left, we see the laser.

5.5

Laser Control Unit

As we described in section 4.8, the frequency and mode jumps of the laser depend on
the current, the temperature of the laser diode, and the position of the piezoelectric
element, which controls the state of the grating. Moreover, the intensity of the laser
is directly controlled with the current. To control the laser parameters, a control
unit is necessary. In our case, we chose the control unit by the company Radiant
Dyes. Figure 5.4 shows the device.
The device is made of three main parts. Each one of these is an analog circuit to
control the piezo, the temperature and the current, respectively. Additionally, the
device features an integrator, a lock-in amplifier, a photodiode amplifier, and a sine
generator, which we will not focus on.
Unfortunately, we cannot publish the schematics of the laser control units at this
point. However, we will describe the general working principle of such devices in the
following sections.

5.6

Current Circuit

Most devices, which are used for controlling purposes, use voltage instead of the
current, so we need a voltage-to-current transformer. A constant current source,
which can be used in that regard, can be seen in figure 5.5. The figure is just a
schematic example of how to design a constant current source. Exact details, such
as which operational amplifier or which transistor are used in the laser controller,
are left out.
In the case of a current source for a laser diode, one would place the laser diode
as a load resistor. The load resistor has a nonconstant resistance. The task of transforming the voltage into a current is performed by measuring the current through
an ohmic resistor, which connects to the load resistance in series. In this case, we
choose R1 = 100 Ω.
By setting an input voltage, the voltage at the positive input of the operational
amplifier U+ exceeds the voltage at the negative input U− . It follows that the
operational amplifier will set a positive voltage at the output, which is connected to
the base of the transistor. The operational amplifier will increase this voltage until
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Figure 5.5: The figure shows the schematics of a constant current source. The
operational amplifier uses a 100 Ω shunt resistor to measure the current through
the resistor. The current, which flows through the resistor, is approximately
the same as the current, which flows through the load. The current is set by
putting a voltage at the noninverting input of the operational amplifier.

the voltages at both inputs are equal. This happens at a voltage of
(5.3)

U+ = U− = R1 · I1 ,

where I1 is the current, which flows through R1. The current through the load Iload
is given by
(5.4)

Iload = I1 − IB ,

where IB denotes the current at the base of the transistor, which is emitted by the
operational amplifier. In this way, the current Iload is constant and can be controlled
by the voltage at the positive input of the operational amplifier.
One could even go one step further and replace the transistor with a field-effect
transistor. These have a high input impedance at low frequencies, which eliminates
the base current IB . It holds that
(5.5)

U+ = R1 · Iload

and U+ gives direct control about the current through the load, as long as theTITLE:
resistance R1 is known. The voltage U+ can be controlled with a potentiometer or New Schematic
with a digital-analog converter. We will explain this in detail in chapter 7.
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A piezoelectric element uses high voltages and low currents. To control these, one
uses a noninverting amplifier. The schematics for this can be seen in figure 5.6, where
again the design is shown schematically instead of in detail.
The noninverting amplifier uses a voltage divider to divide the voltage at the
negative input by 100. To match both inputs the circuit has to reach an amplification
of 100. With a transistor, which is connected to 1000 V through a resistor, the
piezoelectric elements can be driven with voltages almost as high as 1000 V. The
limiting factor is the additional resistor R3, which saves the transistor from a voltage
drop of 1000 V if no input is provided. This is why the resistor needs to withstand
powers of up to 20 W in the example circuit.
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Figure 5.6: The figure shows the schematics of a piezo driver. Piezos need
high voltages but draw minimal current. The operational amplifier acts as a
1 MΩ
noninverting amplifier and boosts the voltage by a factor of 1 + 10
kΩ = 101.
An additional 50 kΩ resistor absorbs a possibly harming voltage drop across
the transistor.

5.8

Temperature Circuit

The temperature controller is a controlling circuit. It is made up of two separate
segments, where one controls the temperature of the housing, and the other one
controls the temperature of the laser diode. As an actuator, the controller uses a
Peltier element, which is built into the laser.
A Peltier element is a device, which converts current into a temperature difference or the other way around. It works by sending current through p- and n-doted
semiconductors. Due to a rising and falling of the energy in the junctions, the element produces heat and cold, respectively [17]. The advantage of using a Peltier
element is that it can be used for both heating and cooling the laser.
We will go into detail about controlling circuits in the next chapter. Appendix A
provides information about control theory.
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Chapter 6

Stabilization of a Helium-Neon
Laser for Wavemeter Calibration
The helium-neon laser or HeNe laser is one of the most popular lasers. It has been
invented in 1961 and was the first continuous wave laser. Nowadays, the cheaper
diode laser has taken the place of the HeNe laser, so it finds usage for scientific
purposes only.
In this chapter, we will stabilize a HeNe laser to a specific frequency. The stabilization is necessary to use it as a reference in the laser system. The laser can be used
to calibrate a wavemeter regularly. It might even function as a permanent reference.
We start by describing the working mechanism of a HeNe laser in section 6.1, where
information has been taken from [17]. In section 6.2, we will explain stabilizing
methods for HeNe lasers. Besides the techniques which we used, we explain easier
and more sophisticated means of stabilization. Section 6.3 is dedicated to examining
whether our laser is suitable for the stabilizing methods. A heating element will be
placed inside this laser in section 6.4. We will demonstrate the electronics we used
in section 6.5 and section 6.6. The results of the experiment will be shown and interpreted in section 6.7 and section 6.8. Finally, we will point out how these results
can be used to calibrate the wavemeter WS7 in section 6.9.

6.1

The Helium-Neon Laser

The gain medium of a HeNe laser is a mixture of helium and neon, with a ratio of
about 10:1. The mixture is inside a glass tube with two electrodes. Due to a high
voltage applied to the electrodes and the effect of electrical discharge [30], the atoms
get excited. A relevant state of excitation is the 2s state of helium. The energy of this
level is close to the energy of the 5s state of neon. This leads to a high probability
of exchange of excitation, whenever a helium and a neon atom collide. The 5s state
of neon is rarely excited through electrical discharge because of lower energy levels
in neon, which are preferred.
The upper lasing level is given by the 5s state of neon, which is optically coupled
to the 3p state and emits 632.8 nm laser light. The 3p state quickly decays into one
of the lower energy states of neon, which keeps up the inversion. Thus the light of
the characteristic wavelength gets amplified inside the glass tube.
Additional transitions in the level scheme are 4p←5s with a wavelength of 3390 nm
and 3p←4s with a wavelength of 1150 nm. Figure 6.1 illustrates the processes inside
a HeNe laser.
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Figure 6.1: The figure shows the working principle of a helium-neon laser
with the help of their level schemes. Helium gets excited to the 2s state by
electron collision, which happens because of electrical discharge due to a high
voltage inside the laser cell. The 2s state is very close to the 5s state of neon.
This causes a high probability of exchange of excitation during a collision. The
5s and the 3p level of neon make up the laser levels with the characteristic
wavelength of 632.8 nm. The helium is necessary, since an excitation through
electron collision to the 5s level in neon is very unlikely, as it has a greater
number of lower energy levels. The figure has been adapted from [12].
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Figure 6.2: The figure shows the frequencies of the HeNe laser and the
schematic setup for the stabilization.
(a) In this subfigure, the output power of the laser is plotted against the frequency. The surrounding Gaussing function characterizes the gain medium.
The individual frequencies, whose spacing is given by the free spectral range,
move underneath the gain curve. Consecutive modes are shown blue and red
to emphasize that their polarizations are perpendicular to one another. As the
cavity length is changed, the frequencies move. The desired setpoint is given
by the same intensity for an s-polarized and a p-polarized mode.
(b) We see the setup for the HeNe laser stabilization. The output of the laser
passes a Fresnel-rhombus, which acts as a half-wave plate and essentially does
the same as rotating the laser. The beam continues to a Glan-Taylor prism
or polarizing beam splitter to measure the intensities of the polarizations with
photodiodes, respectively. The signals are subtracted from one another, which
gives an error signal. A PID controller regulates the heating element inside the
laser, thus the cavity length.
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6.2

Stabilization Methods

The gain curve of a HeNe laser can be described by a Gaussian with its maximum
at 473.61254 THz and an FWHM of 1400 MHz [31]. The Gaussian curve arises due
to Doppler broadening of the moving helium and neon atoms inside the glass tube.
The resonator of the laser produces frequencies with a free spectral range ∆ν, which
can be calculated to be
∆ν = νn − νn−1 =

c
n c (n − 1) c
c
c
−
=
−
=
,
λn λn−1
2L
2L
2L

(6.1)

where L is the length of the optical cavity inside the laser, which has been taken from
equation (4.10). The length of the cavity undergoes fluctuations due to variations
in the temperature. This means that the frequencies move underneath the Gaussian
gain profile as it can be seen in figure 6.2a. Thus, a specific mode can vary in intensity
and frequency. Especially during the startup process of the laser the temperature
rises and the frequencies decrease. As a specific mode travels along the gain curve,
the intensity increases until the maximum is reached. After it passed the maximum,
the intensity starts to decrease again. In order to stabilize the laser, the temperature
of the laser has to be held constant. For this, a heating element will be installed into
the laser.
Among the different methods of stabilizing a HeNe laser, the most simple one is
to stabilize the temperature of the glass tube explicitly. Therefore, a temperature
sensor has to be installed into laser along with the heating element. A PID, whose
mechanism explained in appendix A, will keep the laser tube at a constant temperature. In this way, no fluctuations in temperature, thus in frequency, will occur and
the laser is stabilized. For this method, no data of the frequency is obtained, which
limits the quality of this stabilizing method.
One achieves greater stability if the intensity of the laser is measured instead of
the temperature. As described before the intensity of the laser reaches a maximum if
the laser is in the center of the gain curve. By reading the intensity of the laser with
a photodiode, one could tell if the laser drifts and countersteer the effect with the
heating element. The intensity stabilization has higher accuracy as the temperature
stabilization. However, one faces the challenge of stabilizing onto a maximum of the
error signal.
To avoid this, one could use a laser, where adjacent modes are orthogonal. Although not all HeNe lasers do have this feature, some of them show it [32]. This
means that the laser can radiate two modes at once because perpendicular modes
do not affect each other and can coexist inside the laser. This characteristic helps to
create an error signal, which a PID can stabilize on. The signal is generated by separating the polarizations with a polarizing beam splitter and measuring the intensities
of the dedicated beam path. By subtracting the two intensities, one gains the error
signal. The PID keeps the two modes on the same intensity, thus stabilizes the laser.
Although this technique does not stabilize onto the maximum of the gain curve, the
frequency is still well-defined as the two polarizations are stabilized around the peak.
The frequencies of the two polarizations are given by
1
νP/S = 473.61254 THz ± ∆ν.
2

(6.2)

Even further stability is obtained by Zeeman split based methods [33]. Exposing
the laser tube to a magnetic field gives rise to Zeeman splitting of the lasing levels,
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Figure 6.3: Intensities of the different polarizations of the HeNe laser plotted
against time. Due to heating during startup, the laser cavity expands, and the
laser scans through different modes. The plot shows that consecutive modes
are orthogonally polarized.

thus to the frequency modes. Also, the gain curve of helium and neon splits up
equally around the original center. For stabilizing the laser, two modes are locked to
the same intensity, which means that they are centered around the original peak of
the gain medium. It is also possible to stabilize the beating signal of the two modes
to a dedicated value. However, these methods are beyond the scope for this purpose.
They provide stability in the kHz regime, which is not necessary for calibrating the
wavemeter, as it has an accuracy of 30 MHz. For this reason, we chose the dual
mode polarization scheme, which we explained in the previous paragraph.

6.3

Investigation of Laser Modes

While the laser turns on, the temperature of the cavity rises. This causes a drift
of the frequency. Therefore, measurement of the laser intensity has been performed
during the process of turning on the laser.
The laser that we used for this experiment is LGK 691 by the company Lasos
formerly known as Siemens. In figure 6.3, the intensities of the two polarizations
are shown in blue and red, respectively. The laser light has been split with a GlanTaylor prism by B. Halle, and the intensity has been measured with photodiodes
as described in section 5.2. For achieving better results, a Fresnel-rhombus, thus a
half-wave plate, was inserted into the beam path before splitting the modes. The
plate was rotated in such a way, that the signals where maximized.
The diagram shows the expected behavior. As the laser heats up, it scans through
different modes. The intensities increase and decrease periodically while the frequencies move beneath the gain profile as it can be seen in figure 6.2a.
Also, we see that that the intensities of s-polarized and p-polarized light is phase
shifted by 180◦ . This shows that consecutive modes are orthogonally polarized for
this particular laser.
The setpoint for the stabilization will be, where both intensities are equal. For
the PID, it is crucial that the error signal is linear around the setpoint. As the error
signal will be the difference of the intensities, we see from figure 6.3 that the error
signal fulfills this criterium in this area. The laser is suitable for stabilization.
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Figure 6.4: The figure shows a photograph of the opened HeNe laser LGK 691.
The laser is running, which can be seen by the glowing laser cell. A resistive
heating element coats the glass tube to control the temperature and the length
of the cavity. The heater has been fixed with Kapton tape.

6.4

Temperature Control

For controlling the temperature of the laser a heating element had to be installed into
the laser as the actuator. We chose a resistive heating element with a resistance of
Rheater = 13 Ω. Although this unit can not be used to cool the laser straightaway, it
was easier to install into the laser than a Peltier element. We will describe a method
of cooling the laser with this resistive heater in section 6.7.
Unfortunately, the laser did not have a detachable housing, but it was possible
to open the laser with a rotary tool. By using the device, it was imperative to act
very carefully as HeNe lasers are made of a delicate glass tube, which might shatter
due to vibrations or percussion.
The inside of the laser showed the glass tube with a diameter of one centimeter.
The length of the cavity could not be examined. It was held in place with a silicone
plug, which we did not want to remove, as this could have damaged the cavity.
Additionally, round circuit boards fixed the tube. These rings helped to attach
the heating element to the tube, as one of the rings prevented the heater from
unrolling. Figure 6.4 shows the heating element rolled around the laser cell. Some
additional Kapton tape secured everything in place. At last, the wiring of the heater
was laid outside of the laser to make it accessible from outside, and the laser was
closed with the original housing.

6.5

Power Regulation of Temperature Control

The heating element inside the laser was controlled with a transistor. The power
drawn by the heating element is not linear with respect to the control voltage at
the base of the transistor. Thus, an additional pulse-width modulation circuit or
PWM circuit had to be used. The circuit translates the control voltage into the duty
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Figure 6.5: Schematics for the PWM circuit including the heater and an NPN
transistor, which drives the heater. The PWM circuit works by comparing the
signal to a triangular voltage with a frequency of 3 kHz, which is done by
opamp U1. Opamp U3 produces a square wave. This voltage gets converted
into the triangular voltage by opamp U2. Additionally, the signal is offset by
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cycle D, which is a parameter in [0, 1]. The power P is given by
Z
1 T
U (t)2
P =
dt
T 0
R
Z DT
Z T
1
2
=
dt Umax
+
dt 0
RT 0
DT
U2
= max · D
R
= Pmax · D,

(6.3)
(6.4)
(6.5)
(6.6)

where T denotes the period of the PWM, R gives the resistance of the heater, and
Pmax is the power of the circuit at Umax = 12 V. In equation (6.6) we see that the
power of the PWM circuit is linear in the duty cycle, thus in control voltage.
The linearity of control voltage and power is vital for the PID controller. A PID
controller operates best if the input signal is close to a linear edge and the output
signal affects the input signal linearly.
In this case, the system will not suffer from using a PWM. Since the control
voltage causes a thermal change, the system will not oscillate at the PWM frequency.
The heating element acts as an integrator, which smoothens the control signal again.
In figure 6.5, we see the schematics of the PWM circuit. The circuit is made up
of six opamps, which are supplied with 0 V and 12 V and decoupled with a 100 nF
and a 4.7 µF capacitor at each input.
The circuit works by using opamp U1 as a comparator between a triangular
voltage and the signal voltage. If the triangular voltage is higher than the signal,
the opamp will give the minimum output of 0 V, and if the triangular voltage is
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Figure 6.6: The figure shows voltage plotted against time. It illustrates the
working mechanism of comparing a signal to a triangular voltage in order to
retrieve a PWM signal. The triangular waveform is shown in blue, the signal
is shown in red, and the PWM output is shown in yellow. The figure has been
adapted from [34].

less than the signal, the opamp will output its maximum of 12 V. This produces a
PWM voltage with a duty cycle proportional to the input voltage. The mechanism
is illustrated in figure 6.6.
Opamp U2 and U3 prepare the triangular wave. U3 is used to produce a square
wave. The square wave is integrated by opamp U2, which gives a triangular waveform. The resistors and capacitors have been chosen that the frequency of the PWM
circuit is 3 kHz.
The remaining circuitry sums the signal with an offset of 6 V, which is necessary
because the PWM circuit runs on single supply mode. Otherwise, negative input
signals would not affect the PWM output. Opamp U5 buffers the offset.

6.6

Control Circuit

The signal, which is fed to the PWM circuit, is generated by a PID controller. For
this particular application, neither an analog nor a digital PID controller is superior
to the other. The PID controller affects the system thermally. Thus, no fast reaction
is necessary. In our case, we choose an analog controller.
The schematics for the analog PID controller can be seen in figure 6.7. The photodiodes pick up the signal of the p- and the s-polarization of the laser, respectively.
Whenever the intensity of one of the polarizations is stronger, the dedicated laser
diode will generate more current for which the other photodiode cannot compensate.
Therefore a current will flow towards U1 and the opamp will create an output voltage. The gain of the current-to-voltage converter is adjusted with a potentiometer
in the feedback loop.
The second opamp acts as an amplifier, integrator, and differentiator altogether.
This element covers the PID part of the circuit. The PID parameters can be calculated as [35]
R4 C1
+
= 1.1
R3 C2
1
Ki =
= 10 Hz
R3 C2
Kd = R4 C1 = 0.01 s
Kp =
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Figure 6.7: The figure shows the schematics for the PID circuit. The error signal is generated by connecting two photodiodes in series. Whenever
the two photodiodes generate an unequal signal, opamp U1, which act as a
transimpedance amplifier, will generate non-zero output. Opamp U2 acts as
the PID controller. It amplifies, integrates, and differentiates the signal. Two
Zener diodes parallel to the integrating capacitor, prevent the PID controller
from outputting more than 2.7 V. Additionally the capacitor can be discharged
manually by pressing button S1. In the end, the signal is buffered.
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Additionally, the PID features a set of Zener diodes across the capacitor, which
is responsible for integration. If the integrating part exceeds ±2.7 V, both of these
diodes will begin conducting, which discharges the capacitor. This prevents the integration from generating outputs up to ±12 V. The capacitor can also
TITLE:be discharged
New Schematic
manually by pressing the button parallel to the capacitor. This deletes
the history
Date:
2017-12-12
of integration.
EasyEDA V4.11.9
2
3
For creating a tunable
PID controller,
one would separate4 the proportional, in-5
tegrating and differentiating part into an opamp each. In that way, it is possible
to change individual parameter without affecting the remaining. However, we are
not interested in improving the parameters after the experiment has been set up.
In our case, the set of parameters has been determined with potentiometers before
installing fixed resistors.
The signal at the output of opamp U2 will be inverted compared to the original
error signal. Yet, it is not necessary to insert an inverting amplifier at the output.
If one wanted to change the sign of the error signal one could swap the photodiodes.
In the end, the output is buffered by opamp U3.

6.7

First Execution

The first step of starting the stabilized laser is to bring the system to thermal equilibrium. For this, the laser has been turned on, and the input to the PWM circuit has
been grounded. In this way, the system equilibrated to an output, which corresponds
to half of the maximum output power so one can have both a heating and a cooling
effect on the system. In an equilibrated system, the input heat is equal to the heat
that is transmitted to its surrounding. The system can either be cooled by reducing
the input power or heated by increasing it.
In our case, we let the laser equilibrate for 30 minutes. After this, no drift could
be seen on the wavemeter, and only random fluctuation affected the wavelength.
Then the PID controller was activated. Measurements of the wavemeter during the
turn-on process of the PID can be seen in figure 6.8.
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Figure 6.8: The figure shows the settling of the stabilized HeNe laser. In
the diagram, the frequency of the laser is plotted against time. The frequency
has been measured with an uncalibrated wavemeter WS7, so there may be
an overall offset. For the experiment, the laser has been turned on and left
untouched until in thermal equilibrium. Then the PID controller, which is
presented in section 6.6, has been activated. We see some overshoot of the
controller. The frequency quickly settles, and the controller keeps it constant.

We have to denote that the data of the wavemeter was still uncalibrated at this
point. So it cannot be considered absolute data, and there may be an overall offset.
In this figure, we see that the PID controller slightly overshoots at first approach.
But it settles within a matter of around 5 to 10 seconds and stays at a constant
frequency, which we expect from a stabilized laser.

6.8

Long-Term Stability

Instead of an investigation of the settling time, like we showed in the previous section,
we are interested in the long-term stability of the stabilized HeNe laser. For this
reason, we measured with the uncalibrated wavemeter during weekends, where no
disturbances in the laboratories affected the laser. The result of the measurements
is shown in figure 6.9a. We offset the data by the mean value of all measurement
points to make differences more visible and to eliminate the absolute offset. We see
that the laser features good short-term stability. However, over the course of hours,
the frequency starts drifting.
A handy tool to evaluate the drift of a measurement variable is the Allan variance
or the Allan deviation. We explain the concept in the appendix C.2 in detail.
The Allan deviation of the wavemeter data for the long-term measurement can
be seen in figure 6.9b. The value of the deviation decreases first and reaches its
minimum of 0.2076 MHz at a gate time of 0.42 s. Then the deviation increases due
to the drift. The plot looks very similar to a typical diagram of an Allan deviation.
From the plot, we learn that for a gate time of 0.9658 h the laser is stable up to
1.175 MHz.
Nevertheless, we have to denote that any drift cannot be attributed to the laser
with certainty. All data points were within the systematic error of the wavemeter of
30 MHz. So instead of the laser drifting over the course of hours, it is as likely that
the wavemeter could drift.
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(a)

(b)
Figure 6.9: The figures show the results of frequency measurements of the
stabilized helium-neon laser
(a) Long-term measurement of the stability of the stabilized HeNe laser: The
plot shows frequency against time. The data has been retrieved from a wavemeter WS7 with an accuracy as high as 30 MHz [36].
(b) Allan deviation of the data in (a): In the figure, the Allan deviation is plotted against the gate time. We learn that the laser has stability of 1.175 MHz
in 0.9658 h.

6.9

Wavemeter Calibration

By exchanging the photodiodes, one can choose to stabilize onto the lower or the
higher frequency, like it is shown in figure 6.2a. In that regard, it is possible to measure the free spectral range of the laser. For this, even the uncalibrated wavemeter
will give the correct result because any offset in the frequencies, will cancel out by
subtracting the frequencies.
To obtain the data, we measured for ten minutes at each frequency. The result
of this analyses yielded a free spectral range of
∆ν = (728 ± 4) MHz.

(6.10)

The error of the frequencies is two times the standard deviation during the measurement. Then, error progression tells us to sum the errors of the two frequencies to get
the error for the free spectral range [37].
With equation (6.1) we get a tube length of
L = (20.6 ± 0.1) cm

(6.11)

for the laser LGK 691. Unfortunately, this value cannot be compared to a datasheet.
Nonetheless, equation (6.2) and (6.10) can be combined to calculate the absolute
frequency of the laser. The result is
ν1 = (473.611785 ± 0.000002) THz
ν2 = (473.612513 ± 0.000002) THz,

and

(6.12)
(6.13)

which gives the values to use for the wavemeter calibration. By the manual of
the wavemeter [36], an accuracy of 6 MHz is recommended. The accuracy of our
measurement is 2 MHz, as it can be seen in equation (6.12) and (6.13). Thus the
stabilized HeNe laser is sufficient for the wavemeter calibration.
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Chapter 7

Real-Time Experiment Controls
In chapter 5, we presented the laser controller developed by the company Radiant
Dyes. The unit can be seen in figure 5.4. The device is equipped with potentiometers
at the front panel. These potentiometers are used for manipulating the laser parameters, which are laser current, piezo voltage, and temperature. While using the laser
controller, the desire arose to change the laser parameters digitally. Realizing this
idea will not only give a more comfortable way of controlling the laser, but it may
also provide additional accuracy. The laser can be controlled remotely, and a person,
which is controlling the laser does not necessarily need to be close to the laser. A
human with its body temperature and possible shocks or vibrations does always have
a negative impact on experiments. Further motivation for the modifications to the
controller is presented in the outlook of the thesis.
In this chapter, we will describe an approach on modifying the laser control
unit. The goal is to manipulate the laser parameters with a computer. For this, we
introduce the Raspberry Pi, which will be the heart of our system, in section 7.1.
We continue by showing how a Raspberry Pi can be connected to the laser controller
in section 7.2, and compare the accuracy to the original controls in section 7.3.
Section 7.4 will be dedicated to mimicking the functioning of the buttons for the
laser controller. We continue by analyzing if the digital controls enhance the noise
in the system in section 7.5, and the chapter will be closed with section 7.6 by giving
an example of an application for this scheme.

7.1

Computer System

As a computer system for the experimental controls, we chose the Raspberry Pi,
which is a small single-board computer. It has been released in many forms and has
been developed by the Raspberry Pi Foundation in the United Kingdom.
The computer, which is approximately the size of a credit card, is used in a wide
variety of projects, which involve electronics. Figure 7.1 shows a photograph of the
unit. In the picture, we see that the device features all kinds of connections, which
we know from regular computers. These connectors include USB, HDMI, Ethernet,
and many more. The reason why this single-board computer is very famous in the
DIY-community is that it also features the so-called general-purpose input-output
pins, which can be seen in figure 7.1. These 40 GPIO pins can be used for different
applications, as some provide a regulated voltage for supplying third-party devices,
some can be used to transmit data, and others can be set to a low or a high value
through software.
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Figure 7.1: The figure shows a photograph of the Raspberry Pi. It is a singleboard computer developed by the Raspberry Pi Foundation. We use it as the
underlying computer system for the digital laser controller in this thesis.

The most recent version of the Raspberry Pi, which is versions 3, is also capable
of communication through WiFi and Bluetooth. This feature comes in hand when
logging into the computer remotely.

7.2

Connecting a Digital-Analog Converter

Although the Raspberry Pi features a lot of interfaces, one way of outputting data is
missing. The Raspberry Pi cannot be used to output analog voltage by itself. To do
so, we need a digital-analog converter, as the Raspberry Pi is capable of outputting
digital data through the GPIO pins.
A digital-analog converter or DAC is a device which converts a digital signal into
an analog signal. A digital voltage can only accommodate two different values. The
values are called low and high and are 0 V and 3.3 V for the case of the Raspberry
Pi. On the other hand, an analog voltage is a voltage in between the minimum
and the maximum value. The advantage of digital communication is that it is not
as error-prone as the analog voltage is. It is improbable that a high voltage gets
confused with a low voltage, as these two values are far apart from one another. In
the case of analog communication, it is easily possible that values are mismeasured.
Additionally, the analog voltage is vulnerable to noise in the system.
Nowadays almost all kinds of communication are held digitally, as the advantages
outweigh the loss of resolution, which we will explain in section 7.3. However, we
need an output of an analog signal in our case. As it has been demonstrated in
chapter 5, the laser parameters are controlled by potentiometers. To replace the
potentiometers and to control the laser parameters with the Raspberry Pi, an analog
voltage is necessary.
In our case, we used the LTC2655, which can be seen in figure 7.2. The device
has been chosen because it features internal reference voltage, I2 C communication,
and the output voltage is in an appropriate range. The resolution of the unit is
16 bits.
I2 C, which stands for Inter-Integrated Circuit, is a bus used for communication
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Figure 7.2: The figure shows a photograph of the circuit that houses the
digital-analog converter LTC2655 and an operational amplifier LM307N. The
digital-analog converter generates a voltage, which can be controlled with the
Raspberry Pi through the I2 C protocol. It is soldered onto a circuit board.
The operational amplifier translates the voltage by inverting it and amplifying
it by a factor of two, so the voltage is in the right range for mimicking a
potentiometer in the laser controller.

between devices and peripherals or masters and slaves, as they are referred to as.
It uses three connections between the devices. The first one is the data. It can be
used in both ways so that also the slave can communicate back to the master. The
second one is a clock to give the rate at which the data is transmitted. The third
connection matches the ground of the slave and the master.
The advantage of the I2 C protocol is that multiple slaves can be connected to
the same output wires. This makes it easier to do the wiring across the devices. The
master will start its communication with a specific bit sequence, which addresses one
of the slaves.
At the same time, this can also be seen as a disadvantage of the I2 C protocol.
The additional bit sequence, which needs to be sent for every transmission, slows
down the communication between the devices. Thus I2 C protocol is only used for
lower-speed connections. I2 C protocol is perfectly suitable for our application, as no
high speeds are necessary to mimic a potentiometer.
For the DACs replacing the existing potentiometers, one DAC has to be connected to the input terminals of the piezo controller, the temperature controller, and
the current controller, respectively. The existing potentiometers had been disabled
by removing the buffering operational amplifier. Thus no signal was passed. We
connected the DACs to the Raspberry Pi with box headers and supplied them with
the 5 V pin of the Raspberry Pi. Additionally, an operational amplifier of the type
LM307N was used to invert the voltage of the DAC. As an example, the circuitry of
the current driver can be seen in figure 7.2.

7.3

Accuracy of Digital-Analog Converter compared to
Potentiometer

The DAC LTC2655, which we use for this project features 16 bits, which means
that the DAC can accommodate 216 different voltages. It uses a 4.096 V voltage
reference internally. Together with the amplification factor of two, this leaves us
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Figure 7.3: The figure shows the modification, which is necessary to substitute
the buttons of the laser controller.
(a) In the schematics, we see that the button pulls down a voltage. The same
functionality can be achieved by bypassing the button with a transistor and
setting a voltage to the base of the transistor.
(b) The photograph shows that this does not require much modification to
the original laser controller, as the transistor can simply be soldered parallel
to the switch. The button does not need to be replaced and maintains its
functionality.

C

with a maximum voltage of −8.192 V and minimum step of
D

|−8.192 V|
= 125 µV.
216

Ustep =

TITLE:

New Schematic

(7.1)

1

2

3

αstep =

10 · 360◦
= 0.05493◦ .
216

4

5

(7.2)

At a radius of r = 1 cm, the minimum angle step αstep translates to minimum step
in position lstep , which is
lstep =

2πr αstep
= 9.587 µm.
360◦

(7.3)

It is not possible to increment a potentiometer in the micrometer regime by hand.
This means that the accuracy of the DAC exceeds the accuracy of the potentiometer.
Thus a 16 bit DAC is sufficient for our use.

7.4

Interface

Besides the potentiometers for controlling the laser parameters, the laser control unit
also featured buttons to activate the temperature controller or the laser in general.
For our modification to have the maximal functionality, we need to be in control of
these buttons, as well. This sections will show a way of bypassing the buttons.
As an example, we will look at the button, which pulls down a voltage to activate
the laser. The schematics can be seen in figure 7.3a. The button is connected to
5 V through a 10 kΩ resistor. This setup outputs 5 V as long as the button is not
pressed. Pressing the button grounds the resistor and the output voltage drops to
ground.
Since it is our desire not to make massive changes to the laser controller, we
decided to use a transistor to bypass the switch. In this way, it is not necessary to
remove the button, and the original button will even maintain its functionality. The
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Figure 7.4: The figure shows the schematics (a) and a photograph (b) of the
prepared probe. The probe is made up of a 50 Ω coaxial cable, a 1 kΩ resistor
and a 0.1 µF capacitor. The coaxial cable shields the probe from surrounding
noise. The resistor and the capacitor act as a high pass filter to protect the
spectrum analyzer.

transistor will start conducting if a specific voltage is set to the base and software
will ensure that this only happens for a tenth of a second to mimic the press of the
button. In figure 7.3b, we see the transistor, which has been soldered to the laser
controller.

7.5

2

Noise Analysis

A substantial aspect of modifying the laser controller is the fact that the digital
control does not increase the noise level. A higher noise level would result in broadening the linewidth of the laser, which would have a negative impact on experimental
results.
For analyzing the noise in the system, we used a real-time spectrum analyzer
BB60C by Signal Hound and a probe, which we prepared ourselves. The schematics
of the probe can be seen in figure 7.4a. For the probe we used a 50 Ω coaxial cable,
to protect the signal from surrounding noise. Additionally, we equipped the probe
with a 0.1 µF capacitor and a 1 kΩ resistor. These act as a high pass filter with a
cutoff frequency of fc = 1, 592 Hz and help to protect the spectrum analyzer from
possible low-frequency signals such as a DC offset, which might harm the
spectrum
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analyzer.
New Schematic
We tested the quality of the probe with a rf network analyzer 8712X by Hewlett
Date:
2017-12-27
Packard. The results can be seen in figure 7.5, where 7.5a shows the
reflection
of the probe and 7.5b shows the transmission of the probe. Despite EasyEDA
a very V4.11.9
high
3
4
reflectivity of the probe, both curves are very smooth and show an even transmission
of data. This makes the probe suitable for analyzing high-frequency signals. The low
transmissivity of around -15 to -20 dB is an intended result of the voltage divider.
We analyzed the noise of the system at two different test points. The first test
point is the spot at which the potentiometer or the DAC generates the voltage. We
soldered the probe to the board and measured the signal with the spectrum analyzer.
The result can be seen in figure 7.6a. The blue graph shows the spectrum of the
potentiometer voltage and the red graph shows the voltage of the DAC. If we compare
both curves, we see that the DAC increases the noise profoundly. The level of the
noise increases especially in the low-frequency regime and in the range of 300 to
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Figure 7.5: The figure shows the analysis of the probe, which has been performed with a rf network analyzer 8712C by Hewlett Packard.
(a) This figure shows the result of the investigation regarding the reflectivity
of the probe. The reflectivity of the probe is very high.
(b) We see the results of the transmissivity of the probe. The transmissivity
of the probe is deliberately very low to protect the spectrum analyzer. Both
curves are very even in frequency, which makes the probe suitable for analyzing
spectra.
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Figure 7.6: The figure shows the spectrum of the voltages at two different
test points. The blue curve gives the spectrum of the purely analog control,
and the red curve is measured after installing the digital controls.
(a) For this spectrum, the probe has been soldered to the point at which the
potentiometer or the DAC generates the voltage. We see a noise enhancement.
(b) The probe has been soldered to the base of the transistor, which controls
the laser current. We do not see any enhancement of the noise.
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(a)

(b)
Figure 7.7: The figure shows the setup for the intensity lock.
(a) The laser shines onto a photodiode, which is connected to a transimpedance
amplifier in a housing. The signal is forwarded to the Raspberry Pi.
(b) This photograph has been taken through an IR viewer of type 86600. It
shows the laser spot hitting the photodiode.

350 MHz. Additionally, we see peaks in the spectrum in between 200 and 300 MHz.
Most of the noise enhancement can be attributed to the network communication of
the Raspberry Pi, as the noise level increased as soon as we maximized the SSH
communication to the Raspberry Pi. But the noise that the DAC and the Raspberry
Pi inject to the system is with a maximum amplitude of -80 dBm, which converts to
around 20 µV in a 50 Ω-system, still at a low level.
The second point at which we tested the system for noise is the output to the
laser. We soldered the probe to the base of the transistor, which drives the laser. So
the voltage at this point should give us information about the current, which flows
through the laser diode. The results of this investigation are shown in figure 7.6b.
We see that the noise level is not increased after installing the digital controls. Both
curves have noise in specific ranges and individual peaks. The curves look very
similar except for random fluctuations. We can tell by the graph that the digital
control does not increase the noise of the laser current.
Despite the DAC and the Raspberry injecting noise into the system, the laser
current is not affected. This tells us that the current driver acts as a low pass filter
and suppresses the noise. So the digital laser driver should give the same results as
the analog laser driver does.

7.6

Intensity-Lock

In this section, we present the intensity lock as an application for the digital laser
controller. Further applications will be shown in the outlook of the thesis.
As the laser current is directly proportional to the intensity of the laser, it seems
natural to use it for controlling the intensity. For locking the intensity to a specific
value, the intensity is measured with a photodiode circuit as it has been presented
in section 5.2. Since the Raspberry Pi does not include an input for reading analog
voltages, we need an analog-digital converter or ADC. We used the MCP3008 for
this purpose. It is a 10 bit ADC, which communicates with the Raspberry Pi over
the SPI protocol. As a reference voltage, we used 3.3 V, which the Raspberry Pi
provides.
The setup of the intensity lock can be seen in figure 7.7. It is straightforward, as
the only thing that is necessary is to shine the laser onto the photodiode. For future
operations, it would be required to include a beam splitter to use one of the paths
for the experiment.
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loop {

}

1

i n t e n s i t y = read_adc ( )
error = setpoint - intensity
output = p r o p o r t i o n a l _ g a i n ∗ e r r o r
transmit_dac ( output )
d e l a y ( time_step )

2
3
4
5
6
7

Figure 7.8: The figure shows pseudocode, which we used for stabilizing the
laser onto a particular intensity. A line-by-line description can be found in
section 7.6.

The Raspberry Pi can now both read the intensity of the laser and manipulate
the laser current. For holding the intensity at a constant level the most efficient
way is to use a digital PID. This kind of PID works the same as the analog PID,
which we described in section 6.6. The only difference between the analog and the
digital PID is that the digital version does not require operational amplifiers for
calculating values like the error signal. These parameters are handled digitally. In
figure 7.8, we present pseudocode that shows the working principle, which we used
for our implementation of the intensity lock.
First, the intensity of the laser is determined by reading the value of the ADC over
SPI. This happens in line 2. In line 3, we calculate the error signal by subtracting the
actual intensity of the laser by the desired setpoint. Line 4 generates the output by
multiplying the proportional gain with the error. The output is transmitted to the
current driver through the DAC through the I2 C protocol in line 5. Before repeating
the loop, a delay pauses the programme in line 6.
This code presents a proportional-type controller, which was sufficient to prove
the working principle of this kind of controllers. However, it is recommended to
determine if integration and differentiation of the error signal are necessary for each
individual case. The stability of the intensity heavily depends on the PID parameters.
Further information about PID controllers is presented in appendix A
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Chapter 8

Numerical Investigation of the
Laser Only Heat Engine
So far the thesis was dedicated to the design of a digital laser system. We showed how
to control laser parameters such as intensity and frequency in chapter 5, presented
modifications to a commercial laser control unit in chapter 7, and showed an example
of a software that takes advantage of the digitalization of the laser controller in
section 7.6. In this chapter, we will focus on an application of this kind of laser
system, as it requires excellent controllability of the laser parameters.
Previously, it has been shown that it is possible to make a single ion undergo a
thermodynamical cycle [3]. The general idea of this single-ion heat engine is presented
in chapter 3. For the first implementation of the heat engine, the temperature of the
ion was controlled by a combination of Doppler cooling and electric field noise. In
this chapter, we will present the idea and numerical simulations of a laser only heat
engine. This kind of heat engine uses Doppler cooling for mimicking both cold and
hot heat reservoirs.
We will start by explaining the simulation algorithm in section 8.1, and use it
on a simple example in section 8.2. In section 8.3, we propose the idea about how
to heat particles with a laser and use this approach in simulations, which will be
presented in section 8.4. Finally, we analyze the state of the particle in phase space
to check the coherence of the ion in section 8.5.

8.1

Algorithm for Laser Bath Engineering

The simulations in this chapter are based on the velocity Verlet algorithm of the first
order. Thereby, position ~x and velocity ~v are discretized in a manner that
~xn ≡ ~x(t = n h)

and

~vn ≡ ~v (t = n h),

(8.1)
(8.2)

in which ~x(t) and ~v (t) refers to the analytical position and velocity function, respectively, and h is the size and n the number of the time steps.
For the propagation of the position and velocity steps, an analytical function of
the acceleration is necessary. Since the potential in the tapered trap is well-known,
the acceleration can be calculated to be
~a(~x) =

F~ (~x)
q ~
= − ∇φ,
m
m
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~vn+1/2

~xn+1 , ~vn+1 , ~a(~xn+1 )

~xn , ~vn , ~a(~xn )
Figure 8.1: The figure visualizes the velocity Verlet algorithm of the first
order. The algorithm calculates an intermittent velocity. It uses this velocity
to calculate position and velocity of the next time step. The acceleration is
calculated from the potential of the trap.

in which φ is the potential given by equation (3.12), q is the charge and m is the
mass of the calcium ion.
For the propagation, an intermittent velocity step ~vn+1/2 is calculated for each
time step. This velocity is used for determining the next position step ~xn+1 and
velocity step ~vn+1 . The recursion is given by
h
· ~a(~xn )
2
= ~xn + h · ~vn+1/2
h
= ~vn+1/2 + · ~a(~xn+1 ),
2

~vn+1/2 = ~vn +
~xn+1
~vn+1

(8.4)
(8.5)
(8.6)

where functions in O(h2 ) are dropped. The algorithm is illustrated in figure 8.1.
Monte Carlo simulations give the interaction with the laser. For this, it is necessary to calculate the probability of a scattering event. The rate of scattering events
is [38]
R=

ΓS
,
1+S

(8.7)

where Γ refers to the natural linewidth, which is given by Γ = 23.1 MHz [10], and S
denotes the saturation parameter, which can be calculated to be [38]
S=

I

I0

Γ2
δ − ~kL · ~v

2

.

(8.8)

+ Γ2

Here I is the laser intensity, I0 is the saturation intensity, δ is the detuning and ~kL
is the wavevector of the laser.
For the simulation, we chose time steps of h = 5 · 10−10 s, which provided sufficient resolution for the micromotion according to equation (2.13). This size makes
more than two scattering processes during one time step very unlikely. So we can
calculate the probability of a single scattering event during a time step by
P =h·R

(8.9)

and ignore higher orders, i.e., cases with multiple scattering events during a single
time step.
During the time steps, where the ion interacts with the laser, we let the computer
generate a random number r ∈ [0, 1]. If the generated number is smaller than the
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Figure 8.2: The figures show a simulation for the tapered trap without laser
interaction.
(a) With a short run time, one sees the micromotion, which is an additional
oscillation superimposed with the natural motion of the particle. Micromotion
arises due to the radio frequency in the trapping potential (3.12). It is explained
in section 2.3.
(b) If we leave the same simulation run longer, we see that the oscillation in
the radial direction causes an oscillation in the axial direction. This feature
arises because of the tapered geometry of the trap.

probability, we know that a scattering event occurred and we model the event by
adding the momentum of the laser photon h̄|~kL |~uL with the direction |~uL | = 1 and
subtracting the momentum of a spontaneously emitted photon h̄|~ksp |~usp , where ~usp
is a randomly directed unity vector. According to equation (4.12), the velocity has
to be modified by
~vn0 = ~vn +

h̄|~ksp |
h̄|~kL |
~uL −
~usp .
m
m

(8.10)

In the case where r is greater than the probability P , no scattering event happened, and the velocity remains unchanged, thus
~vn0 = ~vn .

8.2

(8.11)

Simulation of the Tapered Trap

As a first approach, we simulated the behavior of the particle inside the tapered
trap without any light field. We used the potential as it is mentioned in equation (3.12). As starting values, we chose ~x0 = (1, 0, 0) nm and ~v0 = (0, 0, 0) m
s.
The trap parameters are V = 38 V, Ω = 2π · 22 · 106 Hz, r0 = 0.5 mm, θ = 10◦ , and
ωz = 2π · 80 · 103 Hz. The result of the simulation can be seen in figures 8.2.
In the figures, the radial component of the position is shown blue, and the axial
component is shown red. Subfigure 8.2a shows a simulation for 2 ns. We see that the
particle obeys a harmonic oscillation in the radial component. On top of the slow
oscillation, we see an additional oscillation with higher frequency. This oscillation is
called micromotion. The mechanism of micromotion is explained in section 2.3.
Subfigure 8.2b shows a simulation with an extended runtime of 20 ns. In this
simulation, an interesting feature of the tapered geometry appears. Even though the
simulation started with an initial deflection in radial direction only, an oscillation
in the axial direction can be observed. The simulation shows that radial and axial
motion of the particle are coupled. In the trap potential (3.12) the z-direction appears
in the x- and y-terms, due to the angled geometry of the trap. In section 3.4, we
derived why the coupling of modes is crucial for the working principle of the heat
engine.
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∆ < 0: Cooling
∆ > 0: Coherent Excitation
∆ d 0: Heating
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Figure 8.3: The figure shows the absorption probability plotted against the
velocity of the ion. The blue curve shows negative detuning, which is used
for Doppler cooling. The scattering probability is higher when the particle
moves towards the laser. The red curve has positive detuning. The ion is more
likely to scatter when traveling away from the laser. This results in a coherent
excitation of motion, which destroys the thermal state. The yellow curve shows
the idea of laser heating. While preserving a slight bit of negative detuning
and increasing the intensity of the laser, the ion will heat up and remain the
thermal state.

8.3

Laser Heating

Running a heat engine requires the working agent to be cooled and heated alternately.
The mechanism of Doppler cooling provides a way of mimicking a cold reservoir. The
concept of Doppler cooling is to detune the frequency of the laser, which drives a
transition in the calcium ion, towards the red. In this way, the scattering process
will be more likely if the particle is coming up to the laser and the ion will be cooled
as its absorbing the momentum of the absorbed photon. The principle of Doppler
cooling is explained in section 4.4.
The most obvious way of heating an ion would be to blue detune the laser, like
the red curve in figure 8.3 shows. By doing so, scattering events would happen more
often, when the particle moves away from the laser. Although the particle would
be accelerated with this approach, one cannot speak of heating the ion. A bluedetuned laser results in a coherent excitation thus destroys the thermal state of the
ion. A thermal state is necessary to define a temperature for the single particle. The
principle of the thermal state is explained in section 3.3.
The idea of heating the ion with a laser is to use the same mechanism that applies
to Doppler cooling. We choose a detuning that is just below zero and increase the
intensity of the laser. The scattering probability is shown yellow in figure 8.3. With
this set of parameters, we can still speak of cooling the ion. However, the ion will
not reach temperatures as low as they were before. In essence, the idea of heating
an ion with a laser is the same mechanism as Doppler cooling, except that we choose
a worse set of laser parameters.
This approach will not only have the effect of cooling the ion to a temperature,
which is not as low. The mechanism can even be used to heat up the ion if it is below
the mimicked bath temperature, as the recoil due to spontaneous emission will heat
up the ion.
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Figure 8.4: The figures show the results of simulations for the laser only heat
engine.
(a) In this figure we see the radial temperature of the ion plotted against time.
Initially, the particle is Doppler cooled to guarantee that it occupies a thermal
state. At 0.2 ms, the engine starts by alternately heating and cooling the
ion. The average temperature rises until the particle reaches constant working
temperature of 3.962 mK.
(b) This figure shows the axial position of the ion. As the engine starts, energy
is transferred to a coherent oscillation in this direction. However, the ion gets
Doppler cooled in this degree of freedom to preserve the ion from consistently
gaining amplitude.

8.4

Simulation of the Laser Only Heat Engine

Now that we have explained the principle of laser cooling and laser heating we can
simulate a thermodynamical cycle for the calcium ion. We start by Doppler cooling
the ion for 0.2 ms. This ensures that the ion is in a thermal state, to begin with.
The directions of the lasers have been set to (1, 1, 0) and (0, 0, 1) to cool the radial as
well as the axial degree of freedom. For cooling times we selected the ideal detuning
of δ = − Γ2 [19] and an intensity of I = I0 for the radial laser and, during heating
periods we chose δ = −1 MHz and I = 20 · I0 . The axial laser was permanently
set to cooling. The period of the thermodynamical cycle has been selected to be
T = ω2πz to guarantee an optimal transfer of energy to the coherent oscillation in the
z-direction.
The results of the simulations can be seen in figure 8.4. They have been averaged
over 50,000 runs. Subfigure 8.4a show the temperature of the ion plotted against
time. The temperatures have been calculated employing equation (3.3). We see the
expected behavior for Doppler cooling in the time interval 0 ms to 0.2 ms. The
temperature drops exponentially and remains static at around 1 mK. As described
in section 4.5 the Doppler temperature is not reached.
Starting from 0.2 ms, the ion is exposed to heating and cooling light fields alternately. As expected, the temperature of the ion rises. For lower temperatures, the
heating effect of the laser outweighs the cooling effect and the mean temperature
of the ion increases exponentially. After a warm-up, the temperature of the engine
settles at its working temperatures of 3.962 mK.
As described in section 3.5 the energy of the engine gets transformed into the
amplitude of the coherent oscillation in the axial direction. This feature can be seen
in subfigure 8.4b. At 0.2 ms, the point where the engine is started, the amplitude
of the oscillation begins to increase. Soon the amplitude reaches saturation, which
is a direct effect of the cooling laser in the axial direction. It protects the engine
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Figure 8.5: The figures show histograms of the phase space data for the ion.
(a) This diagram has been generated from the data, which we presented in
section 8.4. The Gaussian structure proves that the particle, which has been
heated with a laser only, still occupies a thermal state.
(b) As a reference, we prepared a coherent state of motion by using positive
detuning. The figure shows the phase space histogram of this state.

from strong oscillations. However, energy keeps getting transferred to this degree of
freedom.
Subfigure 8.4a shows the characteristic temperature curve of a heat engine [39]
and subfigure 8.4b shows that the cycle transformed energy. Thus the results prove a
working heat engine, which consists of a single calcium ion and is operated by lasers
only.

8.5

Coherence Analysis

In the previous section, we proved that it is possible to operate a single-ion heat
engine from lasers only. The temperature of the ion has been determined by equation (3.3). This equation requires the ion to be in a thermal state. In this section,
we will take a detailed look at the state of the ion and prove that the ion is in a
thermal state.
To get the first idea, we can have a look at figure 8.4a. This picture shows that
by exposing the ion to the heating laser, a heat reservoir is mimicked. We see this
by the fact that the heat engine reaches constant working temperature, whereas a
coherent excitation of motion would correspond to a heat reservoir of not defined
temperature. The temperature would rise for every stroke, and the engine would not
reach working temperature.
A far better analysis of the coherence of motion can be achieved by studying the
particle in phase space. For a thermal state, we would expect a Gaussian structure in
phase space [40]. The generated histogram is presented in figure 8.5a. The histogram
shows Gaussian characteristics. This reveals that a slight bit of negative detuning
is sufficient to preserve the thermal state. Thus the temperatures presented in the
previous chapter hold.
For comparison, we generated the histogram for a coherent state of motion. The
state was prepared by immersing the ion in a blue-detuned laser field. The phase
space histogram can be seen in figure 8.5b. The figure shows a torus shape, which is
characteristic for coherent oscillations. The diagram for this state differs a lot from
the thermal state.
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Chapter 9

Outlook
Despite the abstract concept of a single-ion heat engine, no limits are set to the
imagination regarding the outlook for this experiment. As a first approach, one can
try to invert the process, and use the ion as a heat pump. By actively moving the ion
along the trap the eigenfrequency of the oscillation changes and by equation (3.10)
we see that this affects the temperature of the ion.
Furthermore, the heat engine might be used as a sensor for small differences of
thermal baths. Thereby, the amplitude of the axial motion provides information
concerning the bath temperature, which the ion has been exposed to. With our
simulations about laser engineered baths, we paved the way for an investigation of
even non-classical baths with this instrument.
Also, additional applications of the tapered geometry of the Paul trap may be
possible. The single-ion heat engine gave first attention to this kind of trap. However,
this unique setup still needs to be investigated further.
Another part of the thesis was the fabrication of a real-time experiment controller
for this experiment. Designing this controller comes down to finding applications
were the modification provides improvements. One of these advantages has been
presented in section 7.6. In this section, we performed an intensity-lock of the laser.
We showed that it is possible to measure the laser with a photodiode, pass the
signal to the laser system, and have it control the intensity. In that way, the system
kept the intensity at a constant level, which is an essential feature for performing
experiments with a laser. This application for the digital laser system is already an
example of an application, which would not have been possible with potentiometers.
A person controlling these potentiometers would never reach stability as high as a
digital system.
However, the laser parameter, which may be of greater relevance for research, is
the frequency of the laser. The frequency can be measured with a wavelength meter,
as it has been presented in section 5.3. As further outlook of the thesis, we want to
offer a similar idea as it has been showed with the intensity. The signal from the
wavemeter could be forwarded to the laser system, which adjusts the laser parameters
in a way, that controls the frequency of the laser. But in section 4.8, we showed that
a diode laser is subject to mode jumps. These jumps make it challenging to be in
control of the frequency for a computer system as well as a human being. On the other
side, the digital laser system, which we developed in this thesis provides excellent
control of the laser parameters. One could think of scanning the frequency and the
intensity concerning the laser parameters, which would give a multidimensional map
of laser settings to laser properties. This map could be used to have the laser adapt
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to a particular state of operation. It may even be used to find a linear area around
the desired set-point and implement a digital PID controller to stabilize both the
frequency and the intensity of the laser. This laser system would eliminate manual
scanning of mode jumps, and scientists could focus on genuine work, instead of
making these troublesome adjustments.
This vision would still require modifications to the laser system. During operation, we had to open the laser to adjust the frequency. Inside the laser, a screw
provided the coarse setting for the outer cavity length. For being in control of the
laser entirely, one would need to replace this screw with a piezo stage. Despite the
additional dimension of the laser parameter mapping, the laser would show better
controllability. The coarse adjustment was vital to analyze the system for possible
mode jumps and to set the frequency of the laser to the desired value.
In section 7.5, we analyzed the noise enhancement of the system due to the digital
controls, which could increase the linewidth of the laser. Our analysis did not include
measuring the linewidth, as we did not have the necessary instruments. As a result,
a precise examination of the digital laser system has not been performed, and we do
not know the pollution to the linewidth due to digitalization. To analyze the digital
laser system, one would need to complete these measurements and possibly improve
the digital system.
The digital system could be improved by decoupling the digital signal and the
analog signal. For this, one would use optoisolators. Such an isolator is made up of
a light-emitting diode and a photodiode. These two devices transmit signal linearly
if connected in a feedback configuration with an operational amplifier [41]. In this
way, the analog signal would be completely decoupled from the digital signal, and
possible pollutions in the ground signal due to network communication would not be
transferred. Additional impurity was given by the high-frequency switching signal of
the digital-analog converter. These are easily overcome by inserting a capacitor as a
low-pass filter on the output of the digital controls.
To eliminate digital pollution entirely, it would be helpful to have a toggle for the
digital controls. This control would be implemented in a way that the laser controller
could either be used in the digital mode of operation or the digital controls would be
turned off completely, and the Raspberry Pi and the digital-analog converters would
not even be powered. For this kind of toggle, one would need to add relays into the
laser controller. The relays would decide whether the signal from the potentiometers
or the digital-analog converters would be used. This implementation would come
in hand if debugging an experimental setup so that one could eliminate the digital
controls as a source of malfunctioning.
The downside of the analog controller is that one can not keep a record of the
parameters if set with the potentiometers. To overcome this, we propose the idea of
using a mixture of an analog and a digital signal. For this implementation, one would
read the value of the potentiometer with an analog-digital converter, and pass the
signal with a digital-analog converter. In that way, the states of the potentiometers
could be saved at all times, and one could quickly restore settings. In order to keep
the analog-digital converter from generating a polluted signal because of random
jumps in the reading signal, a Schmitt trigger [42] could be used. This kind of
controller also goes along with the idea of modifying the laser controller as little as
possible. Because of the utilization of the original potentiometer, one would not even
see a difference on the front panel. Yet, this idea of implementing a controller still has
one problem, which needs to be resolved. When restoring data and switching back to
59

the potentiometer mode, a difference between the desired state and the actual state
of the potentiometers may arise. This conflict may be solved by either offsetting the
reading signal of the potentiometers or requesting the user to turn the potentiometers
by hand, for which a screen or LEDs as communication would be required.
Providing every board with its analog-digital converter and digital-analog converter increases the complexity of the system. In that regard, it would be convenient
if one designed a dedicated printed circuit board, which features a mount for both
of these units. Such a board could then not only be used for the laser controller as
it has been done in section 7.2, but it would be the starting point of every project,
which involves the digitalization of analog equipment. To keep the board as general as possible it would be handy also to include an array of digitally controllable
switches and digital inputs. These might be useful for replacing buttons as it has
been shown in section 7.4. To keep the use of this board as simple as possible only
components with I2 C protocol should be used. In that way, the communication to
all of the peripherals is done by three wires. Such a board would have also made
the digitalization of the temperature controller more accessible, as this is still left
to be done. Like explained section 5.8, the temperature controller is an analog PID
controller. In that case, digital-analog converters could not replace the controls.
Therefore, it might be useful also to add digital resistors to the board, so this board
is suitable for the digitalization of all kind of devices.
In the end, the software on the digital laser controller defines its quality. If the
software makes it easier to use the laser controller, or it even gives additional features,
like the intensity-lock, one benefits from using the digital laser controller. Hence, the
main advantage of using a digital laser system is, that the user can develop individual
software for the controller. In that regard, the user specifies the complexity of the
system, and he can decide whether particular features are necessary.
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Chapter 10

Summary
It was the goal of this thesis to prepare a laser system for the single-ion heat engine.
Thereby, the focus lied in the design of a digital laser controller, as well as finding applications for this controller. As such an example we showed an alternative
approach of the single-ion heat engine, which was powered by lasers instead of electric field noise. This experiment would require excellent controllability of the laser
parameters, as it is not possible with conventional laser controllers.
To build up the fundamentals of the experiment, we started by explaining the
principle of Paul traps in chapter 2, as the single-ion heat engine used this mechanism to confine the ion. We derived that it was not possible to fabricate a threedimensional harmonic potential for charged particles and that an alternating potential was necessary to trap the particle. This potential could be achieved by four
parallel rods. We continued by deriving the equations of motion for the particle and
solving them in an approximation. The approximation was made by dividing the
particles motion into a rapidly changing part and a slowly evolving part. During
this, we learned that the particle underwent the so-called micromotion.
For the working of the single-ion heat engine, an alternative setup for the Paul
trap was necessary. We showed that a funnel-shaped geometry could be used to cause
a movement of the ion due to a change of temperature. For this, we showed two
different approaches for defining the temperature for a single particle, where the first
classical method used setting equal the equipartition energy and the kinetic energy of
the particle, and the second involved considering the quantum mechanical probability
distributions inside the trap. In chapter 3, we presented the thermodynamical cycle
of the single-ion heat engine. It was made up of heating and cooling the particle
alternately, whereby a coherent oscillation in the axial direction of the trap was
driven. We learned that it came close to a Stirling cycle.
As the thesis was about building up a laser system, we explained the principle of a
laser in chapter 4. We presented that a laser needed a gain medium, an energy pump,
and an optical cavity. Here, the gain medium provided the laser with its quantum
mechanical level structure, which was necessary for performing stimulated emission,
the energy pump kept up the required inversion of the population, and the optical
cavity helped to perform stimulated emission more often. In the same chapter, we
explained the principle of Doppler cooling, which involved setting the frequency for a
particular transition below resonance to only address particles approaching the laser
and reducing their velocity by transfer of photon momentum. For Doppler cooling of
calcium ions, lasers of the wavelength 396.95950 nm, 422.79233 nm, 854.44356 nm,
and 866.45090 nm were needed. We closed the chapter by explaining the mechanism
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of diode lasers as the basis of our laser system, and we told how a diode laser was
subject to irregular mode jumps.
For the laser system, it was necessary to measure the properties of the lasers
at all times. In chapter 5, we explained how a photodiode provided the signal of
the intensity of a laser and showed how this signal could be read with a current-tovoltage converter made up of an operational amplifier. Information regarding the
frequency of the laser was obtained by a wavelength meter, which used a Fizeauinterferometer. Also, the chapter introduced the laser controller, which we used for
the project, and the chapter explained the electronics of the controller. The laser
controller was made up of a constant current source, a circuit for generating high
voltages for a piezoelectric element, and a temperature controller.
During the derivations for the wavemeter, we learned that the wavemeter needed
a regular calibration. Therefore, we decided to start a subproject, which involved
the stabilization of a helium-neon laser. For this, we explained the fundamentals of
such a laser in chapter 6. The stabilization used the fact that for our laser adjacent
modes were orthogonally polarized. By stabilizing these to the same intensity, the
laser was stabilized around the center of the gain curve. Thereby, the length of
the cavity was controlled with a resistive heating element inside the laser. The
analog control circuit for this project featured a pulse-width modulation output, to
guarantee linearity, and a proportional-integral-derivative controller, whose working
principle will be explained in appendix A. The circuits were made up of operational
amplifiers. For the long-term measurements, we employed Allan variance and learned
that our laser showed a stability of 1.175 MHz in 0.9658 h. However, we could not
resolve if the remaining instability could be attributed to the laser or the wavemeter,
as the accuracy of the wavemeter was 30 MHz.
In chapter 7, we showed the necessary modifications to the laser controller to
make it controllable with a computer. For this, we presented the Raspberry Pi as
the heart of our system and displayed how this unit in combination with digitalanalog converters could be used to mimic the potentiometers of the laser controller.
Also, we presented an approach for substituting the buttons of the laser controller
by bypassing them with transistors and controlling them with a voltage at the base
of the transistor. We used the occasion to prove that the modifications increased the
accuracy of the controller and that the digital system did not increase the noise level
of the system. The chapter was closed by presenting an application for this laser
controller. Thereby, the intensity of the laser was read with a photodiode, this signal
was passed to the Raspberry Pi with an analog-digital converter, and the Raspberry
Pi controlled the current of the laser in such a way, that the intensity was kept at a
constant level. For this, a digital proportional-controller was employed.
Another application of the laser system was, as motivated in the beginning, an
alternative approach for the single-ion heat engine. For powering the engine with
lasers only, one needed to be in excellent control of the laser parameters. For the
idea, we presented the mechanism of laser heating, which used the same principle as
Doppler cooling. Yet, the laser parameters were chosen in such a way that the particle
scatters more often. Thus the recoil due to spontaneous emission heated up the ion.
In chapter 8, we presented numerical simulations for the laser only heat engine, as
well as the velocity Verlet algorithm and how laser interaction could be modeled
with Monte Carlo simulations. The simulations showed a working temperature of
3.962 mK for the engine, which compared to a Doppler temperature of 0.55 mK for
calcium [10]. The chapter was closed by proving that the ion is in a thermal state,
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and the laser interaction did not excite the ion coherently.
The outlook of the thesis was dedicated to showing further applications of a
digital laser controller, where the most remarkable result would be software, which
is in knowledge about the mode jumps of the laser, and automatically sets the laser
to a dedicated frequency and intensity. Also, we presented some modifications which
would improve the system.
In appendix B, we will design a user-friendly interface for the laser controller,
and make the controller become an embedded system with a touchscreen.
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Appendix A

Proportional-Integral-Derivative
Controller
Consider a system, which ought to exhibit a particular behavior. This system can be
a motor, rotating at a dedicated frequency, a ship moving in a distinct direction, or a
heater keeping the temperature of a room constant. These systems have in common
that their dynamics is retarded concerning their input variable. It is a desire to
have these systems to be controlled automatically and keep humans from doing this
hard and empty-headed work. In some cases, a human being may not be capable of
regulating such a system, as the systems dynamics is too fast.
A PID controller is used to regulate the dynamics of this kind of system. Its idea
is to read the dynamics of the system with a sensor, monitor possible deviations,
and give output, which influences the system. In this chapter, we will explain the
working principle of a PID. We start by describing the general concept of a closedloop controller in section A.1 and mention the PID controller, which is a specific
controller, in section A.2. Then, we discuss the elements of the PID controller in
sections A.3, A.4, and A.5. To this point, information is taken from [43]. The
rest of the chapter is dedicated to designing PID controllers, i.e., determining their
parameters. These sections are based on [44, 45].

A.1

Closed-Loop Controller

We call the variable, which is being controlled the process variable. A sensor measures
the variable and provides feedback to the controller. At any time, the controller uses
the data to calculate an error between the desired value, which we call set-point,
and the actual value of the system. The controller uses the error signal to derive
output and to drive the system. The element, which interacts with the system, is
referred to as the actuator. This kind of controller is called closed-loop controller, as
the controller continuously reads the process variable. Figure A.1 shows a schematic
representation of a closed-loop controller.
On the other Side, open-loop controllers influence the system without measuring
their effect. For simple systems, which do not underlie distractions from their surrounding, this kind of control may be sufficient. However, we will focus on closed-loop
controllers in the following.

64

APPENDIX A. PID CONTROLLER
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Figure A.1: The figure shows the behavior of a closed-loop controller,
schematically. In this, the process variable is read by a sensor and compared
to a dedicated value, which is called set-point. The controller uses the error
signal and its hysteresis to calculate the output. Next, the output is passed
on to the actuator, which influences the system. The figure has been adapted
from [43].

A.2

Proportional-Integral-Derivative Controller

The most common control algorithm used in the industry is the proportional-integralderivative control or PID. The reason for its success lies in the simplicity and robust
performance in a wide variety of applications. As the name suggests, the PID calculates its output from a proportional, an integrated, and a differentiated term. The
output can be expressed mathematically as
Z t
de(t)
,
(A.1)
u(t) = Kp e(t) + Ki
dt0 e(t0 ) + Kd
dt
0
in which u(t) is the output, e(t) is the error signal. Thus the difference between the
set-point and the process variable, and Kp , Ki , and Kd are the coefficients for the
proportional, integral, and derivative terms, respectively.
The PID controller allows the user to control three terms, which influence the
system differently, independent from one another. We will discuss the contributions
in the following.

A.3

Proportional-Term

The proportional-term generates an output, which is proportional to the error signal.
Thus it only depends on the error signal at a specific time. The proportional gain
Kp indicates how much an error signal is weighted on the output of the controller.
Increasing the proportional gain results in a decrease of the rise time. However, the
gain cannot be raised indefinitely as a high value can result in oscillations in the
system.
A second reason for the proportional-term not being sufficient to control a system
is the so-called steady-state error. If a controller only uses proportional gain, the
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output variable u(t) can be expressed as
u(t) = Kp e(t).

(A.2)

In the equation, we read that an error signal of e(t) = 0 results in an output of
u(t) = 0. Since a system may need an output to deliver a response signal, a p-only
controller may result in an equilibrium state, where a continuous error signal persists.
This error is referred to as the steady-state error. We can overcome the steady-state
error by offsetting the output or using an integral-term.

A.4

Integral-Term

The integral-term introduces the effect of hysteresis. It accumulates error signals
and keeps a record of error signals, which happened in the past. Therefore, the
integral-term corrects for any possible steady-state error. Persisting error signal will
add up to the integral term, and the output will adjust them.
The integral-term can result in a massive overshoot if the signal stays below or
above the set-point for a long time. One can correct for this by limiting the integral
to a specific value. This can either be done by software in a digital PID controller,
or in an analog controller one can restrict the charge across capacitors, which are
used for integration.
An increase in the integral gain Ki has similar effects as increasing the proportional gain Kp does. It decreases the rise time but can result in oscillations or
overshoot if chosen to high.

A.5

Derivative-Term

The derivative-term is proportional to the derivative of the error signal. One can
consider the derivative-term as a prediction for future changes in the control variable.
This kind of control can be used to smoothen out the response curve of the process
variable, as it prevents the controller from changing the output severely. However,
the derivative-term is seldom used in practical applications as the usage can cause
negative effects due to disturbances from the surrounding and it may reduce the
stability of the control.
An increase in the derivative-term differs from the proportional-term and integralterm. As the derivative-term acts against changes, it keeps the system from overshooting if set to an appropriate value. A high value may cause an unreasonable
response.

A.6

Tuning The Controller

For using a PID controller optimally, the parameters Kp , Ki , and Kd must be chosen
in a particular manner. This choice must be made individually; it depends on the
dynamics of the system. The process of finding the correct set of parameters is called
tuning the PID. Although the process employs merely analyzing the behavior of the
system, there are different approaches. In the following, we will describe examples
of these methods.
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Figure A.2: The figure shows how the autotune method is used to change the
set-point continuously and to drive the system in an oscillation in its eigenfrequency. The parameters are given by the amplitude of the oscillation a and
the change to the set-point h. The figure has been adapted from [44].

A.7

Manual Tuning

Before heading toward sophisticated methods of tuning a PID controller, we want to
mention that manual selection can also achieve acceptable parameters. For this, one
has to take into account how the parameters change the behavior of the controlling
mechanism. The behavior has been mentioned in sections A.3, A.3, and A.5. For
further information, we recommend [44].
Individual systems may not even need high attention toward tuning the PID
parameters. An example shown in this thesis was a stabilized helium-neon laser in
chapter 6. Since this system uses a thermoelement as an actuator, it acts slowly.
Also, the system does not underlie many distractions from the outside. The PID
parameters are chosen somewhat arbitrary. Nonetheless, the system shows a good
behavior in the long-term stability, which indicates that tuning the PID parameters
is more critical if interested in step-responses or disturbance. For the long-term
stability, the choice of parameters may be not as important.

A.8

Ziegler-Nichols Method

The method by Ziegler and Nichols had a significant impact on the practice of PID
control, as it is one of the oldest ways of tuning a PID. For this method, you start
by setting all parameters Kp , Ki , and Kd to zero and implement a new set-point, to
have the system undergo a step-response. Then, you increase the proportional gain
and observe the step-response until the system starts to oscillate around the setpoint.
You record the proportional gain Ku and the period of oscillation Pu . From these
parameters, you can calculate the ideal Ziegler-Nichols parameters with table A.1.
We have to denote, that the Ziegler-Nichols method uses an alternative way of
describing the PID output. It is given by


Z
1 t 0 0
de(t)
u(t) = K e(t) +
.
(A.3)
dt e(t ) + Td
Ti 0
dt
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Figure A.3: The figure shows how to determine the parameters a and L from
a step-response. For this, a tangent to the point with the highest slope needs
to be drawn. Then, the parameters are given by the intersection with the
coordinate axes, respectively. The figure has been adapted from [44].

A.9

Tyreus-Luyben Method

The Tyreus-Luyben method uses the same approach as the Ziegler-Nichols method.
With the difference being that Tyreus and Luyben calculated different parameters
to apply for the PID controller. The parameters are given in table A.2.
At this point, we denote that Ziegler-Nichols based methods do not yield results,
which are perfect to use. They may end up with not proper tuning and may need to
be modified [44].

A.10

Autotune Method

For the autotune method you observe the dynamics of the system by leading it
to an oscillation in its eigenfrequency. You start by letting the system settle in a
steady-state. As a next step, you implement a function which moves the setpoint
up to a certain degree if the process variable goes down and vice versa. In this way,
the system will settle to a sustained periodic oscillation. The parameter Ku can be
calculated to be
Ku =

4 h
,
π a

(A.4)

where h denotes the shift of the set-point and a denotes the amplitude of the input,
as it can be seen in figure A.2. This parameter and the period of oscillation Pu can
be used to calculate the PID parameters with the help of Ziegler-Nichols method or
Tyreus-Luyben method.

A.11

Step Response Method

Contrary to the closed-loop methods in the previous sections, Ziegler and Nichols
came up with a technique, which uses an open-loop response. Thus no feedback is
required to determine the PID parameters. As the name suggests, you let the system
react to a step-response. An example for this can be seen in figure A.3. To obtain the
parameters one has to determine the point which shows the highest slope and draw
a tangent at this point. From this line, one can take the parameters a and L, which
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are given as the intersections with the coordinate axes, respectively. The parameters
can be seen in figure A.3. From these values, one can determine the PID parameters
and the period Pu with the help of table A.3.
K

Ti

P

Ku
2

PI

Ku
2.2

Pu
1.2

PID

Ku
2.2

Pu
2

Td

Pu
8

Table A.1: PID parameters for Ziegler-Nichols method [44]

K

Ti

PI

Ku
3.2

2.2 · Pu

PID

Ku
2.2

2.2 · Pu

Td

Pu
6.3

Table A.2: PID parameters for Tyreus-Luyben method [44]

K
P

Ti

Td

Pu
4

1
a

PI

0.9
a

3·L

PID

1.2
a

2·L

5.7
L2
2

3.4

Table A.3: PID parameters and period Pu for step-response method [44]
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User-friendly Interface
In chapter 7, we showed how to substitute the controls of a laser system and made
them entirely digital. We replaced potentiometers and buttons and used a digitalanalog converter to communicate with the unit through a single-board computer
called Raspberry Pi. By doing so, we incidentally moved into an area, whose work is
dedicated to controlling real-life systems with computer systems. The field is called
embedded systems [5].
An embedded system is a digital system that is integrated into a larger mechanical
or electrical system. Examples of an embedded system include a washing machine.
The microcontroller inside the device controls different washing programmes by providing power control for motors and pumps. It may even communicate with the user
through a display.
Nowadays, most embedded systems are controlled by microcontrollers. The market of embedded systems consumes the majority of these controllers, and most people
use them regularly without even realizing their presence. They may be the piece of
technology that invaded our everyday life more than anything else.
If we now come back to the laser controller, which we developed over the course
of this thesis, two main differences between this controller and a typical embedded
system arise. The first is the digital unit, which we used for our laser controller.
As most of the embedded systems use microcontrollers, we chose a single-board
computer. The single-board computer gives us the advantage that it is easier to
write desired programmes on it. You can just use an existing network, log into
the computer, and write your piece of software for the controller. This leads us
directly to the second difference to an embedded system. Although the embedded
system is made to be interacted by the end-user, the user will usually not manipulate
the software on an embedded system. The user may make choices concerning the
functionality of the system, but the user will not make modifications to the system.
This is the point where an embedded system differs from a PC. An embedded system
is meant to perform one particular task.
Even though we are glad that our laser controller is more than an embedded
system and the end user may write their software for the controller, we will dedicate
this chapter towards designing a user-friendly interface for touchscreens. We start
by introducing rotary encoders in section B.1 but will soon realize that they are
not sufficient for this project. We continue by presenting Qt, which is a software to
design graphical user interfaces, in section B.2. In section B.3, we show an operating
system used for embedded systems. We close the chapter with a 3D-print of a holder
for the touchscreen in section B.4.
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Figure B.1: The figure shows a photograph of three rotary encoders mounted
onto a Raspberry Pi header. The encoders are used to control the laser parameters. However, we decided against the approach of using rotary encoders. In
the following sections, we present the development of a touchscreen interface.

B.1

Rotary Encoder

As a first approach, we wanted the system to be controlled by rotary encoders. A
rotary encoder is the digital counterpart of a potentiometer. Despite the looking of
a rotary encoder, they work very differently from a potentiometer.
A potentiometer gives a voltage, which is in between the voltages put onto the two
terminals. Thus the signal of a potentiometer is an analog signal. On the other side,
a rotary encoder provides digital information if its position has been changed. For
this reason, they are sometimes referred to as incremental encoder. In this section,
it will not be our concern how the rotary encoder generates this signal and how
the signal is processed by the receiving end. For this information, we recommend
reading [46].
The setup of the rotary encoders can be seen in figure B.1. The encoders are
soldered to a circuit board, and a pin header connects it to the Raspberry Pi. In
this way, we created a Raspberry Pi shield. The advantage of the shield is that it
is easily attached to the Raspberry Pi and it passes the signal of the GPIO pins for
further usage. One may even use multiple shields to enhance the functionality of the
Raspberry Pi.
We used the rotary encoders to manipulate the laser parameters. Thus recreated
the controls of the original laser driver with higher accuracy, as shown in section 7.3.
In the end, we decided against the rotary encoders, as they had two disadvantages,
which we could no overcome. First of all, the usage of rotary encoders would mean
that the laser controller could only be operated in a digital mode. Even though we
showed that the system gains accuracy through the digital controls in section 7.3 and
the digital control does not raise the noise level of the system in section 7.5, we want
to keep the option of running the laser control unit in the analog way of operation.
The reason for this is presented in the outlook.
The second downside is that the rotary encoders would need to be fixed to the
front panel of the original laser controller. The most accessible position would be
the spot of the original potentiometers. This means that we would need to replace
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Figure B.2: The figure shows the GUI for the embedded laser system. The
upper slider adjusts the piezo voltage, and the lower slider is used to change
the laser current. The button toggles the laser. The GUI can also be used to
shut down the Raspberry Pi.

the potentiometers. This approach is against the original idea of modifying the laser
controller as little as possible. Thus we decided against the rotary encoders.

B.2

Graphical User Interface

Finally, we decided on using a touchscreen to interact with the system. A touchscreen
interface is easy to use, easy to modify and does not require significant changes to
the existing laser controller. The touchscreen interface may even be easy to create,
as long as the right software is used. For programming our touchscreen we used the
software Qt [47, 48, 49].
Qt is a software used for creating graphical user interfaces or GUIs. It is supported
across various types of platforms without making changes in the code. It is available
both as a commercial as well as an open source license.
Also, Qt is equipped with its language for designing GUIs. The language is called
QML, which is the short form of Qt Modeling Language. Furthermore, Qt provides
a more natural way of developing GUIs. In a separate design section, one creates
GUIs by directly placing the desired objects. These objects include buttons, sliders,
and regular text, and they can be moved inside the framework of the GUI. The GUI
that we created can be seen in figure B.2. It features two sliders, which control the
current and piezo voltage, respectively, a button for toggling the laser, and a button
to shut down the Raspberry Pi.
Moreover, Qt provides another feature, which makes it easy to create GUIs gain
functionality. The so-called slots make the communication between objects more
intuitive. A slot is a function, which is called whenever the user does an action.
Thus the programmer can use this function and call desired code. In our case, we
transmitted data to the digital-analog converter, as soon as the position of the slider
was changed. Qt uses C++, so we could just include the class, which we used for
communication with the digital-analog converter as described in chapter 7.
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Figure B.3: The figure compares the booting time for Raspbian and Boot2Qt.
Raspbian boots up in 46 seconds and Boot2Qt boots up in 17 seconds.

B.3

Embedded Operating System

Another characteristic of an embedded system is that both software and hardware
should be kept to a minimum. Although this usually has economic reasons, as the
manufacturer tries to keep its product as inexpensive as possible, we want to have a
look at an operating system, which simplifies our embedded system eminently. The
operating system that we installed on our Raspberry Pi is based on Yocto Linux.
Yocto is a project by the Linux Foundation [50]. It helps using Linux inside
an embedded system. Yocto creates a Linux distribution, whose properties can be
customized. It supports many architectures, including the ARM processor, which the
Raspberry Pi uses. To be more specific, the version that we used is called Boot2Qt
or Qt for Device Creation [51]. Boot2Qt is a lightweight operating system. It accepts
the same Qt project files, which we showed in the previous section and it supports
cross-compilation of the programmes. This means that the programme is compiled
on the developing machine and instantly transmitted onto the embedded device. It is
even capable of debugging while the application is running on the embedded device.
These features make it simpler and faster to write GUI programmes for an embedded system. A major reason for us choosing Boot2qt is that it boots up faster.
It boots up in 17 seconds, which compares to 46 seconds for the default operating system of the Raspberry Pi: Raspbian Jesse. This is illustrated in figure B.3.
With Boot2Qt one can even change the boot logo, which makes it very attractive for
commercial use.

B.4

3D Print of a Touchscreen Holder

Now that we have created a graphical user interface, which boots up in a matter of
seconds, it is about time to find a housing for the embedded system. It is the most
obvious choice to put the touchscreen and the Rasberry Pi into the laser control
unit. If we look at the laser controller in figure 5.4, we see that four of the seven
slots remained unused in the course of this thesis. So we removed the integrator,
the lock-in amplifier, the photodiode amplifier, and the sine generator, which made
enough room to fit a seven-inch touchscreen on the front panel and the Raspberry
Pi in the back of the unit.
The connection with the digital-analog converters was made with a ribbon cable,
and the cable was guided through the backplane of the laser controller. Box headers
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Figure B.4: The figure shows a photograph of the finished front panel. The
black surface has been created with the 3D printer RF1000 by renkforce with
the material PLA. On the touchscreen, we see the software, which was presented
in figure B.2. The touchscreen is used to manipulate the laser parameters.

where used to connect everything.
After that, we designed a front panel for the touchscreen. The touchscreen that
we used was the seven-inch screen by the company Adafruit. The design for the front
panel can be seen on the following page. It was printed with the 3D printer RF1000
by renkforce with the material PLA. The finished laser controller with the GUI to
control the laser can be seen in figure B.4.
In the end, we want to denote that this way of operation is not recommended
for scientific use. The touchscreen does not necessarily have advantages over the
potentiometer and may increase the noise level, as a screen can emit electromagnetic
radiation. The noise analysis in section 7.5 was done without the touchscreen. The
reason for this chapter was to show how simple it can be to develop a user-friendly
product from a scientific instrument. We showed how closely linked the development
of an embedded system and scientific equipment is.
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Figure C.1: The figure shows the output of an operational amplifier plotted
against its input Uin = U+ − U− . The output, which is displayed blue, is linear
as long as the voltage is within the supply voltage of ±15 V. The maximum
and minimum voltages are shown with a red and yellow dashed line. Since the
amplification ν is very high, the axis label is left out for the abscissa.

C.1

Operational Amplifier

An amplifying circuit, which has high input impedance, low output impedance, high
amplification, and a high stability, requires a large number of transistors [34]. That is
why an integrated circuit, which combines these characteristics, has been created. It
is called operational amplifier or opamp. The properties of an operational amplifier
are held so generally that its working mechanism depends on the external circuitry
and it can be used in many different manners.
The schematic symbol for an opamp can be seen in figure C.2. In the figure, we
see that the opamp features five connections. Two connections supply the opamp
with a positive and a negative voltage. Usually, ±15 V are used for this purpose. The
input connections are a noninverting input and an inverting input, whose voltages
are referred to as U+ and U− , respectively. Last, the opamp has an output. We label
the output voltage with Uo .
The opamp acts as a differential amplifier. Thus for the output, it holds that
Uo = ν (U+ − U− ) .

(C.1)

In this equation, ν denotes the amplification factor, which is very high. The output
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Figure C.2: The figure shows the schematic symbol of an operational amplifier. The symbol is shown in red, and the connections are labeled in blue.

voltage is plotted in figure C.1. The abscissa, which is labeled as input voltage,
represents the difference of the input voltages Uin = U+ − U− . By the figure, we can
tell that the output voltage cannot surpass the supply voltages.
Due to its high amplification, an opamp without external circuitry does not offer
any applications except for a voltage comparison. Any small difference between the
two input signals results in a saturated output. The opamp most often is used in a
feedback configuration. By connecting the output to the negative input, the output
signal acts against the input, and the opamp stays in the linear area. Since the input
voltages are approximately the same in the linear regime, the effect of an opamp
with a feedback look is that it matches the two inputs.
Possible applications of an opamp include voltage amplifier, integrator, differentiator, and many more. See sections 5.2, 5.6, 5.7, 6.5, and 6.6 for examples.

C.2

1

Allan Variance

In chapter 6, we presented a stabilized helium-neon laser. Since stabilized lasers may
TITLE:
be used as a permanent reference, it is required to investigate the long-term stabilityNew Schematic
of the frequency. The concept of standard deviation or variation does not provide
Date:
2017-12-31
information about the stability with respect to time. This is why David W. Allan
EasyEDA V4.11.9
came up with
an alternative way of describing
the variation. The concept4is called
2
3
Allan variance and will be the subject of this section. Information is based on [52].
For determining the Allan variance, one has to split the data into time segments
of equal length τ . In each part, one calculates the mean value ȳj . Then the Allan
variance is the average of the squared differences of the mean values, such as
2
σA
(τ )

M
−1
E
X
1D
1
2
=
(ȳj+1 − ȳj ) =
(ȳj+1 − yj )2
2
2 (M − 1)

(C.2)

j=1

with the number of segments M . The Allan deviation is defined as
q
2 (τ ).
σA (τ ) = σA

(C.3)

As a result, the Allan variance depends on the duration of the segment, which
is referred to as the gate time. Therefore, the resulting Allan variance cannot be
expressed as a single value. Instead, it is plotted against the gate time.
An example of the Allan deviation can be seen in figure C.3a. The data has been
calculated from randomly generated measurement variables with a constant drift,
which can be seen in figure C.3b. The Allan deviation shows its characteristic behavior of decreasing its value before increasing again. As the gate time increases, the
noise gets averaged out until the drift of the data outweighs this effect and increases
the value. An essential value is given by the minimum value of the Allan deviation
σmin and its dedicated gate time τ0 . This specific value of the gate time reveals the
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Figure C.3: The figure shows an example for the Allan deviation
(a) The graph shows the Allan deviation for the data in (b). It shows its
characteristic behavior of decreasing first and starting to increase eventually.
(b) The diagram shows randomly generated measurement data with a drift.
The figure illustrates how the data is split into segments and the mean is calculated in the segments, respectively. For receiving the Allan variance, equation C.2 is applied to these mean values. T refers to the total measurement
time.

duration at which the drift contributes to the deviation of the measurement data.
However, each point of the Allan deviation may be used to obtain information about
the deviation of the measurement variable concerning its gate time. The slope of the
Allan deviation helps to distinguish different kinds of noise [53].
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