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1 Introduction

The motivation of this diploma thesis is to generate a frequency stabilized diode laser system

which emits light at 852nm corresponding to the D2 cesium transition to someday replace

the locking laser for the cavity in the Cqed experiment. Due to this the laser has to have a

very narrow linewidth. In order to get such a system the laser will be locked to an external

cavity i.e. the frequency fluctuations between the laser and the cavity must be reduced. It is

required for the optical alignment to be such that light is returned into the laser only if the

cavity is in resonance and reflected elsewhere when the light is off resonance. The original

idea for such a system is based on the research results of Hollberg et al. in 1987 [3].

This diploma thesis aims to provide the reader with all necessary theoretical and practical

knowledge in order to build such a system.

We will start by looking into the design and operating mode of semiconductor lasers. We

will derive a formula describing their linewidth as well as discuss the dynamic properties of

semiconductor lasers. This chapter will also explain what happens if we irradiate an external

field into the laser cavity to investigate the possibilities for narrowing the linewidth of the

laser and how to realize this. We have to study frequency selective components we want the

laser to lock to and will explore how to build a servo loop to make the locking stable.

We will generate the servo loop by using a technique first proposed by Hänsch and Coul-

liaud in 1980. This technique is based on a polarization spectroscopy providing a dispersive

error signal with a very broad capture range. To control our advance we have to find a

method to measure the linewidth of the laser. This we will do with a self heterodyne scheme

first proposed by Okoshi et al. in 1985 which provides a high spectral breakup. Afterwards

we will describe how the setup was generated, which problems have occurred and how they

have been solved. At the end this diploma thesis will provide an outlook which steps can be

taken to improve this experiment further on.

I want to thank Prof. Dr. Dieter Meschede and his group for giving me the opportunity

to compile my diploma thesis. Especially I want to thank Wolfgang, Tobias and René

for answering all my questions and Julia for good collaboration and good mood in the lab.

Furthermore, my thanks go to my wife Britta for giving me backup and confidence.
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2 Properties of semiconductor lasers

The prediction of semiconductor lasers was already established 1953 theoretically by Neu-

mann [14] and was realized in experiments little later. It took more than 20 years until

semiconductor lasers got commercially successful products. Nowadays laser diodes are one

of the most important optoelectronic components and cannot be count away from the work

in labs and the daily routine. Therefore semiconductor lasers deserve an analysis of their

structure and properties.

2.1 Semiconductor lasers

Semiconductor lasers or laser diodes are formed by a p−n-junction and powered by injected

electrical current. The physical origin of gain is illustrated in figure 2.1.
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Figure 2.1: Model of the origin of
gain in a semiconductor
laser [30].

Normally most of the electrons are in the valence

band. Electrical pumping excites electrons to a higher

state in the conduction band. There they decay to

states near the bottom of that band. Coincidental

the holes generated in the valence band move to its

top. Electrons in the conduction band then recombine

with these holes, emitting photons near the energy

of the band gap. This process is spontaneous, but

can also be stimulated by incoming photons with ad-

equate energy. A quantitative description is offered

by the Fermi–Dirac distributions for electrons in

both bands. Electrical pumping with a direct cur-

rent in forward direction of the laser diode ensures a

continuous supply of electrons and holes. Population

inversion has to be reached to generate coherent stim-

ulated emission or lasing. The current required to reach population inversion and starting

the lasing process is called threshold current Ith.
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2.2 Linewidth of a semiconductor laser

The general internal structure of a laser diode and the synthesis of a laser mode is shown

in figure 2.2. The occurring light wave leaves the semiconductor transverse to the driving

current. It consists of a longitudinal and a transversal mode. The longitudinal mode shows

Figure 2.2: Structure and size of a laser diode. The laser mode leaves the semiconductor
transverse to the driving current [27].

the position of the wave in z-direction. The position perpendicular to this mode is described

by the transversal mode. The transversal mode is divided in a part perpendicular to the

active layer and a parallel transverse mode. Because of the different components of the

transversal mode in x- and y-direction, the emitted light has elliptical shape.

2.2 Linewidth of a semiconductor laser

Our task is to generate a diode laser system with a very narrow linewidth. In the following we

will have a look into the theory of the linewidth of semiconductor lasers derived by Henry

[7] in order to understand why the linewidth is not small by nature. We will represent the

field by β, which is a complex amplitude normalized in a way such that the average intensity

3



2 Properties of semiconductor lasers

I = ββ∗ also equals the average photon number in the laser cavity:

β = I
1
2 exp(iφ).

Here φ(t) and I(t) represent the phase and intensity of the laser field. We make the basic

assumption that the nth spontaneous emission changes β by ∆βn having unit magnitude and

random phase

∆βn = exp(iφ+ iΘn) with Θn random.

In other words, the linewidth of a laser can be seen as the result of fluctuations in phase of

the optical field, caused by spontaneous emission events. These events effect the phase and

intensity of the laser output, as illustrated in figure 2.3.
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Figure 2.3: Changes of phase φ and intensity I of the field due to a single spontaneous
emission n. The amplitude β = I

1
2 eiφ increases by ∆βn with an amplitude of 1

and a phase φ+ Θn, where Θn is a random angle [7].

Using this adoption of ∆βn we can derive the rate equations to be [7]:

İ = (G− γ)I and φ̇ =
α

2
(G− γ). (2.1)

Now we will solve these rate equations for changes in phase ∆φn according to a single

spontaneous emission event: A single spontaneous emission event changes I from steady

state which leads to damped relaxation oscillations, returning I to steady state. Owing to

the linearity of the equations describing small oscillations about the steady state, the total

4



2.2 Linewidth of a semiconductor laser

change in phase for plenty spontaneous emissions coinciding in time is just the sum of the

changes in phase φn.

Using figure 2.3 we can see that a change ∆φ′n occurs because of the out of phase component

of ∆βn:

∆φ′n = I−
1
2 sin(Θn)

There is a second contribution to the change in phase caused by the change in intensity.

Looking at figure 2.3 and using the law of cosines we see that the amplitude is changed from

I
1
2 to (I + ∆In)

1
2 with

∆In = 1 + 2I
1
2 cos(Θn). (2.2)

The cosin term of (2.2) averages to zero. Therefore spontaneous emission in average causes

a change of intensity according to adding one photon to the mode. Combining the two rate

equations (2.1) we get

φ̇ =
α

2I
İ.

Initially we have I(0) = I + ∆In and after the relaxation I(∞) = I. Therefore we will

approximate I with the constant steady state value and find upon integrating

∆φ′′n = − α

2I
∆In = − α

2I

(
1 + 2I

1
2 cos(Θn)

)
. (2.3)

So we get the total change in phase by (2.2) and (2.3):

∆φn = ∆φ′n + ∆φ′′n = − α

2I
+

1

I
1
2

[sin(Θn)− α cos(Θn)] (2.4)

Calling R the average rate of spontaneous emission, the first term of (2.4) is a small but

constant phase change resulting in an average phase change

〈∆φ〉 = −αRt
2I

.

The occurring total phase fluctuations for N = Rt spontaneous emissions will be

∆φ =
N∑
n=1

I−
1
2 (sin(Θn)− α cos(Θn)) . (2.5)

As a result of the spontaneous emissions, phase φ executes Brownian motion which leads

to a Gaußian probability distribution [12]. It is readily shown [12] that

〈β(t)∗β(0)〉 = |β(0)|2e−
|t|
tc

5



2 Properties of semiconductor lasers

where tc = 2t
〈∆φ2〉 . Here 〈∆φ2〉 can be computed from (2.5) since the average of all cross terms

vanishes for random angles:

〈∆φ2〉 =
R(1 + α2)t

2I
.

It is shown [12] that the Fourier-transform of the power spectrum of a semiconductor laser

is 〈β(t)∗β(0)〉, which has a Lorentzian shape with a Fwhm (Full width at half maximum)

of

∆ν = (πtc)
−1 =

R

4πI
(1 + α2). (2.6)

In order to relate ∆ν to the experiment we have to express I in terms of output power per

facet P0, which leads to [7]:

I =
2P0

hνvgαm
.

Here hν is the energy of the laser line, vg the group velocity, rm the facet reflectivity and

αm := −l−1 ln(rm) the facet loss, with l being the length of the cavity. According to [5] the

rate of spontaneous emission R and the gain g are related by

R = vgr = vgae
eV−hν
kT (2.7)

G = vgg = vga
(
e
eV−hν
kT − 1

)
(2.8)

with a being the optical absorption coefficient at the laser line and eV the separation of

quasi Fermi-levels. Combining (2.7) and (2.8) we get

R

vg
= r =

g

1− e− eV−hνkT

= a+ g = gnsp (2.9)

where nsp is the spontaneous emission factor. Combining (2.2),(2.6) and (2.9) we have

∆ν =
v2
ghνgnspαm(1 + α2)

8πP0

=
2πhν(∆νc)

2

Pout
· (1 + α2) = ∆νST · (1 + α2). (2.10)

This formula gives the linewidth of a semiconductor laser with ∆νc being the bandwidth

of the laser resonator, Pout the output power of the laser and ∆νST the linewidth derived

by Schawlow and Townes in 1958 [20]. The linewidth formula (2.10) shows that the

linewidth of a semiconductor laser has a bigger spread than e.g. a gas laser, caused by the

greater bandwidth of the resonator of the semiconductor laser due to the very small length

and the bad reflectivity of the laser cavity.
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2.3 Injection locking

2.3 Injection locking

In the previous section we have seen that in normal laser operation, the noise of spontaneous

emission is the seed for the amplification process resulting in coherent emission. Injecting an

external signal into the resonator has a huge influence on this process.

master laser

slave laser

isolator

mirror

Figure 2.4: Basic setup for injection locking a
diode laser. A stable signal from the
master laser is injected in the slave
laser and causes it to emit an am-
plified beam at exactly the same fre-
quency [29].

Under certain conditions, which we want

to discuss in the following the laser locks

to the external signal. A basic configura-

tion to achieve this is shown in figure 2.4,

where a stable signal from a master laser

is coupled into a slave laser.

Without any injected external signal,

the laser is assumed to have a free running

frequency of ω0 with a maximum output

intensity I0. It can be shown [21] that the

injected frequency will have an intensity

gain from input to output of

gint = |g(ω)|2 ≈ γe
(ω1 − ω0)2

(2.11)

where γe is the energy decay rate of the laser cavity. Since the intensity is limited by

saturation, injecting a weak external signal at a frequency ω1 6= ω0 will start a competition

for available gain. When ω1 is brought closer to ω0, the gain available for the free running

frequency will fall until it drops below threshold. Lasing at ω0 will stop and all available

power will be used to amplify the injected signal, which will run at an intensity equal to I0,

possibly increased by the intensity of the injected light (figure 2.5). As soon as an equilibrium

is reached, the laser continues emitting light exactly at the frequency of injection, as long as

it stays in the locking range ∆ωlock. The locking range is defined to be the area where the

amplified output for the incident signal reaches I0. It is approximately given by [21]

∆ωlock ≈ 2γe
E1

E0

. (2.12)

Here E0,1 are the amplitudes for the injected beam (index 1) and the emitted beam without

any incident light (index 0). The most common way to describe the evolution of an injection

7



2 Properties of semiconductor lasers

T1
T0

T

locking range
free running 

oscillation output
I  at T0 0

amplified 
signal input

2
|g| I  at T1 1
~

Figure 2.5: Free running oscillation competing with the injected signal as a function of the
frequency offset between the free running frequency ω0 and the injected beam
with frequency ω1 [21].

locked laser is the Adler equation [21]:

dφ(t)

dt
+ ω1 − ω0 = −γeE

2
1

E2
0

√
I0

I1

sin(φ(t)). (2.13)

This equation has steady state solutions for the locking range and predicts the resulting

oscillation to be running at the exact same frequency as the injected light in a steady state

solution. This can be seen as a forced oscillator.

In fact stable lasers with narrow linewidth are not available at will. We can also build

an self injection locked laser, where a part of the outgoing light is reflected back into the

laser. By using frequency selective elements like Fabry-Perot cavities we can affect the

frequency the laser will lock to. The narrower the frequency we select, the narrower the laser

frequency will be.
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3 The fiber interferometer

The previous section explains what the linewidth of a semiconductor looks like as well as

its spectral spread. For actually reducing the linewidth of the semiconductor laser we have

to measure the actual linewidth of the laser to get the starting point as well as information

about the progress in narrowing the linewidth. Therefore the next step is to have a look at

methods to measure the linewidth of the laser.

There are plenty of possibilities such as conventional spectroscopy techniques like Fabry-

Perot interferometry. These techniques cannot dissolve very slow perturbations. Therefore

we decide to concentrate our efforts on a method first proposed by Okoshi et al., where a

self heterodyne scheme provides a high spectral breakup [15].

In a self heterodyne setup the laser beam is splitted into two parts. One part passes

through a single mode fiber to get a delay by time τd. The other part passes through an

accousto-optic modulator to get a frequency shift of νs. Afterwards the throughputs of both

paths are combined and get detected by a fast photo diode. A scheme of a so called fiber

interferometer is shown in figure 3.1. In order to get a relation between the signal on the

semiconductor
laser

single mode 
fiber

acousto-optic 
modulator

~

th0 st1

beam splitter

beam splitter

fast photo 
diode

Figure 3.1: Schematic setup of a self heterodyne fiber interferometer.

photo diode and the linewidth we have to determine the reasons for the appearance of the

signal.
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3 The fiber interferometer

The photo diode detects a superposition of two beams. One beam is delayed by time τd

and the other beam is frequency shifted by νs. Therefore the total electrical field detected

by the photo diode is

E(t) = E0 ·
[
ei[(ω0+νs)t+Θ(t)] + ei[ω0(t+τd)+Θ(t+τd)]

]
.

Here ω0 denotes the frequency of the laser and Θ(t) the phase noise at time t. The time delay

is given by the length of the fiber Lfiber and its refractive index nfiber as follows: τd = nfiber·Lfiber

c
.

For time delays smaller than the time of coherence τc of the laser it is Θ(t+ τd) ≈ Θ(t) and

the current of the detector ID(t) ∝ E∗(t)E(t) cannot testify about the spectrum of the laser,

which consists only of a constant peak in this case. Hence we have to concentrate our efforts

on the case τc � τd and have a look on the autocorrelation function. It is defined pertaining

to the current of the detector ID as follows [2]:

CID(τ) := 〈ID(t) · ID(t+ τd)〉.

Here 〈. . . 〉 denotes an average by time. With the assumption that the spontaneous emission

is isotrop (which implies that Θ(t) has Gaußian shape) and the definition of the changes of

phase ∆Θ(t, τ) := Θ(t+ τ)−Θ(t) we can express the autocorrelation function as follows:

CID(τ) = S2E4
0

[
4 + 2e−2

|τ |
τc · e〈∆Θ(t,τ)∆Θ(t+τd,τ)〉

]
eiΩτ .

S is a proportionality factor between ID and |E|2. The Wiener-Khintchine theorem states

a connection between a spectral intensity distribution and the autocorrelation function via

Fourier-transformation [24]. This corresponds to the Fourier-transform of the power

spectrum and has Lorentzian shape. So we can express our spectra in case of long delay

times τc � τd as

SID(ω)τd�τc =
2S2E4

0

π

[
4πδ(Ω− ω) +

4
τc

4
τ2
c

+ (Ω− ω)2

]
.

This spectra contains a DC−term and a Lorentzian distribution centered around the

Aom-frequency Ω. The Fwhm of this distribution is

(∆ω)
Fwhm

=
4

τc
=

µ

n̄tc
= 2 (∆ω)

Laser
. (3.1)

µ = N2

N2−N1 thr
is the factor of population inversion, n̄ is the average number of photons in the

laser mode and tc is the durability of the photons in the laser resonator. The Fwhm of the

10



spectral intensity distribution is proportional to the linewidth calculated in 2.10.

The resolution of this setup is given by the length of the fiber Lfiber and is

R =
c

nfiberLfiber

=
1

τd
(3.2)

at most. With this we know that our signal is Lorenzian and the Fwhm corresponds to

twice the linewidth of the laser.
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4 Fabry-Perot cavities

The linewidth of a semiconductor laser is strongly dependent on external feedback, as can

be found in section 2.3. The narrower the linewidth of the external light the better the

linewidth reduction of the laser itself. Since we want to lock to a Fabry-Perot cavity we

have to study its frequency selective properties to get a narrow feedback.

An optical resonator or cavity is an optical arrangement in which an incident light beam

is mapped to itself multiple times. In a cavity with spherical mirrors the beams experience

a periodic focusing action. This can be described mathematically as a periodic sequence of

identical lens systems. A single element of the sequence is described by its Abcd matrix.

The ray transfer of n consecutive elements of the sequence is characterized by the nth power

of that matrix. From this a stability criteria for optical resonators can be derived [10]:

0 ≤
(

1− l

R1

)
︸ ︷︷ ︸

=:g1

(
1− l

R2

)
︸ ︷︷ ︸

=:g2

≥ 1 (4.1)

A graphic representation of the stability criteria is shown in figure 4.1. The stable resonators

lie in the grey regions. In the following we will have a look on two stable resonators, the

confocal and the plane-parallel.

4.1 Plane-parallel Fabry-Perot cavities

A Fabry-Perot-resonator consists of two parallel mirrors with high reflectivity (figure 4.2).

In order to understand the transmission and reflection of the cavity dependent on the mirror

spacing and the wavelength we look at the phase of the beams inside the cavity. To find

the relative phase between a beam returning from a roundtrip and a beam just entering the

cavity we keep the phase of the incoming beam constant and apply a phase propagation

factor to the reflected beam [22]:

E1,(n+1) = r1r2e
2πi 2l

λE1,(n). (4.2)

12



4.1 Plane-parallel Fabry-Perot cavities

confocal 
(0/0)

concentric 
(-1/-1)

g1

g2

plane-parallel 
(1/1)

Figure 4.1: Stability diagram of optical resonators. Stable systems lie in the grey regions.

mirror 1

Eout-11

Eout-21

Eout-20

Eout-12

Erefl

Ein

E10 E20

E11

E21
E12

mirror 2

l

Figure 4.2: Light in a Fabry-Perot-resonator consisting of two plan parallel mirrors.
Drawn with non orthogonal incidence for clarity.

Here l is the mirror spacing, λ the wavelength of the light and r1,2 the electric field reflec-

tivities of the mirrors. Summing over all E1(n) we result in

E1 = Eint1
1

1−
(
r1r2e

2πi 2l
λ

) . (4.3)

13



4 Fabry-Perot cavities

Here t1,2 denotes the electric field transmission of the mirrors. Now we can find the reflected

and transmitted beams. For the transmitted beam we get

Eout,2 = Ein ·
t1t2e

2πi 2l
λ

1−
(
r1r2e

2πi 2l
λ

) (4.4)

For the reflected beam we have to add the reflection of the incident beam to the beam having

one round trip in the cavity:

Eout,1 = Ein(−r1)Ein ·
t1t2e

2πi 2l
λ

1−
(
r1r2e

2πi 2l
λ

) (4.5)

The reflectivity of the beam reflected back directly has to be −r1 for being reflected at the

other side of mirror 1.

For resonance, 2l
λ

needs to be an integer. This corresponds to an equidistant set of resonant

frequencies

νres = n
c

2l
, n ∈ N. (4.6)

The frequency spacing is defined as the free spectral range (Fsr) of the resonator:

∆νFSR =
c

2l
. (4.7)

The linewidth of the resonant peaks can be found to be in good approximation [23]:

∆νFWHM =
c

2l
· 1− r1r2

π
√
r1r2

. (4.8)

The ratio of the free spectral range and the linewidth is defined to be the finesse F :

F =
∆νFSR

∆νFWHM

=
π
√
r1r2

1− r1r2

=
π
√
R

1−R
. (4.9)

Here R denotes the reflectivity for the intensity.

4.2 Confocal Fabry-Perot cavities

In a confocal resonator with suitable mirror spacing even a beam that enters the cavity off

axis will return to its point of entry after being reflected several times [21] (figure 4.3). In

this off axis configuration a round trip consists of four passages through the cavity. Therefore
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4.2 Confocal Fabry-Perot cavities

incident beam

surface reflection
spot 1

spot 3
spot 4

mirror l=Rmir mirror

spot 2

Figure 4.3: A confocal cavity used off axis. The incident beam has to be reflected several
times to leave the cavity at the point of entry.

the free spectral range is ∆νFSR = c
4l

. Using the picture of a round trip consisting of four

reflections inside the cavity we can adapt the equations from a planar cavity: The amplitude

Eout,2 of the first transmitted beam (spot 2 in figure 4.3) is similar to the transmitted beam of

a planar cavity discussed above. The terms of the denominator of equation (4.3) correspond

to the sum of contributions of all round trips. For the distance and number of reflections

being doubled in comparison to the planar situation, 2l
λ

in the phase propagation factor

needs to be doubled also and the factor r1 · r2 has to be squared. The enumerator describes

amplitude and phase changes due to the transmission of the cavity and remains unchanged.

This leads to the equation:

Eout,2 = Ein
t1t2e

2πi l
λ

1−
(
r2

1r
2
2e

2πi 4l
λ

) (4.10)

Adding the reflected beam of the entrance mirror to the beam that returns from inside the

cavity we get the amplitude Eout,1 of spot 1 in figure 4.3. Hence the first part is unchanged,

while the second part requires three reflections and four runs through the cavity until it

leaves the resonator again. Considering the sum of all round trips in the cavity we get

Eout,1 = −Einr1 + Ein
t21r1r

2
2e

2πi 4l
λ

1−
(
r2

1r
2
2e

2πi 4l
λ

) . (4.11)

Since there are four possibilities leaving the cavity, the intensity in each individual spot is

lower than for the parallel mirror setup.
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4 Fabry-Perot cavities

4.3 Coupling light into a cavity

We need to discuss how to chose and align the optics for coupling light from the laser into the

cavity. The optimization of this coupling requires consideration of two concepts [4]: mode-

matching and impedance-matching. Mode-matching refers to the adjustment of the incoming

beam to the cavity mode. Impedance-matching denotes the adjustment of the parameters of

the cavity (e.g. mirror reflectivities). The coupling is maximized if the transmission through

the input mirror is on par with all losses of the resonator. An example: A cavity consisting

of two mirrors would be impedance-matched if the losses from the input mirror equals the

sum of the losses of the second mirror plus the losses resulting from scatter and absorption

on anything in the cavity including the mirrors. If this condition is fulfilled, the reflection of

a spatially matched input beam will destructively interfere completely with the cavity wave

transmitted back through the input mirror. Hence no net power will be reflected off the

input mirror on resonance.

Matching the spatial mode of a laser beam to that of a confocal cavity needs some patience

because the laser output is neither round nor diffraction limited. In general we have to

transform a given beam into another beam with prescribed properties. The intensities of

laser beams are not uniform. They are concentrated around the axis of propagation and their

phase fronts are slightly curved. Therefore we have to match the curvature of the phase front

to the curvature of the cavity mirrors (figure 4.4). To actually couple light into a cavity it is

z

z1 z2

z

l

2w0

b=2z0

RAYLEIGH zone

incoming GAUSSian 
mode

Figure 4.4: Gaußian wave matching a cavity with curved mirrors. The curvature of the
phase fronts have to match the curvature of the mirrors.

useful to think of a beam emanating from the cavity towards the laser. The waist and the
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4.3 Coupling light into a cavity

radius of curvature of this cavity beam can be calculated from the mirror geometry [10]. The

task is to shape and focus the laser beam in a way that it approaches the conjugate of the

cavity beam, i.e. generate a laser beam that is exactly like the cavity beam except moving

towards the cavity.

To realize this it is reasonable to make sure that the laser beam is collimated and its cross

section somewhat round. Afterwards at a fictitious point where the laser and the cavity

beam are the same size, a planar convex lens of the proper power had to be placed to focus

the laser beam to a waist at the same position as the waist of the cavity beam. If the

collimated laser beam is larger than the cavity beam the beams cross sections have to be

matched. Then the incoming laser mode matches the cavity mode.
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5 Stabilization of the frequency

For stabilizing the frequency we need to generate an error signal which indicates the de-

tuning of the laser compared to a reference frequency ωref. A controller has to compare the

actual laser detuning from ωref and to adapt the frequency accordingly (figure 5.1). The

+

+

laser

controller

control 
voltage

optical 
frequency

error signal

disturbances

reference 
frequency

Figure 5.1: Control loop for stabilizing the frequency of the laser.

stabilization of the frequency is done in two parts: The first part is the stabilization against

fast perturbations in the laser itself which is done via self injection locking as described

in section 2.3. The second part is the stabilization for slow disruptions due to acoustic or

thermal effects. This is done using a stabilization method first proposed in 1980 by Hänsch

and Couillaud [8], providing a dispersive error signal without any need for modulation

techniques.

5.1 Hänsch-Couillaud frequency stabilization scheme

Section 2.3 states that the output of a laser is strongly dependent on external feedback. We

also have discussed frequency selection of a Fabry-Perot cavity. Now we have to investigate

the stabilization of the selected frequency against variations of the driving current of the laser,

thermal differences and vibrations of the experimental setup.
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5.1 Hänsch-Couillaud frequency stabilization scheme

We will use a method first proposed by Hänsch and Couillaud [8] where a polarization

spectroscopy is used in connection to an external cavity, to generate a signal similar to a

dispersion signal. Basic principle is an element in the cavity which provides different losses

for both orthogonal planes of polarization. This could be a glass plate at the Brewster-

angle, a birefringent crystal or a polarizer. A schematic sketch of this setup is shown in

figure 5.2.

L
S

A
E
R

error signal

detectors

a

b

linear polarizer

+   -

polarization beam 
splitter

mirror

mirror

confocal cavity

ë/4 retarder

45°

È

Figure 5.2: Setup for frequency stabilization by Hänsch-Couillaud [8].

Let us have a look on the reflection of the light through the cavity [19]. If Θ is the angle

between the direction of polarization of the incident light and the direction of polarization

with minimal losses in the cavity we can write the incident light with amplitude E0 in two

components

E
(0)
|| = E0 · cos Θ

E
(0)
⊥ = E0 · sin Θ, (5.1)

which are perpendicular and parallel respectively to the direction of polarization with

minimal losses in the cavity. The complex amplitudes of the refelcted wave add up to

E
(r)
⊥ = E

(0)
⊥ ·

√
R1
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5 Stabilization of the frequency

E
(r)
|| = E

(0)
|| ·

(√
R1 −

T1√
R1

R · e−iδ

1−R · e−iδ

)

= E
(0)
|| ·

(√
R1 −

T1 ·R√
R1

· −R + cos δ + i sin δ

(1−R)2 + 4R sin2 δ
2

)
(5.2)

where δ is a phase and R1 and T1 are the coefficients of reflectivity and transmission of

the injection mirror. R < 1 is the factor of reduction of the amplitude taking all losses of

one round trip into account or two round trips respectively if the laser is irradiated off axis.

R accounts for any attenuation and determines the cavity finesse with equation (4.9). Both

directions of polarization have different losses because of highly different finesses. So both

directions of polarization get different phase shifts as long as the laser frequency does not

match the resonance frequency of the cavity. At exact resonance (δ = 2nπ) both reflection

coefficients are real which means that the reflected wave components remain in phase. Being

off resonance E
(r)
|| acquires a phase shift relative to E

(r)
⊥ , owing to the imaginary part of E

(r)
|| .

So the reflected beam is elliptically polarized which handiness is depending on the sign of

detuning from resonance.

To detect the ellipticity, the reflected light is send through an analyzer ensemble. It

consists of a λ
4

retarder, a linear polarization beam splitter and two photo detectors. The

fast axis of the retarder is rotated by 45◦ relative to the polarization axis of the beam splitter

output a (figure 5.2). This retarder transforms the incoming elliptically polarized light into

two orthogonal linearly polarized waves. These linearly polarized waves are separated by a

linear polarization beam splitter. The light intensities Ia and Ib are measured by two photo

detectors connected to a differential amplifier.

If the incoming light is linearly polarized, the intensities Ia,b are equal. The signal Ia − Ib
is only dependent on the magnitude and handiness of the ellipticity but not on a rotating

angle of the analyzer assembly around the beam axis.

To calculate the signal we assume the assembly being rotated so that the fast axis of the

retarder is parallel to the polarization axis of the intra cavity polarizer. We can find the field

amplitudes measured by the detectors using the Jones calculus:

Ea,b =
1

2

(
1 ±1

±1 1

)(
1 0

0 i

)(
E

(r)
||

E
(r)
⊥

)
. (5.3)

Hence the corresponding intensities on the detectors are

Ia,b =
1

2
cε|Ea,b|2 =

1

2
cε

∣∣∣∣12 (E(r)
|| ± iE

(r)
⊥

)∣∣∣∣2 . (5.4)
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5.2 Adapted Hänsch-Couillaud scheme

Using equations (5.1), (5.2) and (5.4) we can calculate a signal

Ia − Ib = 2I(0) cos(Θ) sin(Θ)
T1R sin(δ)

(1−R)24R sin2( δ
2
)

(5.5)

with I(0) = 1
2
cε|E(0)|2 being the intensity of the incident beam. The signal from (5.5) is

plotted in figure 5.3. It is a combination of a steep resonant slope with far reaching wings.
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Figure 5.3: Error signal provided by the Hänsch-Couillaud stabilization technique [19].
The grey region is the capture range.

This provides an ideal error signal for servo locking since it has a steep slope and a broad

capturing range.

5.2 Adapted Hänsch-Couillaud scheme

The system described above has to be adapted to fit to the experiment. The original

Hänsch-Couillaud has no optical feedback for injection locking. So we adapted the system

as shown in figure 5.4.

Here are two important differences to the original scheme: There is no polarizer in the

cavity and we get feedback to the laser if the cavity is in resonance. This adoptions are

possible because the cavity is running off axis in V -configuration (figure 5.5). The type I

beam is a superposition of the transmitted beam from the cavity and a reflected beam by the

incident mirror. The type II beam is the transmission of the cavity. The entrance mirror of

the cavity is coated with an anti reflex coating on the back of the mirror (appendix A.1) that

the reflected elements of the type I beam are suppressed. So in a good approximation all
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5 Stabilization of the frequency
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Figure 5.4: Adapted Hänsch-Couillaud stabilization setup. A part of the transmitted
beam of the cavity is send back into the laser.

retaining ring

type I beam

type II beam
from laser 
and back into 
the laser

zerodur or 
aluminum rod

PIEZO

Figure 5.5: Cavity in V-configuration. Type I beam is a superposition of a reflected beam
on the incident mirror and transmitted beam of the cavity. Type II beam is a
transmitted beam.

beams leaving the cavity are transmission beams. In equation (4.10) we found the intensity
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5.2 Adapted Hänsch-Couillaud scheme

of the transmitted beam, but it also allows us to look at its phase.

Eout,2 = Ein
t1t2e

2πi l
λ

1−
(
r2

1r
2
2e

2πi 4l
λ

) (5.6)

Comparing the transmitted beam to an imaginary reference beam, passing through the cavity

without any reflections we get:

Erel =
Eout,2
Eref

=
Eout,2

t1t2e
2πi l

λ

=
1

1−
(
fe2πi 4l

λ

) (5.7)

Here we have introduced the roundtrip factor f := r2
1r

2
2. In resonance, all contributions from

the electric field in the resonator have exactly the same phase. Therefore the transmitted

light has exactly the same phase as that of the reference beam, meaning the relative phase to

be zero independent of f . In the center between two resonances the phase difference between

one round trip and the next are huge and cancel out each other, resulting in a net phase of

zero again.

In the area close to a resonance the interesting part happens: Here only the circulating

part gets a minimal phase shift between the round trips, and the amplitude drops to zero

before canceling each other. For a high finesse cavity, many reflections will occur before the

intensity goes close to zero. This leads to an increased contribution from the round trips

having accumulated a larger phase shift. For an ultra low finesse cavity without mirrors

there would be no phase shift for all wavelengths. Hence the slope of the phase around a

resonance is strongly dependent on the round trip factor f and with it on the cavity finesse

F ≈ π
√
f

2(1−f)
.

wavelength 8

E
E

tr
an

sm
is
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Figure 5.6: Off resonant transmission peaks of a cavity in V -configuration. E⊥ and E|| have
different transmissions when the cavity is not in resonance. The difference of
these signals gives the dispersion shaped error signal.
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5 Stabilization of the frequency

In resonance the two orthogonal linear polarizations (E⊥ and E||) of an incident beam

will have the same phase, resulting in linear polarized light in transmission. Getting off

resonance, the phase slope is different for both polarizations. If E|| is lagging behind E⊥ on

the high frequency side of resonance, it will be the other way around on the low frequency

side (figure 5.6). This will add an circular component to the output beam. The analyzer

of the adapted Hänsch-Couillaud scheme remains exactly the same as in the original

setup.
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6 Generating the setup

This section shows the generation of the experimental setup. We apply the theory we dis-

cussed above and point out difficulties and problems during the building procedure.

6.1 Diode laser

We start with a self locked laser diode build up in the Littrow-configuration (figure 6.1)

with a temperature control via Peltier element. In Littrow-configuration the minus first

PIEZO-bar

fine threaded screwgratingPIEZO-disc
laserdiode

collimator

PIEZO-bar

level adjustment 
screw

(a) Animated [29]. (b) Real life.

Figure 6.1: Laserdiode with external grating in Littrow configuration. The −1 diffractive
order is reflected back into the laser and the 0. order is coupled out.

order of diffraction is sent back into the laser and the zeroth order is coupled out. We can set

the emitted wavelength by varying the angle of the grating. For the laser output being very

sensitive to differences in temperature T , we have to control it. This is done by a Peltier

element as shown in figure 6.2.

This setup emits a very elliptical beam profile shown in figure 6.3a, as predicted in section

2.1. For better handling and fitting it is reasonable to correct the beam profile to a more
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6 Generating the setup

T-sensor
laser
diode

setpoint

T-controler

PELTIER 
element

)T 1:K       

Figure 6.2: Temperature control of the laser via Peltier element [29].

(a) uncorrected (b) corrected

Figure 6.3: Beam profile of the laser output.

circle form (figure 6.3b). This can be done by using cylindrical lenses but we did it with an

anamorphic pair of prisms for smaller path lengths. An anamorphic pair of prisms deflects

the beam in one direction only as shown in figure 6.4.

To characterize the diode laser system we measure the characteristic diagram and gauge

optical power versus injection current (figure 6.5). So we have a threshold current of (13.3±
0.5) mA. From this measurement we can calculate the quantum efficiency of the laser. This

describes the efficiency the laser produces photons from the electrons. It is defined to be the

electron rate rel divided by the photon rate rph [13]:

η =
rel
rph

= (0.64± 0.12).
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6.2 Building the cavity

(a) Animated (b) Real life

Figure 6.4: Elliptical beam cross sections can be converted to round cross sections using an
anamorphic pair of prisms. Here deflection only occurs in one direction.
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Figure 6.5: Threshold current of the laser system after optimizing the grating. The errors
are the standard deviation from 10 measurements per point.

6.2 Building the cavity

In order to get an external feedback from a cavity we have to build one. We use home built

cavities. These cavities have the quality characteristics and dimensions shown in figures 6.6

and 6.7. In order to put all parts together we start with the assembly of the lens side of
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6 Generating the setup

Figure 6.6: Components for building the cavity. From left to right: Pinhole, spacer, lens,
spacer, mirror, brass screw thread, aluminum- e.g. zerodur rod, Piezo tube, end
cap.
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Figure 6.7: Detailed look on the cavity. All data is in millimeter. The curvature of the
mirrors is 50 mm.

the cavity:

First the plastic cap with the thread has to be glued on the aluminum rod. It has to be made

sure that the cap is glued exactly in the middle because the threaded brass cylinder has to

fit in the aluminum rod as well and the tolerance is very low. Then the curved mirror has

to be dropped into the threaded cylinder and fixed by screwing the spacer into the cylinder.

Similarly the lens is fixed in the cylinder. The pinhole is optional.

Afterwards we assembly the Piezo side of the cavity: We have to solder the cables on the

inner and outer side of the Piezo tube. Here we have to make sure that the inner electrode

is positive and the outer electrode is the ground. The Piezo fits in the end cap and has to be

glued there. Through the feedthrough of the cap the outer cable has to be conducted out of

the cavity. The inner cable can be conducted out directly through the laser port. Finally the

end cap has to be glued on the aluminum rod. This cavity has the following properties:
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6.3 Building the fiberinterferometer

• F := ∆νFSR

∆νcavity
= π

√
R

1−R ≈ 250

• ∆νFsr = c
4l
≈ 1, 5 GHz

• ∆νcavity = ∆νFsr

F ≈ 6 MHz

6.3 Building the fiberinterferometer

In order to fathom the starting point and to monitor our progress in narrowing the linewidth

we have to build the self heterodyne scheme mentioned in section 3. At the beginning we

used an already existing fiberinterferometer with a Thorlabs BFL 48 fiber having a length

of 200 m, an Aom at a frequency of 100 MHz, by courtesy of Julian and the group of Prof.

Dr. Martin Weitz.

We were not able to actually measure something with this setup because we could not man-

age to get a beat signal on the photo diode. The reason most likely lies in the fiber being

a multi mode fiber changing the incident mode to another. In order to solve this problem

we had to build our own setup with a single mode fiber. The setup was generated mostly

with parts available in the lab. Only the fiber and two fiber coupler had to be bought. We
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Figure 6.8: Corningr SmfTM-28 attenuation [26].

decided to buy a standard fiber from telecommunications: Corningr SmfTM-28 having the

transmission properties shown in figure 6.8 and a length of 5 km. For the used wavelength

29



6 Generating the setup

of 852 nm the transmission is 12.4 % at most.

For having the possibility to use the fiber interferometer to measure different lasers a Schäfter

and Kirchhoff fiber coupler is used to couple the laser light in. Then the laser light is

split into two parts with a polarizing beam splitter (Pbs). To control the intensity going

into each arm we used a λ
2

wave plate in front of the Pbs. The first arm is coupled into the

fiber via two mirrors and a fiber coupler. The achieved transmission is 11.5%, which is a

very good value for the theoretical value being 12.4 %. The second arm is feed through a 2f

assembly with an Aom in the center. The lenses have a focal length of 10 cm and the Aom

a modulation frequency of 324 MHz. The lens in front of the Aom focus the beam into the

Aom. The second lens collimates the beam again. The reached diffraction efficiency of the

Aom is 74 %. The zeroth order leaving the Aom is blocked by an iris, placed in a way that

the first order beam penetrates the center of the iris.

Then both arms are combined again via four mirrors and a Pbs. At this point we have to

take care of both arms being heterodyne and having roughly the same intensity and spot size.

This is necessary because the combined beams are refelcted by one mirror through another,

rotated Pbs to project the heterodyne, orthographic beams to one plane of polarization to

guarantee an interference. Then the recombined beam is focused on the photo diode. Both

arms have a power of (36± 2)µW.

The setup of the fiber interferometer is shown in figure 6.9.

6.4 The full setup

The full experimental setup consists of two parts: A stabilization part and an observation

part. The stabilization part is the laser and the adapted version of the Hänsch-Couillaud

stabilization scheme. The observation part is the fiberinterferometer and a monitor cavity

behind an optical isolator.

First we built the observation part. Doing so we first corrected the beam profile with an

achromatic prism pair described in 6.1 and split the beam in two parts. Then we used two

mirrors to walk the beam through the optical isolator. An optical isolator can be seen as

an optical diode which allows the transmission of light in only one direction. It consists of

a magnetic garnet crystal having the Faraday effect, a permanent magnet and polarizing

elements (figure 6.10). The two Pbs have a 45◦ differential in the direction of their light

transmission axes. There is a 45◦ Faraday rotator interposed between the Pbs. A forward

light beam passing the optical isolator gets the following change:

Passing through the first Pbs the light is split in two beams of linearly polarized light.
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Figure 6.9: The fiber interferometer. Arm 1 is delayed by time by a fiber of 5 km length and
arm 2 is frequency shifted by 324 MHz via an Aom.

One beam is blocked and the other passes through the Faraday rotator, which rotates the

direction of polarization about 45◦. Then the light passes another Pbs which is rotated

about the same 45◦ in the direction of polarization was rotated before. Therefore the beam

passes the second Pbs without losses.

If the beam comes from the other direction to pass the optical isolator, the light is split into

two beams of linear polarization by the rotated Pbs. Passing through the Faraday rotator,

the plane of polarization is rotated by 45◦ in the same direction as the initial tilt. This light

gets diverted completely into a beam dump by the second Pbs.

To build the optical isolator in the setup we first have to maximize the throughput of the

optical isolator. Then we have to turn the optical isolator around and minimize the signal.

This procedure has to be repeated until the optimum is reached. To realize this we generated

a very tight mount for the optical isolator. So we could turn the isolator without changing

its position relatively to the laser beam (figure 6.11).

Since we now have the light through the optical isolator we do not get any feedback from
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polarizer
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Figure 6.10: Structure of a polarization dependent optical isolator [28].

matches exactly the frame 
type column of the optical 
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(a) Mount (b) Mount with optical isolator

Figure 6.11: Self made mount to adjust the optical isolator. The optical isolator fits in very
tightly and can be turned around without changing its position relatively to the
laser beam.

the observation part. Right after the light is coming out of the optical isolator we split it

again with a glass plate. The glass plate reflects 4 % of the incident light and transmits the

rest. The smaller part of the light beam is used to monitor our signal with a reference cavity.

So the light is guided into the reference cavity using two coupling mirrors in front of a lens.
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6.4 The full setup

The transmitted part of the glass plate is coupled into a short fiber via two mirrors to guide

the beam to the fiber interferometer. A picture of the observation part is shown in figure

6.12.

Figure 6.12: Observation part of the setup.

To couple the laser light into the monitor cavity it is useful to use an iris. We aligned the

mirrors such that the laser beam is incident at the center of the cavity mirror, and also such

that the cavity reflection hits the coupling mirrors at the same spot as the input laser beam.

We than can observe the reflection from the cavity on the iris: If the beam size is roughly the

same as the input laser beam at the iris, then the input wavefront curvature is well chosen.

If not we either have to correct the radius of curvature or the position of the waist is not

near enough to the waist of the cavity. Moving the lens will solve this problem. After both

beams having the same size we look at the cavity transmission with a photo diode placed

behind the cavity, while sweeping the laser frequency. Once modes are observed we adjust

the sweep so that about two free spectral ranges are covered. A problem arises to figure out
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6 Generating the setup

which peak actually corresponds to the Tem00 mode. To solve this we can close the iris to

a small size. This attenuates the coupling to higher modes more than to the Tem00 mode

because it is the smallest mode. With some patience the Tem00 mode will couple to the

cavity.

The stabilization part is shown in figure 6.13. Here we used the adapted Hänsch-

Couillaud stabilization technique described in section 5.2. To couple the type I beam

Figure 6.13: Stabilization part of the setup.

out after being in the cavity the irradiation is through a substrate. The substrate acts like a

glass plate and allows to send the type I beam to the Hänsch-Couillaud analyzing scheme.

In order to get an acceptable error signal the coupling to the cavity has to be very good.

The theoretical and practical aspects of coupling light into the cavity have been discussed

above. To realize the coupling to this cavity in reality we have to think about a method

to avoid feedback from the cavity to the laser, but align the cavity in a way that feedback

is possible. We want to avoid feedback during adjustment because the transmission signal
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6.4 The full setup

from the cavity is destroyed by the instable feedback. In short: We do not want feedback

for adjustment but afterwards. We came up with the following solution: Build in an optical

isolator in a way that the light can couple to the cavity but not back to the laser and remove

the optical isolator after adjustment. Unfortunately this idea did not work. The coupling to

the cavity was going well but after removing the optical isolator the coupling was disturbed.

The optical isolator must somehow shift the optical path in the plane perpendicular to the

table and beam that the coupling after removing the optical isolator is not good enough.

The vital idea was to exchange the substrate carefully with a high reflective mirror. The

substrate and the mirror are equal in size and shape and can be exchanged in a fixed mirror

mount without effecting the beam path. Due to the high reflective mirror the intensity ir-

radiated into the cavity is very low since most of the incident light is reflected into a beam

dump. Therefore the transmitted light of the cavity has even lower intensity and only a very

tiny part is heading back to the laser. This tiny part can be blocked with an attenuator. So

we can couple the light to the cavity without getting feedback.

After coupling the light to the cavity, following the rules explained above, the mirror is re-

placed by the substrate again and the attenuator is removed and the laser gets feedback. To

stabilize the laser the transmitted type I beam is coupled out to the Hänsch-Couillaud

analyzing scheme.
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7 Results

The error signal provided by the Hänsch-Couillaud stabilization setup is shown in figure

7.1. The signal is generated by scanning the grating of the Littrow configuration. This
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Figure 7.1: Measurement of the error signal of the Hänsch-Couillaud stabilization tech-
nique.

changes the frequency of the laser output and we get two different resonances for the two

polarizations. The differential amplifier gives the shown data. We can see that it looks like

predicted in section 5.1. The slight asymmetry can be explained by having a better cavity

transmission for one linear polarization than for the other. This can be due to a minimal

misalignment of the mirrors during the gluing process described in section 6.2. Never the

less we can lock to the signal.
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The locking is done with a lock box to the zero crossing of the dispersive signal. Here

is no phase shift between the two directions of polarization and the cavity is in resonance.

If there is a detuning to the left or the right of the zero crossing the voltage will fall or

rise respectively. One of the mirrors for coupling the light into the cavity is mounted on a

Piezzo crystal. This crystal is triggered by the lock box which therefore can variate the

path length of the beam heading towards the cavity. Changing the path length, changes the

incident phase as well. So the lock box can control the relative phase shift to be zero.

The beat signal of the Littrow configuration is shown in figure 7.2. The Fwhm of the

signal is (5, 26 ± 1, 82) MHz corresponding to a laser linewidth of (2.63 ± 0.91) MHz using

equation (3.1). The Fwhm is taken on a linear scale which is not plotted for lack of space.

This measurement confirms our measured values via a transmission spectrometric procedure,

described in the diploma thesis of Julia Kemp.
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Figure 7.2: Measurement of the laser linewidth in Littrow configuration without getting
feedback from the cavity. Sweep time is 1 ms, RBW=VBW= 0.47 MHz.

Figure 7.3 shows the beat signal of the stabilized laser. As expected the Fwhm of this

beat signal is much thiner. It is (0.55 ± 0.34) MHz with a corresponding laser linewidth of

(0.275± 0.170) MHz. This Fwhm is taken on a linear scale also.
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7 Results
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Figure 7.3: Measurement of the laser linewidth getting feedback from the cavity. Sweep time
is 1 ms, RBW=VBW= 0.47 MHz.

Since the actual locking laser of the Cqed experiment has a linewidth of about 10 kHz

there has to be an improvement of the linewidth achieved in this result. Some possibilities

to improve the setup are made in the next chapter.
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8 Conclusion and outlook

The setup generated in this diploma thesis supplies first promising results in order to generate

a compact long term frequency stabilized diode laser system. In addition to the presented

setup we studied a similar system with a plane-parallel cavity described in detail in the

diploma thesis of Julia Kemp. This setup provided dissatisfactory results which led us to

concentrate our efforts to the V -configuration.

Beginning with a linewidth of (5.26 ± 1.82) MHz it was possible to reduce it by a factor

of 10 to (0.55 ± 0.34) MHZ. Many problems in generating the setup have been solved and

described as well. The actual locking laser of the Cqed experiment has a linewidth of about

10 kHz. So this setup has to be improved to achieve comparable results.

A first step in further narrowing the linewidth is to make the setup more compact and

stable. This could be done by building it into a special made full metal jacket. Here the

whole setup should be on one solid block of metal with drilled holes for the light passing

through. This would improve the resistance and stability of the system against vibrational

and thermal changes of the environment and can be realized by the mechanical workshop.

Then the feedback from the Littrow configuration has to be removed so that there is the

optical feedback from the cavity only. This should on the one hand improve the stability of

the lock because there is no need to have two cavities to be resonant at the same time but

on the other hand complicate the selection of the wavelength.

A fancy way to stabilize and miniaturize the setup is to build it completely in fiber. This

means taking a pigtailed laser diode, use fiber beam splitter and pigtailed photo diodes.

These parts are available from different companies in different versions. The critical part is

a fiber based cavity. A very impressive way to build a fiber cavity is realized by J. Reichel

and T. W. Hänsch et al in 2010 [17]. Here a fiber based Fabry-Perot cavity with CO2

laser machined mirrors combines very small size and high finesse F ≥ 130.000. Furthermore

this cavity has a small waist and mode volume and good mode matching properties between

the fiber and cavity modes. The proposed design of the cavity cannot be used for this

experiment, because we want the cavity to operate in V configuration for getting feedback in

resonance only. To adapt the design to run in V configuration a theoretical possible solution

39



8 Conclusion and outlook
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Figure 8.1: Sketch of a cavity with one mirror being a coated spherical end of an optical
fiber.

is to machine the mirror on the end of the fiber under an angle that allows V configuration.

This is shown in figure 8.1. In this alignment the error signal for the adapted Hänsch-

Couillaud stabilization scheme can be taken from the transmitted type II beams. It has

to be determined if this adaption to the fiber cavity can be realized.

For the linewidth of the existing setup being in the region of 100 MHz and the resolution

of the fiberinterferometer being 40 kHz the fiber should be replaced with a longer one.

We conclude that the generated setup supplies first promising results, but has to be im-

proved further on to actually replace the existing locking laser.
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A Appendix

A.1 Anti reflex coating
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Figure A.1: Properties of the anti reflex coating of the company Befort Wetzlar. The
reflectivity of a wavelength of 852nm is less than 0.2%.
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