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This work describes the experimental investigation of amplifying a low-
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Chapter 1

Introduction

Broad-area diode lasers are a reliable source for high power CW laser light.
Unfortunately, the quality of the light does not meet the requirements of many
experiments. The free-running output usually consists of several spatial as well
as different temporal modes. Injecting a small amount of single spatial and
longitudinal mode light into a broad-area diode has been shown to produce
a high power output in a single mode by several groups [1-7]. Nevertheless,
multi-pass amplification has not become a standard tool in physics and the
knowledge about its ease of use is limited in spite of several publications. This
work describes the results of our investigations of amplifying single-mode light

with one specific broad stripe diode laser.

This project began with the ultimate goal of engineering a working laser
system based on double-pass amplification that would be suitable for experi-
ments with cold cesium atoms in our lab. The main motivation has been that
diode lasers, compared for example with the argon-pumped Ti:Sapphire laser
presently used, are easier to align and much cheaper to maintain. Not only
is single mode light (spatial and longitudinal) required in the cesium experi-

ments but also a power output of approximately 500 mW or higher is needed.



Here the physical limitations of diode lasers restrict their usefulness. Although
high power laser diodes (well above 500 mW) are commercially available at
the appropriate cesium transition wavelength (852 nm), single-spatial mode

laser diodes typically have output powers below 100 mW.

The idea of double-pass amplification is to combine the best aspects
of two diode lasers, one with single mode characteristics and one with high
power output to accomplish all the needs of our experiment. In principle, a
broad-area diode is simply used to amplify light in one mode injected by the

second laser.

In 1988 Goldberg and Chun [3] showed that it is possible to gain
400 mW of single mode power out of a 1 W broad area diode. Therefore
we expected that our ultimate goal of 500 mW was attainable with our 2 W
laser diode. Thus far, we have not succeeded. Nevertheless, we have seen a

lot of interesting physics in our experiments.

This work will start by introducing the basic physics underlying lasers
and in particular diode lasers in Chapter 2 in order to form a solid basis
for further discussion. The theoretical principles of beam propagation used
throughout our work are discussed in Chapter 3. Chapter 4, about multi-pass
amplification itself, finishes the theoretical considerations before we introduce
the experiment in Chapters 5, 6 and 7. The results of our work and related

analyses are presented in Chapters 8 and 9, where we conclude this work.



Chapter 2

Introduction to the Theory of Diode Lasers

This chapter explains some of the physical principles used in our experiment.
First we give an overview of the general theory of the laser, and then we go

on to explain the details of diode lasers.

2.1 Basic Laser Physics

Laser science is a broad topic that cannot be fully covered in this thesis. For

a more general and complete discussion the reader is referred to [8-11].

We will briefly introduce the different components of a working laser
system in this chapter. First, there is a gain medium, discussed in Section
2.1.1. We then consider the implications of the laser resonator in Section
2.1.2. Finally, there is the pumping mechanism of the laser. Because of the
variety of possible pumping mechanisms, we shall restrict ourselves to the case

of diode lasers, which we discuss in Section 2.2.

2.1.1 Gain Mechanism and Population Inversion

The basic physics of a laser can be explained most easily by making one crucial

simplification, namely, that the gain medium (the heart of the laser) consists



only of two-level systems whose states are separated by an energy E,. Nat-
urally, this is not an exact description for any gain media especially because
two-level systems cannot have population inversion in the steady state. Never-
theless, one can introduce all the basic physics in this model. We will restrict
ourselves to two-level systems throughout this section and return to the com-

plications of a realistic system when we discuss diode lasers in Section 2.2.

There are three different possible interactions between two-level sys-
tems and a radiation field consisting of photons. First of all, a photon can be
absorbed if the lower level is occupied and the photon energy given by E, = hv
matches the energy difference between the two states: E, = Ej (see Fig. 2.1a).
This absorption is proportional to the intensity of light going through the con-
sidered medium because each photon has the same probability to be absorbed,
o, per unit length, per density N; of occupied lower levels. The probability
o is a property of the laser transition and can be calculated ab initio at least
approximately in atomic or solid state physics. For low intensities, N; can be
treated as a constant. For high intensity light, N; is reduced due to absorption
that populates the upper level and becomes a function of position. This effect
is often referred to as saturation. Therefore one should expect the following
variation in the intensity I of a light beam when it goes through the medium

in the z-direction:

dI(x) = —oNy(z)I(z)dz. (2.1)

In the low intensity limit where N is a constant, it is easy to calculate

that the intensity of the beam after traveling a distance d will be

I(xg+d) = Iye 7™M, (2.2)



Figure 2.1: Basic interactions of light with matter: A two level system can (a)
absorb light while in the lower state and (b) spontaneously emit light while in
the upper state. A photon can stimulate emission (c¢) while the upper state is
occupied.

where Iy = I(xo) . This exponential damping is usually observed when light
passes through any medium. The damping coefficient ¢ is high in opaque
and low in transparent materials. If the assumption of low intensities breaks

down, saturation effects will decrease the effective absorption and change the

exponential damping law.

When the system is already in the upper state, the process of sponta-
neous emission comes into play (see Fig. 2.1b). In this process the system can
decay by emission of a photon into the lower state with a rate unaffected by
the intensity of a photon field. This type of interaction can be very weak in

comparison with stimulated emission, which will be discussed later.

Now we can specify more precisely what we mean by low intensity in the
discussion of absorption: the rate of absorption, which is proportional to the
intensity, has to be very small compared with the spontaneous emission rate.

Only in that case will the change of N; due to this absorption be negligible.

The third interaction process between matter and radiation is stimu-



lated emission (see Fig. 2.1c). Whenever light of the right frequency (v =
Ey/h) passes through material that consists of systems partly in the upper
level, it induces transitions to the lower level by coherent emission of photons.
Coherent means that the electromagnetic wave associated with the photon has
the same wave vector and phase as the incoming wave (i.e., there is complete
constructive interference). It turns out that the change of the light intensity
in the low-intensity limit is I(xg + d) = I,e™™2?¢ where N, is the density
of occupied upper levels. Here, low intensity means that there is a process
(pumping) that reoccupies the upper level with a rate higher than that of

stimulated emission.

The ratio of stimulated to spontaneous emission in an external field is
approximately equal to the number density of photons in the field, which can
be made very high. Therefore, effects of spontaneous emission can be usually

ignored in calculating the variation of intensity in a medium.

Naturally, both levels are partially occupied in any medium and the
combined absorption and stimulated emission lead to the following intensity

change for a light ray:
[ = [ye oMNi=Na)e, (2.3)

In typical matter it is more probable that the lower level is occupied, as one
might expect from a Maxwell-Boltzmann distribution. Therefore, light is usu-
ally absorbed in matter as stated before, but if N, is larger than Ny, one gets
Light Amplification by the Stimulated Emission of Radiation (i.e., a LASER).

A medium with this property is often referred to as an active or gain medium.



For a physicist or laser engineer the essential task is now to achieve this
population inversion by finding a pumping mechanism to populate the upper
level by more than 50%. As discussed before this population inversion cannot
be achieved in a two-level system. We will return to this topic in Section
2.2. First, however, we want to discuss the laser’s resonator because without
any resonator system the active medium would emit more or less isotropically
(depending only on the geometry of the gain medium) with low intensity and

little coherence.

2.1.2 Resonator and Threshold

In order to get high intensities in a directed beam the distance the light travels
in the gain medium should be as large as possible in one distinct direction.
Therefore it is natural to use mirrors to reflect the already amplified beam back
into the medium for further amplification to take advantage of the (essentially)

exponential amplification law (2.3).

Let us first assume the simplest case, namely plane mirrors on both
sides of the active medium. A beam started by spontaneous emission perpen-
dicular to the mirrors’ surfaces is amplified and reflected back to be amplified
again and so on. Nearly all light generated by spontaneous emission is not
perpendicular to the mirrors and leaves the cavity quickly. It is not amplified

much because of its short path through the active medium (see Fig. 2.2).

Besides the variation of intensity according to equation (2.3) there are
also losses because the reflectivity of the mirrors’ surfaces is not perfect. Fur-

ther, the finite dimension of both the mirrors and the gain medium lead to
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Figure 2.2: The working principle of a resonator: Light traveling perpendicular
to the mirrors is amplified while oscillating between the two mirrors. The left
mirror is used to couple a certain amount of light out to produce the laser beam.
Light in other directions leaves the cavity quickly without large amplification.
losses from various diffraction effects. Finally, one can include losses due to
absorption followed by spontaneous emission. If we assume that during each
round trip through the cavity a certain fraction of the light L is lost through
these mechanisms, the ratio of the intensity to the initial intensity after one
round trip is

1 No—N1)d

— = LeWa=M) (2.4)

0
where d is the length of a single round trip through the active medium. It is

easy to see that lasing can only occur if the ratio in Equation (2.4) is larger

than unity, because only that case will build up the intensity.

Of course the growth in intensity per round trip according to Equa-
tion (2.4) cannot go on forever. The low intensity limit eventually becomes
invalid because the pumping process is no longer efficient enough. The popu-

lation density Ny decreases homogeneously throughout the medium (such that



Equation (2.4) still holds but with a reduced Ny — N7) to a point where the
gain equals the loss per cycle. At this point a stationary intensity I is estab-
lished in the cavity. From these considerations the output power Pjasr of a

laser is given by

Plaser - T/ ISdA (25)
mirror surface

where T' is the transmittance of the output mirror and the integral is over the

stationary intensity of the beam profile.

So far we have not discussed the consequences of coherence in the laser’s
resonator. Because of the coherence in stimulated emission we have to take into
account interference effects of the waves in between the two mirrors. A first
major consequence of this interference is that in a given resonator amplification
can only be achieved for frequencies that fulfill the condition for a standing

wave,

Cml
V) = E (26)

Here, ¢y, is the speed of light in the laser medium, L is the distance between the
two mirrors and n can be any positive integer. This expression is only exact if
the active medium fills the whole space between the mirrors (L = g); otherwise,
one has to take the different refractive indices (leading to different ¢,,’s) into
account. These frequencies are frequently referred to as longitudinal modes of
a laser and lead to complete constructive interference. At all other frequencies

destructive interference between different parts of the electromagnetic field

propagating between the mirrors inhibits laser oscillation.



If the transitions between the two levels in our simplified system would
be possible only at a single, well defined energy (as assumed thus far), it would
lead to the stringent requirement that the resonator must exactly match the
corresponding frequency. Fortunately, every physical transition used in lasers
has a certain finite linewidth about its center frequency. That is to say that
o is a function of the frequency v, with typically a Lorentzian profile with
the center at the energy separation of the transition as familiar from atomic

physics.

The quantity n in Equation (2.6) is usually very large (n > 500 even
in small diode lasers) and therefore n + 1 does not differ very much from n.
Thus, the longitudinal modes are close to each other and many frequencies
vy can actually be amplified. This effect will be discussed in greater detail in

Section 2.2.

The resonator does not only restrict lasing to longitudinal modes but
also forms certain transverse modes (i.e., amplitude or intensity distributions
perpendicular to the direction of beam propagation), often referred to as TEM
modes (Transverse ElectroMagnetic modes). To allow constructive interfer-
ence, the amplitude distribution A on one of the mirror surfaces must equal
the distribution after one round trip in steady state. This condition leads to

an integral equation from Fourier optics,

) = ey [ [ Awy)iedeay 2.7)
2N Jo Jy r

where A is the wavelength of the longitudinal mode, k is its wave vector, and

r is the round-trip distance between the two points on the mirror specified by

(Z,9) and (z,y).

10



Equation (2.7) leads to different solutions for different cavity types (e.g.,
plane or confocal Fabry-Perot cavities) and to different possible modes for each
cavity. As an example of how mathematically complicated these modes may
become, we present here the solution for a stable cavity as derived for example

in [§]

V2 V2
w(i;))Hj <w(2zy)>

expilkz — (i +j+ 1) tan™" 2/z) (2.8)

Eij(x7 Y, Z) OCH’L(

expik(z® +y*)/2R(2) exp— (2 + y*)w*(2).
Here, w(2) is the beam radius, zg = mnw?/\?, where wy is the beam radius at
z = 0. R(z) is the curvature of the beam (all these parameters are discussed
in more detail in Section 3.2). H; and H; stand for the Hermite polynomials
of order 7 and j. The indices ¢ and j are used to label the different TEM
modes (e.g., Foo is denoted by TEMqg). The resulting intensity profile is of a
Gaussian form and therefore leads to Gaussian beams (see Section 3.2). We

will now move on and discuss the physics of diode lasers in more detail.

2.2 Diode Lasers

A diode laser relies on the properties of a p-n junction that may be familiar
from normal p-n junction diodes in electronics. We will first look at the basic
physical principles that allow the usage of such a semiconductor device as a
laser in Section 2.2.1, and then we will look at the special examples of the

lasers used in our experiment in Section 2.2.2.

11



2.2.1 Principles

First of all, it is essential to understand how our two-level system introduced in
2.1.1 might be realized in diode lasers. In semiconductor materials the valence
and conduction bands are well separated by an energy gap of roughly 1 eV.
The two levels that can be coupled by radiation are therefore both an electron
in the valence band and a hole in the conduction band (the lower level in
the two level model) or an electron in the conduction band and a hole in the
valence band (the upper level in the two level model). The holes are crucially
important because an electron can make a transition only into an unoccupied

state in the conduction or valence band because of the Pauli principle.

In an n-type doped semiconductor there are many electrons in the con-
duction band and no holes in the valence band (see Fig. 2.3a), and in the
p-type material the opposite is true (see Fig. 2.3b). In the region near a p-n
junction the nearby electrons and holes diffuse into each other’s domain, re-
combine (see Fig. 2.3c), and a potential barrier builds up to prevent unlimited
diffusion. This process is known from basic solid state physics and is essen-
tially enough to lay the foundations for a potential lasing capability of this
system. For a more complete discussion of semiconductors and p-n junctions

see, for example, the book by Ashcroft and Mermin [12].

Outside of the recombination region, no two-level systems with energy
separations close to the band gap are formed (there may be holes in the valence
band or electrons in the conduction band, but again, both cases are necessary
to form the two-level system). Inside this region, predominantly the lower

level is occupied.

12
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Figure 2.3: Band structure in different regions of the diode drawn in a sim-
ple harmonic approximation (black and white dots show electrons and holes
respectively). Shown are examples of (a) an n-type doped material and (b)
a p-type doped material. (c) In the absence of externally applied fields light-
emitting transitions can not occur at the p-n junction. (d) In a forward-biased
p-n junction, electron-hole pairs can radiatively recombine.

Of course, this system is far from our previously assumed two-level
picture because a solid-state energy band, as the name suggests, consists of
quasicontinuously distributed states in a certain energy interval. This results
in a fairly broad energy range in which optical transitions can occur between
states within this band structure. This situation is in contrast to a gas laser
where only one transition (with a fixed center frequency) can lase, a semicon-
ductor has two-level systems with continuously varying energy separations.
The minimum energy in this range equals the band gap of the given semi-
conductor. Therefore, the density of two-level systems is a function of center
frequency v of photons emitted or absorbed by the corresponding transition,

which has its own natural linewidth. We shall note here that for example

13



an electron in the conduction band can contribute to the density of two-level
systems N(v) in a whole frequency region because it can recombine with dif-
ferent holes at different energies. The level density N(v) as a function of v is

in general complicated as is the band structure of real materials.

Let us consider the case where essentially only the lower levels are
occupied as occurs for thermal equilibrium within the p-n junction. In this
regime light with a photon energy slightly larger than the gap energy can be
absorbed efficiently because N (v) is large and approximately equals N (v). In
GaAs (discussed in Section 2.2.2) the absorption coefficient o(Ny — Ny) is as

1

large as 1170 ecm™ in the near infrared; hence, light in that frequency range

can penetrate this material only approximately 10 pm.

The density of occupied upper levels can be dramatically changed by
forward-biasing the diode. This corresponds to the pumping necessary for a
laser as mentioned in Section 2.1.1. An external electric field can overcome the
potential barrier in the p-n junction and drive both conduction-band electrons
and valence-band holes from the n-type and p-type regions, respectively, into
the p-n junction. The density of occupied upper levels then rises because the
electrons are driven into this region more quickly than they recombine with
the holes. Ideally, one can achieve a situation as shown in Fig. 2.3d where all
states in the conduction band up to a certain energy are occupied by electrons
and the corresponding states in the valence band contain holes. In other
words, if the rate of electrons and holes entering the recombination region is
large enough the pumping will be so effective that N;(v) is essentially zero

and N(v) ~ Ny(v). When the population inversion condition is satisfied, light

14



in the appropriate frequency range will cause stimulated emission. The light
intensity will increase exponentially with the same coefficient of 1170 cm™!.

These conditions are optimal for a laser.

Naturally, recombination processes due to these stimulated emissions
or other optical or vibrational processes will drastically reduce the popula-
tion inversion, but nevertheless a large stationary density Ny(v) in a certain
frequency region can remain. Hence, the gain can still be quite large in semi-

conductor lasers where gain factors above 10 per round trip are common.

We can now estimate the functional dependence of Ny(v) and, assuming
that o(v) is approximately constant, the gain of a laser using such a p-n
junction as active medium. Furthermore, let us assume complete inversion in
a certain region AFE above the band gap. Directly at the gap energy only
a few electron-hole pairs can undergo stimulated emission because electrons
above the lower band edge cannot find holes with the right energy difference
for recombination. For the maximum energy where stimulated transitions are
possible, the situation is similar (see Fig. 2.4a). However, at a certain energy
in between these extreme cases, nearly every electron in the valence band can
recombine with a corresponding hole at the correct energy separation (see
Fig. 2.4b), and the gain is optimized. This qualitative picture with a peak
gain at a frequency slightly higher than the band gap (see Fig. 2.4c) is close
to both the results of detailed calculations as given, for example, in [13] and

to our experimental results (see Section 7.2).

Of course, there are always electrons in the valence band far below the

band edge (see Fig. 2.3d), and so the semiconductor remains opaque above a

15
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Figure 2.4: Energy dependence of the level density N(E): (a) transitions at
the highest energy where pumping is still effective. No(FEpnax) is low because
most of the electrons cannot make transitions to the valence band. (b) At
a certain energy nearly every electron can find a hole to recombine with and
N(FEoptimal) s large. (c) shows a qualitative picture of Ny(v)

certain frequency. However, the window of optical transitions with energies

close to the band gap energy which cannot couple to these electrons is large

enough to make the construction of a laser possible.

The electron and hole flux through the junction results in a current [/
through the diode, often referred to as the driving current. The power Pyump
contained in the produced photons and phonons (vibrational excitations of the
crystal due to non-optical processes) is pumped into the system through the
external voltage V' and equals the voltage drop across the junction Viunction

times this current:

Ppump - I‘/}unction- (29)

A remaining step in the construction of a diode laser system is the

16
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Figure 2.5: A simple laser diode consisting only of two semiconductor layers
and metal surfaces to apply the external voltage. The active region and the
region of light output are not well defined.

resonator. One way to construct a resonator is to polish two of the surfaces of
the diode (Fig. 2.5). These surfaces tend to be reflective because of the change
in the index of refraction. The gain in a diode laser is usually high enough

that efficient reflection is not always necessary. If needed, one can coat the

surfaces to improve or suppress reflection.

Compared with gas lasers, the cavity in a diode laser is very short. The
dimensions of the diode itself are usually in the submillimeter range. Therefore
two adjacent longitudinal modes are typically much further separated than in

other laser systems (see Equation (2.6)).

Taking into account the properties of the system, one can, in principle,

calculate the stationary intensity Is in the laser cavity as well as the output
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intensity. These intensities depend on o(v) and the stationary value of Ny(v)—
Ni(v), as in Equation (2.4) with I /Iy = 1. Therefore, Is is naturally also a
function of frequency. Ny(v)— N;(v) will be roughly proportional to the driving
current because it repopulates the upper level while stimulated transitions try
to lower No(v). A certain threshold current is thus needed to start the lasing
of the system. Besides the lower limit on current established by the threshold,
damage mechanisms related to high current and power place an upper limit

on the current applied to the diode.

The measured spectrum of one of the diode lasers in our experiment is
shown in Fig. 7.4 as an example of a real diode laser. The functional depen-
dence of the stationary intensity Is(v) on frequency is reflected in the different
intensities of the various amplified longitudinal modes. Lasing occurs within
approximately a 2 nm band. Outside of this band the frequencies are not
amplified sufficiently to start laser oscillation and absorption processes are

dominant at frequencies even further away.

The band gap energy depends on both temperature and the driving
current, and so the center of the amplification region is also a function of
these parameters, as discussed in Section 7.2. Further, the separation of the
longitudinal modes can change because the speed of light in the medium and

the cavity length depend upon temperature and driving current (see Equation
(2.6)).

There are, of course, challenges in actually realizing a diode laser. First
of all, the non-optical transitions reduce the population inversion and therefore

the gain. A second problem is that the active region (the region of population
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inversion) is not well defined, because the electrons and holes are not confined
to a certain region but undergo diffusive motion. The carriers may then leave
the lasing region before recombination and therefore decrease N5 in the lasing

region. Methods for overcoming these problems are discussed in Section 2.2.2.

2.2.2 The GaAlAs Diode Laser

Some of the problems mentioned in Section 2.2.1 can be solved by the appro-
priate choice of materials. Here GaAlAs is a suitable semiconductor for the
purpose of designing a laser diode for use in the near infrared. The band gap
energy corresponds to a wavelength in this region and is therefore near the
cesium transition (A = 852 nm) that we are interested in. Furthermore, the
efficiency in optically converting electron-hole pairs in the active layer is nearly
unity. Therefore the overall efficiency n = % is also higher than for other
systems. This implies that the heating of the diode due to the driving current
is relatively small. This efficiency is a major advantage since heat production

reduces the lifetime of semiconductor lasers.

So far, we have only considered the simplest possible p-n junction, a so-
called homojunction where the same semiconductor material is used for both
the n- and p-type regions. One can also build slightly more complicated diodes,
heterojunctions, which consist of different semiconductor materials. In the
GaAlAs system these different materials are Ga;Al;_;As layers with different
1 values. One example of a common layer structure of such a heterojunction

is shown in Fig. 2.6.

There are three major advantages in a system where a parameter like ¢
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Figure 2.6: The layer structure of a heterojunction laser diode: ¢ stands for
Ga;Ali_;As, j for GajAl;_;As. Both materials have different band gap energies
and refraction indices with interesting consequences: only the active layer
produces light output (see text below); the blocking layer further confines the
region of population inversion in the direction parallel to the active layer.

can be varied. First, the band gap energy is a function of 7, and therefore the
wavelength of the laser can be selected within a certain range. Furthermore, if
the active layer is different from the surrounding, “cladding” layers, the index
of refraction is generally different, and with a suitable choice of parameters
the active layer can be used as a wave guide to confine the laser light within
the active layer itself. Finally, i-dependent band gaps can be used to obtain a
well-defined active layer because they provide an effective barrier to diffusion
of carriers out of the active layer (see Fig. 2.7). All these properties make

GaAlAs useful in semiconductor laser technology.

The different bandgap energies confine the active layer in the direction

perpendicular to the layer. A confinement in the parallel direction can be
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Figure 2.7: The heterostructure: electrons and holes are driven by the external
electric field but the reduced band gap in the active layer provides a potential
barrier that confines them. Transitions can only occur within this low-potential
region. The materials one can use for the different layers in order to produce
such a structure are the same as in Fig. 2.6.

achieved by including an additional high-resistance region that restricts the
current flow in this direction. This confinement results in population inversion
only occurring within a specific stripe (see Fig. 2.6). The effects of different

stripe widths on the output beam characteristics will be discussed in Section

4.1.
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Chapter 3

Theoretical Description of Optical Systems

Finding the optimal alignment of a system containing a large number of op-
tical elements on a table can easily become complicated and time consuming.
Fortunately, there is a theoretical approach for calculating the path (described
in Section 3.1) and the characteristics (described in Section 3.2) of a propa-
gating beam. For Gaussian beams, the calculations are particularly easy and
we will restrict ourselves to the discussion of Gaussian beams here because the

beams in our experiment can be well approximated as Gaussian.

3.1 Ray Tracing

Let us first consider the propagation of light in the limit given by geometrical
optics. That means that we describe a beam as a ray, and we ignore diffractive
effects due to the finite beam width. Therefore, the beam can be completely
described by its distance r from the optical axis and its direction. In more
mathematical terms, the direction is specified by the slope 7’ of the ray when
plotted against its distance along the optical axis, which is parameterized by a
coordinate z. We are interested in calculating the two functions r(z) and 7/(z)

along the whole optical axis in order to obtain complete information about
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Figure 3.1: Ray tracing: (a) Propagation over a free path of length d. The
light ray just forms a straight line with 7’ = constant = (r(z9 + d) — r(29))/d.
(b) Propagation through a lens of focal length f. The slope r/(z) jumps at
z=1.

the location and direction of the beam everywhere in the setup. To simplify

the picture further, we will assume nearly paraxial light rays (i.e., the beam

is propagating close to the optical axis and at only small angles).

From Fig. 3.1a it can be seen that free propagation between different
optical elements can be described easily. The beam parameters at two different
points along the optical axis separated by a distance d are simply related by

r(z+d)=r(z)+d-r(z)
(3.1)
r(z4+d) =1'(2).

In matrix notation, we have

(E) -6 D 6E) .

For a thin lens with focal length f, the picture looks a little different
(see Fig. 3.1b). The lens is assumed to have zero thickness and its physical

effect is described by a sudden change in the propagation direction at the
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lens. We therefore introduce 7, (1), 7in (1) and rout (1), 7out(l) to describe the
discontinuous change, where [ is the coordinate of the lens. From Fig. 3.1b

one can easily extract the beam parameters

Tin(l) - Tout(l)

, Tin (1

in(l) = g() (3.3)

Tout (!
(1) = — Lol
This results in
L@ row()
? B Tin(l) Tin (1) (3.4)
S ol) = —%rm(w (D),

where we have used the fact that 1/f = 1/g + 1/b with g and b the distance
between the lens and the object and the lens and the image respectively. One

can write this again in matrix notation as

(o) = (5 ) Gan) o

Another important optical component is a flat mirror, which can be
ignored because it deflects the optical axis in the same way as the beam and
therefore has no overall effect. Curved mirrors with radius R can be included

as lenses with the corresponding focal length R/2.

Starting from some initial condition, the beam parameters at any point
in the setup can be obtained simply by calculating the changes due to optical

elements and free propagation up to that point. In our matrix notation we

(1) = (2 ) (o). (5)

can write
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where this general matrix is naturally given by the matrix product of all the
matrices corresponding to propagation and optical elements in the order of the

setup (written from right to left).

3.2 Gaussian Beams

So far, we have only discussed beams in terms of geometrical optics. This
approach is only appropriate for a beam width large compared to the wave-
length so that one can neglect diffraction effects and is used in the case that
one is not interested in the beam width itself. Since we sometimes work with
focused beams and the beam width is an important property for us, both con-
ditions are violated and we must include these effects in our calculations. This
complicates the discussion in general, but it turns out that the behaviour of
Gaussian beams can be computed in a straightforward manner. Treating the
beams in our experiment as Gaussian is a fairly good approximation; so, this

method is quite useful, and we will introduce it in this section.

3.2.1 TEMOO Mode

The basic property of a Gaussian beam, as the name suggests, is that its
transverse intensity profile is a cylindrically symmetric Gaussian. This profile
can be found for example in a TEMyy mode of a laser (see Section 2.1.2). There
are again two characteristics of the beam we want to know as it propagates
along the optical axis. One is the beam width mentioned before (the full width
of the profile where the electric field has dropped to 1/e). The second is the

divergence of the beam to be defined below.
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By directly solving Maxwell’s equations in a homogeneous material with
index of refraction n (with an initial Gaussian intensity distribution and using
a slowly varying amplitude approximation) one can get the functional depen-
dence of the electric field propagating in z-direction on the spatial coordinates.

A detailed calculation as given in [14] yields the result

E(T7 ¢7 Z) w r? ]
— - litude fact
e el ex < w2(z)> (amplitude factor)
X exp(—z’ [kz — tan™" <3>D (longitudinal factor)  (3.7)
20
 kr? :
X exp<—2m>, (radial phase)

2\ 1 2
where w(z) = wy <1 + <%> )2 denotes the beam radius, R(z) = z<1 + <Z?°> )
is the curvature of the beam, zy = %, Ao is the wavelength of the light, and

wg is the beam radius at z = 0.

Since we are only interested in the beam width and divergence and
not in phase factors let us focus on the amplitude factor. Clearly w(z) is the
beam radius as defined before. Furthermore, one can see that wy = w(0) is

the minimum beam radius and that w(z) = v2wy. The factor w“ég) in front

of the exponential makes sure that the power in our beam is conserved, which
is quite satisfying since we have obtained this result without including any

absorption effects.

At this point we have succeeded in assigning a variable to one of our
two needed parameters. We are now left with the divergence of the beam. For
z > 2o one can neglect the first term in w?(2) such that the formula simplifies

to

w(z) = woz _ Aoz (3.8)

20 Tnwy
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Therefore, w(z) is proportional to z for large z. The divergence § can be

characterized by the constant of proportionality

§d=uw'(z) = Ao (3.9)

Tnwy

_ 22 .
or the angle 6 = P, the beam propagates into.

3.2.2 Matrix Calculation for Gaussian Beams

Equation (3.7) shows how to calculate the beam width w(z) and the divergence
of a beam in free space, but what effect will optical components have on such

a Gaussian beam? It turns out that there is a parameter ¢(z) defined by

S B (3.10)
a(z)  R(z) mnw?(z) '

that can be calculated throughout an optical setup according to the ABCD

law:

_ Aginitia1 + B 1 _ C + D - (1/initia)
CGinitial + D q(2) A+ B - (1/¢imitia1)

where A, B, C and D correspond to those in Equation (3.6) for the same

q(2)

(3.11)

setup. One justification for this equation is that detailed calculations as given
in [14] for each optical component yield the same result as this equation. A

formal proof for the validity of this law is given in [15].

Since the imaginary part of 1/q(z) is proportional to 1/w?(z), this
equation is useful in computing the beam width, given some initial value. The
divergence of the beam can be calculated easily from the minimum beam width

wo and Equation (3.9).

The matrices given in Section 3.1 together with Equations 3.6 and 3.11

were used in Mathematica® to calculate beam paths and beam widths with
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the appropriate experimental setup as input. The code for these calculations

is given in Appendix A.
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Chapter 4

Theory of Multi-Pass Amplification

Having described some physical background about lasers in general and diode
lasers in particular in Chapter 2, we are now ready to introduce the physics
of multi-pass amplification itself. We will first discuss why this method is
promising in diode laser technology and then introduce a theoretical model

that describes it.

4.1 Motivation

In order to explain the potential of double-pass amplification, we need to

discuss the limitations of diode lasers first.

Diodes with a broad active layer tend to oscillate in many different
spatial modes. One can overcome this problem by confining the active, ampli-
fying region to a narrow stripe as described in Section 2.2.2. This technique
is effective and it is possible today to produce diodes with a single spatial
mode. A diode can also be made to oscillate in a single longitudinal mode,
that is, at a single frequency, by applying a feedback mechanism. Feedback
can be provided, for example, by an external grating as described in Section

7.1. While a laser can be made to exhibit single-mode behavior, it is often at
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the expense of output power.

Ideally, the output power of a laser diode would increase monotonically
with increasing driving current, but there is a strict limitation for this current
and therefore the output intensity. For high enough output power the light
intensity oscillating in the semiconductor crystal may become so large that
it damages the facet of the diode crystal that is used to couple the intensity
out. Defects in the regular semiconductor structure begin to spread at these
intensities and may cause an irreversible destruction of the resonator and the
whole diode. The overall output power is in simple terms the integral of the
output intensity over the area of the laser diode facet where light is emitted
(see Equation (2.5)). It is thus reasonable that in diodes with broader front

facets larger total output powers can be achieved.

In applications where both single-mode characteristics and high power
are necessary, neither of the two extremes is sufficient. This is where multi-
pass amplification comes into play as a useful tool. In principle, it should
be possible to use a high-power diode to amplify single-mode light from a

single-mode “master” laser.

4.2 Theoretical Description

We are finally in a position where we can discuss the physical principles un-
derlying our experimental efforts. Multi-pass amplification is a complicated
process involving the dynamics of a broad-band laser diode and its response

to injected light.

The dynamics of free-running broad-area diodes are discussed, for ex-
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Figure 4.1: Fabry-Perot model for multi-pass amplification, light is refracted at
the front facet of the diode according to Snell’s law and then propagates freely
in the medium. A certain fraction of the intensity is emitted as a Gaussian
beam after each round trip. On the left edge of the active layer attenuation is
assumed without reflection. The ratio % is usually around 3 (not to scale for
clarity).

ample in [16], and exhibit spatiotemporal chaos. The numerical calculations
in [16] are very involved and do not include external light injection. We will
therefore approach the problem of multi-pass amplification by describing the

broad-area diode as a saturated amplifier following a much simpler description

given in [2].

In this model, the broad-area diode’s active layer can be simply de-
scribed as a large, two-dimensional Fabry-Perot cavity. (For a detailed descrip-

tion of a Fabry-Perot cavity see Section 6.3.) Here, two-dimensional means
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that the injected beam can be described as wave-guided and therefore confined
in the dimension perpendicular to the active layer by the diode’s heterostruc-
ture, as introduced in Section 2.2.2. Within these two dimensions it propagates
freely in the semiconductor medium characterized only by the index of refrac-
tion. Because of the typically small waist of the injected beam, the light will

diverge slightly, resulting in overall behavior as shown in Fig. 4.1.

Amplification due to stimulated emission is introduced by hand in the
model by assuming a certain amplification of the incoming beam while prop-
agating to the reflective rear facet of the diode and back. It will be naturally
limited by the gain factor of the light oscillating in the free running modes.
That is, corresponding to Equation (2.4) and ignoring all other losses, the am-
plification is the inverse of the front reflectivity of the active medium. There-
fore, the lower the reflectivity of the front facet the better the initial conditions

for a large amplification of injected light.

If the injected intensity is small compared with the stationary intensity
in the free running modes it should not have a major impact on the population
inversion and therefore the gain factor of the active medium. In this scheme it
is then natural to assume that the gain, including all the losses (especially at
the relatively transparent front facet), is simply unity for all of the following
round trips. That means that the injected light simply behaves like the free

running light according to Equation (2.4).

Once the injected beam reaches the left or right edge of the active
layer it is assumed to be attenuated, since without population inversion the

semiconductor heavily damps the intensity. No reflection occurs because the
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difference in indices of refraction between the pumped and unpumped regions

of the same layer is small.

Taking into account the preceding considerations, this model predicts
that the outgoing intensity due to external injection can be described using
overlapping and interfering Gaussian beams. The interference between the
beams reflects the coherence in the amplification process in the active layer.
The beams themselves can be described as discussed in Section 3.2 with an
additional phase shift at the front facet for each beam corresponding to the
optical path length of one round trip. The number of output beams is given
by the number of round trips through the active layer before attenuation at

one of the edges and therefore depends strongly on the input angle.

Recall that the active layer can be described as a Fabry-Perot cavity.
Often, monochromators are constructed by using Fabry-Perot cavities with
nearly normal incident beams. Here, the angle of incoming light is usually
different from 0° and therefore the effects of interference which are dominant for
the monochromator can be less important. In general the effects of interference
depend on the input angle of the injected light. The consequences of using
injected beams with different input angles and /or different beam sizes following
from these considerations are best discussed directly in comparison with our

experimental results. Therefore, we postpone that discussion until chapter 8.

Modeling the laser as a Fabry-Perot cavity has been shown to predict all
experimental results. In the paper by Abbas et al., [2] this model is reported
to make additional predictions about the near and far field of the outgoing

amplified beam which are quite consistent with experimental results. With
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Figure 4.2: Ideal double-pass amplification, the front facet is effectively non-
reflecting and the beam is reflected only once, on the back facet of the diode.
The effects of interference between the beams are negligible.

our experimental setup and the measurement methods we had at hand (see

chapter 6) we were unfortunately not able to verify these predictions.

Let us now discuss one limit of the model in which it becomes even
simpler. If the front reflectivity is extremely low, as for example in highly anti-
reflection coated diodes, the gain factor is very high. In this case, even a small
injected light intensity is amplified on a short path and becomes comparable to
the stationary intensity of the free running modes. At this point the injected
light starts to have a significant impact on the population inversion. The
inversion is lowered until the pumping process is again able to balance the
stimulated emissions induced by the injected light. Although the injected
intensity can be amplified by a large factor during its first round trip, the
assumption that each following round trip produces another Gaussian output

beam with the same intensity is no longer true. The product of gain and
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reflectivity can drop so much below unity that the beam reflected back into
the active layer is negligible compared to the input light. That means that
the front facet just becomes effectively transparent and the outgoing light is
structured as shown in Fig. 4.2. The effect of the active medium is basically
reduced to that of a double-passed amplifier. Because of the large gain during
the first round trip this regime can be effective. Unfortunately, we were not
able to work in this regime with our components. One possible explanation is
that our diode’s front reflectivity is too high (§8.3) and therefore the gain per

round trip small.
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Chapter 5

The Experiment

Now that we have discussed the theoretical background described in Chapters
2, 3 and 4, we will describe the experiment. We will start by giving an overview
of the setup in Section 5.1 and a description of the alignment procedures in
Section 5.2. We continue with the possibilities of improving the amplification
efficiency in Section 5.3 and then give a more detailed picture of some of the
equipment used in Section 5.4. Because of their importance, the two lasers are

discussed separately in Chapter 7.

5.1 Setup

Our setup is designed to guide the beam of the single-mode master laser (Sec-
tion 7.1) into the active layer of the broad-area slave laser (Section 7.2). We
measure the behavior of this diode (i.e., the characteristics of the outgoing
light) in order to observe and investigate injection locking. In the following
description let the master laser’s beam be our guide through the setup shown

in Fig. 5.1.

In controlling a beam, lenses are usually used to vary the beam width,

and mirrors are used to direct it spatially. In order to have full control over
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Figure 5.1: Experimental setup. The distances and angles are not to scale.

The beam of the free running slave laser is omitted for clarity.

cesium cell
(optional)

the direction and the location of a laser beam one uses the mirrors in pairs,
such that one of them is used to control the beam position on the other mirror

that itself directs the beam into the desired direction.

The first two mirrors in front of the master laser are an example of this
technique and give us control over the beam that leaves the master laser in a
fixed direction. When the wavelength of the master is changed this direction

varies and one must adjust these mirrors to compensate.

Optionally, an anamorphic prism pair, as described in Section 5.4.2, is
included in order to change the spatial beam characteristics of the master laser.
Because the prisms have uncoated surfaces at Brewster’s angle, a %—plate is
included to change the polarization of the light appropriately when the prism

pair is included.

The next crucial component that the beam passes through is an opti-

cal isolator that works, in essence, like a diode in electronics but for light (see
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Section 5.4.3 for a detailed description). It protects the master laser from feed-
back. In other words, it prohibits light from the slave laser or back-reflected
light from the master itself from entering the diode’s resonator. The master
laser is extremely sensitive to feedback, which makes the optical isolator ab-
solutely necessary. A lens with 100 mm focal length is used to focus the beam
onto the front of the isolator because of its small aperture. To recollimate the
beam behind the isolator, one can use another lens with the same focal length.
However, using different lenses allows us to use the isolator setup simultane-
ously as a beam expander to vary the beam width. A second half-wave plate is
included to match the polarization from the isolator to that of the slave laser,

as shown in Fig. 5.1.

The cesium vapor cell is another optional component. We only use it to
tune the master laser to the cesium Dy line at 852 nm, which is the wavelength
we plan to use in the long run. The cell can also be used to restore this fixed
point in frequency when no frequency resolving measurement is available (see
Section 7.1). As the name suggests, it is a glass cell that contains cesium in the
gas phase that lights up due to resonance fluorescence whenever the incoming

beam has a frequency within the Doppler-broadened linewidth of the Dy line.

The two mirrors on the left allow another independent adjustment of
the beam position and direction and deflect the beam towards the slave laser.
To overcome the limited length of our optical table we sometimes included
several more mirrors in order to vary the available path length of the beam

between the second half-wave plate and the cylindrical lens (see below).

Let us discuss the coupling process of injecting light of the master into
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the slave’s active layer. The most critical parts of the beam path are a 200 mm
focal length cylindrical lens and a 5 mm focal length spherical lens directly
in front of the slave laser. The cylindrical lens is set up such that it focuses
down light in the horizontal direction and does not affect it in the vertical
direction. Therefore, in the vertical direction the beam is focused down solely
by the 5 mm lens. Alignment of the cylindrical lens can vary the horizontal
width, divergence and position of the master laser’s beam at the active layer
of the broad area diode (see Section 5.2 for details). This lens is mounted on

a two-dimensional translation stage for ease of alignment.

The spherical lens, model #1403-.108 from Rodenstock Precision Op-
tics, Inc., is mounted on a three-dimensional translation stage. Its focal length
is small because it also serves to collimate the slave laser’s beam, which is
diverging rapidly, into a roughly collimated beam in its vertical direction. An-
other advantage of such a small focal length is that one can focus down the
master’s beam very tightly in order to produce very small beam widths near
the focal plane. This is one step that is necessary in order to hit the thin ac-
tive layer with as much power as possible. The aberration of the slave’s beam
(Section 7.2) results in horizontal divergence, even after collimating with the

5 mm lens, but can be partly compensated by the cylindrical lens if desired.

One has several options for analyzing the light outgoing from the in-
jected slave laser. First, one can include a beamsplitter (not shown in Fig. 5.1)
between the second half-wave plate and the cylindrical lens. Approximately
10% of the intensity reaching the beamsplitter from the slave laser’s side can

be coupled out for measurement without losing the ability to inject light into
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the slave completely. Naturally, this option also implies that 10% of the mas-
ter’s intensity is lost for injection when it passes through the beam splitter
from the other side. Another option is to investigate only light leaving the
slave diode with a small angle relative to the main beam and pick up this light
after it traveled far enough to separate the beams (see Fig. 5.1 and Section
5.3). The smaller the angle, the larger the needed path length, and for small
enough angles the separation from the slave laser’s beam becomes impractical

(see Section 8.2).

Despite the disadvantages of the separation method, the alternative
method of using a beamsplitter cannot be implemented in the final setup. A
beam splitter with high transmission results in weak attenuation of the master
laser’s power and therefore leaves a high intensity available for amplification.
However, the output beam is then weak since only a small amount of the
amplified light is reflected out because of the small reflection coefficient. In
contrast, if one uses a beamsplitter with a low transmission coefficient, only a
small percentage of the master laser’s intensity reaches the slave laser in the
first place. Therefore, neither beamsplitter option is viable for any application

that needs high power.

Using the separation method may not be as bad as it seems, even if the
separation of the amplified beam from the others is imperfect. The amplified
beam must be spatially filtered, regardless, to make sure that it is in a single
spatial mode. This is usually done by putting a small aperture (50 pm) at the
waist of the beam so that all modes except TEMg are blocked. The beam

input to the spatial filter must be focused with critical precision in order to
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pass through such a small aperture. This critical alignment rejects any light

that is only slightly diverging, including the excess slave laser light.

The spectrometer and the cavity used for the frequency-resolving mea-
surements of the output beam are described in more detail in Sections 6.2 and
6.3. Other power measurements are done with standard commercial power

meters based on photodiodes or the thermoelectric effect.

5.2 Alignment

There is one general drawback to working with 852 nm light: infrared light is
invisible to the human eye. To handle this problem there are fluorescent cards
that show a bright spot when inserted in the beam and handhold infrared
viewers that use a cathode-ray tube. The cards are not always useful because
of their limited sensitivity and because they have to be physically inserted into
the beam and therefore block it. From this point of view, the viewer is more

comfortable but unlike the human eye it is not auto-focusing.

The discussion of alignment will again start at the master laser. Here,
we assume that the master laser is properly aligned. We will come back to

this point in Section 7.1 where the master laser is discussed in detail.

The alignment of the beam through the optical isolator is straightfor-
ward. First one matches the horizontal polarization required by the anamor-
phic prism (if inserted) by turning the half-wave plate. For that purpose, one
can remove the cover of the anamorphic prisms to observe the beam propa-
gation through it more easily (see Section 5.4.2 for a detailed description of

the prism). Because the light leaving the anamorphic prisms is still polar-
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ized horizontally, the first of the isolator’s polarizers has to be turned in this
direction as well. The second one is placed at a relative angle of 45°. The
orientation of both polarizers is optimized by minimizing the power losses in
this part of the setup after the beam is directed through the prism and the
isolator’s aperture. The half-wave plate in front of the anamorphic prism is
not removed even when the prism is, because otherwise the polarizers in the
isolator must be completely realigned. All power measurements at this stage
can be done by inserting a power meter directly into the beam path. To op-
timize the isolator further, one can direct light from another source, e.g. the
slave laser, through the isolator from the opposite side such that it should
stop the beam. By adjusting the polarizer on that back side to minimize the
transmitted power, one can make sure that the isolator extinguishes as much
light as possible without increasing the loss in the master beam. Aligning the
isolator has to be done carefully because its strong magnetic field (Section 5.4)
attracts screwdrivers and tools in general. Hitting the isolator can spoil the

alignment, or even worse, damage the isolator itself.

The second half-wave plate rotates the polarization in order to match
the vertical polarization of the slave laser beam, because only vertically po-
larized light can couple to the active medium in the slave diode (§7.2) and be

amplified.

Before we discuss the alignment of the master laser’s beam into the
slave, we first discuss the alignment of the two lenses in front of the broad-
area diode. The lenses’ positions along the optical axis are most crucial for the

injection of external light into the active layer of the slave laser. The quality of
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the alignment cannot be judged before the master beam is actually hitting the
active layer. It is helpful to begin with the lenses along the optical axis such
that the slave beam is as collimated as possible. The collimating lenses should
be placed such that the propagation is along the same axis as the uncollimated
beam. This fixes the position of the two lenses in planes perpendicular to
the beam. With this alignment the useful lens area is maximized, which is
beneficial since the 5 mm focal length lens is only 4 mm in diameter and is
therefore not much bigger than some of the beam widths. Clipping on the
lens mount can lead to losses in the overall power of the final amplified beam.
Nevertheless, lenses mounted perfectly perpendicular to the beam can increase

feedback effects and should be avoided.

For effective amplification it is absolutely crucial to couple as much
power as possible into the active layer. Therefore, a critical part of the align-
ment is to find the right beam path for the master laser which actually results
in injecting the largest amount of power into the slave. Because the active
layer of the slave laser is relatively tiny (200 pm x 3.5 um) a rough alignment
to start with is not enough and at the length scale of a few micrometers one
cannot simply steer the beam visually. The measurement of the height of the
active layer is described in Section 7.2 while the 200 pm width was given by

the manufacturer.

Following a technique described by Praeger et al. [7], for example, it
is therefore easiest to start the alignment procedure by overlapping the two
beams (incoming master and outgoing slave laser) as well as possible. By

symmetry, the master laser’s beam retraces the slave beam right into the active
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layer if the two beams’ positions coincide at two different points in our setup.
This can be achieved by an iterative process using the two mirrors shown
on the left in Fig. 5.1. One alternately overlaps the beams at two chosen
points by turning one of the mirrors for matching the beams at each point.
Naturally, placing the two points further apart will improve the accuracy of
the alignment. It is also helpful to operate the two lasers at similar output
powers so that both beams are visible either with an infrared viewer or with

a fluorescent card.

5.3 Separating the Amplified Beam and Increasing its
Intensity

Having finished the discussion of the basic alignment we now proceed to the

search for amplification. Typically after following this procedure, the align-

ment of the system turned out well enough to produce a measurable injection

effect.

Usually the fraction of the intensity resulting from amplification of the
master beam was not very large. To make improvements possible, one has
to monitor the outgoing light either by inserting a beamsplitter as discussed
in Section 5.1 and using a frequency-resolving measurement technique or by
separating the part of the emitted power that consists of amplified master laser

light from the rest of the output.

Separation can be achieved by shifting the cylindrical lens horizontally
away from the optical axis by a small amount using one of the translation

stages [7]. This results in a bending of the master laser beam when propagating
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through this lens. Therefore, it will hit the active layer at a small non-zero
angle. The part of the outgoing light resulting from amplification leaves the
active layer at the same angle (see Fig. 4.1). When this amplified beam passes
the spherical lens again it will propagate with a small angle ¢ relative to the
incoming master laser beam. Ray tracing predicts ¢ = (0.57°/mm)y, where y
is the transverse displacement of the lens. This prediction is in good agreement

with our experiment.

Naturally, the excess slave laser light will also be bent and will no longer
overlap the master beam (see Fig. 8.4). However, the angle between these two
beams is smaller than ¢. Therefore the injected, amplified, and reflected beam
can now convert its angular separation into spatial separation by propagating
some distance. It can be picked up after a sufficiently long beam path without
blocking the injecting master laser beam, as shown in Fig. 5.1. At small input
angles one reaches a regime where the divergence of the slave’s beam (Section
7.2) is larger than the separation angle between the beams. At this point a full
separation is no longer possible and frequency-resolving measurement methods

have to be used.

Once the beam is picked up, the alignment for the different measure-
ment methods is either straightforward (e.g., for the power meter) or discussed
in Sections 6.2 and 6.3. There is a general drawback to our measurement
methods, which is that every realignment of the master-slave system spoils
the alignment used for that measurement. We have not been able to find a

way to decouple these processes.

We are finally in a position to investigate the behavior of the broad-area
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diode injected with light under different conditions. The positions of the lenses
relative to each other and relative to the active layer together, with the initial
width of the master beam determine the shape of the injected beam at the front
facet. These factors control the efficiency of the injection as discussed earlier.
The theoretical models for beam propagation (Sections 3.1, 3.2.2) can be used
to predict these beam shapes. For comparison, the shapes can be measured
by removing the slave laser and using the knife edge method (Section 6.1) at

its usual position (Section 8.1).

All of our results are especially sensitive to the position of the 5 mm
lens in the direction of beam propagation. This is understandable because the
extremely short focal length implies that small changes in the lens position
may lead to drastic changes in the width and the shape of the beams. The
different possible alignments of the cylindrical lens relative to the spherical

one are discussed along with the results in Section 8.1.

Small variations in the master beam direction, controlled by the mirrors
used to overlap the beams, can be used to optimize the results. Another
sensitive parameter is the input angle of the injected beam, which is controlled
by the transverse displacement of the cylindrical lens (Section 8.2). Finally,
one can optimize the injected intensity by slightly changing the polarization
direction of the master laser. This is most easily accomplished by turning the
second half-wave plate in the setup in order to minimize the difference between

the two polarizations (Section 8.4).

There are other parameters besides the optical parameters that can be

varied in order to investigate the system and find optimal settings. The driving
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currents and temperatures of the two lasers also have major impacts on the
injection behavior. First of all, different slave settings result in different center
frequencies and, more importantly, in different cavity lengths. Furthermore,
variations in the driving current or the temperature of the master can slightly
change the wavelength of its emitted light. The results with different driving

currents and temperatures are discussed in detail in Section 8.3.

5.4 Setup Components

In this section we will discuss the components that are used in the setup in
more detail. Since the lasers are of special importance they are discussed

separately in Chapter 7.

5.4.1 Half-Wave Plate

Half-wave plates are used to rotate the direction of polarization of linearly
polarized light. Waveplates in general are constructed from a uniaxial, bire-
fringent material (such as quartz) cut such that the optical axis is parallel
to the front and back surfaces. The components of the incident beam with
polarization perpendicular (ordinary) and parallel (extraordinary) to the opti-
cal axis will then propagate in the same direction but with different velocities.
This results in a relative optical path difference between the components given

by
As = d(|ne — nel), (5.1)

where n, and n. denote the indices of refraction of the birefringent material

for the o- and e-waves respectively and d the physical length of the plate.
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The value of n, — n. depends on the used material but one can always

choose d such that
Ao
As = ?(Qm + 1), (5.2)

where m is an integer. This corresponds to a phase shift of (2m + 1), or
in other words to a shift of half a wavelength of light. One can show that
a half-wave plate rotates linearly polarized light with a polarization angle of
0 relative to the optical axis of the wave plate by 20. Hence, it reflects the
polarization direction across the optical axis. If one places the wave plate
such that its optical axis points 45° from the vertical, it will turn vertically
polarized light into horizontally polarized light and vice versa. For a more
detailed description of birefringent materials and wave plates see, for example,

17).

The alignment of a half-wave plate is rather uncritical. One only has
to make sure that the beam hits the plate almost perpendicularly. Imperfect

alignment has the advantage that feedback effects into the laser are reduced.

5.4.2 Anamorphic Prism Pair

Anamorphic prism pairs are used to change the cross-sectional width of a laser
beam in one direction while not affecting the other. In our application, we use
it to decrease the horizontal width of the master beam. The anamorphic
prism pair consists of two identical prisms mounted as shown in Fig. 5.2.
The prisms are aligned such that the outgoing beam hits the surface of the
prism under an angle close to the Brewster angle in order to allow propagation

through the prism pair. This is why the prisms in our setup only work for
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Figure 5.2: Anamorphic prism pair: In our case the beam enters from the
right and leaves the prisms on the left

horizontally polarized light. As one can see in Fig. 5.2, the beam is not only
compressed but also slightly shifted in the horizontal direction. The alignment

of an anamorphic prism is described in detail in Section 5.2.

5.4.3 Optical Isolator

The optical isolator included in the setup prevents feedback into the master
laser. It uses the Faraday effect, which describes the influence of a strong
magnetic field on an optically active crystal (for a more detailed description
of this effect see [18]). If the magnetic field is parallel to the direction of light
propagation the medium becomes optically active in the sense that it rotates
the polarization by an angle 6. It turns out that § = V Bd where B is the
magnetic field, d the thickness of the medium and V' is the Verdet constant

that depends upon the material chosen and the wavelength used.

To build an isolator using this effect, one places the crystal between
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two polarizers. The polarizer facing the input beam is oriented parallel to
the polarization of that beam and the second at 45 ° with respect to the first
polarizer. The thickness of the crystal is chosen such that it rotates any beam
by 45° in the direction towards the second polarizer. Therefore a beam entering
the isolator from the input direction passes unaffected through the isolator.
However, a beam from the other side is polarized at 45° after the polarizer
and is then rotated by another 45° in the crystal such that its polarization
becomes perpendicular to the polarizer at the input. Most of the light is then
rejected by this polarizer. The isolator we used is model 10-3C-852-VLP from
Optics for Research and is specified at 37 to 42 dB of isolation. The alignment

of the isolator is described in Section 5.2.
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Chapter 6

Measurement Methods

This chapter is intended to introduce the methods we use to obtain information
about the characteristics of our beams. The two main features of a beam are
its shape and its spectrum. In Section 6.1 we introduce the knife-edge method
used to characterize the beam shape. In Sections 6.2 and 6.3 we describe the

measurement techniques to obtain spectral information.

6.1 Khnife-Edge Method

In Chapter 3.1 we introduced the possibility of calculating the width of a
beam. Naturally, any calculation needs an initial value of the beam width.
Measuring the beam width is therefore a necessity even in cases where it can
be calculated. One can also verify that the beams are Gaussian by comparing

the measurement to the calculation.

In our setup the horizontal and vertical beam widths are obtained only
indirectly by partly inserting a razor blade in the beam. One then measures the
remaining (non-blocked) intensity at different blade positions (see Fig. 6.1).
We used several translation stages to change the position of the blade in all

directions. Assuming that the beam is Gaussian, one can then perform a
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power meter

razor blade

Figure 6.1: Knife-edge method: The position of the razor blade can be changed
with a translation stage and the power in the remaining beam is measured.

least-squares fit of the measured intensities to the integral over a Gaussian
intensity distribution (error function). We used the radius of the Gaussian
distribution (Section 3.2.1), its amplitude, the center of the distribution and
an overall offset as free parameters to fit the experimental data. The center of
the Gaussian and the amplitude are not measured directly and are therefore
included as fitting parameters. The overall offset parameter is included to
account for stray light entering the power meter. Finally, the beam radius
yielded by the fitted distribution is the parameter that we are interested in.
Fig. 6.2 shows an example of such a fit and the corresponding Gaussian profile.
By performing two separate measurements this technique provides us with the

waist in both horizontal and vertical directions at one point in the beam path.

The knife-edge method yields a good estimate for the beam width.
However, the disadvantage of the knife-edge method is that it is indirect and
time consuming. It would have been easier to use a CCD to monitor the

beamshape directly, but unfortunately we did not have one at hand.
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Figure 6.2: Example for the fit of the measured data to an error function and
the corresponding Gaussian beam.

6.2 Spectrometer

We used a Czerny-Turner type monochromator to get high resolution, gauged
spectra. A schematic drawing of the spectrometer is shown in Fig. 6.3. It
contains an adjustable slit for the incoming beam, several mirrors to guide the
beam within the device and another slit for the outgoing beam. The heart
of the spectrometer is a blazed diffraction grating that can be rotated with

different velocities by a step motor.

A close-up of the grating is shown in Fig. 6.4. The goal is to obtain

the maximum intensity in the first order of the diffraction pattern. To achieve
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Figure 6.3: Schematic of our spectrometer: The dashed line shows the beam
path.
this goal, the angle for reflection «, the angles for constructive interference 6;,

and 0., and the angle 8 of the grating must satisfy the relations

Qin =a— 6
(6.1)
Qout =a+ 6
For a given 6, one can obtain 6,,; using the Bragg condition for an intensity

maximum in the diffraction pattern of a grating
b(sin Ooyy — sinby,) = 27\, (6.2)

where b is the periodicity of the grating and A is the wavelength!. Equations
6.2 and 6.1 together yield the condition for the wavelength A that has an
intensity maximum in the first order,

_dsinf

T

A cos a. (6.3)

1See for example problem 12 on page 925 of Tipler [20].
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Figure 6.4: Diffraction grating: Note that the normal axis for reflection and
diffraction (dashed lines) are different. Equation 6.3 can be easily extracted
from the geometry shown.

The spectrometer is designed such that only this specific wavelength
gets scattered in the right direction to pass through the second slit. One must
align the spectrometer such that the beam enters roughly perpendicularly to
the slit in order to get a beam path as shown in Fig. 6.3. The concave
mirrors make this alignment easier. The resolution of the spectrometer is
determined by the width of the slit for the incoming beam and increases with
decreasing width. However, one cannot make this slit arbitrarily small since
reducing the slit width reduces the input intensity and therefore the signal
to noise ratio. The finest resolution that the monochromator is capable of is
about 15 GHz and the widest scan possible is hundreds of nanometers. The
power in the outgoing beam is detected with a photomultiplier tube that is
read by a Hewlett-Packard Plotting Measurement System. All the spectra
shown in this thesis were drawn with this plotter. The main advantage of

the spectrometer is that one gets a wavelength-calibrated output. Although

95



curved mirrors piezoelectric
crystal

.
== /o

input bean; \ beawm path Zj/ ~ | detector

- X -

Figure 6.5: Schematic of a confocal Fabry-Perot cavity: The light propagates
through the cavity four times per round trip. A photo diode measures the
wavelength-dependent transmission.

the relative calibration (difference between two wavelengths) was reasonable
the absolute offset was off by several nanometers. We usually determined
this offset using the cesium line at 852 nm. Since the spectrometer has a
variable resolution we were able to adjust it to our needs and resolve even
widely separated spectra of the slave and the master laser in one picture. A
drawback of this method is the long time (up to several minutes) needed for
obtaining a single spectrum. Therefore, it is not suitable for resolving fast
fluctuations of the system (i.e., its dynamical properties). Scanning a large

parameter set for investigating injection locking (see Section 8.3) also is very

tedious and practically impossible.

6.3 Confocal Fabry-Perot Cavity

The dynamical aspects of the spectra can only be visualized by using a scan-
ning confocal Fabry-Perot cavity (see Fig. 6.5). A beam entering the cavity
parallel to its axis of symmetry describes a closed path with an optical path

length of As = 4z per round trip where x denotes the distance between the two
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curved mirrors which is twice the radius of curvature of each mirror. Since
alignment is never perfect, the beam will enter the cavity at a small angle.
One can show that the path is still closed in this case and that As is slightly
larger than 4x. To explain the principle of a Fabry-Perot cavity it is sufficient
to notice that the path difference after each round trip of about 4z leads to
constructive and destructive interference for different wavelengths. From the

Airy-formulas [19] one gets a transmitted intensity
T2
1 .
“(1 = R)2 + 4Rsin’(rAs/\)

I= (6.4)

Here, T"and R are the transmission and reflection coefficients of the cavity (the
product of the corresponding coefficients of the mirrors) and I is the incident
intensity. For our cavity, R is about 0.99 which gives a value of 0.01 for 7T if
we neglect absorption effects. One can calculate that [ is rapidly varying with
wavelength. Any Ao = 22 (where m is usually of the order of 10°) results in the
maximum transmitted intensity I = [,. The wavelength difference between

two maxima is therefore

As

/N P VS V.
T mim+ 1)

(6.5)

where As ~ 4z ~ 20 cm for our cavity. Therefore, A) is about 1072 m,
corresponding to about 1.5 GHz frequency difference between two adjacent

maxima.

The Fabry-Perot cavity becomes a useful spectrometer if one uses a
piezoelectric crystal to change the position of one of the cavity mirrors. This
changes As and therefore the wavelength of the peak of the transmitted in-
tensity. The piezo voltage can be swept at up to 10 Hz. We obtain an instan-

taneous spectrum every 0.1 seconds by measuring the light intensity behind
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the cavity with a photodiode and monitoring it on an oscilloscope. We usu-
ally sweep the mirror a distance corresponding to roughly 6 GHz frequency
difference for the peak at the same m. Therefore, each line appears 3-4 times

because it also satisfies \g = % for different values of m every 1.5 GHz.

The cavity resolution of 4.8 MHz is incredibly high compared with that
of the grating spectrometer. If the width of the incoming spectrum is narrow
compared to the free spectral range of the cavity (1.5 GHz), the cavity works
like a monochromator in that it only transmits a single frequency. However,
for broad lines there will always be some wavelengths within the line that fulfill

A

the condition 5* = m (for some m) and therefore one cannot resolve that line.

A signature of this effect is an overall offset on the monitoring photodiode.
The main drawbacks of using the Fabry-Perot cavity are that the lines
of the slave laser are so broad such that its spectrum cannot be visualized
at all. It also is much harder to identify a certain peak with a frequency or
wavelength, because the condition for a high transmission-coefficient is peri-
odic. Nevertheless, the Fabry-Perot cavity has the important advantage that
it produces in situ spectra (10 spectra per second). Any change in the spectra
becomes immediately visible (for example when aligning the setup). In partic-
ular, for investigating large parameter ranges, the dynamical behavior of the

laser system or feedback effects, this measurement method is invaluable.
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Chapter 7

The Diode Lasers

Before investigating the physics of amplification of injected light, it is essential
to obtain information about the free-running behavior of the laser components.
This chapter is devoted to the discussion of the characteristics of the two lasers

used in our experimental setup.

7.1 Master Laser

The master laser is a grating-stabilized, external-cavity diode laser. The laser
diode itself is model SDL-5421-G1 from SDL, Inc. It is specified to produce
150 mW of cw light at 849 nm and is packaged in a standard 9 mm metal
can. It is driven by a Newport model 505 laser diode driver. This driver is
stabilized, but the output light still shows a ripple of up to 0.3% in power
at 60 Hz as one can see on a scope measuring the output of a photodiode.
The output current can be swept by applying an external control signal to
the power supply. We stabilize the diode temperature at (29.94+0.1) °C with
a Newport model 325 temperature controller connected to a thermoelectric
cooler. The temperature is reasonably stable except when the ambient tem-

perature fluctuates. For example, when our labmates baked out a chamber in
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the same room as our laser, the laser temperature unlocked from time to time,

and it took the controller some minutes to restabilize.

The threshold current of this laser varies slightly around 15 mA, de-
pending on how well the external cavity is aligned in the vertical direction (see
below). The output wavelength of the diode is specified to be 849 nm at room
temperature, but it is usually possible to operate such a diode at 10 nm above
or below that value. Because we mainly use the diode at 852 nm we choose the
temperature of 29.9 °C (slightly above room temperature) in order to increase
the power output at the desired wavelength (see Section 7.2 for more about
the temperature dependence of diodes). At approximately 842 nm, the output

power is reduced to half its overall maximum value.

The SDL-5421-G1 is a narrow stripe diode as described in Section 4.1.
Therefore, its output intensity is limited to about 100 mW corresponding
to a driving current of 200 mA. For safety reasons we operate the system
up to an output power of approximately 90 mW, corresponding to 190 mA
of driving current. At driving currents greater than 200 mA the lifetime of
the laser is drastically reduced. Because of the narrow band structure, the
master laser should lase in a single spatial mode, and the emitted beam should
have the Gaussian intensity profile of a TEMyy mode. This expectation is in
good agreement with our experimental result using the knife-edge method
(see Fig. 6.2). Unfortunately, the beam produced by the diode is slightly
astigmatic, and therefore the horizontal and vertical beam widths are not the

same (see below).

The diode is mounted in a special setup [21] shown in Fig. 7.1, that pro-
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Figure 7.1: Design of the master laser: a) laser diode, b) collimating lens,
c) diffraction grating, d) screw for wavelength adjustment (for turning the
grating), e) piezoelectric crystal for fine wavelength adjustment, f) aluminum
bronze flexture arm, g) screw for adjusting the vertical alignment of the grat-
ing, h) housing hole for screwdriver access, i) outgoing laser beam, j) window
at Brewster angle.

vides longitudinal single mode characteristics and furthermore tunable wave-
length. Directly in front of the diode is a 5 mm focal length lens for collimating
the laser beam. Because of the diode’s narrow stripe structure, there should
be no large astigmatism in the beam because the horizontal and vertical width
of the active layer are comparable (see also Section 7.2). A single lens should
then be sufficient to collimate the beam nearly completely. Nevertheless, our
measurements show that the beam is fairly astigmatic. Just after it leaves the
master laser system, the horizontal spot size is (1.6 £ 0.1) mm and shrinking

throughout the setup, but the vertical size is (0.4 4+ 0.05) mm and growing,.
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Figure 7.2: Master laser spectrum: the output is longitudinally single mode.
The width of the peak is due to the resolution of the spectrometer and not
related to the laser’s linewidth. The individual steps are due to the step motor
driving the spectrometer grating.

The diode front facet is antireflection coated, and the laser cavity con-
sists of the highly reflective rear facet and an external diffraction grating. The
grating is mounted in the Littrow configuration, where the light in the first or-
der is diffracted back towards the diode. Only in a certain narrow wavelength
band (depending on the angle of the grating) the light in the first diffrac-
tion order is reflected back into the diode itself. Since the amount of light
reflected back by the grating is much larger than the amount of light reflected
by the front facet, the external feedback dominates the behavior of the laser.
In other words, the laser resonator is formed between the rear facet and the
grating. Therefore, the laser can only oscillate within the narrow wavelength
band (see Sections 2.1.1 and 2.1.2). Thus, the grating acts as a frequency

selective, partially reflective mirror that allows lasing only in one longitudinal
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mode. Typically diodes with an external grating produce single mode light
with a width of less than 1 MHz, which is small enough to be monitored on

our Fabry-Perot cavity.

To guarantee efficient feedback for high and stable output power, the
grating must be aligned in the vertical direction. Following MacAdam et al.
[21], this alignment is most easily accomplished by adjusting the vertical angle
of the diffraction grating to minimize the threshold current. The threshold
current appears as a sudden change in the output power’s slope as a function
of driving current. This is usually monitored while sweeping the current back

and forth across the threshold.

The grating is mounted on a semirigid aluminum bronze flexture mount.
Its angle can be horizontally adjusted either manually with a screw or with
a piezoelectric crystal. The screw is accessible through a hole in the case
(see Fig. 7.1), and one full turn corresponds to a wavelength shift of about
10 nm near the cesium line. Because a balldriver is used to turn the screw the
precision is poor (10%). To avoid further accumulation of inaccuracies due
to backlash, one can recalibrate the absolute wavelength using the cesium cell

(see Section 5.1).

The output beam is the zeroth order of the grating and therefore
changes direction whenever the grating is rotated. The angle variations are
small but still large enough to miss the aperture of the optical isolator com-
pletely when changing the output wavelength by 5 nm (see Section 5.2). The
laser output is vertically polarized, and a window at the Brewster angle is used

to couple the light out of the housing without attenuation due to reflection
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losses.

The small frequency interval in which lasing oscillations can build up is
given by the grating position as described before. Within this interval the fre-
quency of the lasing longitudinal mode can shift with changes in temperature
or driving current. If this drift gets too large and another longitudinal mode
enters the region of potential lasing, then mode hopping can occur, where the
laser suddenly changes its output frequency. A similar effect can occur due
to mechanical drifts in the grating alignment. The drifts of the grating are
usually small (less then 10 MHz per minute) and can be observed with the

Fabry-Perot cavity.

Our biggest problem in running this system is that it is extremely
sensitive to external feedback. The optical isolator should prevent any back-
reflecting, but in our setup the slave laser is shining directly at the isolator
and even its large attenuation factor is not sufficient. Destabilization may be
observed using the Fabry-Perot cavity. On a time scale of about 10 minutes
stable operation may be interrupted several times by mode hopping or lasing
on two different longitudinal modes when the slave laser is running. A slight
tuning of the master diode’s driving current is sufficient to restore stable op-
eration in most cases. Apart from these minor problems, the master diode
works reliably and proves to be perfectly suitable as a single-mode light source

to be injected into the broad-area diode.
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7.2 Slave Laser

So far, we have described the characteristics of the master laser used in the
experiment as a stable single-mode light source. However, we are more inter-
ested in the characteristics of the free-running slave diode. Because it is the
heart of our experimental setup, understanding its free-running behavior is a

crucial step in understanding and judging the effects of the injected beam.

The slave laser is a Polaroid POL-5200-E TO-3 series high power diode
laser. It is packaged in a TO-3 can with an anti-reflection coated sapphire
window, a thermoelectric cooler and a thermistor. The diode is specified to
have an output power of 2 W which occurs (according to Polaroid test data) at
a driving current of about 2.67 A. These high values are achieved as discussed
earlier (in Section 4.1) by not restricting the active area of the diode. The
diode puts out light through the approximately 200 pm wide stripe of the
front facet, sacrificing the single-mode spatial structure of the emitted beam.
The threshold current at room temperature is (400 4+ 20) mA and increases
with temperature to (450+20) mA at 50 °C. The diode driver is a Wavelength
Electronics LFI-3525, 3.25 A current supply. The temperature is regulated by
a Wavelength Electronics LFI-4532 temperature controller. The feedback to
the controller is read from the thermistor in the diode can. A table to convert
the thermistor value shown on the controller’s display into temperature in

degrees Celsius is given in Appendix B.

The collimation of the slave laser light into a beam was discussed in
Section 5.2. At 1 A driving current the beam widths after propagating through

the lens system are (2.1 +0.1) mm vertically and (2.5+ 0.1) mm horizontally,
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as measured with a knife edge. The fits to the error function do not show the
multi-mode spatial structure of the beam in a significant way and seem to be
quite useful to extract the beam width. Because of the wide active area and its
small height, the beam starting from the front facet should be very divergent
in the vertical direction and less so in the horizontal direction. That leads to
an astigmatism in the beam that cannot be completely overcome even with
the cylindrical lens included in the setup. Therefore the beam width slowly
increases while the beam propagates through the setup. This divergence leads
to difficulties in separating the amplified part of the light from the free-running

component (see Sections 5.3 and 8.2).

The coupling of master laser light into the slave’s active medium is the
most crucial step in an effective injection setup, so it is helpful to know the
height of the active layer itself. We were told by a Polaroid representative that
the height is about 1 pm although they did not have the exact figure. Using the
knife-edge method (Section 6.1) it is possible to measure the beam width in the
vertical direction. By measuring at several points close to the diode, where the
diverging beam is still small enough to fit onto the power meter’s surface we
should be able to estimate the active layer’s height. Fitting the results of those
measurements to the predictions of Gaussian beam propagation (Section 3.2)
with the initial vertical width at the diode’s front facet as fitting parameter
yields a good estimate for that height (see Fig. 7.3). The distance between
the knife edge and the diode is hard to measure and therefore it must be
included as a second fitting parameter. This method yields an overall width of
(3.540.2) pm, which is only three times the wavelength of the light. Therefore

focusing down to such a small active layer becomes very hard (see Section 8.1).

66



beam width/v/2 (mm)
1.4}
1.2+
9 10 11 12 13
distance (mm)

0.8

0.6

0.4°"

Figure 7.3: Measurement of active layer’s width: the data is taken by the
knife-edge method. The distance plotted is not the real distance from the
front facet but (6.0 £ 0.5) mm larger (extracted from the fit). The resulting
beam radius used to fit the solid line is (1.77 & 0.10) mm. The plotted part
of the diverging beam width is already in the asymptotically linear range (see
Section 3.2).

The light emitted by the slave is linearly polarized in the direction
perpendicular to the active layer because the pumped transitions emit only
this polarization. Here, due to the orientation of the laser in our setup, the

light is vertically polarized.

In contrast to the master laser, the broad-area diode is completely free
running in the sense that no external cavity restricts its behavior. Therefore
one can expect a longitudinally multimode structure. A spectrum taken with
the grating spectrometer at room temperature (25 °C) and slightly above the

threshold current is shown in Fig. 7.4.
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Figure 7.4: Slave laser spectrum measured at 25 °C and 0.41 A, slightly above
threshold current. The spectrometer can easily resolve the different longitudi-
nal modes.

From the distance in frequency and Equation (2.6), one can extract the
length of the laser resonator, i.e. the distance between the two mirror like
surfaces. The index of refraction of GaAs is n = 3.64, and the mean distance
between longitudinal modes from Fig. 7.4 is (0.192 £+ 0.005) nm (see [13]).
The diode itself is made out of GaAlAs but the amount of aluminum does not
greatly change the index of refraction since An scales like —0.7(1 — i) where
1 — ¢ is the percentage of aluminum (a number between zero and one) in the
crystal (see Section 2.2.2). Therefore the cavity length can be estimated to be

between 500 and 600 nanometers depending on the exact amount of aluminum

in the diode, which we do not know.

The different amplitudes beautifully reflect the different stationary in-
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Figure 7.5: Spectrum of slave and master laser: The slave laser’s current is
2 A, the temperature 45 °C. The two laser beams are entering the spectrometer
separately (one through a beam splitter), so no injection of the master beam
occurs. Due to the higher driving current more longitudinal modes are lasing
than in Fig.7.4.

tensities inside the diode due to the frequency-dependent gain, as discussed
in Section 2.2. Because of the limited resolution of the spectrometer the
linewidths seen in the spectrum seem to be again much broader than they
really are. Nevertheless, the spectrum is too broad to leave a visible signa-
ture in the spectrum taken with the Fabry-Perot (see Section 6.3). The slave
laser light only increases the background level of any spectrum taken with the
Fabry-Perot cavity. Only the grating spectrometer, with its drawbacks, can
then be used to gain information about the changes in the spectrum of the

slave while injected with master laser light.

The slave laser spectrum shifts with temperature and driving current as
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Figure 7.6: Center wavelength of slave laser: a) as a function of temperature
at different driving currents, b) as a function of driving current at different
temperatures

expected. For example, at a temperature of 45 °C and the maximum driving
current of 2 A, the spectrum is centered at roughly 850 nm (see Fig. 7.5). It
turns out that the center of the spectrum (peak of highest intensity) increases
linearly both with temperature and with driving current as shown in Fig. 7.6.
The proportionality constants are (0.2454+0.010) nm/°C for temperature and
(2.954+0.10) nm/A for driving current. The cavity length does not change
significantly with temperature or driving current, but the gain curve clearly
changes with driving current as can be easily seen by comparing Figs. 7.4 and

7.5 and as is expected from the discussion in Section 2.2.1.

In the free-running spectrum of the broad area diode, the effects of
feedback also reveal themselves in a beautiful way. Figure 7.7 shows the spec-
trum of the slave laser with and without feedback. The feedback in this case is
due to the second quarter-wave plate in the setup reflecting a tiny part of the
intensity back to the slave. An undisturbed spectrum like that in Fig. 7.4 can
be restored by blocking the quarter-wave plate with a simple piece of paper.

As opposed to the multi-pass amplification experiment no light is intentionally
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Figure 7.7: The effect of feedback: The light line shows the spectrum without
feedback as in Fig. 7.4. The dark line is the spectrum disturbed by light
back-reflected into the slave active layer.

inserted into the active layer in this case.



Chapter 8

Results

After presenting the theoretical background and our experimental setup and
measurement methods, we are now able to discuss the behavior of our injected
slave diode. We present our results by looking at the effects of the various
parameters in our experiment. The effects of different alignment and beam
parameters, positions of the cylindrical lens, driving currents of both lasers,
slave laser temperature, and polarization are discussed in the following sec-
tions. This chapter concludes with a discussion of the dynamical behavior of

the laser system.

8.1 Alignment and Beam Parameters

In general, aligning the setup as described in sections 5.2 and 5.3 is sufficient
to produce some amplification. We now discuss how alignment affects the
experimental results in greater detail and describe the most important ways

to improve the amplification efficiency.

One critical part of the optical alignment of is the position of the spher-
ical lens in front of the broad-area diode. The slave laser’s front facet needs

to coincide with the focal plane of this lens in order to ensure collimation of
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Figure 8.1: Vertical beam radius after spherical lens: The beam is tightly
focused in the vertical direction. To determine the minimum beam waist, we
fit a curve according to Gaussian beam propagation to our data points. This
results in a minimum beam radius of (7+1) pm.

the outgoing slave beam. More importantly, this is also necessary for efficient
focusing of the master’s input beam onto the active layer. Since we measured
the active layer to be only 3.5 pum thick, this presents a technical challenge.

Naturally, only light that actually hits the active layer can be coupled into it.

According to Gaussian beam propagation, the beam radius at the focal
plane is strongly dependent on the initial radius. The larger the incoming
beam, the better it can be focused. Roughly doubling the beam radius in
the vertical direction from (0.940.1) mm to (1.7£0.1) mm in front of the
lens improves the overall amplification behavior by a factor of approximately
four. Enlarging the beam further is unfortunately not possible because of the
small aperture of the spherical lens, 4 mm. Figure 8.1 shows how we use the
knife-edge method to extract the vertical beam radius in the focal plane of the

spherical lens. With optimal beam parameters we can reach a total width of
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Figure 8.2: Intensity in the amplified beam versus position of the spherical
lens along the direction of beam propagation: There is a sharp peak in the
intensity. The absolute distance given on the position axis is shifted by an

unknown offset. The peak indicates where the focal plane of the lens coincides
with the front facet.

(7£1) pm which is comparable to the width of the active layer.

Naturally, shifting the spherical lens in the direction of beam propaga-
tion, i.e., shifting the focal plane around the diode’s front facet, results in a
rapid variation of the intensity coupled into the active medium. This is es-
pecially true because the minimum spot size is still larger than the thickness
of the active layer. We have no way to determine the absolute value of the
intensity coupled into the active layer, but the power in the amplified mode
can reveal the relative efficiency of the coupling process. Figure 8.2 shows the
variation in intensity in the amplified beam versus the position of the spherical
lens. The curve is sharply peaked and the spatial resolution of the stage used
to move the lens is not high enough to resolve the central part. This is one
detail that seriously limits the efficiency of our setup. Additionally, slow drifts

in the translation stage position lead to stability problems (see Section 8.5).
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Figure 8.3: Horizontal beam width after spherical lens when the focal points
of the spherical and cylindrical lens coincide: The beam is collimated in this
direction.

Surprisingly, the technique of overlapping the beams before looking for
any amplification works well. Changing the beam’s position by turning one of

the mirrors while monitoring the power in the amplified beam leads to only

minor improvements.

There are in general two distinct ways to align the cylindrical and
spherical lenses relative to each other. The first one is to try to collimate the
slave laser beam as well as possible. The second is to overlap the focal points of
the two lenses. Overlapping focal points mean that the master laser’s beam is
almost collimated, i.e., non-diverging, in the horizontal direction when it hits
the active layer of the slave laser. This is the alignment that is most similar
to the situation described by our theoretical analysis in Section 4.2. Figure
8.3 shows how well the beam can be collimated in this alignment. Despite the

fact that the shapes of the outgoing beams change visibly we do not find a
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Figure 8.4: Amplification with large lens shift as seen with an IR viewer on a
screen: The beam spots are clearly distinguishable. The master laser and the
front reflection are visible even without running the slave diode. The beams
of interest are those amplified by the slave laser. They disappear whenever
either the slave or the master is turned off.

significant difference in the efficiency of the amplification process.

Another variable is the horizontal width of the injected beam when it
is collimated at the active layer. From Fig. 8.3, we can extract a width of
(12745) pm. Inserting the anamorphic prism pair reduces it approximately
by a factor of two. However, this does not lead to any major changes in
the amplification behavior. It is possible to use nonspherical optics for more
efficient matching of the injected mode to the active layer. Unfortunately, we

did not have easy access to these components at the time of the measurements.

The experimental data and results shown in the following sections were
taken at beam parameters and alignment that were as close as possible to

optimal.

8.2 Input Angle

The input angle, as discussed in section 5.3, is determined by the transverse

position of the cylindrical lens. A large separation angle between the incoming
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and outgoing beams is easiest to handle because in this case the separation

can be easily done approximately 1 m from the slave laser.

Figure 8.4 shows a sketch of the outgoing light as seen for example with
the IR-viewer on a screen when the lens is displaced by 1.5 mm. This shift
corresponds to a separation of about 15 mm between the master laser beam
and the front reflection after 1 m of free beam propagation. This setup leads to
an input angle of approximately 17° for the injected light at the diode’s front
facet. Naturally, one has to look separately at the incoming master beam
because blocking it results in the disappearance of all other beams but the

slave.

There are three observable spots in Fig. 8.4 that are not due to the
beams of the master or slave lasers. The first spot left of the outgoing slave
light in Fig. 8.4 can be identified as a reflection from the front facet or housing
of the broad-area diode because it does not vanish even when the slave laser
is turned off and it does not brighten when the driving current is turned up.
Approximately 10% of the master laser’s intensity entering the lens system in
front of the slave is reflected back into the beam, producing this spot. This
number is extremely stable and hardly changes with any of the parameters
discussed here or in the following sections. This result naturally means that
the reflectivity of the front part of our broad-area diode is, in contrast to many
other diode lasers, not extremely low. Fresnel’s law for a beam hitting a front
facet made of GaAlAs at normal incidence predicts a reflectivity of roughly
30%. Therefore the diode’s anti-reflection coating reduces it only by a factor

of three. That in turn means that the gain inside the diode, according to the
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discussion following Equation (2.4) is only approximately 10, while the gain
would be about 100 for a reflectivity of 1%. This sets severe restrictions on
the diode’s usefulness for multi-pass amplification as discussed below and in

chapter 9.

The other two spots in Fig. 8.4 correspond to beams shown in Fig. 4.1
as output beams, i.e., they are the result of amplification and prove that it
is in principle possible to obtain clearly separated light in one longitudinal
mode. Their intensity increases with increasing driving current of the broad-
area diode as expected. The very left spot contains only half the intensity of
the other one and therefore probably corresponds to a beam partly absorbed
at one edge of the active layer. Ray tracing the beam through the active layer
actually shows that only two beams can be expected to be emitted by a 200 pum

broad-stripe at such a large input angle.

The increase in intensity with driving current is quite smooth, so in-
terference effects inside the active layer (as seen for small input angles and
dominating the behavior in a Fabry-Perot cavity) are not important. This can
be expected from our model for a large input angle because the beams are
hardly overlapping at all. The intensity starts to rise well below the threshold
current at 0.1 A to 0.2 A and more or less saturates at a driving current of
0.8 A. It is interesting that the amplified intensity slightly decreases near the
maximum driving current. The increase with increasing master laser output

is quite linear.

The drawback of using a large input angle is that the intensity con-

tained in the amplified beams is low and it is impossible to increase the total
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power (including the front reflection) above 30 mW, even at the highest input
intensities. So the break even point is not even reached in this setup because
the master laser produces 90 mW of single-mode power without any amplifi-
cation. This low power is either due to the fact that the gain factor of our
diode is indeed not high, as one might expect from the front reflection, or that
we are not able to couple more than a tiny fraction of the master beam into
the active area. Moreover, for large input angles, only a small fraction of the

active layer is actually influenced by the injected light.

One way to circumvent the low gain in each round trip is to decrease
the input angle and thus increase the number of emitted beams, as described
in Section 4.2. However, the linear, smooth behavior changes drastically when
the input angle is reduced. At angles near 0°, the active layer actually op-
erates as a two-dimensional cavity as discussed in Section 4.2, because the
light is reflected back and forth several times. Because many beams overlap
inside the active layer, constructive or destructive interference between the
beams dominates the amplification behavior. Therefore, features like the cav-
ity length and the injected wavelength, which are unimportant for large input
angles, are as important as in a Fabry-Perot cavity (see Section 6.3) because
only constructive interference inside the cavity and in the output beam lead
to efficient amplification. In general, the efficiency of the amplification can
be much higher for small input angles than for large ones because the light
makes more passes through the active medium. However, the whole system
is more sensitive to different parameters that change the ratio of the effective
cavity length to the input wavelength such that it becomes unstable. This

effect is discussed in Section 8.3 along with the effects of driving current and
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temperature changes, i.e., the parameters that reveal the cavity-like behavior.

Furthermore, at small angles the different beams leaving the cavity are
no longer distinguishable even by increasing the free propagation path further
and further, because their divergence is larger than their separation angle. We
have never observed a third amplified beam that would appear on the left of
Fig. 8.4 before the beams merge into a single spot as the shift of the cylindrical
lens is decreased. Since the output light consists of several interfering beams,
it is questionable whether the resulting spot has the required spatially single-

mode structure (see Chapter 9).

An even bigger problem at small angles is that the separation of the
beams becomes small compared with the broad, free-running beam of the
slave laser, and the whole structure shown in Fig. 8.4 lies inside the slave
laser spot. This is mainly due to the fact that we are not able to reduce the
divergence of the slave laser to less than 0.1°, even by using both the spherical
5 mm focal length and the cylindrical 200 mm focal length lens. Therefore,
it is impossible to separate the amplified beam from the light emitted by
the remaining slave laser free-running beam by just inserting a small pick-off
mirror such that only the amplified beam is reflected. Here, measurements of
the power in the amplified part of the light by a simple power meter are no
longer useful. We measure the power by the height of the peak in the Fabry-
Perot spectrum corresponding to the injected frequency. The cavity can be
calibrated by measuring the power in the reflection of the master beam from
the front surface of the slave laser while the slave is turned off because this

is still a quantity measurable with a power meter. Fortunately, the amplified
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beam does not spread in the same way such that picking up its intensity using
a mirror is still possible without blocking the master. In a working multi-pass
amplification system the amplified light must be spatially filtered to guarantee
a clean single-mode structure. In this case the free-running slave laser light
would be filtered out, and the overlap with the amplified light is not a real
problem. It is only at nearly normal incidence that the pick up must be done

with a beam splitter.

8.3 Driving Currents and Slave Temperature

Whenever the input angle is reduced to below 1°, the driving currents of both
lasers and also the slave temperature become important parameters. We do not
change the temperature of the master laser in order to keep its wavelength as
stable as possible. At small input angles, according to the model introduced in
Section 4.2, many beams overlap inside the active area and interference effects
begin to be important, as in a Fabry-Perot cavity. Therefore the change of the
cavity length by extremely small amounts should have a large impact on the
actual amplified signal, i.e., the intensity in the injected mode of the outgoing
beam (see also Section 8.2). Both driving current and temperature changes

are known to cause such a variation in the cavity length.

Although our experiment is not sensitive enough to measure the cavity
length directly, we verified rapid and periodic changes in the amplified intensity
when we change these parameters (see the end of this section), as predicted

by our saturated amplifier model and seen earlier, for example, in [6].

The measurements shown in Fig. 8.5 through 8.7 were taken at nearly
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normal incidence (with the incoming master beam and front reflection over-
lapped, i.e., with no shift of the cylindrical lens) by inserting a beamsplitter
with the master laser wavelength tuned to the cesium Ds-line. Figure 8.8 shows
a measurement with the same setup but with the wavelength of the master
laser shifted down in A. At angles slightly larger than 0° but below 1°, the
behavior of the system is similar. We only chose the beamsplitter alignment
because this setup simplifies the measurement using the grating spectrometer.
There were no realignments in between the measurements in each figure. Be-
cause the grating spectrometer’s alignment is critical for the overall intensity
scale, the measured intensities in different graphs are not necessarily compa-

rable.

There are three different spectra (free-running slave, free-running mas-
ter and amplified slave) plotted in each graph, in order to compare the free-
running behavior of the two lasers directly with the spectrum where the slave
laser is injected with light from the master laser. The free-running master-laser
spectrum is taken using light from the front reflection. This procedure allows
a comparison between the intensity in the front reflection and the intensity
in the same mode due to the amplification process simply by comparing the

heights of the two corresponding peaks.

The cleanest amplification occurs below and slightly above the thresh-
old current of the broad area diode. As shown in Fig. 8.5, the free-running
modes of the slave are completely suppressed and the spectrum is completely
dominated by the injected light. Hence, the injected light decreases the pop-

ulation inversion in the active medium enough that free lasing is no longer
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Figure 8.5: Spectra of the lasers: the slave laser is operated at 25 °C and its
driving current is just above threshold (0.41 A). The master laser is driven
with 151.8 mA. The free running slave lines (1) disappear completely in the
spectrum where the master laser light is injected into the broad-area diode (3).
The intensity in the reflection beam (2) is obviously increased due to injected
light from the master laser. Furthermore, the injection of external light results
in a side peak (3).

possible. In principle, this situation is ideal for multi-pass amplification. How-
ever, the intensity added to the amplified mode cannot be larger than the
free-running output of the broad area diode, which at low driving current is
itself low. Therefore, only 25 mW (including the front reflection, see Fig. 8.5)
can be produced in this regime. This effect of completely dominating the
free-running modes of the slave is relatively independent of the wavelength
difference between the free-running and the injected light. We do not see it

change even down to a free-running slave wavelength 10 nm below the master

laser wavelength.

Generally, the overall change of the slave’s free-running wavelength
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Figure 8.6: Spectra at 35 °C and 1.5 A driving current: the master laser is
driven with 151.8 mA. Here, the free-running slave lines (1) are decreased due
to the injection of master laser light into the slave laser’s active layer (3), but
far from being suppressed completely. The intensity in the injected mode (2)
is approximately doubled. Here also, little side peaks are generated by the
light injection.

with driving current and/or temperature does not play a dominant role in the
overall amplification behavior. We do not observe any effect corresponding
to the overall difference between the free running and injected wavelength. If
there is anything changing, it is completely obscured in the effects discussed
below. This behavior suggests that one might want to run the slave laser far

away from the 852 nm line and then use a grating to separate out the amplified

beam.

As soon as free lasing of the slave occurs at approximately 2-5% above

its normal threshold current, the interference effects within the active medium
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Figure 8.7: Spectra at 45 °C and 2.0 A driving current: the master laser
is driven with 151.8 mA. The free running slave lines (1) are also decreased
due to the injection of external light (3). Although here the spectra of the
free running slave and the master almost overlap, the intensity in the injected
mode (2) is hardly increased at all.

cavity become clearly visible. The intensity in the amplified mode changes
rapidly with the driving current of both the slave and the master laser and
also with the slave temperature. For example, increasing the driving current
of the slave from threshold to its maximum value results in three to four cycles
of increasing and decreasing intensity in the amplified beam, depending on the
slave temperature and master laser driving current. These parameters shift
the location of the peaks, because all three parameters together determine the
ratio between the injected wavelength and the cavity length (or, more precisely

the optical path length of one round trip).
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Figure 8.8: Spectra at 25 °C and 1.0 A driving current: the master laser is
driven with 170.0 mA. The free running slave lines (1) are clearly suppressed
due to the injection of light from the master laser (3). The intensity in the
injected mode (2) is approximately 150 mW. This measurement corresponds
to the highest value we have observed.

As usual for optical cavities, the peaks are very pronounced and narrow
(see Section 6.3, especially Equation (6.4)). Setting the driving currents or
the temperature to only slightly different values results in a rapid decrease in

amplified intensity.

The minimum intensity during these oscillations is only slightly higher
than the intensity in the front reflection. This means that essentially no inten-
sity is coupled into the active layer (see Section 8.1 for details on the coupling).
Figures 8.6 and 8.7 show graphs at more or less randomly chosen parameter

values. The difference in efficiency of the amplification process is clearly visi-
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ble. The cavity-like effects lead to the counterintuitive result that the intensity
in the amplified beam is not necessarily highest at the highest slave driving

current.

At certain parameter settings peaks in the spectra show up which are
not present in either the master or slave free-running spectra. The origin of

these side bands of the injected mode is not clear.

The parameter space can be most easily investigated by watching the in
situ spectrum taken by the Fabry-Perot cavity. Figure 8.8 shows the spectra at
parameters where the amplification is particularly effective. Here, the master
wavelength is reduced to 846 nm, but this setting is not important. We find
peaks of the same intensity at different parameter settings using the Fabry-
Perot cavity as primary measurement instrument. Due to those measurements
we are confident that we can reach 150 mW in the same longitudinal mode
as the injected light. We are not able to make any conclusions about the
spatial structure, therefore we do not know how much light is really contained
in one spatial mode. This observation of 150 mW means that the break-even
point of 90 mW can be easily achieved. For a discussion of the stability of the

amplification efficiency, see Section 8.5.

As mentioned before, the Fabry-Perot cavity is not useful for gain-
ing information about the remaining free-running modes of the slave laser,
but the grating spectrometer spectra show that the intensity is more or less
homogeneously lowered in each mode, corresponding to the efficiency of the

amplification process.
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8.4 Polarization

Since stimulated emission in the active layer is restricted to the vertical direc-
tion (in our alignment) only the part of the injected intensity polarized in this
way is useful. Our experiment verifies this expectation. Varying the direction
of polarization by turning the appropriate half-wave plate has no effect other
than reducing the intensity in the injected mode according to the reduction of

intensity in the vertically polarized component of the input intensity.

8.5 Dynamical Behavior

Most of the dynamical behavior we observe in our experiment is not directly
related to the multi-pass amplification itself, but due to disruptions of the
optical system. The largest effect is due to mode hopping of the master laser,
which disturbs the experiment from time to time. It leads to sudden changes
in the amplification behavior at small input angles, because the ratio of input
wavelength to cavity length in the slave also hops to a different value. Other
long time drifts (e.g., in the translation stages) yield in general a decreas-
ing efficiency of the amplification when an optimal parameter configuration is
chosen to start with. Finally, we also observe a time dependence in the am-
plification that we do not understand. Whenever the injected light is turned
on, the amplification of the light as seen, for example, with the Fabry-Perot
cavity is delayed by roughly one second. This effect is definitely not due to
the turn-on of the master laser, because even blocking the master laser beam
for a short time is enough to produce this effect. Even blocking it for periods

shorter than one second results in the same effect. We do not have a satisfying
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explanation for this effect.
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Chapter 9

Conclusions

This thesis presents a detailed picture of our diode’s multi-pass amplification
behavior. We demonstrate the possibility of multi-pass amplification and show
that the power in the amplified beam exceeds the input power of our master
laser. Of course, we cannot claim that our observations can be generalized
to other broad-area laser diodes. Nevertheless, the model for multi-pass am-
plification introduced in Section 4.2 is quite consistent with our experimental
data. In particular, the cavity-like behavior of the diode at small input angles
that vanishes for larger angles supports the validity of the model for our ex-
perimental setup. We hope that our theoretical introduction to diode lasers
and theory of beam propagation will be a helpful reference for further work

on multi-pass amplification.

Concerning our original goal of constructing a high-power single-mode
laser system for experiments an cold cesium atoms, our project has to be con-
sidered incomplete. We have not been able to come even close to an amplified
output power sufficient to make our setup an interesting alternative to other

available lasers.

There are two possible reasons for the low efficiency of our broad area
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laser diode. First, the critical small width of the active layer leads to the ques-
tion if our alignment is appropriate for coupling a sufficient part of the master
light in. In particular, we have not been able to try active mode matching be-
cause we have not had the necessary equipment at hand (e.g., a wide selection
of aspherical lenses) and our ability to monitor the mode matching is limited.
Solving these obvious problems could make a more effective injection locking

of our diode possible.

The second reason for the limited success of our project might be the
diode itself, in particular its antireflection coating. Our theoretical model
and experimental experiences of other groups support the fact that a good
anti-reflection coating of the diode’s front facet is crucial for a good multi-
pass amplification performance. The front reflection seen in our experiment
even for small incident angles and the extreme cavity like behavior of our
diode suggest that the diode does not have a sufficient anti-reflection coating.
Our experimental data shows that the multi-pass amplification setup with the
components described in Chapter 7 operates far from the ideal double-passed
amplifier scheme. Furthermore, multi-pass amplification systems including a
variety of broad-area diodes are now commercially available but none of them

use our type of broad-area diode.

Although we have not reached our ultimate goal of engineering a work-
ing laser system, we have discovered a lot of interesting physics. We hope
that our investigation of the free-running behavior of diode lasers, the valid-
ity of the presented multi-pass amplification model, and the dependence of

amplification on different parameters will be helpful for further work on this
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subject.

92



Appendices

93



Appendix A

Mathematica Programs

The Mathematica® code is typeset so as to distinguish it from the comments.

A.1 Ray Tracing

Generation of the matrices for different optical components:

plx]:=1,%,0,1

Free propagation along a path of length x in the chosen units
1[x]1:=1,0,-1/x,1

Lens of focal length x in the chosen units

slx_]:=x

Shift away from the optical axis when components are not centered

The setup for which calculations are to be done is simply implemented by list-
ing the components including shifts and free propagation. If a component is
shifted this shift has to be included in the list again in the opposite direction
after the component. The default setting here is no setup at all (p[0]).
list:=p[0]

The compute function is used in the do-function to calculate the matrix de-

scribing the setup from the list of components in a simple loop.
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compute [comp_] : =compute [comp]=Block [x=comp,y=1,0,0,1,
For[i=1,i<Length[x]+1,i++,y=x[[i]].y];

Return[y]]
The do-function finally calculates the final position and slope of the beam after
the propagation through the setup from the initial conditions. The initial
variable has to be a two component list out of initial position and initial slope.

do[initial ,1ist_]:=Block[in=initial,inlist=1list,actual=p[0],

For[i=1,i<Length[inlist]+1,i++,

If [Length[inlist[[i]]]==2,
actual=Join[actual,inlist[[i]]],
in=compute[actual] .in;
in[[1]]=in[[1]]+inlist [[i1] (0110 ([11];
actual=p[0]]];

Return [compute [actual] .in]]

A.2 Gaussian Beams

An abbreviation for the Mathematica symbol Infinity is defined as
inf:=Infinity

Again the matrices for free propagation and lenses are implemented by
plx]:=1,x,0,1

1[x]1:=1,0,-1/x,1

The setup is also implemented like in Appendix 3.1. No shifts of optical

components are possible.
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list:=p[0]

The used wavelength is set. The default setting is 852 x 107 m
lambda:=852*10(-9)

The beginning function is used in do and dodiv and converts the initial beam
parameters in a form useful for these functions
beginning[R_,om_]:=1/(1/R-I*lambda/(Pi*om*om))

Same function like in Appendix 3.1

compute [comp_] : =compute [comp]=Block [x=comp,y=1,0,0,1,
For[i=1,i<Length[x]+1,i++,y=x[[i]1].y];

Return [y]]
The do-function calculates the beam radius after a certain setup implemented
in list from the initial beam radius R and the inverse divergence, e.g. in=inf
means no initial divergence.

do[R_,in_,list ] :=Sqrt[Abs[-lambda/(Im[1/((beginning[R,in]
x compute[list][[1,1]] + compute[list][[1,2]])
/(beginning[R,in] * compute[list] [[2,1]]

+ compute[list] [[2,2]1]))]1*Pi)]]
The dodiv-function is in principle the same as the do-function but calculates
the final divergence of a beam.
dodiv[R_,in_,list_]:=Re[1/((beginning[R,in]*compute[list] [[1,1]]

+ compute[list] [[1,2]])/(beginning[R,in]

x compute[list] [[2,1]] + compute[list][[2,2]]))]
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Appendix B

Conversion of Resistance into Temperature

For thermal resistors (also called termistors) there is a simple equation for
converting temperature into resistance namely the Steinhart-Hart Equation
reading:

%:A+BlnR+C(lnR)3 (B.1)

where A, B and C are constants depending on the used termistor, R is the
resistance and 71" is the temperature in Kelvin. In our case the values for the

constants are

A = 0.00269158
B = 0.000285179 (B.2)
C = 4.73608 x 1077

and one gets Tab. B.1 for a temperature ranging from 0 to 50 degrees Celsius.
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TCO) [ REY [T COY R &) [T (CO) | R (kQ)
0 | 2815 | 17 | 1370 || 34 | 7.140
1 2692 || 18 | 13.16 | 35 | 6.8%5
2 25.76 19 12.64 36 6.641
3 | 2465 || 20 | 1205 | 37 | 6.406
4 23.60 21 11.68 38 6.181
5 | 2260 || 22 | 1123 | 39 | 5.965
G | 21.64 || 23 | 10.80 || 40 | 5.758
7| 2074 | 24 | 1039 || 4 | 5.550
8 1987 | 25 | 10.00 || 42 | 5.369
9 19.05 | 26 | 9.624 || 43 | 5.1%6
10 18.26 27 9.265 44 5.010
11 17.51 28 8.921 45 4.841
12 16.80 29 8.591 46 4.678
13 16.12 30 8.276 47 4.522
14 | 1547 | 381 | 7973 || 48 | 4372
15 14.85 32 7.684 49 4.228
16| 1426 || 33 | 7.406 | 50 | 4.080

Table B.1: Conversion of resistance into temperature for the used NTC-resistor
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