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1 Introduction
These days as one reaches out for the phone to call
somebody up, one hardly realises the great technological
change that has taken place during the past decade in the
field of Telecommunications. This is also a characteristic
of the epochal change from an industrial society to a
communication society.
The globalisation of the markets require, essentially
more information on the one hand, for the development
and production and on the other, more communication
with distant markets. There is also a steady increase in
communication requirements even in the private areas
due to the possibility of being part of world-wide Datanets for e.g. the Internet with the help of a simple PC. All
this led to a rapid increase in the number of subscribers
to the Telecommunication network and that necessitated
a markedly bigger transmission bandwidth. The transmission speed had to be likewise drastically increased
since the largest part of communication occurred between computers.
The copper cables that were used up to now, however are
overtaxed in the face of this challenge. It is true that special cables with the required bandwidths can be produced, but due to the cost involved they are not an economical alternative to the optical waveguides which are
replacing copper cables to an increasing degree, so much
so that even newly laid down Nets are being equipped
with them.
The idea of sending light signals by waveguides and
making use of it in Data Transmission was predicted in
1939 by H. Buchholz in his publication “The Quasioptic
of Ultrashortwave conductor“. However it was only in
the year 1962 with the development of the first semiconductor laser, that the serious technical realisation of Data
transmission began, using this laser and glass fibre
through which laser light was conducted. Thus, simple
sources of light production and modulation, became
available.
Today, information transmissions through laser diodes
and glass fibres are the order of the day and the developments in this area belong to the most important ones in
this century. This technology is based on the already
known fundamentals so that no new understanding needs
to be imparted. In practice, technically, however it means
new challenges.
In the fibres used today, light is conducted within a core
diameter of only 5 µm and for that on the one hand the
fibre production and on the other, the fine mechanical
components which are necessary for the launching of the
light and for the installation of the fibres, needs to be developed. Further aims are the reduction in the transmission losses, internal fibre optical amplifiers should further reduce the number of electronic relays; and even laser diodes with smaller bandwidth that increase the
transmission speed, to name a few.
A further important milestone in the development is the
realisation of optical amplifiers that have properties
which were previously achievable at high cost or did not
exist at all in electronic amplifiers. Within a period of
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only 3 years of research and development, the optical
amplifiers have revolutionised the future of glass fibre
nets. The main reason for the replacement of the electronic with the optical amplifier lies therein that they can
simultaneously amplify any data format and –rates
within a comparatively extremely large spectral area.
With that, the barrier of the small and limited bandwidth
of electronic semiconductor amplifiers was broken. Out
of the multitude of concepts for optical Amplifiers, the
Erbium doped Fibre Amplifier (EDFA Erbium doped fibre amplifier) has turned out to be especially well suited.
The fundamental principle of this new technology is the
production of an amplifying medium through optical
pumping. The transport of information through electrical
conductors results from a temporal change in a flow of
electrons. Due to losses in the conductors, it become
necessary to insert an amplifier after a specific conductor
length in order to increase the electron count again. In
Glass Fibres, the information transmission results
through the temporal change in a flow of photons, whose
count has to be likewise increased after a specific transport length.
Till now, this was done through the conversion of a
stream of photons into a stream of electrons with the help
of photodiodes with connected electronic amplification
and the re-conversion of electrons into photons with laserdiodes. In optical amplifiers, however, this intermediate step is dropped; here the photon count is directly increased.
The theory and practice of optical amplifiers is as old as
the laser technique itself, since Laser is nothing else but
an optical amplifier that is increased as oscillation
through feed-back. When one removes the feed-back (i.e.
the cavity mirror) in a Laser, one gets an optical amplifier which is in a position to amplify a stream of photons
if its frequency lies within the amplification band width
of the optical amplifier.
The aim of this project is the introduction to the concept
of optical amplification as they are employed for modern
Telecommunication. This project also includes the Fundamentals of the production of optical amplification by
means of optical pumping which is also the basis for optically pumped Laser-systems.
The discussion of diode lasers, which are used on the one
hand as photon sources for information production and
on the other as pumping light sources, supplements the
technical knowledge.
The dependence of emission of Laserdiodes on the temperature and injection current are constituents of the
measurements in the frame-work of the testing method.
For the technical application as well as for the measurements within this project, photodiodes are necessary,
whose characteristic features will be presented.
The fundamentals of optical wave guides, the launching
of light and its transport are the more important constituents of the fundamentals, even more than the subject of
the experiments. The application of fibre couplers will be
avoided due to didactic reasons and dichroic elements
will be used instead.
Seite - 3 -
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2 Basics
2.1 Interaction of light and matter
The saying “to shed light upon a matter” means, more or
less, to “illuminate” facts that are unclear. In 1644 Rene
Descartes published his metaphysical ideas on the essence of light. Since then, people have been trying to
shed light upon “light” itself.
According to his ideas, light consists of scattered particles which have different speeds in different bodies.
In 1667, R. Hooke claimed that this was all nonsense. He
was the first person who thought that light consisted of
quick oscillations.
Huygens demonstrated light ether in 1690. In 1717 Newton proved that light has a transversal quality. At that
time, however, people could only imagine longitudinal
waves, so Newton rejected the wave theory of light completely. Newton’s authority over the subject prevented
the formulation of the wave theory of light for 100 years.
Unaffected by the dispute over the essence of light,
James Clerk Maxwell summarised the electrical and
magnetic appearances in a system of mathematical equations. In 1856, when Kohlrausch and Weber found out
through measurements that the speed of electromagnetic
waves was the same as that of light, Maxwell came to the
conclusion that light is an electromagnetic oscillation. In
1888 Heinrich Hertz was able to give experimental proof
of electromagnetic waves.
As can be easily imagined, due to the various interpretations on the nature of light it took a long time for the
electromagnetic theory to be recognised as a basis for the
sum of the physical experiences which could not be reduced any further. But, as we now know, even this theory has its limitations. It is possible to explain all appearances which occur in light scattering using this theory. However, it fails in the case of the emission and absorption of light.
Max Planck was able to solve the problems in this area
with his formula E = hν. According to this formula light
possesses both properties, i.e. corpuscular as well as
wavelike qualities. This paradoxical formula could finally be clarified through quantum mechanics. There was
a further change in classic optics in the sixties of this
century when lasers were discovered.
For the first time, light was subjected to an unusually
high intensity. People observed appearances such as the
optical frequency doubling which led to the formulation
of non-linear optics.
In classic, i.e. linear optics, the scattering of light in matter is described by both optical constants dependent on
the frequency, the refractive number n and the absorption
coefficient α. In present linear optics, these variables are
independent of the intensity of the light. Reflection, refraction, scattering, speed and absorption of light are
therefore constants of the relevant medium and are not
dependent on the light intensity. This resulted in two important principles used everywhere in optics: The superimposition principle (interference) and maintaining the
frequency. Both these conditions are only valid in relatively small light intensities as can be obtained from
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normal light sources. Neither the superimposition principle nor the conservation of frequency apply to the high
intensities of lasers. Therefore, linear optics is only specifically applicable to small light intensities.
The appearances observed on the basis of the interaction
between light and matter can, in principle, be divided
into two groups.
A.
B.

resonant phenomena
non-resonant phenomena

In the case of resonant light the incoming light has an
energy of E = hν, which corresponds to the energetic
distance of a transition. Electrons of the atoms or molecules in their initial state are transferred to E1 which is in
an excited state.
In the example of non-resonant light, the energy of the
incoming light is much smaller than the energetic interval of the considered transition.

E

E

1

E

0

1

E=hν

E

0

resonant

non resonant

Fig. 1: Incoming light is resonant to a transition of the
sample (left) and non-resonant (right) for a material
with another transition
There is still an interaction, in which, however, no transition of the electrons takes place. The interaction occurs
through the electromagnetic property of light together
with the electromagnetic property of matter.
E1
Nucleus

E2

Electron orbits

Fig. 2: Bohr’s Atom
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The work and measurements had proved that discrete energy must be anticipated for both resonant cavities and appearances of atomic emissions. Einstein began looking for
a single description for both these sources of light. He was
able to solve this problem in 1917 when he derived
Planck's hypothesis once more in his own way. He
thought of a way of combining both light sources. He put
an ensemble of "Bohr’s" atoms in a resonant cavity at a
temperature T. In thermal equilibrium E(ν,T) will be an
energy distribution which must be formative influenced by
the properties of the atoms. Einstein’s task was to determine this new energy distribution. In a first step he examined the atom ensemble, which we presume has only two
energy levels, as shown in Fig. 9. Since the atoms are exposed to a radiation field, they can take up or absorb energy. The absorption is connected to an emission. If we
denote the number of electrons in state 1 as n1, the temporal change of it will be:

dn1
= − B12 ⋅ n1 ⋅ u ( ν)
dt

(1)

In this case u(ν) is the density of energy at the frequency
at which the transition from state 1 to state 2 is resonant,
i.e. it is the frequency at which E2-E1=hν is fulfilled. This
frequency is called the resonant frequency. It is evident
that the temporal change from dn1/dt is dependent on the
number n1 itself, on one hand, and on the density of energy of the radiation with the frequency ν, on the other.
A constant B12 is necessary for a correct equation in terms
of dimension. The minus sign is required because the
number of electrons in state 1 decreases through the absorption .
The same observation is carried out for state 2. We will
call the number of electrons in this state n2. The electrons
return to state 1 from state 2 whilst emitting radiation. The
transition from 2 to 1 is released (induced) by the existing
radiation field of the resonator and takes also place coincidentally (spontaneously). So, two types of emission are responsible for depopulating state 2, the induced and the
spontaneous emission. The temporal change in the number
n2 is

dn 2
= − B21 ⋅ n 2 ⋅ u ( ν) − A 21 ⋅ n 2
dt

(2)

Nothing has been left out of the last term since the
spontaneous emission does not depend on the surrounding
radiation field and is of a statistical nature. It takes place
even when there is no radiation field. Until the principles
of quantum mechanics were defined by Heisenberg and
Schroedinger, it was accepted that spontaneous emission
was similar to radioactive decay, in that it could not be
influenced from the outside. Quantum electrodynamics
has shown that a spontaneous emission is an emission
induced by zero point energy. So as not to take this too far
at this point, the following must be noted with reference to
zero point energy. In the cavity there is an average field
energy of at least E0=1/2 hν. The spontaneous emission is
triggered off by this energy. Let us go back to our resonant

cavity-two level atom system. In stationary equilibrium,
the same number of electrons must go from state 1 to 2
(with a photon being absorbed from the radiation field)
and vice-versa (emission of a photon into the radiation
field)

dn1 dn 2
=
dt
dt

(3)

B12 ⋅ n1 ⋅ u ( ν) = B21 ⋅ n 2 ⋅ u ( ν) + A 21 ⋅ n 2

(4)

or

The Boltzmann distribution is also valid in the thermal
equilibrium for the population numbers of level 1 and
level 2

n 2 = n1 ⋅ e

−

E 2 − E1
k ⋅T

or n 2 = n1 ⋅ e

−

h ⋅ν
k ⋅T

(5)

By substituting (5 ) in ( 4 ) we get

u ( ν, T ) =

A 21
⋅
B12

1
e

−

h ⋅ν
k ⋅T

(6)

− B21 / B12

Since Planck’s law must be valid also in equilibrium we
get by comparison of ( 1.3.33 ) with ( 1.4.6 ) the meaningful Einstein coefficients:

B12 = B21 und

A 21
h ⋅ ν3
= 8π ⋅ 3
B12
c

(7)

2.2 Natural line width
Let’s look on Eq. ( 1 ):

dn1
= − B12 ⋅ n1 ⋅ u ( ν)
dt
B12 can be considered as the probability for a transition
from level 1 to level 2 by absorption.
This is also analogous to the coefficient B21, which however indicates the probability of the reverse process, i.e.
the emission.
The coefficient for the spontaneous emission A21 gives us
another interesting piece of information on the system,
which is easy to find.
Let us take, for example, the process of the spontaneous
emission by itself.

dn 2
= − A 21 ⋅ n 2
dt

(8)

This differential equation can be solved using the additional equation

n 2 ( t ) = C ⋅ e −α⋅t

(9)

α = A21 can be found by comparing the two and the solution will then be

n 2 ( t ) = n 2 ( t = 0) ⋅ e − A21 ⋅t

( 10 )
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rel. Population Density

1.0

rel. Amplitude

Fig. 3 shows this function graphically. This curve and
therewith A21 can be determined experimentally. The time
t which n2(t) took to reach the value n2 (t=0) e-1 must be
deduced. The result will then be t = 1/A21.
Obviously the reciprocal value of the Einstein coefficient
A21 represents a suitable definition for the "life time τ of a
state“.

ρ(ν)

EXP 14

0.5

ν0

n/n0=1/e

0.0

t=1/A21

δν

FWHM

Frequency

ν

Fig. 5: The Fourier transformation of a damped oscillation as observed for spontaneous emission. It consists of the transition frequency ν0 and a complete
spectrum described by a Lorentz function.

Time t

The Fourier transformation of the damped oscillation
gives the following result:

ρ ( ν) =

Fig. 3: Population decay curve of a state
More information can be obtained from the decay curve.
photons or a radiation field are produced because of the
transition from state 2 to 1.
However, the intensity of the radiation decreases exponentially with the time (Fig. 4). In view of the preceding findings, the frequency of the radiation should be fixed to E2E1 = h ν0.

1
4π 2 ⋅ ( ν − ν21 ) + (1/ 2 ⋅ τ s )

Amplitude E(t)
Fig. 4: Spontaneous emission as a damped oscillation
A power spectrum of the spontaneous emission is obtained
using a Fourier analysis for non-periodic processes, which
has the main frequency ν0 apart from other frequency
parts. The result of this kind of Fourier transformation is
illustrated in Fig. 5.

( 11 )

This type of curve represents a Lorentz curve. ν21 (or ν0)
is the resonant frequency and

τs =

1
A 21

the average life time of state 2. The FWHM (Full Width
at Half Maximum) of the curve as shown in Fig. 5 is calculated by inserting the value of ρ(ν) = 1/2. The result
is:

δ ( ν)nat =

Time t

2

2

1
⋅ A 21
2π

( 12 )

which is the natural line width of a transition, defined by
the Einstein coefficient A21 which has a particular value
for every transition. The results obtained can also be interpreted as if the state 2 did not have any clearly defined energy, but a broadening with half-width ∆E = 2 π h A21.
This means that the state is somewhat blurred. Quantum
mechanics has shown this effect to be extremely important. It is known as the Heisenberg uncertainty principle,
after the person who found it. In the case of normal optical
transitions the value of τs lies between 10-8 to 10-9 seconds.
This life time, determined by spontaneous transitions
alone, is crucial for the so called natural width of a spectral line. To clarify the ways in which we term things, we
must emphasise briefly at this point, that there is a difference between the width of a state and the width of a line,
as well as between the terms state and line. There are always states for atoms and it is never stated whether the
state is occupied or empty. A line is only formed if an
emission is caused by the transition from, for example,
state 2 to 1. The line is a word commonly used by spectroscopists. They use their spectroscopes to produce photoSeite - 6 -
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graphic plates, for example, on which fluorescent light is
shown according to its wavelengths. The use of slits in the
optical beam path makes it easier to evaluate the spectra.
A line spectrum of this kind is shown in Fig. 6.

Fig. 6: Recording the emission of a light source with
corresponding energy levels results in a line spectrum
Apart from the emission wavelengths, the spectrum in Fig.
6 shows the line widths. It must be observed, in this case,
that the measuring apparatus makes the line widths seem
wider than they actually are. Naturally, it was the aim of
spectroscopists to create instruments which could give the
closest reading of the actual line widths.

2.3 Homogeneous line broadening
A line is homogeneously broadened when all the atoms or
molecules have the same characteristics and all of them interact with their environment in the same way. The natural
broadening is a homogeneous broadening, since it is the
same for all atoms and molecules in an ensemble. Homogeneous broadening can be found in solids with regular
crystal structure in which the atoms considered are in
equivalent lattice sites. The interactions with the crystal
lattice lead to a broadening of the states that is far beyond
the natural width, but which is homogeneous when the lattice sites are symmetrical and of equal value. Gases are
known for their inhomogeneous broadening and this will
be discussed in the next section. In this case the absorption
and emission lines are no more homogeneously but inhomogeneously broadened.

2.4 Two level system
Now that we have learnt a few aspects of the interaction
of light with matter, in the following example of a simple
two level system, the description of absorption and emission with the help of the Einstein‘s coefficient shall follow. Finally, we will learn the inverse process of Absorption, the amplification of photons.

E2

N2

Fig. 7: Two level system
We use the rate equation model, a formalism, whereby
the temporal change of the population density can be determined for each of the energy levels involved. For this,
let us take a number of atoms N or molecules which are
presently in the Ground state (E1). We irradiate this sample now with photons with the spectral energy density
ρ(ν) i.e. Energy per Volume element and per Frequency
interval ∆ν . Since this concept is used often today, at
this stage we will take a closer look at its definition. A
photon possesses the energy E = hν. When, in the volume dV, the number of photons is N, the energy density
is:

N⋅h⋅ν
dV
Now, not all the photons have necessarily the same frequency, which is why for further classification we require that only those photons whose frequency lies
within the interval ∆ν shall be considered. The distribution of the number of photons follows a function which
we denote by f(ν) without, for the present, defining it any
further. We arrive consequently at the expression for the
spectral energy density:

N ⋅ f ( ν) h ⋅ ν
⋅
∆ν
dV

ρ (υ) =

The density of photons ρ, its number N per volume element dV is related with the spectral energy density:

ρ (υ) = ρ ⋅ h ⋅ ν ⋅

f ( ν)
∆ν

( 13 )

Under the influence of the photon field the population
numbers N1 and N2 would change. Now we consider the
temporal changes in the numbers to then determine the
stationary state. The population number of the level E1
diminishes in the absorption process:

dN1
dt

= − B12 ⋅ρ ( ν) ⋅ N1
Absorption

Through the absorption process the level E2 is populated:
spontaneous emission

absorption

induced emission

dN 2
dt

= B12 ⋅ρ ( ν) ⋅ N1

( 14 )

Absorption

Through spontaneous and induced Emission the level 2
is, however, also depopulated:

E1

N1

dN 2
dt

= − A12 ⋅ N 2

( 15 )

spon tan eous
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dN 2
dt

= − B21 ⋅ρ ( ν) ⋅ N 2

( 16 )

induced

only present a material constant, but additionally depends on the difference of the population numbers N1-N2
and therefore on the intensity of the photon field. This
dependence is determined through the solution of the rate
equations for the stationary state.

The total change in the population of the energy level E2
is therefore::

dN 2
= B12 ⋅ρ ( ν) ⋅ ( N1 − N 2 ) − A12 ⋅ N 2
dt

( 17 )

The temporal change in the population density in the
state 2 obviously changes the photon density since every
absorption process is bound with the destruction of a
photon, and every emission process with the production
of a photon. The change in the photon density is therefore equal to the difference in the population numbers of
the levels considered:

dρ dN1 dN 2
=
−
dt
dt
dt
with

( 18 )

and equation ( 13 ) we get

B12 ⋅ρ ( ν)
N2
=
N1 B12 ⋅ρ ( ν) + A12
Thereafter for a very large (large ρ(ν)) photon density N2
/ N1 goes against 1. This means that in this case the
population density of both the levels are equally large
and according to ( 19 ) no more absorption takes place,
the medium has become transparent under the influence
of strong photon fields.

2.5 Optical Amplifier
The optical amplifiers are characterised by the fact that
at their output, the number of photons is larger than at
their input. A material that possesses this characteristic,
must have a structure of energy levels, in which a population inversion, i.e.

f ( ν)
ν
dρ
= B12 ⋅
⋅ h ⋅ ⋅ρ ⋅ ( N1 − N 2 )
∆ν
dx
c
we use as the abbreviation

Ni > Nf

f ( ν)
ν
⋅h⋅
∆ν
c

can be produced. In this, Ni is the population density of
the excited and Nf the lower lying state.

dρ
= σ12 ⋅ρ ⋅ ( N1 − N 2 )
dx

2.6 Three-level system
In the last chapter, we found out, that such a situation
cannot be produced in a two level system. Therefore, we
shall presently attempt a three-level system (Fig. 8).

and as a solution of the differential equation we get:

I = I0 ⋅ e

From dN2 / dt = 0 we get the expression:

Obviously in this two level system it is not possible to
produce a population number N2 larger than N1 since according to equation ( 19 ) instead of absorption, amplification takes place.

dρ dρ dx
dρ
=
⋅
= c⋅
dt dx dt
dx

σ12 = B12 ⋅

dN i
= 0.
dt

−σik ⋅( N1 − N 2 )⋅x

( 19 )

E3

In that we use the identity for the intensity I and the photon density ρ

E2

ρ⋅c = I
Amplification then takes place when

g = σ ik ( N 2 − N1 ) = σ ik ⋅ n > 0

S12

( 20 )

On comparing the result after ( 19 ) with that of the famous absorption rule in classical optics by Beer, it is determined that the strength of the Absorption does not

W12

W21

E1
Seite - 8 -
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Fig. 8: Three level system
There E1 is the initial level, mostly also the ground state
of the respective atoms or molecules for the pump process. The atoms or molecules of the ground state are excited through the pump process and populate the state E3
with the population density N3. We proceed on the assumption that the transfer from E3 to E2 occurs very rapidly, so that N3 = 0. The temporal change in the population density of the state E2 results therefore, directly from
the decrease in the population density E1:

dN 2
dt

= η⋅ W13 ⋅ N1
Pumpprocess

dp
= −σ ⋅ c ⋅ p ⋅ ( N1 − N 2 )
dt
photon once produced, however do not stay available for
all time. They can be destroyed by other processes and
their density decreases with a time constant τph. We formulate these losses as loss rate and its temporal change
is:

dp
p
=−
dt
τ ph
For the total change in photon density we finally get:


dp
1 
= p ⋅  σ ⋅ c ⋅ ( N 2 − N1 ) −
τ ph 
dt


Here W13 is the probability that a particle passes from
state 1 to state 3 and η for that of the transition from 3 to
2. The product:

W13 ⋅ η = Wp
represents consequently the pump rate for a particle. The
spontaneous Emission affects the state 2 as the second
process and leads to a depletion of the state.

dN 2
dt

=−
spon tan eous

N2
= −Γ ⋅ N 2
τs

Here τs stands for the life time of the state 2 and Γ as its
inverse value. A special feature of the spontaneous emission is that it is not possible to influence it through external fields and depends only on the life time of the levels. In contrast to this, the induced emission depends on
the one hand on the existing photon density p and on the
difference in population density N2-N1.

dN2
= −σ ⋅ c ⋅ p ⋅ ( N 2 − N1 )
dt induced
With σ, the cross section for the induced emission is introduced and c is the velocity of light. It consequently
follows that for the total temporal change in population
in state 2:

dN 2
= σ ⋅ c ⋅ p ⋅ ( N1 − N 2 ) − Γ ⋅ N 2 + Wp ⋅ N1
dt
Since each process of state 2 leads to an opposite change
in population density of state 1 it is valid for the temporal change of state 1 so that

dN1
dN
=− 2
dt
dt
In every induced process one photon is produced or destroyed. Therefore the photon density p changes respectively:

We use the following abbreviations:
n = N 2 − N1 and n tot = N1 + N 2
so we get:

dn
= −2σcpn − Γ (n tot + n ) + Wp ⋅ (n tot − n ) ( 21 )
dt
and


dp
1 
= p ⋅ σ ⋅ c ⋅ n −
τ ph 
dt


( 22 )

The equations ( 21 ) and ( 22) build a couple of simultaneous differential equations, for which no analytical solutions are known. Merely for a few special cases, solutions are possible. For the stationary state, i.e. the temporal change in population inversion is zero, respectively.

dn
=0
dt
so from ( 21 )we get

n = N 2 − N1 =

(

n tot ⋅ Wp − Γ

)

( 23 )

Wp + Γ + 2σ ⋅ c ⋅ p

We use eq. ( 20 ) for the amplification, and get ( 23 )

g=

(

σ ⋅ n tot ⋅ Wp − Γ

)

Wp + Γ + 2σ ⋅ c ⋅ p

Obviously amplification occurs only when the pump rate
is larger than the rate of spontaneous emission. This is
achievable when the life time τs is very large. Especially
Seite - 9 -
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suitable are therefore metastable states. We further discover that with increasing photon density the amplification decreases.

4

I11/2

Thus, we have been able to show that in a three level
system, optical amplification can be achieved.

4

I13/2

It shall not pass without mention that four level system
show more favourable characteristics in a few respects.
Still the level system of EDFA is a three level system
which shall be illustrated in the following. Now the question arises, why this Erbium doped Fibre was chosen as a
candidate for this application. The main reason lies
therein, that this material shows suitable transition at
1550 nm. This wavelength is of extraordinary importance for the communication technology with glass fibres. This wavelength falls in the so-called second absorption window. Now it is not sufficient just to have a
suitable transition with this wavelength, but one should
be able to excite it with simple means. The first step of
the experiment therefore contains the analysis of the Absorption- and Fluorescence spectrum.

14 msec

4

980 nm

I15/2

Fig. 10: Three level system of EDFA
In the Fig. 10 we recognise the well known level system
from the preceding chapter. The pump transition occurs
between the states I15/ 2 → I11/ 2 , followed by a quick
4

transfer of the

50

1530 nm

4

4

I11/ 2 → 4 I31/ 2 and finally as radiative
4

transition back to the ground state I15/ 2 . With a comparatively extremely long life time of 14 msec, this system fulfils the requirements for the production of the desired population inversion.
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Fig. 9: Absorption spectrum of an Erbium doped fibre, A Pump band for 800 nm, B 980 nm and C 1480
nm
The areas marked in the Fig. 9 can be pumped with currently available Laser diodes. It has however turned out
that the use of transition B is connected with many advantages. A detailed description of the characteristics of
all the possible pump configurations is to be found in:
„Optical Fiber Amplifiers: Design and System Application“ by Anders Bjarklev published in Artech House
Boston London, ISBN 0-89006-659-0.
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3 Experiments
3.1 Experimental set-up, Description of modules

C1

A1
A

B

E

F
H

G

C

J

I

D

Fig. 11: Experimental set-up

6

Output power [mW]

5

4

3

2

1

Fig. 12: Module A and Module B
The Module A contains a Laser diode that emits 5 mW at
a wavelength of 1550 nm (Laser Class 3). The output for
a typical sample is shown in Fig. 13. This curve is to be
determined at the beginning of the experiment (recommended), or the values can be taken from the enclosed
data sheets. The Laser diode is mounted on a Peltier
Element, so that the temperature can be varied from 1030 °C.

0

0

10

20

30

40

Injection current [mA]
Fig. 13: Typical values of output power as function of
the injection current at 25 °C for Module A
The Module B is set up in the same way as Module A,
however it contains a Laser diode that emits 100 mW at
a wavelength of 980 nm (Laser Class 4).
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Fig. 16: Module B Collimation optics
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Fig. 14: Typically characteristic curve of Module B
A special feature of the Laser diode of Module B is its
emission in only a transverse oscillatory mode ( similar
to TEM00), so that a high coupling efficiency is achieved
in the Erbium doped Fibre. Finally this Laser Module is
also designated as pump laser, since it is used as an optical pump or for the stimulation of the initial level for optical amplification. It is a part of the experiment to determine the characteristic curve from Fig. 14. If there is
no power meter available to measure the laser output,
then this curve can also be determined with the help of a
photodetector (Module J (3)) and characteristic curve enclosed with this manual.
For the later measurements, one should know the incoherent emission at the threshold, since use is made of it
in a few experiments. Each of the two Modules is
mounted in a XY – adjustment holder. Precise fine pitch
screws allow the exact adjustment vertically to the optical axis z. Since laser diodes generally emit a strongly
diverging radiation, special collimators are necessary to
condition the laser radiation for further use.

This Module is used to produce parallel radiation of the
Laser diode of Module A. Due to the „cultivated“ emission characteristics a Microscope objective (1) with a
numerical Aperture of 0.3 with a magnification factor of
10 suffices. The objective is directly screwed into the
mounting plate (2). With the help of a carrier (3) the
Module is fixed on the optical rails.

2
3

1

Fig. 17: Module D Collimation optic for Pump laser
(980 nm)
Due to the great divergence of radiation of the 980 nm
Laser diode, a Collimator (1) with larger numerical Aperture at the smallest possible focal length is necessary.
Here, a Collimator with a focal length of 6 mm and a
numerical Aperture of 0.5 is used. With the help of a
„Click mechanism“ the Collimator is mounted into a
mounting plate (2) with a Carrier (3).

3

5

2

1550 nm
4

3
2

1

980 nm

Fig. 15: Laser diode module
The Fig. shows a Laser module with removed protecting
cap. The Laser diode (1) is mounted at an angle (5) on
the Peltier element (2). A Thermistor (3) serves as a
Temperature sensor. The created heat is dissipated
through the cooling fins (4) and also through the holder
in which the Module is in-built.

1
Fig. 18: Module E Beam merging
After the radiation of the Signal Laser diode (1550 nm)
and that of the Pump laser diode have been conditioned
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in parallel and their optical axes are aligned with the XY
Adjustment holders, the merging is produced in Module
E. For that, a dichroic mirror (3) is used which is vacuum
coated with a special lamination that reflects the radiation at 980 nm and transmits radiation at 1550 nm. To
reduce the reflection losses of the 1550 nm Laser diode
that is anyway not so powerful, the entry surface is provided additionally with a high grade anti-reflecting coating. The dichroic element (3) is mounted in a tilting and
rotation mount (2). This is again mounted on a Carrier Tpiece. With the help of fine pitch screws, this element
can be vertically tilted and rotated in two-axis. For the
turning of the plate, one uses the miniature Allen-key included.

2

4

1

5

3
Fig. 19: Module F Focussing optic
The conditioned and merged radiation now arrive at the
focussing optic. A microscope objective (1) with a numerical Aperture of 0.6 and a magnification factor of 20
focuses both radiation on a diameter in a focus of approximately 3 µm. The focus is created according to the
Collimation degree of the incident radiation at a distance
of 2-3 mm from the objective. This is also the place at
which the entry surface of Erbium doped fibre is situated. In order to align the extremely small entry surface
of the fibre, the Module possesses X,Y (2+3) as well as
θ,ϕ Fine regulator (4+5).
3

2
1

3
2

4

1
Fig. 21: Module H Erbium doped fibre
This Module is the centre piece of the set-up and is one
of the most valuable components. It consists of 17 (+
0.3) m Erbium doped Fibre (1), which is coiled up on a
drum (3). The Fibre ends are lead through soft silicon
rubber tubes. The data of the fibres is summarised in the
following table:
Core diameter
2.2 µm
Cladding diameter
125 µm
Total diameter
250 µm
Length
17 m
Refractive index difference between 30 10-3
cladding and core
Numerical Aperture
0.3
Mode Field diameter 980 nm
2.7 µm
Mode Field diameter 1550 nm
5.6 µm
Cut-off Wavelength
840 Nm
Attenuation at 980 nm
2.6 dB/m
Attenuation at 1532 nm
3.4 dB/m
Erbium Concentration
442 ppm
weight
Permitted bending radius
30 mm
The specification of attenuation in dB can be re-written
with (24) in the conventional Beer’s Absorption Rule.

I
α dB / m = 10 ⋅ log   = 10 ⋅ log e −α
 I0 

(24)

 1 ⋅αdB / m 
α = − ln 1010


Consequently we get for the attenuation at 980 nm:

Fig. 20: Module G Fibre holder with Translation
stage
This module has the task of keeping the fibre defined and
also of aligning the entry surface of the fibre at the focus
of the laser radiation with the help of the translation
stage (1). The prepared fibre end is encased in a V-nut of
the holder (2). The magnet (3) fixes the fibre in the desired position.

 1 ⋅2.6 
α = − ln 1010  = − ln (100.26 ) = −0.6 / m



I = I0 ⋅ e −0.6⋅L where L is the Fibre length.
When for e.g. 50 mW is launched in the Fibre having a
length of 17 m, then at the output

I = 50 ⋅ e−0.6*17 = 2µW
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is expected. This result is more easily calculated by those
who are used to dealing with dB, namely:

100

I = I0 ⋅10−αdB / m ⋅

80

The Fibre is more expensive than platinum or diamonds, careful handling is therefore advised!

Relative sensitivity in %

As can be shown with later measurements, a substantially greater output is measurable at the fibre end, since
the specified relationships are valid only for pump outputs which are very small compared to the saturated intensity of the absorbing transition
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Fig. 24: Relative sensitivity of Si and Ge photodiodes
as a function of the wavelength

1

For the detection of radiation of 980 nm a PIN Si and of
1550 nm a InGaAs (Indium Gallium Arsenic) photodetector is used, which possesses similar spectral characteristics as the classical Ge photodiode. These data are
arranged in the following Table.

Fig. 22: Module I Fibre holder
The output end of the Fibre is affixed just as in Module
G in the V-Nut of the holder (1) and held in position with
a magnet (2).

Si
90 % 850 nm
1.7 nsec

Quantum efficiency η
Rise time

InGaAs
95% 1550 nm
0.1 nsec

τ r = 2.2 ⋅ R L C j

1
2

3

at 10%-90%
RL= 50Ω and
Ud=10V (5V InGaAs)
capacitance Cj at Ud =
0V
1V
5V
10 V
Dark current id at
Ud = 10V (5V InGaAs)

73 pF
38 pF
1 pF
15 pF
2 nA

1.0 nA

4
Fig. 23: Module J photodetectors
For the detection of radiation at 980 and 1550 nm, two
different photodetectors are used, as there are no photodiodes which possess sufficient intensity and speed required for both wavelengths. The respective photodiode
is mounted in a housing (2 and 3), which can easily be
installed in the mounting plate (1) by a patented Clickmechanism. The signal produced is available at a BNC
connector from which it can be fed to different measuring instruments. The Module is fixed on the optical rails
with the help of carrier (4).

A
IR-Conve

B
rter Scree

n

Fig. 25: Accessories for photodetectors
Since the radiation at 980 nm and also that at 1550 nm is
not visible to human eyes, a few aids are used to achieve
reproducible fine adjustment. With the help of an Infrared display card the invisible radiation can be illustrated
as luminescent green speckles. For the alignment of the
optical axes of radiation the target cross (A) is used
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which, with the help of its click mechanism, can be directly installed in the mounting plate before installing the
photodetector. Now as one moves the infra-red display
card up and down in front of the target cross one observes, on one side the green speckle and on the other the
target cross. With the adjustment set-up, the optical axis
of the respective radiation can now be aligned.

as well as a TTL - Signal of the internal Modulator (high
= Laserdiode on, low = Laserdiode off) are available. At
the output „PHOTO DIODE“, the signal of a separate
photodetector is available, which is amplified from the
in-built fast Photo-diode Amplifier.
The inputs:
PHOTO DIODE:
Impedance:
Amplification:
EXT. MOD.:

D
E

Fig. 26: Laser diodes Control Unit LDC-01
The Laser diode modules A and B respectively are connected firmly with the Control-unit. All the necessary
voltages required for the Modules are produced and
regulated here.
The temperatures of the respective Laser diodes are held
constant at ±0.1°C with a Peltier element and its electronic control. The desired value is set with the adjusting
knob (A). With the Regulator (B) an Injection current
can be set. As every Laser diode has a specific characteristic, the laser diodes are always firmly connected to a
Control-unit. The respective Control-unit is then so preset, such that it cannot be electronically damaged
through any external measures.
The Injection current can be modulated with an in-built
or an external modulator. The choice of internal, external
or no Modulation can be set with the switch (D). While
using the internal Modulator, which carries out a square
wave amplitude modulation, the frequency can be adjusted with the Regulator (C). The Injection current is
displayed on the LED display. When the internal Modulator is used, the temporal average is shown. In order to
adhere to the Laser Safety Regulations, the Control-unit
has a key operated switch (E), to prevent unauthorised
operation.

The input „MOD.“ is designated for the external modulation of the Laser diode. For the full modulation of the
values set with the Injection current Modulator +5V
would be needed. Negative voltages are not permitted!
PIN Terminal of the connecting socket for the Laser diode:

1
2
3
4
5

Peltier +
Peltier NTC
Laser +
Laser -

Pin

C

Pin.

B

The BNC – sockets „PHOTO DIODE“ is designated for
connection to a PIN Photo diode. The Amplification factor can be switched from 1-100 in steps of 5, 10, 50 and
100. With these Amplification factors, the relatively
weak Fluorescence signals can be amplified and displayed on an oscilloscope or for close-loop application in
conjunction with the Modulation Input „EXT. MOD.“.

Pin

A

Input Pre-Amplifier
50 Ohm
1-100
Input of external Modulator
0-2 V

6
Peltier +
7
Peltier 8 NTC (GND)
9
Laser +
10
Laser -

11 Monitor diode +
12 Monitor diode 13
free
14
LED Anode
15 LED Cathode

Main Supply
Mains Voltage:
Power Input:
Fuse:

230 Volt±10% AC
60 VA
250 mA MT

The connection to Mains is through an Integrated Main
switch, fuse and line-filter.
LINE

OUTPUTS

LASER

INPUTS

HEAD

CURRENT

5 mV/mA

TEMP.

100 mV/˚C

PHOTO

DIODE

PHOTO

INT. MOD.

TTL

EXT. MOD.

GAIN

At the rear of the Laser diode Controller LDC-01, BNC
– Sockets are situated, on which calibrated signals for:

DIODE

MEOS GmbH
Kapellenfeld 10
D-79201 Merdingen
Model :

VOLTS:

LDC-01

AMPS:

SER.NO.:

the Injection current with 5 mV per mA,
the Temperature with
100 mV per °C,

Fig. 27: Connections on the rear of the Control-unit
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3.2 Experimental set-up, step 1

A1

A
E

B

IR-Converter

S2

J

S1

Fig. 28: First step of set-up, adjustment of the signal source (Laser diode 1550 nm)
The Laser diode module (A), the Collimation module
(B), the Radiation merging module (E) and the InGaAs
Photo detector (J) are set up on the 1000 mm long optical
rail (S1) according to Fig. 28. The 300 mm long Rails
(S2) are then added to the Module E. In the next step the
optical axis of the Laser diode is brought into conformity
with the rest of the set-up. The Collimator must then be
so positioned, that the radiation at 1550 nm runs almost
parallel. Since, however due to the low output, only a
green luminescent speckle on the display card is to be
seen, we adjust the radiation with the help of the photodetector and the oscilloscope. For this we connect the
InGaAs Detector to the pre-amplifier of the control unit
and connect the output from the pre-amplifier to a channel of the oscilloscope. As the sensitive surface of the
Detector has a diameter of only 100 µm, it is well suited
to detect the radiation with reference to the optical axis.
The mounting plate that contains the detector is now
brought to the Module E. The Control-unit is switched
on and the internal Modulator is activated. The
frequency should be initially set at its minimum value.
The key operated switch is switched on and the Injection
current is set at maximum. The temperature is set at 25
°C. The Collimator is positioned at the entry area of the
objective at a distance of approximately 5 mm from the
exit area of the Laser diode Module. The XY – adjustment screw is now adjusted till one receives a signal on
the oscilloscope. The rectangular / square wave amplitude is now adjusted to the maximum. If the signal is already so strong that the detector becomes saturated, then

the amplification of the pre-Amplifier is reduced to 1 and
the distance between Module E and the Photo detector is
increased. Now the distance of the Collimator from the
Laser diode is adjusted such that the signal on the oscilloscope is at its maximum. Each time the XY adjustment
settings are improved. In this case the focus of the radiation now lies exactly on the detector surface. In a darkened room, on the display card, which is held closely
against the detector a small green dot can be seen. After
this has occurred, the photodetector is positioned at the
extreme end of the rail and the procedure is repeated.

Seite - 16 Dr. W. Luhs MEOS GmbH 79427 Eschbach - August 1998/ July 2003

Erbium doped Fibre Amplifier EDFA

EXP 14
3.3 Experimental set-up, step 2

C1

D
C
Fig. 29: Second step of set-up, adjustment of the Pump Laser diode 980 nm
In the second step of the set-up, the Pump Laser diode
(C) (Laser Class 4!) with a emission wavelength of 980
nm and maximum output power of 100 mW is added to
the set-up and adjusted. The Module is fixed on the 300
mm long optical rails according to Fig. . The Collimator
is so positioned, that the entry surface has a distance of
approximately 1 mm with reference to the exit surface of
the Laser diode Module. The Control unit (C1) is now
put into operation without however, for the time being,
using the internal Modulator. The Injection current is set
at approximately 100 mA and the Laser radiation is observed with the display card behind the Collimator (D).
A strong green speckle is seen. The radiation is examined with the display card and tested to see if it is parallel
at half-length and whether it strikes the centre of the dichroic mirror of Module E. In case it does not, then the
XY-adjustment screws of the Holder of Module C are

adjusted. Now the radiation is followed with the display
card in the direction of the photodetector. The target
cross is put before the photodetector to see if the radiation strikes at its centre. If it does not, then the dichroic
mirror is adjusted accordingly in its holder. Even here,
the correct adjustment should be ensured by bringing the
photodetector till the Module (E) and the central position
of the Laser radiation and target cross is checked respectively. For both positions of the detector, the radiation
must strike the target cross at its centre.
9

Before the next set-up step is carried out, the Injection current of the Laser diode should be decreased
to zero.
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3.4 Experimental set-up, step 3

F

Fig. 30: Setting up of the Focussing optic (Module F)
After both the radiation sources have been collimated
and aligned to the optical axis in the preceding steps,
now the focussing optic (F) can be set and the first measurements carried out. The microscope objective is however, lined up first. This is done by again putting the
Pump Laser Module into operation and evaluating with
the help of the display card if its radiation passes the objective unhindered. The focus is created about 2-3 mm
after the exit surface. The display card should not be held
directly at this point, as it may undergo thermal damage.

termined. It is advantageous to measure the output power
directly behind the focussing optic, since this is finally
going to be the power available for the launch into the
fibre. If a power meter is not available, then the curves
can be measured relative with the photodetector and calibrated with the curve supplied. For that the losses in the
optical component should be known. The typical total
loss for the radiation of wavelength at 980 nm amounts
to 26 % (measured behind the focussing unit) and 40 %
for those at 1550 nm.
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Fig. 31: Measured output as function of the Injection
current of the 1550 nm Laser diode. The above curve
is the manufacturers specifications and the lower
curve is as observed behind the focussing optic
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Fig. 32: Output power for the 980 nm Laser diode,
lower curve measured behind the focussing optic

If the now strong diverging radiation do not leave the objective parallel to the optical axis, the ϕθ adjustment
screws are actuated to correct the error. As first measurements, the output characteristic curve can now be deSeite - 18 Dr. W. Luhs MEOS GmbH 79427 Eschbach - August 1998/ July 2003
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3.5 Experimental set-up, step 4

G

Fig. 33: Setting up of the Fibre holder with translation table (Module G)
With this step begins the most exciting part of this experiment. The Fibre-holder with the translation stage is
now set on the optical rails. The travel range amounts to

5 mm and before this module is set on the rails, one must
ensure that the stage is in the middle of the possible travelling range.

3.6 Experimental set-up, step 5

H
I

Fig. 34: Setting up of the Erbium doped Fibre and the output side of the Fibre holder
In case they have not already been prepared, now the fibre ends require preparation. This means the removal of
the plastic cover with for e.g. a Miller pliers and the subsequent cleaving with an appropriate tool. The Module H
is carefully set on the rails and the front end inserted in
the fibre holder and fixed with magnets. The fibre should

project about 1 mm from the holder and the distance
from the focussing optic should be about 2 mm The rear
end of the fibre is inserted in the Fibre holder (I) and
fixed.
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3.7 Experimental set-up, the final step

C1

A1
A

B

E

F
G

C

H

I

J

D

Fig. 35: Complete set-up with oscilloscope
In the last step, the oscilloscope is added and connected
to the set-up. The first channel is connected to the Output
(Section OUTPUT, „CURRENT“) of the Control unit
A1. This channel serves as a trigger. The second channel
is connected to the output (Section OUTPUT,
„PHOTODIODE “) of the pre-Amplifier of the
photodetector. For the first adjustment however, the detector (J) is connected directly with the second channel
of the oscilloscope. Since we begin with the adjustment
of the 1550 nm Laser diode, we insert the InGaAs Detector in the mounting plate of Module J. The target cross is
removed and the diaphragm (B) (Fig. 25 on page 14) is
set.

9
9
9
9

9

9

Now the Module J is carefully moved to the fibre
end so that the fibre enters the diaphragm. With this
we achieve an almost complete suppression of secondary light.
The channel of the oscilloscope, to which the photodiode is directly attached, is set to the highest sensitivity (1mV per cm ) and switched on AC operation.
The control unit A1 is switched on, the internal
modulator is activated and set at the lowest frequency and the injection current set at the maximum. The temperature is set at 25°C.
A rectangular signal can now be seen on the first
channel of the oscilloscope that corresponds to the
injection current. This signal serves as a trigger.
With some luck one can already see a weak rectangular signal on the second channel. This is however
not always to be expected. This signal would be the
one transported through the Erbium doped fibre. As

9

9
9

a rule however, no signal is expected to be observed
as yet and therefore now the adjustment of launch
into the fibre has to be conducted.
Here one checks visually the positions of the Microscope objective once from the top and then from the
sides. The objective should be centred in both directions with reference to the fibre. If this is not so, the
XY adjusting screws are accordingly adjusted. During this exercise, the oscilloscope is observed on its
second channel for traces of a signal.
The distance of the fibre entry surface should be
approx. 2 mm from the exit surface of the microscope objective. In case there is still no signal observed on the oscilloscope, then the objective is adjusted slightly by moving the X-screw in the plus or
minus direction and moving the Y-direction screw
for upward or downward shift. The oscilloscope is
constantly monitored during this exercise.
In case the signal is still not received, the position of
the fibre entry surface is changed by actuating the
translation stage. One complete turn of the screw
corresponds to 0.25 mm. The objective is now approached and adjusted according to the previously
described methods.
In the event of still no signal being observed, then
apparently the fibre has not been well cleaved and
the fibre preparation process is thus repeated.
Once a signal is observed, it is maximised by repetition of the adjustment steps. After every adjustment
of the translation stage, the X and Y variable pitch
screws must be again optimised since the translation
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stage does not move exactly in a straight line with a
deviation of less than 1 µm. The last optimisation
step is the adjustment of the collimation. For this the
collimator (B) is moved away from the laser diode
by a half millimetre or less and the adjustment is
again optimised. This is repeated till the signal is
maximal. On determining that the signal is saturated,
the detector is connected with the Control unit A1
and the second channel of the oscilloscope is attached with the output of the pre-Amplifier. As the
pre-amplifier loads the detector with an impedance,
its sensitivity decreases., however faster rise time is
now allowed.

9

9

9

9

9

9

Now it is the turn of the adjustment of the pump Laser diode. For that, the injection current of the signal
Laser diode, which we just successfully adjusted, is
regulated down to zero.

Fig. 36: Starting Laser oscillation at 1550 nm

In place of the InGaAs Detector, now the Si PIN Detector is set in the Module J, since its sensitivity is
remarkable high at 980 nm. The detector is likewise
directly connected with the oscilloscope which is
again set to maximum sensitivity.

The power of the pump Laser diode is sufficient to transpose the Erbium doped Fibre Amplifier in a Laser. For
this, the appearance of the so-called initial spike is characteristic for solid state Laser. A further characteristic is
the appearance of complete spike series.

Time scale 1 msec/div

The Control-unit C1 is now put into operation, the
internal Modulator is activated at higher frequency
and the Injection current set at the maximum value.
From reasons that make sense later, the frequency
range of this control unit is reduced.
Due to the remarkable greater output in comparison
with the signal laser diode, the launching is now easier to manage. The focussing optic and the translation stage however do not need to be exceptionally
positioned. The better the launching of the pump Laser light occurs, the larger will be the later expected
amplifications.
After the pump light is optimally launched, the adjustment for the signal laser should be again checked
and improved. For that the Injection current of the
Pump Laser diode is reduced to zero and the InGaAs
detector is used again, which anyway stays in the
set-up. To improve the adjustment now, just the XYvariable pitch screw of Module A is adjusted.
Now the set-up is ready for the carrying out of
measurements about which can be said that they
shall be quite impressive. For that, both the Lasers
are now set. However, only the signal Laser is
modulated and the Pump Laser is used in continuous
operation. As soon as both the Lasers function, they
determine the significant increase of the signal at
1550 nm at the Fibre output. To check whether it
concerns amplifier radiation, simply turn off the
Pump Laser light.
Now on optimising the experimental set-up repeatedly, we observe that with a relatively welloptimised set-up strange signals appear as for e.g.
those according to Fig. 36

Amplitudes

9

Amplitudes

EXP 14

Time scale

Fig. 37: Typical spike appearance of a solid state Laser
Now we will concern ourselves with the Amplifier. For
that we avoid a very high pump in power and determine
the amplification for variable input and pump in power.
As signals only variable voltages are available which are
linear to the respective signal strength at fibre output.
The measurement is carried out with the modulated signal Laser diode and only the respective amplitudes are
measured, since the InGaAs Detector registers the unabsorbed pump light as well. A sample measurement series
is given in the table below. As reference, values for preamplification calculations, the output signals of the signal Laser is measured when the pump laser diode is
switched off. The calculation of amplification follows
accordingly:

U
VdB = 10 ⋅ log 
 U 0 
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0
32
34
36
38
40
45
50
55
60
65
70
72
74
76
78
80
82
84

0.04mW

Signal strength U at 1550 nm in mV
at fibre output for values of injection current of signal Laser of:
15, 20, 30 and 40 mA

30

0.3
0.3
0.3
0.4
0.5
0.6
1.0
2.0
3.5
7.5
20
100
240
400
690
900
1050
1200
1600

3.0
3.5
5.0
7.0
10.0
14.0
34.0
76.0
170
360
700
1200
1500
1800
2000
2300
2500

13
20
28
38
55
82
175
370
750
1300
2000
2800
3200
3600
4000
4400
4600

36
60
82
110
160
220
430
840
1450
2300
3200
4100
4500
4900

0

30 mA

Gain [dB]

8

10

12

3.8 Fibre Laser

20 mA

40 mA
20

10

70

6

The measurements shown here represent an example.
Different values can be determined for other adjustment
states of the set up or for other laser diodes.

30

60

4

In a region of 2-6 mW the amplifications linearly follows
in a good approximation of absorbed pump power and in
this region are efficiencies of 3 dB/mW.

15 mA

50

2

Fig. 38: Amplification as a function of the estimated
absorbed pump power at different signal powers

40

40

0

Absorbed pump power [mW]

The interpretation of the above crude data results in the
following figure:

30

1.18mW
20

10

Table 1: Measured data, lasing already for higher
values of Injection current

0

0.18mW
0.69mW

Gain [dB]

Injection current mA
980 nm

40

80

90

Injection current 980 nm laserdiode [mA]

Before the above curve is interpreted, the conversion of
Injection current to power should follow. Here one is referred to assumptions since the power that actually enters
the fibre is not accessible for direct measurement. The
only size that is known for sure has already been determined at the start. In practice, it has been seen that a
coupling grade of 40% can be surely achieved. We reduce therefore, the power determined behind the focussing optic by 60%.

At the end of this introduction, we shall deal in short
with lasing of the experimental set-up, since a few very
interesting aspects of a solid state Laser can be examined
here. Fibre Laser possesses a very great technical significance since they are in a position to produce powerful
radiation in the spectral range of 1550 nm which is important for the information technology. A further advantage of such a system is the possibility of generating narrow band and full-range tuneable radiation. The Laser
process occurs at the same junction which is used for the
production of amplifications. It is however, peculiar in
this set-up that the Laser functions apparently without
resonator mirror. However, the amplification is so high
that the reflection of approx. 4% at the Fibre exit surface
is sufficient to produce stable Laser oscillations.
In the following, a few dynamic measurements shall be
presented which are produced and recorded with this setup. A peculiarity in comparison to other solid state Lasers is presented by the fact that the Laser process results
in a three-level system in which the Laser output level
possesses a relatively high life time. The aim of the first
measurements is therefore, the experimental determination of this value. For this one turns the Pump Laser radiation periodically on and off and detects the fluorescence light at 1550 nm. The Fig. 37 shows such a recording.
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Time scale 20 msec / div

Fig. 39: For Life time measurement

Fig. 41: Periodical switching of the Signal Laser diode
with small amplitudes
The pump power is so set that the amplification of the fibre Laser lies close below the threshold. The influx of
„right photons“ causes the fibre Laser to produce a small
and intense pulse, which shows the characteristic of a Qswitch Pulse.

Amplitudes

Here the pump power is reduced till the section of the
unabsorbed pump radiation which are like-wise registered by the detector is suppressed. One expects from literature specifications a fluorescence life time of 14
msec. This value is however, not proven from the measurement in Fig. 39. The different time constants for the
rise and decay of radiation is also noticeable.

Time scale 1 msec / div

Time scale 20 msec / div

Fig. 40: Periodical switching of the Pump Laser diode
A further indication of the life time of the output level is
received from the measurement as in Fig. 40. In these
measurements, only the pump Laser diode is of concern,
i.e. the signal Laser diode is switched off. The typical
oscillating behaviour of the solid state Laser can be seen
beautifully. Likewise the Laser oscillation is set-up only
after a certain period which is correlated with the life
time of the Laser output level.
In a further example, the behaviour with respect to the
signal Laser diode is examined. In the recording as per
Fig. 41 instead of the pump Laser, the signal Laser diode
is modulated with small amplitudes.
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4 Laser Safety
The EXP14 contains diode laser which is only suitable for
laboratory applications.
With the individual modules in the assembled state, laser
radiation (semiconductor laser) can be produced at 980 nm
with a maximum power of 100 mW and 5 mW at 1550
nm.
The complete assembled laser is therefore a product which
exhibits the power characteristics of a Class 4 laser. Since
the EXP04 is a laser system formed from combined modular elements and can therefore be modified in a number of
different ways, the operator of this system must ensure that
the safety requirements are met.
The manufacturer only provides a guarantee for the individual modules, but does not accept any responsibility for
cases of damage which arise due to the combination of the
modules. The user must observe the laser safety regulations, e.g. DIN VDE0837 or IEC 0837.

Erbium doped Fibre Amplifier EDFA
MZB means Maximum Permissible Radiation and it is defined in section 13 of DIN/VDE 0837.
Special attention is drawn to point 12.4 of DIN VDE0837:
Laser equipment for demonstration, display and exhibition purposes
Only Class 1 and Class 2 lasers should be used for demonstrations, displays and exhibitions in unsupervised areas.
Lasers of a higher class should then only be permitted if
the operation of the laser is controlled by an experienced
and well trained operator and/or the spectators are protected from radiation exposure values which does not exceed the applicable MZB values.
Each laser system, which is used in schools for training
etc. should fulfil all the applicable requirements placed on
class 1 and class 2 laser equipment; also, it should not
grant persons access to radiation which exceeds the applicable limits in Class 1 or Class 2.

In these guidelines of February 1986 the following points
are listed for the operation of laser equipment in laboratories and places of work.
Laser equipment in laboratories and places of work
Class 3B laser equipment
Class 3B lasers are potentially hazardous, because a direct
beam or a beam reflected by a mirror can enter the unprotected eye (direct viewing into the beam). The following
precautions should be made to prevent direct viewing into
the beam and to avoid uncontrolled reflections from mirrors:
a.) The laser should only be operated in a supervised laser area.
b.) Special care should be taken to avoid unintentional reflections from mirrors
c.) Where possible the laser beam should terminate on a
material which scatters the light diffusely after the
beam has passed along its intended path. The colour
and reflection properties of the material should enable
the beam to be diffused, so keeping the hazards due to
reflection as low as possible.
d.) Note: Conditions for safely observing a diffuse reflection of a Class 3B laser which emits in the visible
range are : Minimum distance of 13 cm between
screen and cornea of the eye and a maximum observation time of 10s. Other observation conditions require
comparison of the radiation density of the diffused reflection with the MZB value.
e.) Eye protection is necessary if there is a possibility of
either direct or reflected radiation entering the eye or
diffuse reflections can be seen which do not fulfil the
conditions in c.).
f.) The entrances to supervised laser areas should be
identified with the laser warning symbol
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