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Laser Sicherheitshinweise
Hiermit erklärt die Firma LD Didactic GmbH,
dass es sich bei dem angebotenen Lasersystem um einen Aufbau handelt, der sowohl in
Komponenten als auch im fertigen Aufbau einem Laser der Klasse 3A, 3B oder 4 nach DIN EN 60
825-1 entspricht. Typischerweise ist die Pumpdiode eine Nd:YAG Laser Klasse 4, ein HeNe Laser mit
Auskoppler Klasse 3A, aber ein HeNe mit zwei hochreflektierenden Spiegeln nur Klasse 1. Bitte die
Anleitung oder Aufkleber beachten.
Aus Haftungsgründen dürfen diese Geräte oder Gerätesammlungen nicht an Privatleute verkauft
werden. Der Einsatz von Lasern oberhalb Klasse 2 an allgemeinbildendenden Schulen ist in
Deutschland nicht gestattet.
Gewerbliche Abnehmer, Schulen und Universitäten werden hiermit darauf hingewiesen, dass aus dem
missbräuchlichen Betrieb der Geräte ein Verletzungsrisiko, speziell für die Augen, resultiert.
Dem Benutzer obliegt insbesondere:
- Die relevanten Unfallverhütungsvorschriften zu beachten, zur Zeit beispielsweise BGV B2 und BGI
832
- die OstrV zu beachten „Verordnung zum Schutz der Beschäftigten vor Gefährdungen durch
künstliche optische Strahlung“
- Der Betrieb der Geräte muss rechtzeitig beim Gewerbeaufsichtsamt und der Berufsgenossenschaft
angezeigt werden.
- Der Betreiber muss schriftlich einen Laserschutzbeauftragten benennen, der für die Einhaltung der
Schutzmaßnahmen verantwortlich ist.
- Die Geräte sind nur für den Betreib in umschlossenen Räumen vorgesehen, deren Wände die
Ausbreitung des Laserstrahls begrenzen.
- Der Laserbereich ist deutlich und dauerhaft zu kennzeichnen.
- Ab Laserklasse 4 ist eine Laser-Warnleuchte am Raumzugang notwendig.
- Die Geräte sind zur Lehre und Ausbildung in Berufsschulen, Universitäten oder ähnlichen
Einrichtungen gedacht.
- Die Geräte nur innerhalb der in den Anleitungen vorgegebenen Betriebsbedingungen betreiben.
- Die Geräte nur von entsprechend unterwiesenen Mitarbeitern und Studierenden benutzen lassen.
Bei Handhabung des Gerätes durch Studenten müssen diese von entsprechend geschultem Personal
überwacht werden.

Als praktische Ratschläge:
- Vor dem Einschalten auf Beschädigungen prüfen
- Nicht in den Strahl blicken
- Den Laserstrahl so führen, dass sich keine Personen, Kinder oder Tiere ungewollt im Strahlbereich
befinden können
- Den Laserstrahl nicht auf reflektierende Flächen oder in den freien Raum richten
- Nicht mit reflektierenden Gegenständen im Laserstrahl arbeiten
- Armbanduhr, Schmuck und andere reflektierende Gegenstände ablegen.
- Beim Einsetzen optischer Bauteile den Laserstrahl an der Quelle abschalten oder geeignet
abdecken, bis die Bauteile positioniert sind
- Teilweise wird mit unsichtbaren Laserstrahlen gearbeitet, deren Verlauf nicht sichtbar ist.
- Falls nötig, Laserschutzbrillen oder Laserjustierbrillen benutzen.
Die Firma LD Didactic GmbH haftet nicht für eine missbräuchliche Verwendung der Geräte durch den
Kunden.
Der Kunde verpflichtet sich hiermit die Geräte nur entsprechend der rechtlichen Grenzen einzusetzen
und insbesondere den Laserstrahl nicht im Straßenverkehr oder Luftraum zu verwenden oder in
anderer Form auf Personen und Tiere zu richten.
Der Kunde bestätigt, das er befugt ist, diesen Laser zu erwerben und zu verwenden.

Laser Safety Notes
LD Didactic GmbH informs the customer this is laser equipment of either class 3A, 3B or 4 according
to IEC 60 825. Typically a Nd:YAG Pump Diode is class 4, a HeNe with output coupler class 3A, but a
HeNe with two high reflecting is mirrors only class 1. Please see manual or attached labels for the
exact specification of the laser.
Special safety precautions are necessary. Please check with local regulations. Typically the use
requires a safety sign and a warning lamp that is on when the laser is activated and it might also be
necessary to do and document a risk assessment.
Due to product liability, the laser must not be sold to individual persons. Companies, higher schools
and universities might use it, but are notified that misuse of the laser poses a health risk, especially for
the eyes.
The intended use of this equipment is for lessons, education and research in higher schools,
universities or similar institutions.
Do not operate the devices outside parameters specified in the manual.
People using the laser must be properly trained and students must be supervised.
As a general guidance, the user is advised to:
- Check the laser for damages before use
- Not to look into the beam
- Take necessary measures that no people or animals can accidentally enter the beam area
- do not direct the beam on reflecting surfaces or into public areas
- do not work close to the light path with reflecting tools
- take off all jewelry and wristwatches when working with the laser to avoid reflections
- While placing or removing optical parts in the light path, switch off the laser or cover its exit
- Some of the experiments use invisible laser beams, but still might hurt the eye
- use laser protection glasses or laser adjustment glasses where necessary
- supervise students by trained personnel when they work with the laser system
- use the laser system only as described in the instruction manuals
Customer acknowledges the receipt of this information.
The customer indemnifies LD Didactic from liability for any damages that occur because of misuse of
the laser.
The customer confirms that he will obey all local regulations and is allowed by law to buy and use the
laser system.
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Introduction: Basics of LIDAR
1.0 Introduction

When Javan and his colleagues discovered the first laser in
the year 1960, it was considered as an academic curiosity.
Today it is difficult to encompass the bandwidth of the applications of lasers in a few words. The cutting of several
cm thick steel plates, the construction of structures with
an accuracy in the realm of nanometre, demonstrate very
distinctly the lasers multiple possibilities while working
on materials. The property of lasers used here is the high
radiation power, which by the focusing of the beam diameter to low some mm leads to extremely high intensities.
Of the many, the most frequent applications of the laser are
not based on its radiation power, but rather on its focussing
capability.
The words that you are reading here, have been printed by
a Laser printer. While reading these lines, you may prefer
to hear the playback of a CD, with the realisation that here
also the laser plays a very important role, with the focussing capability of the laser diode of the radiation being
foremost. When one sees the numbers of lasers produced
yearly, the figures of laser diodes produced, far exceed the
other numbers by a large margin. An equally large field of
application of laser diodes is in the News Media technique
where the transmitted information consisting of modulated laser light is transported thousands of kilometres by
the use of optical fibres. It should be kept in mind that as
soon as an improved laser is developed in the production
of laser diodes, it enters the cycle of further refinements.

Another not so common application of the laser is found
in measurement techniques. These applications utilise the
high monochromatic property of the laser, with the precise definition of the wavelength as a tool for the measurement of length. One measures an object in units from the
wavelength which are translated to a definite co-relation
on the measuring meter. A basic type of such measuring
instrument is the Michelson Interferometer which utilises
the interference capability of coherent laser light.
There exist a whole series of measurement problems
which cannot be resolved by the above mentioned methods. Typical characteristic problems of measurement tasks
is the comparatively large distance to the object being
examined. Michelson Interferometers cannot be used in
this case, because they are based on a more or less precise linear movement of the measuring reflectors. Above
all, it is important that the reflector is lead from a zero
point till the object without interruption of the laser beam.
For further convenience, a method has been developed by
which the transit time of a laser pulse to the object and
back can be measured. In principle, this technique by itself is not new. It has been used since long for Echo Sound
Measurement with Ultrasonics or in Radar technique.
Whether Ultrasonics or radio waves can be collimated to a
low divergent beam as it can be done with lasers.
The purpose is mostly to determine the distance to a possibly sharply localized object. For example; when the distance to a church tower top or the distance to the moon has
to be actually measured with the laser.
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Determining the speed of objects can be performed with
the co-relation of multiple distance determinations over
time. Unpopular applications are for example; Laser radar
of the police to overtake fast drivers. Exactly opposite to
the Radar system, singular and definite vehicles in a lot of
traffic can also be selected. In this sense the word „ Laser
radar“ is a wrong combination, because Radar stands for
Radio-wave Detection and Ranging. Therefore the introductory description as LIDAR is better and stands for
Light detection and ranging
A further important application field of the echo measurement was and is even today the Time Domain Reflectometry.
By this technique, an electrical impulse is sent through a
copper wire and the returning echoes measured. Echoes
can only originate when the pulse is reflected from an irregular centre or imperfection. In this way one also has the
facility to localise the defective spots in a cable and effect
the required repairs. The increasing world-wide shift of
the news cable media from Copper to Glass fibres makes
such an apparatus necessary which is now known as:
OTDR
(optical time domain reflectometer). Even here, the transit
time of the light to a fault spot is measured and thus permits the localization of the interference. Both techniques
add to the application of the LIDAR, the first one in a free
field and the second to be carried out within a glass fibre.
Within the framework of this experiment, both methods
shall first be theoretically described and thereafter tested
in the laboratory.

2.0 Fundamentals
2.1 Basics of LIDAR
Target

L

R

SE

LA

Fig. 1: Principle of transit time measurement

At the distance L, we find the object to be measured. The
time Dt that a laser pulse requires in order to return from
the object to the laser is:

∆t = 2 ⋅

L
n⋅L
= 2⋅
v
c

(1)

Where v is the speed of the laser pulse, n the refractive
index of the surrounding air and c is the speed of light in a
vacuum. The refractive index of air is mainly determined
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through its density, which on the other hand is dependent on air pressure, temperature and its composition. The
common formula for the calculation of the refractive index
of air as a function of the air pressure P (in hPa) and the
temperature u (in °C) originates from Edlén and has become the standard for dry air:

( n − 1) p ,υ = 2.8775 ⋅10 ⋅ P ⋅
1 + 10 −6 ⋅ P ⋅ ( 0.613 − 0.00997 ⋅ υ )
−7

Target

Detector

a
b

1 + 0.003661⋅ υ

Beam splitter
ER

S
LA
Water content in air has an influence on the refractive index n. The relative humidity RF (in %) leads to the reduction of the refractive index and thus for standard humid air, Fig. 2: Transit time measurement with detector
it results in an additional term:
In practice, a construction according to Fig. 2 is used. Here
one sets up the total length L as the sum of the paths a and
The derivation of the refractive index thus depends on the
b. The path a is in general a set-up constant which then
following parameters:
merits consideration only if b is not very larger as a. The
laser beam traverses through a beam splitter which alters
dn
the output corresponding to the dividing proportion. A
= −0.93 ⋅10 −6  K −1 
part of the returning laser beam hits the detector. As there
dυ
is no ideal beam splitter, a part of the laser beam in the pasdn
sage through the beam splitter also comes in contact with
= +0.27 ⋅10 −6  hPa −1 
dP
the detector. One therefore gets the initial starting impulse
for time measurement. Assuming the refractive index of
the atmosphere to be 1 and the distance to the target object
dn
= −0.96 ⋅10 −8 % −1 
to be 1 m, one derives the transit time of Dt from:

dRF

An error in estimation results from the total of the differential relationship for the determination of the distance L.

∆t =

2
= 6.7 nsec
3 ⋅108

c
⋅ ∆t
2⋅ n

In order to achieve a separation of the initial starting impulse and the echo impulse at the detector, the laser pulse
must be smaller than this value. Now the essential interest
the relative error:
does not lie in the inclusion of smaller distances, but a lot
more in the measurement of larger distances within the
region of some kilometre. This however, demands a laser
dL dn d Dt
=
+
(2)
beam, which can also remain almost parallel over these
L
n
t
large distances. Typical data for the divergence (He Ne
Laser) are for e.g. 1 mrad. This value means that the diamThe speed of light in a vacuum as per the definition is error eter of the laser beam enlarges itself to approx. 2mm per
free. With (2) the relative error for the determination of the meter of distance. The initial diameter of 1 mm results in
distance with different values for air pressure, air tempera- the diameter of approx. 200 mm over a distance of 100 m.
ture, the relative humidity and the precise time measurement can be calculated for the respective measuring task.
After these fundamental considerations, the construction 2.2 Gaussian Beams
according to Fig. 1 should now be improved progressively In reality, there are no actual parallel light bundles and
so as to achieve in the end a technically meaningful instru- even wave fronts also exist only at particular points. The
main reason for the failure of the geometrical optics lies in
ment.
the fact that they were established at a time when one still
did not know that light is an electromagnetic wave and that
its behaviour can be described using the Maxwell equation.
For this we use here the known wave equation. :

L=


 n2 ∂2 E
∆E − 2 ⋅ 2 = 0
c ∂t

Without restrictions light would spread itself in all directions in space as a spherical wave.

 
E = E (r ) with r 2 = x 2 + y 2 + z 2
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E = E (r , z ) with r 2 = x 2 + y 2 + z 2
The solution to the wave equation is found in fields which
show a Gaussian shaped intensity distribution over the
radiation cross-section and are therefore called Gaussian
beams. Similar to the solution for the fibre, Gaussian
beams exist according to the particular boundary conditions in different modes.
Such beams, especially the Gaussian fundamental mode
(TEM00) are preferably produced by lasers. However, the
light coming from any light source can be seen as a superimposition of many such Gaussian modes. But the intensity of a pure mode is very small compared to the total
intensity of a light source. The situation with the laser is
different, where the total light intensity can be produced in
the basic mode alone. This, as well as the monochromatic
nature of the laser radiation, is the main difference compared to the conventional light sources.
A Gaussian beam always has a beam waist. The beam radius w is derived from the solution of the wave equation as:

 z
w( z ) = w 0 ⋅ 1 +  
 zR 

2

w0 is the smallest beam radius of the beam waist and zr
represents the Rayleigh length.

π
zR = w
λ
2
0

z r2
z

This inter-relation is again given in the Fig. 4 where z =
zr (the radius of the curvature has a minimum value) and
R increases by 1/z compared to z = 0. With z=0 the radius of curvature is infinite. The wave front is plane at this
juncture. The radius increases again linearly above the
Rayleigh length zr. This statement is of fundamental importance. It states that a parallel beam can only exist at one
point of a light wave and that too at its focal point.

R

Z

Z

0

Z

r

Distance z

Fig. 4: Course of radius of curvature of the wave front as a
function of the distance from the beam waist with z=0

Fig. 3 shows the passage of the beam diameter which is
dependent on the wave length z . The beam spreads itself
in the z-direction. At the point where z = z the beam has
0
the smallest radius.

Beam diameter

R( z ) = z +

Wavefront radius of curvature

If, however we are interested in the technically important
case of the spherical wave spreading in direction z in a
small solid angle then the solution is an equation for the
electrical field.

In the region for

− zr ≤ z ≤ zr

a beam can be seen as approximately parallel or also as
collinear. In the Fig. 5 Rayleigh region is shown as well as
the divergence Q in the far field region, i.e. z>>z0 .
The graphical representations suggest that one of the significant properties of laser beams, i.e. their lack of divergence, cannot be depicted in this way.

2W0

Z

2W

0

Z

Fig. 3: Beam diameter of a Gaussian beam of TEM00 mode
versus location z.

As the interval increases, the beam radius increases linearly. Since Gaussian beams are spherical waves, there is
a radius of curvature of the wave front for every point z.
The radius of the curvature R can be calculated with the
following equation:
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Beam Diameter

A
θ

f1

f2

B
z0
Rayleigh Range

Distance z
+zR

-zR

Fig. 5: Rayleigh region zR and Divergence Q in the far field
region, z>>z0

This is because the relationship of the beam diameter to
z in the graph has not been normalised. If we assume as
an example a HeNe-Laser (632 nm) with a beam radius of
wo= 1 mm at the exit of the laser, we get the value for the
Rayleigh range 2 zr :

2 ⋅ z R = 2 w 02

π
314
.
= 2 ⋅ 10 −6
= 9,9 m
λ
623 ⋅ 10 −9

For our application usage, we are interested in the diverging angle Q, which is determined from Fig. 5 as:

w
tan Θ = 0
zr

Hereby we are using the approximation that in the Rayleigh
range the laser beam with radius w0 can be considered as
parallel. If we additionally use:
so we finally get:

tan Θ =

λ
π ⋅ w0

Fig. 6: Astronomical (A) and Gallilei telescope (B)

In the case of (A) two lenses with positive focal lengths are
used. This arrangement from the astronomical telescope
is shown here. In the second case (B) as a leading lens,
one with a negative focal length is used. In both cases, the
initial beam diameter d is enlarged to the final diameter D.
The advantage of the arrangement B is that the overall
length is clearly smaller than it is in the case of A. In the
astronomical arrangement (A) a focus originates between
both the lenses. At this point one can insert a diaphragm,
whose diameter is selected such a way that it is the approximate size of the beam diameter of the Gaussian fundamental mode.
All other modes have a larger diameter in focus and can
therefor not pass the telescope. This diaphragm is a simple pinhole and is referred to as a spatial filter. With this
type of telescopic arrangement, fitted with a spatial filter,
one can refine a beam which is contaminated through dust
particles on the lenses and on the exit window of the laser. Naturally, such a space filter also improves upon the
divergence.
Target

(3)

2.2.1 Beam expansion
The Eq. (3) clearly shows how one can effect the divergence of a Gaussian and a laser beam respectively. The
smaller the wavelength l, the smaller is the divergence.
This parameter is however limited by the service quality
of the laser. However, the variation of the beam radius
anyhow enables a change in the divergence. In order to increase the beam diameter, one uses the expansion system
which is shown in Fig. 6.

Detektor

R

SE

LA

Fig. 7: Assembly of an expanding system

In the expanding system, one uses a lens combination with
focal lengths of 20 and 60 mm. This leads to a reduction
in the divergence around the factor 3. With the measures
which have been shown till now, we are in a position to
optimise the optical part of the transmitter.
The next step is the selection of a suitable laser. The laser
should be able to emit short light pulses in the nsec reDr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011, Jan. 2013
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gion with an adjustable repetition rate. The required output
depends on the respective application area. With this, the
desired distance to the target object as well as the back
scattering properties of the object play an important role.
Now prior to the final selection of the laser, an immediate estimation is to be made of the quantity of available
light scattered back from the target object. In this context,
the absorption loss in the measured length as well as the
sensitivity of the detector should be taken into consideration. Indeed, the estimation of the returning scattered light
from the target object should be first considered. Without
any doubt, this value depends on the properties of the
target object. However, it is possible to compare the back
scattering behaviour for many target surfaces with that of
the Lambert’s radiators. Such a type of radiator emits the
received light according to the cosine distribution, so that
it can be designated as a Cosine radiator Fig. 8

L

∆Ω
Fig. 9: Solid angle of received radiation

The radiator (target) emits radiation only in a half-sphere
as it does not radiate from the rear. Therefore the ratio of
the spherical segment area of the telescope to the surface
of the half-sphere is directly proportional to the ratio between the received output and the radiated output:

Flens
P
2 ⋅ ∆Ω
,
=
=
2
Ω
2 ⋅ π ⋅ L β ⋅ P0

or

P = β ⋅ P0 ⋅

Flens
r2
(5)
=
γ
⋅
⋅
P
0
2 ⋅ π ⋅ L2
L2 , (γ = β 2)

The received power P decreases to the quadrate to the distance L of the target object and it increases with the in0.6
0
0.2
0.4
0.8
1.0
crease of the lens diameter r.
Relative Intensity
However, further loss mechanisms must also be considFig. 8: Lambert’s Cosine radiator
ered. In addition, there are scattering and absorption
losses.
Interfering dust or water droplet particles having
The main direction of the radiation is perpendicular to the
dimensions
substantially larger than the wavelength of the
surface of the object. Whenever possible one must therelaser
come
into
question. Under such circumstances, it is
fore target the object in such a way, that this direction
not
possible
to
carry
out a reasonably accurate measurecoincides with the measurement axis of the range meter.
ment.
Therefore,
one
can
only carry out proper measureIn reality the object distance L would be very large comments
in
clean
air,
which
however
do have absorption losspared to the aperture of the telescope. Therefore one can
es.
Losses
of
this
type
can
be
explained
and compensated
consider the radiator as emitter of spherical waves whose
for
by
Lambert-Beer
Absorption
Law:
intensity decreases with the quadrate of the distance L and
according to the cosine distribution. The power which fi(6)
P = P0 ⋅ e − a⋅2⋅L
nally reaches the photodetector is after all, just the power
which enters through the area of the input lens. The exact With this a is the absorption coefficient of the air and 2L
is the total path of the radiation from the laser to the target
formulation results in:
object and back. The equation Eq. 6 is valid only when the
laser
wavelength is selected such that no resonance lines
P = β ⋅ P0 ⋅ cos ϑ ⋅ d Ω
(4)
of gases contained in the air are excited. However, if one is
dΩ
In which β is a constant which characterises the reflectiv- interested in the composition of the air only for the sake of
ity of the object. With the sufficiently large distance, the environmental protection an apparatus similar to the range
input lens receives almost only light from a radiator, which meter but with a selected wavelength and known distance
originates within the angle ϑ≈0. Consequently, Eq. (4) is L is used. From the combination of Eq. 5 and Eq. 6 we
finally get:
simplified to:

∫

( )

P = β ⋅ P0 ⋅ ∫ d W = β ⋅ P0 ⋅ DW
dW

The angle DW is given by the solid angle of the telescope in
which the radiation is picked up.
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r 2 −2 aL
P = g ⋅ P0 ⋅ 2 ⋅ e
L

(7)

Eq. 7 allows us the approximate assessment of the expected power to be received. It however represents just an approximation as the parameters a and g are dependent on
other influences. Instead of relying on empirically derived
parameters or Table values, practical attempts give swifter
and more accurate results.
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This is especially true for the usage of laser diodes with
such wavelengths for which such table values are not yet
available.

2.3 Triple reflector

2.4 Photodetector

Semiconductor pn - transitions with a band gap of Eg are
suitable for the detection of optical radiation if the energy
Ep of the photons is equal or greater than the band gap.

E p = ω ≥ Eg

One does not always have the possibility in the choice and
selection of target objects, laser wavelengths or laser out- In this case an arriving photon can stimulate an electron to
puts. With the work of measurement being left to the in- pass from the valence band to the conduction band Fig. 12.
RL
stalling of optical reflectors, a lot of essential tasks would
+
become easier because then nearly the total optical output
can be reflected back. A particularly suitable such a reflector is the triple mirror which has been explained in the
V
following paragraph.

p-Zone

C
B

One cuts the corner from a hollow quadratic cube and
coats the inner surfaces, thus achieving in this manner the
important optical components of a triple reflector. Every
light beam entering under any angle the cube corner, experiences three reflections and is finally reflected back in the
same direction Fig. 10. Between the entering and exiting
beams there occurs an offset which is dependent on the
beam entry point into the triple reflector. One can similarly
cut a corner from a cube which is completely made of glass
Fig. 11. This results in reflection through total reflection.
These types of triple reflectors are most frequently used.
The advantage being that the reflecting surfaces are protected against dust and contamination.

Fig. 11: Triple reflector made from Glass

A laser beam from any distance impinges on the triple reflector and provided that the beam diameter is not larger
than the entrance surface of the reflector, is almost completely reflected back without losses. In order to convince
oneself about the working effect of a triple reflector, a
glance into it from various angles always enables one to
see only one‘s own eyes.
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n-Zone

-

A

Fig. 10: Triple reflector

junction

Photon

-

A

Conduction Band

+

-

B
+

C

Band Gap

+
Valence Band

Fig. 12: Fig. 12: Absorption of a photon with subsequent
transition of the stimulated electron from the valence band
to the conduction band

Here three types of events are possible:
A An electron of the valence band in the p-zone is stimulated and enters the p-zone of the conduction band.
Because of the external electric field due to the voltage
V it will diffuse through the barrier layer into the nzone and contributes to the external current passing the
resistor R L unless it recombines in the p-zone.
B If an electron of the barrier layer is hit by a photon
the hole of the barrier layer will migrate into the pzone and the electron into the n-zone. The drift of both
charges through the barrier layer causes a current impulse. The duration of the impulse depends on the drift
speed and on the length of the barrier layer.
C The case is similar to case A. The hole migrates due
to the presence of the external field into the p-zone or
recombines in the n-zone.
Only electrons which are in the barrier layer (case B) or
near the boundary of the barrier layer (area of diffusion,
case A and C) contribute to the external current due to
stimulation by photons. All others will recombine within
their area. In the utmost case one elementary charge q can
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be created for each incoming photon. As already mentioned, not every photon will create in the average a current impulse. In this context the production rate G, leading
to an average current <iPh> is defined as follows:

iPh = q ⋅ G

RL

At a light energy of P0 a number of photons will hit the
detector as is just the energy of one photon. But only that
fraction of photons is converted into current pulses which
is absorbed in the barrier layer. This fraction may be called

Ub

h
⋅ P0
ω

and the average photo current:

iPh =

η⋅q
⋅ P0
ω

Ud

is
P1

η ⋅ P0 , where h is called quantum efficiency. The number
of generated current pulses or the production rate will be
G=

Ua

Ub

Ud

i

P2

Fig. 13: Characteristic line of a photodiode in the photo
conductive mode

 q ⋅U d 
U
i = is  e kT − 1 − iPh = a
RL



Because of processes which are typical for semiconductors there is already a current flowing even if there are no A good detector of optical communication technology is
photons entering the detector. This current is called „dark“ characterised by the fact that it is very fast ( up to the GHz
range ) and that it has a high quantum efficiency which
current and has four reasons:
means that it is very sensitive. Depending on the wave1. Diffusion current, it is created because of statistical os- length range which has to be covered by the detector one
cillations of the charge carriers within the diffusion uses silicon or germanium semiconductor material for the
area
construction of the detectors.

3. Surface currents, which are hardly avoidable since the
ideal insulator does not exist
4. Avalanche currents are flows of electrons which appear
at high electric field strengths, if, for example, a
high voltage is applied to the photodiode
All these effects contribute to the dark current iD in a way
that finally the characteristic line of the diode can be expressed as follows:

 q⋅kTU D 
i = is  e
− 1 − iPh = iD − iPh


This current i passes the load resistor R L and provokes the
voltage drop Ua , which represents the signal.

2.5 Germanium and Silicon PINdiodes
100

Ge

Si
80

Relative sensitivity in %

2. Regeneration or recombination current, it is generated
by random generation and annihilation of holes

60

40

20

0
400

600

800
1000 1200
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Fig. 14: Fig. 14: Relative sensitivity for Si and Ge photodetector

To achieve absorption of a photon at all its energy has to fit
into the band structure of the material under consideration.
From the condition

E ph = ω = hν =

hc

λ

≥ EG

one recognises that for large wavelengths the energy of
the photon may no more be sufficient „ to lift“ the electron
in a way that it passes the band gap. For smaller wavelengths one has to respect that the conduction band and
also the valence band have upper edges which is followed
by a band gap. Photon energies which pass the upper limit of the conduction band can no more be absorbed. The
wavelength of the applied light source decides which de-
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Photon
SiO2
i

p

RL

n

Fig. 15: Fig. 15: Construction of a PIN detector

+
Contrary to a detector with a simple pn-layer this type of
detector has an intrinsic conducting layer inserted in between the p- and n-layer. Therefore the name PIN-diode.
The reason for this is to enlarge the barrier layer which
increases the probability of absorption of a photon and the
generation of a current impulse, e.g. the quantum efficiency. The quantum efficiency for such an arrangement is:

η = (1 − R ) (1 − e −α d ) e

Any new foundations to elaborate on the working of the
Optical Time Domain Reflectometer are really not required. The essential difference from the range finder is
that instead of air, we use here glass fibre.
The measurement task is to identify and localise imperfections in the fibre. They can be, as an example in extreme cases, due to fibre cracks, defective fibre connector
or inadmissible fibre bending. The OTDR not only permits
us to detect back reflections but is also able to measure
transmission losses of the fibre. This is due to the fact that
the production of optical fibres is not a perfect process.
Micro-structures which are more or less distributed homogeneously, exist in every fibre and are a result of the
manufacturing process. This is understandable when one
is aware that glass fibres are drawn out of glass cylinders
and therefore cannot be cooled down slowly as is the case
in the manufacture of optical glass. In the case of the fibre,
light which impinges on these micro-structures disperses
in a manner such that the scattered light reaches back to
the entrance of the fibre.
Fibre Cladding

Fibre Core

−α d p

R is the Fresnel reflection at the Si or Ge surface which
is hit by the photons, a is the coefficient of absorption, d
the thickness of the intrinsic zone and dp the thickness of
the p-layer. By attachment of a reflex reducing layer on
the upper side of the p-layer R can get a value of less than
1%. Since the term αdp is anyhow <<1, the thickness of the
intrinsic layer should be chosen as large as possible. The
consequence of this is that the drift time rises and the limiting frequency of the detector is reduced.
In so far a compromise between high quantum efficiency
and high limiting frequency has to be made. In this experiment a PIN-Si-photo diode, type BPX61 is used. It has the
following characteristic values:
Quantum efficiency h at 850 nm
Rising time
10%-90% at R L= 50W and Ud=10V
Capacity Cj at Ud =
0V
1V
10 V
dark current id at Ud = 10V
Photosensitivity at Ud = 5V

2.6 Basics of OTDR

Signal

tector material is to be used. For wavelengths above 1 mm
up to 1.5 mm Germanium is recommended. Underneath
these values Silicon detectors are used. In the present experiment a laser diode of 810 nm wavelength is applied.
Therefore a silicon detector is used. To get a high quantum
efficiency not a PN but a PIN detector has been chosen.

90 %
1.7 ns
73 pF
38 pF
15 pF
2 nA
70 nA/lx

Z1
Z2
Z

Fig. 16: Scattering centres in the fibre core

The above figure represents the situation in a simple manner. As the light wave hits on a scattering centre, the form
and the dispersion of the scattered light depends on the
ratio between the wavelength of the light and the size of
the scattering centre. Because the wavelength is smaller
in comparison to the scattering centre, one refers to it Mie
- Scattering, in case however the wavelength is extremely
small it is represented as Rayleigh-Scattering.
In such a case of appropriate ratio in a glass fibre, the results are represented in Fig. 17.
primary light wave

Dipole Axis

Fig. 17: Rayleigh-Scattering

The scattering centre whose diameter d <<l, is considered
a Hertz’s dipole. Due to the impact of the electrical field
(primary light wave) the dipole starts to oscillate which
again is radiated from the dipole. With this, the direction
We have now gathered all the necessary facts in order to of the beam is towards the dipole axis and results in a sin2u
understand the functioning of laser distance measurement distribution, where u is the angle with respect to the didevices. The experimental description follows after under- pole axis. The primary radiation has its maximum value
standing the basics of OTDR.
for u= ± 90°. The produced secondary radiation has the
same wavelength as the primary wavelength, however in
different directions. Consequently, such type of a scattering centre of the primary wave energy is extracted and
Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011, Jan. 2013
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The attenuation which a light wave experiences because of
its scattering can be formulated like an absorption:

I ( z ) = I 0 ⋅ e−α R ⋅z
Whereby the attenuation coefficient aR is given as:

α=

(

)

2
4π 3
⋅ n 2 − n 2 ⋅ dC3
4
3⋅ λ

Thereby is

(n − n )
2

2

α ( λ ) = α 1µ m ⋅

λ4

≈ 0, 63 ⋅

tP

time →

Fig. 18: Transitory result of the scattered light from the
fibres.

2

the mean variation square of the difference of the refractive index of the fibre to that of the irregularities. The term
d3C describes the volume of such type of irregularities. An
interesting aspect is the dependency of the attenuation of
the fourth power of wave length. For the practical estimation of the attenuation in dB, one uses the equation:

1

cess as well as for existing glass fibre networks. Here one
utilises the scattered light itself which anyway is dampened. Due to the fact that the radiating feature of the scattered light also reaches back at the entrance, one can detect
it there and observe its intensity course with respect to the
start of a light pulse. The transitory change of the scattered light gives then the information over the attenuation
of the fibre. For understanding this we go back once again
to Fig. 16.
The light which is scattered at the point z2 has a longer
travel path to the fibre entrance as that one which has arisen at point z1. Due to the loss in the fibres, the scattered
light from position z2 is weakened more than the one from
the position z1. Due to this it reaches the detector later due
to the different transit time. One sends only a pulse with
time duration tP into the Fibre. In this manner one gets an
answer as shown in Fig. 18.
back scattered light →

results in the attenuation of the primary field. The main
reasons for the formation of a scattering centre are varied.
The scattered radiation which comes into being through
the interaction of atoms and molecules respectively is unavoidable. In glass fibres more aspects are noticed because
glass is a amorphous body which shows the remains of
the crystal structure in a very limited zone. The structure
which surrounds the centre is a disordered/ random structure. The crystal irregularities are small in comparison to
the wavelength and therefore exhibiting the Rayleigh scattering behaviour. The refractive index of the irregularities
differentiate themselves from the medium refractive index
of the surrounded random structure, because of which the
light from these zones is scattered. Depending on whether
in the glass used, still further addition which are never
homogeneous and completely solved, it comes to further
variations of the refractive index, which represents again
scattering centres:

1

λ4

[ dB / km]

With that, the attenuation of the pure silica glass by the
wave length of 1 µm is a1µ. The numerical value of the
wave length must be given in µm. With a wavelength of
810 nm for example, one expects an attenuation of 1.46
dB/km.
The attenuation through absorption, and therefore through
the excitation of electrons takes place with glasses only in
the UV wavelength area and by wavelengths from 2 µm
through the absorption of IR molecules in the glass. This
kind of attenuation in comparison to attenuation through
scattering can be neglected here.
The undesirable yet unavoidable occurrence of the scattering in the fibres is therefore essentially responsible for the
attenuation in fibres. However, it must be ensured in the
production process that unavoidable scattering remains at
the lower limit. But even in practical installation, the attenuation can be negatively influenced because of outside
influences. Therefore, a reliable method is required to be
able to monitor the attenuation during the finishing pro-
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One scales the output of the back scattered light logarithmically. In this way a straight line comes up comprising
of the attenuation. In practice this does not result in a
smoothened curve like in Fig. 18. However with linear regression, meaningful values can be achieved.
1.0
0.8

0.6

0.4

0.2

0

500

1000

1500

2000

Fig. 19: Example

The above example depicts such a type of logarithmically
representation. Near to the attenuation losses, one observes a series of other effects. One of them is the local
loss and the other are reflections at irregularities.
So far for the motivation of the measuring task. How the
light comes into the fibres and is transported has been
elaborated in the next paragraph.
There is hardly any book in optics which does not contain the experiment of Colladan (1861) on total reflection
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of light. Most of us may have enjoyed it during the basic
physics course.

Radiation Waves
Cladding Waves
n0

Protective
Layer

Θ

Core

Θe

nk

Cladding

Core Waves

nm

Optical glass fibre

Fig. 21: Step index fibre

Fig. 21 reveals some basic facts which can be seen without
having solved Maxwell’s equations. Taking off from geometrical considerations we can state that there must be a
limiting angle Θc for total reflection at the boundary between cladding and core.

Guiding of light
Fig. 20: Colladan’s (1861) experiment for the demonstration
of the total reflection of light

An intensive light beam is introduced into the axis of an
out flowing water jet. Because of repeated total reflections
the light can not leave the jet and it is forced to follow
the water jet. It is expected that the jet remains completely
darken unless the surface contains small disturbances.
This leads to a certain loss of light and it appears illuminated all along its way. Effects of light created in this way
are also known as „Fontaines lumineuses“. They please
generally the onlookers of water games. This historical experiment already shows the physical phenomena which are
basic in fibre optics. The difference of this light conductor
to modern fibres is the dimension which for a fibre is in
the order of magnitude of the wavelength of light. If we
designate the diameter of a light guide with d we can stat
„Fontaines lumineuses“
d >> l
Multimode fibres
d>l
Monomode fibres
d»l
For the fibres manufactured these days this leads to further
effects which can not be described exclusively by total reflection. Their understanding is of special importance for
optical communication technology. In the following we
will deduce these effects based on Maxwell’s equations.
For the work in fibre optics it is not compulsory to know
this formalism. It is sufficient to familiarise oneself with
the results.

cos(Q c ) =

nm
nk

(8)

For the angle of incidence of the fibre we use the law of
refraction:

sin(Q ec ) nk
=
sin(Q c ) n0

and obtain:

Q ec = arcsin(

nk
⋅ sin Q c )
n0
.

Using equation (8) and with no = 1 for air we finally get:

Q ec = arcsin( nk2 − nm2 )
The limiting angle Qec represents half the opening angle of
a cone. All beams entering within this cone will be guided
in the core by total reflection. As usual in optics here, too,
we can define a numerical aperture A:

A = sin Θ ec = nk2 − nm2

(9)

Depending under which angle the beams enter the cylindrical core through the cone they propagate screw like or
helix like. This becomes evident if we project the beam
displacements onto the XY-plane of the fibre. The direction along the fibre is considered as the direction of the
z-axis. A periodical pattern is recognised. It can be interpreted as standing waves in the XY-plane. In this context
the standing waves are called oscillating modes or simply
modes. Since these modes are built up in the XY-plane, e.g.
perpendicularly
to the z-axis, they are also called transver2.7 Fibres as light wave conductors
sal modes. Modes built up along the z-axis are called lonGlass fibres as wave conductors have a circular cross secgitudinal modes. For a deeper understanding of the mode
tion. They consist of a core of refractive index n k. The core
generation and their properties we are now going to solve
is surrounded by a glass cladding of refractive index n m
the Maxwell equations under respect of the fibre boundary
slightly lower than n k. Generally the refractive index of
conditions.
the core as well as the refractive index of the cladding are
considered homogeneously distributed. Between core and
cladding there is the boundary as described in the previA
ous chapter. The final direction of the beam is defined
by the angle Qe under which the beam enters the fibre.
Unintended but not always avoidable radiation and cladding waves are generated in this way. For reasons of mechanical protection and absorption of the radiation waves
B
the fibre is surrounded by a protective layer.
Fig. 22: Helix (A) and Meridian rays (B)

Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011, Jan. 2013

Page 12

Fundamentals: Coupling of light to fibre
E(r,φ)

r < 2.405 ⋅

633 ⋅10 −9
2π

(1.465)2 − (1.462)2

= 2.6 µ m

According to this the diameter of the fibre core should be
less than 5.2 µm in order to transport mono mode light.
Within the frame of this project we are not interested in
signal transmission rather than in testing fibres. But for
this purpose we have to know how to couple the light of
the used laser diode efficiently to the to be tested fibre.

φ

2.8 Coupling of light to fibre

We are facing the problem to couple a beam of light to a
fibre, respectively to introduce it into a fibre, the diameter
of which is in the order of magnitude of 4-10 mm and in
so far comparable to the wavelength of light. To get a sufFig. 23: Fig. 23: Solution of Bessel-function for p=0
ficient high excitation of the fundamental mode of the fibre,
Fig. 23 presents the solution for p=0. Because of the f de- the beam of the light source has to be focused to a diameter
pendence the rotational symmetry is lifted for solutions of this order of magnitude. Under these circumstances the
with p≠0. Already now we see how the electric field will laws of geometrical optics fail because they anticipate parestablish within the core. It also gets clear that the radius allel light beams or plane light waves which in reality exist
of the fibre will be decisive for the order p of the modes. In only in approximation.
the radial direction of the fibre we observe a main maxi- To get a maximum of power into the fibre a coupling optic
mum at r = 0 and further aside maxima or minima which of focal distance f is required assuring the coupling of a
are also called nodes. The number of nodes, which will Gaussian beam into a weak guiding step index fibre in the
later be characterised by the counter index q, is deter- LP01 fundamental mode.
f
f
mined by the diameter of the fibre as well as by the solu2W
2W0
tion of the wave equation within the cladding. After hav2a
ing chosen a suitable cylindrical function for the solution
within the cladding, it has to be ensured that it matches the
continuity conditions for the electric and magnetic field
at the boundary between core and cladding. This leads to
y
z
the complete solution. For the final solution of the problem Fig. 24: For the calculation of the coupling optics
one uses modified Hankle functions and the approximaw0 ⋅ f ⋅ q ⋅
tion of weakly guiding fibres. Still, because of technical
w=
Radius at the waist
reasons it is not possible to choose the refractive index of
w02 + q 2 ⋅ z 2
the core much larger than the refractive index of the cladding. Since core and cladding are in close contact glasses
of similar temperature coefficient can only be used. The
z⋅ f 2
consequence of this is the small difference in refractive
y=
2
Location of the beam waist
index. For ordinary fibres it is
 w0 
2
r

Θ

z + 
θ

nk − nm
≈ 2 ⋅10 −3
nk
,

Example: The beam of a HeNe laser of 0.5 mm diameter
and of 1.5 mrad divergence is to focus by means of a lens.
The
focal distance is 50 mm and the lens is at a distance of
where the refractive index n k of the core is equal to 1.465.
2
m
from
the laser. We find:
One important result of the calculations gives the dimensioning rule for optical fibres:
0,5 ⋅10 −3 ⋅ 0, 05 ⋅1,5 ⋅10 −3

1.5 <

2π

λ

⋅ r ⋅ nk2 − nm2 ≤ 2.405

For a given wavelength l and index of refraction of the core
and cladding one can calculate the necessary radius of the
core in order to efficiently transport mono mode light via
the fibre.
If we are using as for example the light of an HeNe-Laser
at a wavelength of 633 nm we obtain as upper limit for the
core radius:
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w=

0, 25 ⋅10 −6 + 2, 25 ⋅10 −6 ⋅ ( 2 − 0, 05)

y=

( 2 − 0, 05) ⋅ 2,5 ⋅10−6
0,5
( 2 − 0, 05) +  
1,5
2

2

2

= 12, 6 µ m

= 1, 25µ m

For this example the position y of the waist coincides with
the focus in good approximation and the radius of the
waist is here 12.6 mm. To get the fibre under consideration
adapted in an optimal way the focal distance f has to be
chosen in a way that the radius of the beam is equal to the
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radius of the core. When laser diodes are used the preparation of the beam becomes more complicated.
After having dealt with Glass fibres as well as the introduction of light sources, we turn to the construction of the
OTDR.
PIN Photodiode

Collimator
Glass fibre

output power is not as high as in the pulsed laser diodes,
these laser diodes are available with TEM00 . Furthermore,
they also permit a full control over the duty cycle. This is
limited to approximately 1-5% in the case of pulsed diodes.
This enables the laser pulse signals given out to be definite
and thus provide improvement in the reduction of interference in the measuring method.
Meanwhile the characteristics of pulse diode laser has
been significantly improved so that within this experiment
such a diode laser is used.

Laserdiode

Collimator

Beam splitter

Couple optics

Fig. 25: Fig. 25: Set-up of an OTDR

The radiation of the laser diodes is collimated and passes a
polarized beam splitter. As the laser light is well polarized,
it reaches the coupling optics with low losses. There it is
launched into the fibre.
One still cannot achieve to launch the complete light
into the fibre. Unavoidable back reflections arise through
Fresnel-Reflections. Also one fails to achieve a perfect
match of the beam diameter to the fibre core diameter. Due
to this reasons a relative amount of back reflection of the
laser light arises on the entrance surface of the Fibre which
is directed back to the polarized beam splitter. Depending
on the polarization of the light which has been reflected
back, a part reaches the detector and another the laser diode. The light which falls onto the photodetector is used as
a initial signal for measurement.
As elaborated, a part of the reflected and scattered light
from inside the fibre leaves the fibre entrance due to disturbances. This light has mainly has another polarization
state than the incoming. The reason for this can be found
in the interpretation of the Rayleigh - scattering and polarization through reflection.(Fresnel equations)

2.9 Selection of a suitable laser

For both types of measurements, LIDAR and OTDR, different requirements are addressed to the laser light source.
However, we also have common characteristics. The
wavelength of the laser should be close to the maximum
sensitivity so that reasonably fast photodetector can be
used. This is well accomplished with 905 nm laser diode
in connection with Si PIN photodiodes.
Laser diodes with this wavelength are available in large
numbers with differently varying outputs. In addition,
they should be able to emit short pulses. One can differentiate between two types of laser diodes, ones that are
only for pulsed operation and the others that can work in
a continuos as well as in the pulse mode. Laser diodes
which work only in the pulsed mode posses a very high
maximum output up to a few 100 Watts. Their wavelength
is close to 900 nm. This enables their use in the measurement of large distances without requiring a triple reflector. As the emission profile does not correspond to the
Gaussian fundamental mode, good divergence values are
not obtained. Continuously working laser diodes can in
general work very well in pulsed operation. In addition,
the injection current can be modulated. Even though the
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3.0 Experiments:
J

G
A

B

H

D
F

C
Q

E

Fig. 26: Experimental set-up of the OTDR

3.1 Description of the modules
Y

ϑ

R

A

φ
X

This controller is designed to operate the pulsed laser diode The fully digital operating device provides the charging voltage for the ignition capacitor of the pulsed laser
diode as well as the trigger signal to ignite the laser pulse.
By means of a one knob interaction all parameters can be
set and displayed.
Charging Voltage: 2 ... 20 V in steps of 1 V
Repetition rate:
10 ... 3000 Hz in steps of 100 Hz
Pulse width control: 4 ... 150 ns
Operating Voltage: 12 V DC
Inputs:
Diode laser connection
Outputs:
Trigger as TTL signal via BNC jacket
Dimensions:
115 mm x 130 mm x 38 mm

Fig. 27: Module A Laser diode

This module consists of an 5 axes finely adjustable holder
in which the Laser diode (A) is mounted. By means of a
rotational unit (R) the Laser diode can be rotated around
its optical axis. Very fast electronic control is integrated
in the laser head. The laser diode utilised is a pulsed laser
diode with a maximum output energy of 3 µJ with a wavelength of 905 [+ 10 nm]. The laser diode is connected with
the control unit ED-0090.

Fig. 29: Module B Collimating optics

The strong diverging radiation of the laser diode is collimated with a microscope objective.

Fig. 28: Control unit for Module A
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3
1
2

fine adjustment holder with four axis XY, q and f and an
objective of smaller focal distance to focus the collimated
laser diode radiation in such a way that an effective coupling to the fibre is ensured. Purposely a beam shaping of
the laser diode radiation has been omitted to simplify the
entrance into the experiment.
4
3

2
1

Fig. 30: Module C Beam splitter

The adjustable prism holder (2) is installed on a cross carrier (1). With fine pitch screws (3), the polarised beam
Fig. 33: Module E Fibre holder with translation stage.
splitter can be orthogonal tilted. In addition, the cube can
The prepared glass fibre (2) is inserted into the groove of
be rotated around its vertical axis.
the holder (3) and is fixed in its position by means of two
magnets (4). The stage (1) permits the fine displacement
in the direction of the optical axis for the optimization of
the coupling.
2

1

Fig. 31: Module Q rotatable l/4 plate

Together with the polarised beam splitter Module C, this
element forms an optical diode which suppresses a consid- Fig. 34: Module F Fibre Holder
erable part of the undesired returning reflected light. The In this module the exiting end of the fibre is fixed at the oprotation of the plate optimises the effect.
tical height of the set-up. The fibre is inserted in the groove
of the holder (1) and is fixed in its position by means of two
magnets (2).

Fig. 35: Module H imaging optics
Fig. 32: Module D Coupling Optics

Basically the same arrangement as module B but with a
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A lens with a focal length of 60 mm is used to focus scattered and reflected light on the sensitive area of the detector of the Module G.
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Fig. 36: Module G SiPIN detector

To achieve a highest possible cut off frequency (1 GHz) a Si
PIN photodiode a corresponding fast preamplifier is used.
This preamplifier is in the frame-work of the detector. As
power supply a 9V Battery is consciously used instead of a
constant voltage produced by a AC/DC converter because
even a small ripple voltage can be very disturbing.

Fig. 37: Module J 1000 m of multimode fibre

For the OTDR measurements a multimode fibre with a core
diameter of 50 mm is used. The exact length is given on the
drum. Commonly, these are approximately over 1,100 m.

Fig. 38: Module Z cross hair target as alignment aid

This assembly is used for the adjustment of the laser beam
with regard to the optical axis of the respective set-up.
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4.0 Experiments
4.1 Characterising the pulse diode laser
Z
B

A

Fig. 39: First step in the set-up of the OTDR

G

A

B

C

Fig. 40: Second step in the set-up of the OTDR

The set-up starts with collimation and alignment of the function of the load voltage and repetition rate. By using
laser radiation of the diode laser (A) as shown in Fig. 39. the data of the laser diode the peak power can be deterThe crossed hair target (Z) is used to align the beam to the mined.
centre of the mechanical axis.
The diode laser (A) can be rotated within the holder (H)
and the polarisation recorded for different angle positions.
For the OTDR measurements it is important that the diode
laser is orientated in such a way that the maximum of intensity passes the polarising beam splitter (B).
In the second step, the launching optics as well as the l/4
plate is set onto the optical rail.

Fig. 41: Measuring the repetition rate

Fig. 42: Measuring the pulse width

Characterising the pulse diode laser
In a first task the properties of the pulsed diode laser are
studied. For this purpose only the modules are shown in
the Fig. 40 are required. The peak pulse is measured as
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4.2 Step by step set-up of the OTDR
G

D

A

Fig. 43: Installation of the coupling optics

B

C

A focus should appear nearly close to the exit of the coupling optics. To check this, one switches the diode laser in the cw
operation checks with an infra-red detector card. With a moderately darkened room, it is possible to see the laser beam
also on a small piece of white paper. Now slightly away from the focus, one still observes whether the laser beam passes
through the microscope objective without hindrance. If not, then it can be accordingly adjusted.
G
D
E
A

B

C

Fig. 44: Installation of the fibre holder

The translation stage should be set approximately in the middle of its travel range. The fibre holder is set on the optical
rail in such a way that the top of the actual fibre holder is approximately 5 mm apart from the objective. Through lateral
observation and top view one can see that the centre of the coupling optics in X and Y direction coincides with the top
of the fibre holder.
G
F
D
E
A

B

C

Fig. 45: Installation of the holder for the fibre end

Positions the fibre holder for the fibre end at a sufficiently large distance apart from the holder for the fibre entrance.
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4.3 Preparing the fibre

clamp.

Before using the fibre it has to be prepared in such a way
that the input as well as output faces are perpendicular as
well as of best optical quality. This is achieved by using
a fibre cleaver and breaker. To do so first of all the plastic coating has to be removed by means of the so called
Miller’s pliers.

briefly press
this lever

gently bend the support
Diameter set screw
Fig. 50: Third phase
Fig. 46: Miller’s pliers (module M)

The pliers have to be adjusted in such a way that the closed
pliers do not scratch the glass of the fibre by removing the
plastic cover. This is be done by adjusting the diameter set
screw.

Gently bend the support and briefly press the ceramic
blade of the cutter lever onto the fibre. The fibre will break.

Release lever

Ceramic Blade

Rubber clamp

Stop for plastic cover
V groove for fibre

Fig. 47: Fibre cleaver and breaker (module K)

Fig. 51: Final phase

The fibre with removed plastic coating is inserted in such Remove the ready fibre from the cleaver.
a way that the remained plastic coating stops at the stopper
(Fig. 48) and the coating free part inside the rubber clamp. Attention: Remove the rest of the fibre and deposit in a
closed box or container to avoid that these parts may enter
Press Lever and injure the human body.
Insert Fibre

Fig. 48: First phase

Press the lever as shown in Fig. 49 and insert the fibre.
Release Lever
to fix the fibre

Fig. 49: Second phase

Release the lever to fix the fibre by means of the rubber

Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011, Jan. 2013

Page 20

Experiments: Launching of the light into the fibre
4.4 Launching of the light into the fibre
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Fig. 52: Launching of the light into the fibre
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After careful preparation of both the fibre ends (which
means removal of the plastic cover to length of 50 mm
approximately and breaking of the fibre), the ends are
inserted and fixed by means of the holder magnets. The
Photodetector module G is placed in front of the module
F. The output of the signal conditioning box is connected
to the oscilloscope. The Oscilloscope is switched on to a
highest possible sensitivity. A channel of the Oscilloscope
is connected to the TTL synchronisation signal of the control unit. This channel serves as a trigger for the expected
signal from the fibre.
Now one switches the diode laser on and selects the repetition rate such that a flicker-free picture of the TTL signal is
displayed on the oscilloscope. Now a signal of the exiting
light from the fibre should be observed. If not, one adjusts
the entry side of the fibre with the help of the translation
stage towards or apart from the microscope objective.
After a signal is observed, the adjustment of the coupling
optics is further optimised. The position of the fibre entrance must be also be optimised with respect to the focus.
After this adjustment has been made, the detector is placed
to its position (Fig. 54) and optimised. Observe the effects
through the moving of the imaging optics (H) and also by
the adjustment of the beam splitter cube (E). Optimise for
highest signal intensity. Now everything is ready to start
the actual measurement.
The first measurement is taken on the digital storage oscilloscope according to Fig. 53, and if possible the data is
finally taken onto a computer.
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Fig. 53: Example of measurement

In this example, a transit time of 11.17 msec is determined.
With this the length L produced for the fibre is:

L=

1 c
3 ⋅108
⋅ ⋅ Dτ =
⋅11.17 ⋅10 −6 = 1147.6 m
2 n
2 ⋅1.46

The length of 1150 m should correspond to the manufacturers statement mentioned on the drum. The value for the
refractive index n=1.46 originates from the manufacturer.
The amplitude of the echo clearly depends on the quality
of the fibre end surface. When one brings reflecting bodies close to the fibre exit, one receives through the back
reflected light, changes in the amplitude of the echo. If the
end of the fibre is submerged in a fluid, the echo will be
influenced according to the refractive index. In the case of
index matching, that is, if the fluid has the same refractive
index, (for e.g. Paraffin Oil) as the fibre core, the echo will
then almost entirely vanish.
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4.5 Detection and recording the back scattered light
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surface experience a higher attenuation mainly through
losses. Therefore, the exponential part of the curve contains the information about the fibre loss. For the evaluation now, we put the returning intensity logarithmically in
a new diagram.
1.0
0.8
0.6

Back scattered light intensity

Fig. 54: Measuring the losses

In the previous measurements, laser pulses are used with a
duration of 100 nsec. With a peak power of 70 W approximately an energy of only 7 µJ per pulse is available. Due to
the none Gaussian beam profile of the pulse diode laser the
coupling efficiency is about 10 -20%. From that also only a
small part reflects as an echo. The scattering light which is
produced from the fibre is therefor is very small compared
to the incident light. When one triggers on the falling edge
of the laser pulse (laser off) then one gets a picture as
shown in Fig. 55. During the phase of the switched on radiation, the fibre is filled with photons which produces the
scattering light at the Rayleigh scatter centre which is also
directed towards the fibre entrance. The switching off of
the light pulse, results in a rapid reduction of the back scattering light produced at the fibre entrance surface, but also
of the coupling optics. After this follows the exponential
decay of the intensity of the scattering light, which again
after a particular time abruptly becomes nil. This point
corresponds to the fibre end surface.
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Fig. 56: The same measured values like in Fig. 55, however
with logarithmically division of the ordinate

0.8

In the next step of evaluation, we concentrate on the linear
part whose slope contains the loss or attenuation coefficient. This is represented in the following figure.
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Fig. 55: Fig. 52: Transitory course of the scattering light
after switching off of the light impulse.

In Fig. 55 it is possible to allocate to every value of the
transit time, a location in the fibre. Back scattering light,
which is produced at points distanced from the entrance
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Experiments: Detection and recording the back scattered light

least square fit
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Fig. 57: Determination of the loss coefficient

Starting from the relationship:

I = I 0 ⋅ e − α ⋅t or ln I = ln I 0 − α ⋅ t ,
in this example, through linear regression of the slope we
get the value of a=4.45 dB/km. Normally the value of attenuation is given in dB/km which one gets through the
following equation

 I
= 10 ⋅ log e − α L

 I0 

α dB = 10 ⋅ log 

(

)

With the assessment for the attenuation, it can be further
noticed that the scattering light is produced at a location
z in the fibre from a primary light intensity which has already become weak through previous attenuation. Fig. 57
includes both the parts. The correction results from the
following consideration:
The primary light is already attenuated at a location z according to:

I ( z ) = I 0 ⋅ e−α ⋅z

I(z) is the primary light intensity for the scattering process
at the location z and leads to scattering light which covers
the way z to the fibre entrance. On the way it however, experiences an attenuation according to:

I ( z = 0) = I ( z ) ⋅ σ R ⋅ e − α ⋅ z

or

I ( z = 0) = I 0 ⋅ σ R ⋅ e −2⋅α ⋅ z

sR is a coefficient which denotes the efficiency of the scattering process whose value is not needed to be known for
the determination of the attenuation.
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Laser safety: Detection and recording the back scattered light
5.0 Laser safety
Invisible Laser Radation
Energy max. 7 µJ 905 nm

Class 3B
The experimental system contains a pulse diode laser
which is only suitable for laboratory applications.

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.
d.) 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.).
e.) The entrances to supervised laser areas should be identified with the laser warning symbol

With the individual modules in the assembled state, laser
radiation (semiconductor laser) can be produced at 905 ±
10 nm with a maximum peak power of 70 W. The pulse
width is 100 ns resulting in a pulse energy of 7 µJ. The
maximum repetition rate is 2.5 kHz with a duty cycle of
1% resulting in an average power of 0.2 mW

MZB means Maximum Permissible Radiation (Maximal
zulässige Bestrahlung) and it is defined in section 13 of
DIN/VDE 0837.
Special attention is drawn to point 12.4 of DIN VDE0837:

The complete assembled laser is therefore a product which
exhibits the power characteristics of a Class 3B laser. Since
the OTDR 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 maintained.
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.

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.

Laser equipment for demonstration, display and exhibition purposes

Each laser system, which is used in schools for training
etc. should fulfil all the applicable requirements placed
In these guidelines of February 1986 the following points on class 1 and class 2 laser equipment; also, it should not
are listed for the operation of laser equipment in laborato- grant persons access to radiation which exceeds the appliries and places of work.
cable limits in Class 1 or Class 2.
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.
Note: Conditions for safely observing a diffuse reflection
of a Class 3B laser which emits in the visible range are :
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