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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
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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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The mystery of holography: Characteristics of light
1.0 The mystery of holography

When Gábor Dénes published his theories of holography
in a series of papers between 1946 and 1951 he could not
imagine that his work would lead to a wide filed of applications. To that times he had to work with light sources  
of low coherence length and in addition he use a in-line
concept which showed beside the real image also a second image occurred which significantly disturbed the real
image. Actually he did not follow his ideas, disappointed
from the poor quality.
He was surprised when he came to know in 1959 about
the success of Emmett Leith and Juris Upatnieks who succeeded in creating holograms with much better quality,
since they used a two beam set-up instead of the one beam
in-line set-up of Gábor Dénes.
Already one year later the first laser has been demonstrated which suddenly bursts the holography.

ple have been trying to find out what light actually is for a
very long time. We can see it, feel its warmth on our skin,
but we cannot touch it. The ancient Greek philosophers
thought light was an extremely fine kind of dust, originating in a source and covering the bodies it reached. They
were convinced that light was made up of particles. As
humankind progressed and we began to understand waves
and radiation, it was proved that light did not, in fact, consist of particles but that it is an electromagnetic radiation
with the same characteristics as radio waves. The only difference is in the wavelength. We now know that the characteristics of light are revealed to the observer depending
on how he sets up his experiment. If the experimenter sets
up a demonstration apparatus for particles, he will be able
to determine the characteristics of light particles. If the
apparatus is one used to show the characteristics of wavelengths, he will see light as a wave. The question we would
like to be answered is: What is light in actual fact? The
duality of light could only be understood using modern
quantum mechanics. Heisenberg showed, with his famous
“uncertainty relation”, that strictly speaking, it is not possible to determine the place x and the impulse p of any given
occurrence at the same time

1
Dx ⋅ Dp x ≥ 
2

If, for example, the experimenter chooses a set up to examine particle characteristics, he will have chosen a very
small uncertainty of the impulse px. The uncertainty x will
therefore have to be very large and no information will
be given on the course of the occurrence. Uncertainties
Fig. 1: Emmett Leith and Juris Upatnieks (MSE EE ‘65)
are
not given by the measuring apparatus, but are of a badisplayed their revolutionary laser transmission hologram
sic nature. This means that light always has the particular
of a toy train at the Optical Society’s 1964 Spring Conferquality the experimenter wants to measure. We can find
ence
out about any characteristic of light as soon as we think of
From now on a powerful light source with a high coherit. Fortunately the results are the same, whether we work
ence was available.
with particles or wavelengths, thanks to Einstein and his
In parallel a Russian scientist Juri Nikolajewitsch Denisjuk
famous formula:
created his first hologram in 1958 based on the Lippmann’s
E = m ⋅ c2 =  ⋅ w
principle using a mercury lamp. In 1962 he significantly
contributed with his famous “Denisjuk” hologram to the This equation states that the product of the mass m of a
development of holography whereby he used only one particle with the square of its speed c corresponds to its enbeam (Fig. 55). His arrangement allows to create holo- ergy E. It also corresponds to the product of Planck’s congrams which can be reconstructed without a laser.
stant h =  ⋅ 2p and its radian frequency w = 2p ⋅ ν . In
For all holograms is in common that for the creation a laser this case n represents the frequency of luminous radiation.
is needed. Due to the fact that small and affordable laser In our further observations of the fundamentals of the
are available the holography came also in the reach of hob- Michelson interferometer, we will use the wave represenbyists.
tation and describe light as electromagnetic radiation. All

types of this radiation, whether in the form of radio waves,
X-ray waves or light waves consist of a combination of an
→
→
What makes the hologram so attractive? In fact it is the electrical field E and a magnetic field H. Both fields are
three dimensional impression of the image. You may even bound together and are indivisible. Maxwell formulated
look around a bit of the object which no other 3D technolo- this observation in one of his four equations, which degies can provide. To understand how a hologram can be scribe electromagnetic fields

 ∂E
created we need to understand the properties of light like
∇×H ≈
intensity, wavelength, frequency, coherence, interference
∂t
and diffraction.
According to this equation, every temporal change in an
electrical field is connected to a magnetic field (Fig. 2).

2.0 Fundamentals

2.1 Characteristics of light

Light, the giver of life, has always held a great fascination
for human beings. It is therefore no coincidence that peo-
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Z

 2⋅ p 
E X = E 0 ⋅ sin 
⋅ x
 l


E
Y

(1.1.1)

,
which we will elaborate and explain further.
Z

E

X

H

Y

Eo

Fig. 2: Light as electromagnetic radiation

I=

c⋅e  2
⋅E
4p
.

This is also the measurable size as perceived by the eye
or by a detector. In this case, the speed of light is c in the
respective medium and e is the corresponding dielectric
constant. Since we are comparing intensities in the same
medium, it is sufficient to use

2
I= E

Z

X

λ

Fig. 4: Amplitude and wavelength

In the above figure the light wave no longer oscillates in
the Z direction as in Fig. 3 but at a certain angle to the
Z- or Y-axis. The X-axis has been chosen as the direction
of propagation of the wave. We still require information
on the direction in which the electrical field strength Ex
oscillates to complete the description of the wave. Strictly
speaking, the field Ex oscillates vertically to the direction
of propagation X. However, we have to give information regarding the Z- and Y-axis. This leads to the term
‘Polarisation’ and Direction of Polarisation. In Fig. 2 and
Fig. 3 we used linearly polarised light with a polarisation
direction in Z and in Fig. 4 we used a different direction.
We will now introduce the polarisation vector P, which is
defined in the following Fig. 5. We have to look into the
light wave in the direction of the X-axis for this purpose.

E

Z

Y

EZ

α

X

E0

Due to the symmetry of this equation, a physical condition can be sufficiently described using either the electrical or the magnetic field. A description using the electrical
field is preferred since the corresponding magnetic field
can then be obtained by temporal derivation. In the experiments (as presented here) where light is used as electromagnetic radiation, it is advantageous to calculate only the
electrical fields since the light intensity is:

EY

Y

Fig. 3: In this experiment we need only observe the electrical field strength E

The experimental findings agree with the theory of electromagnetic radiation if a harmonic periodic function becomes temporally dependent on the field strength of light.
In its simplest form this is a sine or cosine function. An
amplitude Eo and a wavelength l should be used in the Fig. 5: Definition of the polarisation vector
definition of this kind of function. Let us begin with the
We can observe a wave expanding in the X-direction and
equation:
oscillating at the electrical field amplitude Eo below an angle a to the Y-axis. The amplitude Eo is separated into its
components, which oscillate in the Z- or Y-direction. We
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now write Ê0 instead of E0 to indicate that the amplitude
Eo is now made up of individual components.

( ) + (E ) = (E

Eˆ 02 = E 0Y

2

Z 2
0

Y
0

⋅ eˆ Y + E 0Z ⋅ eˆ Z

)

2

eˆ = ( 0,1) , eˆ = (1, 0)

Y
In this case Z
is the unit vector in
the Z- or Y-direction on the ZY-plane. Characteristically
the unit vectors yield ê Z = 1 and the scalar product
eˆ Z ⋅ eˆ Y = 0 . The equation (1.1.1) can now be generalised
to:

size that could be measured immediately with their equipment. We are using this because it simplifies the written
work.
Till now we have only described the wave as a function of
the location. This would be sufficient in order to understand the classical Michelson interferometer, but not for
technical interferometers. We carry out the following hypothetical experiment to introduce the “time coordinate”:

t0

 2p 
E X ( Y, Z) = E 0Y ⋅ eˆ Y + E 0Z ⋅ eˆ Z ⋅ sin  ⋅ x 
 l 

(

)

At this point we come across a fundamental principle in
classic wave theory, i.e. the principle of superimposition.
A big word for the simple statement:
Every wave can be represented as the sum of individual
waves.
In our example we had separated the wave as shown in
Fig.4 into two individual waves, i.e. one that oscillates in
the Z-direction and another in the Y-direction. We could
just as well say that our wave was formed by the superimposition of these two individual waves. The word interference can also be used to mean superimposition. In
this context our wave was formed by the interference of
two individual waves. This is the basis for the functioning
of the Michelson interferometer. An introduction to this
interferometer now follows. For the time being, let us return to the polarisation vector.
The polarisation vector ^P is also a unit vector, which always points in the direction of the oscillation of the electrical field Ex

t1

X0

Location x

Fig. 6: Hypothetical experiment for the introduction of
dependency on time

The talented physicist Walter S. * (*Names have been
changed) is working on new experiments with electromagnetic waves in his laboratory. His colleague Gerd N. who
is jealous of his rival’s success sees that the door to Walter
S.’ laboratory has been left open a crack and uses the opportunity to find out what his colleague is working on. In
spite of his nervousness, Gerd N. forces himself to make
painstakingly accurate notes of his observations. He measures the time with his Swiss stop watch, a present from his
Y
Z
Ê
E
E
father,
who was also a physicist and notes the respective
0
0
0
Pˆ =
=
⋅ eˆ Y +
⋅ eˆ Z
intensities
of what he sees through the crack in the door.
ˆE
E0
E0
0
He rushes into his modest study, red in the face, and writes
,
his observations into his laboratory records. Here we find
or as is written for vectors
the following entries:
Y
Z
E E 
“..........I stood at location X and looked through the crack in
P̂ =  0 , 0 
the door. I observed periodic oscillations in field strength,
 E0 E0 
.
which fluctuated between a maximum and a minimum. I
The polarisation vector for a polarisation in the Z-direction began measuring at the time t=0, when the field strength
(0°) would then be, for example:
was at its minimum. At the time t1 I calculated the maxiP̂ = (0,1)
mum field strength. The differences in time between the
extreme
values stayed constant.” A graph of his measurefor a polarisation direction of 45° it would be:
ment values follows:

P̂ =

1
(1,1)
2
.

The equation of the wave with any given polarisation direction will thus be

 2p 
Eˆ X ( Y, Z) = Pˆ ⋅ E 0 ⋅ sin  ⋅ x 
 l 

(

)

, or

Ê X ( Y, Z) = E Y, E Z ⋅ sin ( k ⋅ x )

(1.1.2)
.
We have introduced the wave number k in the above equation

k=

2p
l .

The wave number k has the length dimension-1 and was
originally introduced by spectroscopists because it was a
Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011
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Gerd N. further states that:”....... the time that passed between two maxima as the duration period t. I have observed n of such maxima within one second. Obviously
the field strength has a frequency of
and follows a periodic function

ν=

E = E 0 ⋅ sin ( 2p ⋅ ν⋅ t )

n
t

although this function begins with positive values. The
measured values only correspond to the observations if a
constant is added to the argument of the sine

(

E = E 0 ⋅ sin 2p ⋅ ν⋅ ( t − t 0 )

(

)

Ê X ( Y, Z) = E Y, E Z ⋅ sin ( k ⋅ x + w ⋅ t + d ) (1.1.3)

2.2 Superimposition and Phase δ

δ is also described as a phase. Since this term is often inconvenient we would like to examine it more closely. If we
put x=0 and t=0 into (1.1.3) the field strength will have a
value of

(

)

Ê X ( Y, Z) = E Y, E Z ⋅ sin ( d )

).

and thus defines an initial value for the amplitude. This
value is or will be determined according to the physical
Some weeks later both colleagues meet at a specialists’
situation.
conference. As is often the case, the evening session of
the conference took place in a suitable atmosphere, where
δ
the participants committed themselves to the team spirit
over a glass of wine and agreed on all other things as well.
wave 2
Walter S. spoke openly about how he had managed to formulate the position of the course of a wave and wrote his
formula on the beer mat, commonly used in this area

 2p

E = E 0 ⋅ sin  ⋅ ( x − x 0 )
 l


.
How the evening finally ended is left to your own imagination. What is important is that both experimentalists measured the same field strength, one with a stopwatch in his
hand, the other with a scale. Therefore

E
 2p

= sin 2p ⋅ ν⋅ ( t − t 0 ) = sin  ⋅ ( x − x 0 )
 l

E0
.

(

)

wave 1
Fig. 8: Definition of phase d

Obviously phase d contains information about the relationship between two or more waves. Let us presume that the
This is the same as
waves originate in a light source and phase d contains in1
formation on how the wave was formed. Light waves are
ν⋅ t − t 0 = ⋅ x − x 0
l
formed by emission processes. There is an emission procedure for every photon or light wave. Such processes are
or
always
taking place when the light source is continuously
x − x0
illuminated. The emission procedures are distributed staν⋅ l =
=c
t − t0
tistically according to the type of light source. Thus, phase
.
d is also distributed statistically. If the emission proceThis hypothetical experiment has shown us that we can dures are coupled to each other, as is the case with lasers,
describe the wave by its temporal course on the one hand, and all photons or waves have the same frequency or waveand by the position of the course of a wave on the other. length (they are monochromatic) the light is then described
We have also found out the importance of the relationship as coherent (holding itself together). If, however, phase d
is randomly distributed, then this light is incoherent. This
of the speed c of a wave to its frequency and wavelength
is the case with thermal light sources, e.g. light bulbs. To
c
judge the coherence of a light source, the characteristics of
ν=
l.
the emitted waves and/or photons would have to be clasIf we write the connection with ω=2πν as a rotary frequen- sified. The waves (photons) are first sorted out according
to their frequencies (wavelengths) and then according to
cy we get:
their phases. If we form small “containers” in our minds
2p
w=
⋅c = k⋅c
with the labels:
l
.
Let us now return to the generalised formula for the tem2p
k=
= numerical value and
poral and spatial course of the field strength of a light wave.
l
Since the sine is a periodic function we can include the
d = numerical value
temporal and spatial dependency into the argument. We
would then get
and if we now sort out the photons in these containers and
then count the photons per container, we could obtain a
Ê X Y, Z = E Y, E Z ⋅ sin k ⋅ x − x 0 + w ⋅ t − t 0
statement on the coherence. This kind of container is also
If we now make the constants kx0  and wt0 into one con- called a phase cell. If all photons were in one container or
stant d we obtain the general formula
phase cell, the light would be completely coherent.
In the example according to Fig. 8 the wave 2 has a phase

(

(

)

(

)

)

(

(
(

)
)

( (
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of d as opposed to the wave 1, in other words, the waves
have a phase difference of d, presuming that we have produced two such waves (this is exactly what the Michelson
interferometer does). We expect a third wave through the
principle of superimposition, which is formed by the superimposition or interference of the two basic waves. We
will find out how this wave looks by simply adding both
basic waves:
Wave 1

(
( Y, Z) = ( E

)
E ) ⋅ sin ( k ⋅ x + w ⋅ t )

Ê1 ( Y, Z) = E Y, E Z ⋅ sin ( k ⋅ x + w ⋅ t + d )

Wave 2

Ê 2

Wave 3

Eˆ 3 ( Y, Z) = Eˆ 1 ( Y, Z) + Eˆ 2 ( Y, Z)

Y,

splitting plate and one bundle is led in the direction of exit
1, the other in the direction of exit 2 in the process. Exit 2
of the Michelson interferometer points in the direction of
the light source, so this exit is practically of no use to us to
set up photodetectors or imaging screens. This is why only
exit 1 will be mentioned. However, exit 2 must also be
taken into consideration for the energy balance. Whatever
technical model of an interferometer is chosen, it can be
represented easily in an optically circuit diagram.
ve 1
wa

Z

Exi t 1

entrance

It is now easy to imagine that a large number of waves
with different frequencies w or wavelengths l and phases
d result in such a mixture and that it makes little sense
to carry out superimposition or interference experiments
with this light. Therefore light sources which emit light
within a narrow emission spectrum with a phase as constant as possible are selected. Lasers are an example of
such light sources. But when Michelson carried out his
experiments around 1870 he could not use lasers. He used
the red emission line of a cadmium lamp whose emission
bandwidth showed a coherence length of only 20 cm. This
means that when, for example, waves at the position x=0
were superimposed with those at the position x=20, there
was no readable interference any more. We will come back
to the important term “coherence length” later on and discuss it in more detail.

2.3 Interferometer

An apparatus that produces this physical condition is
shown in the following diagram.

L1

M1

M2
Entrance

L1

wa

ve 2

Exi t 2

L2

Fig. 10: ”Optical circuit diagram” of an interferometer

The light, which is put into the entrance of the interferometer, is split into two bundles. How this happens technically is not important for the time being. This kind of element can generally be called a directional coupler. Bundle
1, or, in the simplest case the wave 1 runs through the
path L1 and the other wave 2 runs through the path L2.
Both waves are brought together in a mixer. This mixer
has two exits. In the Michelson interferometer directional
couplers and mixers are one and the same element. We
are only interested in exit 1 for the time being. As we will
see later on, exit 2 is symmetrical to exit 1. We now just
have to calculate wave 3 at exit 1 which is formed out of
the superimposition of wave 1 with wave 2 which have
travelled along a path from L1 or L2. Without jeopardizing
the general validity of the solution, we can assume that
the electric field strength only oscillates in the Y-direction.
As already defined in the beginning the waves propagate
in the X-direction. Although the direction of the bundle
of rays can point in other directions after separation, they
should have the same direction of propagation, at least in
the mixer, if they are to interfere at all.
Wave 1

E1 = E 01 ⋅ sin ( k ⋅ L1 + w ⋅ t )

Wave 2

E 2 = E 02 ⋅ sin ( k ⋅ L 2 + w ⋅ t )

Wave 3

E 3 = E1 + E 2

S
L2
Exit 2

Exit 1

Fig. 9: Michelson interferometer.

Since both waves E1 and E2 are formed when the entering
wave E0 is split and the splitter should separate them symmetrically, both partial waves do not have any phase shift
d with regard to each other.

E 3 = E 01 ⋅ sin ( k ⋅ L1 + w ⋅ t ) + E 02 ⋅ sin ( k ⋅ L 2 + w ⋅ t )

A screen or photodetector is installed at exit 1. The human
We beam light into the entrance of the interferometer from
eye and the photodetector are not in a position to register
some light source. The light is split into two bundles on
electric field intensities, but can only register the light ina beam-splitting plate S. One bundle hits the mirror M1
tensity I which is connected to the field strength:
and the other the mirror M2. The bundles will reflect back
I = E2
in themselves at these mirrors and reunite at the beamsplitting plate S. The respective bundles are split into two I = E ⋅ sin k ⋅ L + w ⋅ t + E ⋅ sin k ⋅ L + w ⋅ t 2
01
1
02
2
further bundles due to the characteristics of the beam-

(
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2
I = E 01
⋅ sin 2 ( kL1 + wt )

I min =

+2E 01E 02 sin ( kL1 + wt ) sin ( kL 2 + wt )
2
+ E 02
⋅ sin 2 ( kL 2 + wt )

Let us remind ourselves that

k=

To simplify the mixed term we use the relation:

and obtain:
2
I = E 01
⋅ sin 2 ( kL1 + wt )

+ E 01E 02 cos ( k ( L1 − L 2 ))

+ E 01E 02 cos ( k ( L1 + L 2 ) + 2wt )
2
+ E 02
⋅ sin 2 ( kL 2 + wt )

The expression for light intensity, which is perceived
either by a detector or by our own eyes, consists of four
terms. Only the second term is not dependent on the time
t. All other terms oscillate with the frequency w. We use

c
l

to determine this w. The frequency of light is n and has
a wavelength l and a speed c. In the later experiments we
will select the light emitted by a Helium-Neon laser. The
wavelength of this light is 633 nm. Using this value and the
speed of light c = 3×108 m/s the frequency ν is calculated
as:

3 ⋅108
ν=
= 4, 7 ⋅1014 Hz
633 ⋅10 −9
.

2p
l

and that it is constant at a stable wavelength. The light intensity at exit 1 is therefore obviously only dependent on
the path difference L1-L2. If both paths having the same
length, both partial waves interfere constructively and the
light intensity observed is maximum. If the path difference is just λ /2 then:

k ⋅ DL =

2p l
⋅ =p
l 2
.

The cosine is then -1 and the light intensity I at the exit
becomes minimum. Let us divide the initial intensity into
two partial ones of equal size, i.e. E01 and E02. In this case
even the light intensity is zero. Here, both partial waves
interfere destructively. Keeping in mind that the wavelength for our experiment is 633 nm and that it leads to
a shift from one wave to another by only λ/2=316.5 nm =
0.000000316 mm (!) from a light to a dark transition at exit
1, this type of interferometer is a highly precise apparatus
for measuring length.

1.0

Light intensity (rel. units)

2 ⋅ sin α ⋅ sin β = cos ( α − β ) + cos ( α + β )

w = 2pν = 2p

1 2 1 2
1
2
E 01 + E 02 − E 01E 02 = ( E 01 − E 02 )
2
2
2

0.8

0.6

0.4

The sine of the first and last term oscillates at this frequency and the third even oscillates at double this frequency.
0.2
Neither the eye nor any photodetector is capable of following this extremely high frequency. The fastest photodetectors nowadays can follow frequencies of up to approx.
0.0
0.0
0.5
1.0
1.5
2.0
2×109 Hz. This is why a detector, and even more so, our
eyes can only perceive average values. The sin2 terms osPath difference in units of wavelength
cillate between 0 and 1; its temporal average value is thereFig. 11: Interferogram, light intensity versus path differfore 1/2. The cosine term oscillates between -1 and +1, the ence
average value is zero. The intensity I would therefore be:

I=

1 2 1 2
E 01 + E 02 + E 01E 02 cos ( k ⋅ DL )
2
2
DL = L1 − L 2 .

Obviously I is maximum if the cosine is one. This is always
the case when its argument is zero or an integral multiple
of 2π. I is minimum just at the time when the cosine is –1

I max =

1 2 1 2
1
2
E 01 + E 02 + E 01E 02 = ( E 01 + E 02 )
2
2
2
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2.4 Real interferometer

In the preceding chapter, we assumed that we had ideal
light sources and optical components at our disposal.
Practical interferometry is, in fact, characterised by these
components. Michelson (1871) did not construct his interferometer to examine the interference of light, but to prove
the ‘world ether’ theory. It was therefore an optical instrument that underwent constant development. Since the interference fringes had to be judged with the naked eye, it
was the aim of this further development to maximise the
contrast in light and dark shades.
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Fundamentals: Coherence
2.4.1 Contrast or visibility

10

V=

I max − I min
I max + I min .

Historically, the word visibility or clarity was also chosen
for contrast.

Intensity at exit 1

Michelson defined as a scale for the measurement of contrast:

05

Imax

10

Imin

Intensity at exit 1

00
0.0

1.0

20

3.0

4.0

Phase shift in units of π

05

Fig. 13: Interference signal at exit 1 at I 01= 0.2 I0 and I02 =
0.4 I0, caused by maladjustment and a beam splitter which
is not ideal.

Imax

2.4.2 Light sources and coherence

Imin

00

Till now we have tacitly assumed that the light source only
has a sharp frequency ω. This is never the case in pracPhase shift in units of π
tice. We would therefore like to examine the influence of
Fig. 12: Signal at exit 1 at I01= 0.2 Io and I02=0.8 Io
the spectral emission of the light source on interference
formation.
Radiation that gets its energy from the warmth
If, for example, the splitting relationship of the beam splitof
a
radiating
body is known as thermal radiation and is
ter is not exactly 1 then the interferogram will change as
sent
out
by
glowing
solids (metal, coal etc.) or gases at
shown in Fig. 12.
high pressures. But radiation can also be produced without extracting energy from the warmth of a medium, e.g.
Using
by introducing electrical energy (discharge in gas). In this
1
1
type of radiation production, the temperature of the raI max = I01 + I02 + I01 ⋅ I02
2
2
diator (except in loss mechanisms) does not change. The
light produced in this way is known as “cold light” or also
and
luminous radiation. The type of emission depends on the
1
1
I min = I01 + I02 − I01 ⋅ I02
excited electronic or vibronic states of the atoms and mol2
2
ecules concerned. Light sources that emit light based on
we obtain
these mechanisms are an important component of modern
light technology. Whereas light bulbs are thermal radia2 ⋅ I01 ⋅ I02 2 ⋅ I01 ⋅ I02
V=
=
tors, fluorescent lamps, gas discharge lamps, monitors as
I01 + I02
I0
well as lasers are sources of cold light.
for the contrast. According to Fig. 11 the contrast is V=1
and in Fig. 12 V=0.8. A contrast reduction also occurs if, 2.5 Coherence
for example the adjustment is not optimal, i.e. the overlap
In classic optics, light was described as coherent if it could
of both the interfering rays is not 100 %. In this case
produce interferences. The term coherence was elaboratI01 + I02 < I0
ed by the photon statistics introduced by quantum optics.
It says, that light is coherent when photons originate in
the same phase cell, that is; they have the same frequency and phase within Heisenberg’s uncertainty principle.
Monochromatic light is only coherent if the partial waves
also have the same phases.
0.0

1.0

20
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4.0
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rel. Energy

∆δ

T=6000 K

δ0

T=4000 K

ω0
∆ω

T=3000 K

Frequency

Fig. 14: Light, whose photons originate from the smallest
possible phase cell according to Heisenberg’s uncertainty
principle, is coherent.

Classic optics states that light is coherent when it shows
signs of interference. The narrower the emission line
width Dw is, the higher will be the contrast observed in
this process. There is obviously a connection between the
contrast or visibility V of the interferogram and the line
width of the light source used.

Intensity

1.0

500

1000

1500

2000

Wavelength in nm

Fig. 16: The spectral distribution of a black body radiator (thermal radiator, Planck’s radiation law) for various
temperatures

2.7 Cold light

Another type of light production is the light emission of atoms and molecules, which show a clear spectral structure
characteristic of certain atoms, and molecules, contrary
to the continuous radiation of the temperature radiators.
Apart from their characteristics as a light source, the main
interest in spectra was to use them to find out more about
the structure of atoms and molecules.
E1

∆ω

0.5

0

nucleus

E2

0.0

ω0

Frequency

Fig. 15: Light with a narrow band emission with emission
bandwidth Δω

If we follow the views of classic optics in the next chapters,
this is because we will not touch the limits of Heisenberg’s
uncertainty principle by far, in spite of using a laser as
the light source for the interferometer. The emission bandwidth and the emitted line width of the technical HeNe
laser used is very big compared to the theoretical natural
bandwidth of a line.

2.6 Thermal light

We know from our daily observations that a hot body
transmits light radiation. The higher the temperature of
the body, the whiter the light seems.
It can thus be concluded that this kind of radiator has a
very large emission bandwidth Dw. Therefore thermal
light sources are not suitable for interferometry.

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

electron orbits

Fig. 17: Bohr’s idea of the atom

Einstein elaborated Bohr’s’ theories on the atom model to
the extent that light emitted or absorbed from the atoms
can only have energies of E2-E1=hν (Fig. 17). His work and
measurements proved that both in a resonant cavity and in
the case of atomic emission discrete energies must be assumed. Einstein started off by trying to find one single description for these two types of light sources. He found the
solution to this problem in 1917 when he derived Planck’s
hypothesis once more in his own way. Photons or a radiation field are produced through the transition from 2 → 1.
With regard to what we have already considered, the frequency of the radiation produced in this way should actually be determined by E2-E1 = h ν0. However, keeping in
tune with Heisenberg’s uncertainty principle
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1
1
Dx ⋅ Dp x ≥ 
DE ⋅ Dt ≥ 
2 or
2 ,

radiation path for an easy evaluation of the spectra. Fig 18
shows this kind of line spectrum.

which states that every emission process is affected by an
uncertainty and the emission line therefore always has a
certain width Dw.

rel. intensity

ρ(ω)

Fig. 19: Photograph of the emission of a light source with
the corresponding energy level showing a commonly known
line spectrum.

The spectrum according to Fig. 19 can be seen from the
line widths as well as from the emission wavelengths.
Please note, however, that the measurement apparatus
makes the line widths appear larger than they actually are.
If the spectral distribution of a line radiator were carried
into that of the thermal radiator, the result would be a narrower line than the one in Fig. 16.
Let us return to the influence of the spectral bandwidth Dw
on the contrast of our interferometer. To make it easier we
have selected the intensities as

δω

FWHM

ω0

frequency

I01 = I02 =

Fig. 18: Natural line width

r (w ) =

and obtain for the intensity of the interfering waves:

1

I = I0 {1 + cos ( k ⋅ DL )}

(w − w 0 )2 + (1/ 2 ⋅ ts )2

This type of curve represents a Lorentz curve. Here, w0 is
the resonant frequency and

ts =

1
A 21

is the average life of state 2. The half-width value dw (or
also FWHM, Full Width at Half Maximum) of the curve
according to Fig. 18 is calculated by inserting the value for
r(w) = 1/2. We find that

d ( w )nat = A 21

(1.7.1)

is the natural line width of a transition, defined by the
Einstein coefficient A21, which has a particular value for
every transition. The results gained can also be interpreted
to mean that state 2 does not have any sharply defined energy but an expansion with a half-width value of DE= 2 p h
A21. There would therefore be some uncertainty in this state.
Quantum mechanics has shown that this effect is of fundamental importance. It has been called the Heisenberg’s
uncertainty relation after its inventor. In normal optical
transitions, the value of ts is between 10 -8 and 10 -9 sec. This
lifetime, determined by the spontaneous transitions alone
is a decisive factor for the so called natural half-width value of a spectral line. Regarding descriptions, it must be
stressed at this point that we must differentiate between
the width of a state and the width of a line as well as between the terms state and line. Atomic states always exist,
so no statement will be made on whether the state is occupied or empty. A line can only be formed if, for example,
an emission occurs by the transition from the state from
to 2→1. The line is a word used by spectroscopists. They
may produce, for example, photographic plates using their
spectral apparatus, on which fluorescent light is shown divided up into its wavelengths. They use slits in the optical
Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011

1
⋅ I0
2

.
However, now the intensity I0 is a function of w:

I0 → ˆI ( w ) = ˆI ⋅r ( w ) ⋅ ∂w

So, we must integrate over all w:

I=

+∞

∫ {ˆI ⋅r (w ) + ˆI ⋅r (w ) ⋅ cos (w / c ⋅ DL)} ⋅ ∂w

−∞

and obtain for the interferogram

I = I0 +

+∞

∫ ˆI ⋅r (w ) ⋅ cos (w / c ⋅ DL) ⋅ ∂w

(1.7.2)

−∞

We can obtain the contrast or the visibility of the interference from the extreme values of (1.7.2):

V ( DL ) =

I max − I min
I max + I min

Thus the contrast function V, which is still dependent
on DL after the integration, is the envelope of the interferogram I(DL). According to the form the emission line
takes, or how the function r(w) is made up, we can obtain
the contrast of the function of the path difference DL and
the corresponding contrast function V(DL) by using the
above integration. The emission line of the laser, which
we will use in the later experiment, can be described using
a Gaussian function with a bandwidth Dw. The integral
according to (1.7.2) can be calculated in this way. The calculation is carried out in [1] and the contrast function is
shown in the following diagram.
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The simplest basic form of a regulatory device for interference is the Michelson interferometer. Although the physical situation we have just discussed is the same, the path
difference must be observed more closely.

10

10

05

Contrast V

relative intensity

08

∆ω

06

Bandwidth 5 Mhz
04

Bandwidth 10 Mhz

M1

02

00

00
0

Bandwidth

20

40

60

80

100

Path difference in metre

Frequency

The diagram on the right hand side of Fig. 20 shows the
contrast function. It shows that the contrast in a Gaussian
distribution curve gradually drops as the path difference
between both interfering waves increases. Theoretically,
if the path difference is infinitely long, the contrast will
eventually be zero. However this is not a practical answer.
Although technical interferometers are being used for a
long time there is no information on a marginal contrast,
which merits an evaluation. We have therefore taken the
liberty of defining the marginal contrast ourselves. We
would say that if the contrast V has dropped to

1
⋅ Vmax ≈ 0,14
e2

the practical coherence length Le has been reached. Since
these associations are important, we should now examine
the practical conditions in more detail in anticipation of
the experiments that are still to come. In the course of our
studies, we had taken a partial ray from a ray of light at a
location situated at any given distance from a light source.
We will give the coordinate Z1 to this location. Another
partial ray is taken from a second location with the coordinate Z2. Both the partial rays are joined together and the
intensity of the superimposed ray is measured.

path difference

light source

Z1

Z2

Fig. 21: Definition of coherence time

The photons taken from location z2 have to travel a longer
path than the photons at location z1. Since all photons fly
at the speed of light c, the photons at location z2 must have
been “born” earlier than those at z1. The time difference
between both photon generations is obviously

Dt =

DL
c

L1

Fig. 20: Contrast as a function of the path difference of a
light source with an emission bandwidth of 5 or 10 MHz
(Laser).

M2
Entrance

S
L2

Fig. 22: Calculating the path difference DL using the
Michelson interferometer

The beam splitter S splits the incoming beam. This is the
origin of our system of coordinates. The mirror M1 should
always be static, whereas the mirror M2 should be movable. Thus the two radiation paths form two arms of the
interferometer. The one with the static mirror is known
as the reference arm and the one with the movable mirror
is the index arm. The partial beam in the reference arm
travels a path of 2 L1 before it returns to the reunification
point at the beam splitter S. The path 2L2 is crossed in the
reference arm. The path difference is therefore:

DL = 2 ⋅ ( L 2 − L1 )

We assume that the thickness of the beam splitter plate is
zero. If L2 = L1, the path difference is zero. This can be
adjusted for any number of intervals between the mirrors.
In this state, the Michelson interferometer is symmetrical
and even white light produces an interference pattern. This
type of interferometer is sometimes also known as a white
light interferometer. To find out the coherence length of
the light source, the path difference is increased by shifting the mirror M2. There should be no maladjustment
while doing this, since this will also reduce the contrast.
If we measure this contrast as a function of the path difference, we get the contrast function. The point, at which
the contrast is below the value already given by us, is the
point where the coherence length has been reached. The
following interference patterns would probably be seen on
a screen.

If we choose a path difference DL, that is large enough
to cause a drop in contrast to the value we defined, then
the corresponding running time Dt will be known as the
coherence time. We have introduced this term for didactic reasons. It is not required in our further observations.
The construction according to Fig. 21 has a considerable Fig. 23: Decreasing contrast with an increase in path difdisadvantage in that it cannot be carried out practically. ference.
Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011
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Michelson carried out his experiments with the red line of
a cadmium lamp that had a coherence length of only 20
cm. Since the index arm is crossed twice he had a measurement area of only 10 cm at his disposal. By measuring the contrast function, it is possible to find out the line
width of the light source with (1.7.2). Can you imagine that
Michelson carried this out with the green Hg line and saw
540,000 wavelengths in path difference with his naked eye,
Perot and Fabry saw 790,000 and Lummer and Gehrcke as
much as 2,600,000! Try and picture this process: The shifting of the measurement reflector, observing the light and
dark band with the naked eye and counting to 2,600,000
at the same time. Till now we have examined the situation
where the light source has different emission bandwidths
but only one individual emission line. If we use a laser as
a light source, the emission can consist of several so called
‘longitudinal oscillation modes’, as long as we do not take
specific measures to produce only one.
mode distance

riodicity δω/2 superimposes with the cosine. The contrast
is therefore zero for

dw
p
⋅ DL = ( 2n + 1) ⋅
2⋅c
2 , n = 0,1,2 ....

or

DL = ( 2n + 1) ⋅

c
dw .

The intervals between the zero points is exactly

DL =

c
2 ⋅ dν .

Let us remind ourselves of the interval in frequencies of
longitudinal modes of a laser resonator:

dν =

c
2⋅ L .

In this case L is the interval between the laser mirrors, so
the interval between the zero points of the contrast corresponds exactly to the resonator length of the two-mode
laser used.
1.0

laser power

single mode laser

Visibility V

0.8

line width

0.6

0.4

laser wavelength →

Fig. 24: Emission spectrum of the two-mode HeNe laser
used

The expected interferogram will consist of a superimposition of the waves with both the frequencies w and dw.

 1
w
 1
 w + dw

I = I0 ⋅ 1 + cos  ⋅ DL + cos 
⋅ DL 




c
2
c
 2


two mode laser
0.2

0.0
0

1

2

3

4

path difference in metre
Fig. 25: Contrast as a function of the path difference of a
single mode and a two-mode laser

We can form a picture of the contrast function without having to make an explicit evaluation of the integral according Although the radiation is coherent, there is a disappearing
to (1.7.2) by discussing the interferogram for some values contrast. In this case, it is not due to a lack of coherence,
but to the phenomenon of optical interference. If the laser
of DL, using
emission
is put onto a photodetector at a suitably fast speed,
 α + β
 α − β
cos α + cos β = 2 ⋅ cos 
*cos 
we will have direct proof of optical interference. Optical


 2 
 2 
interference can be demonstrated using an oscilloscope or
a spectrum analyser. However, this would mean that when

 2w + dw

 dw

a two-mode laser is used in interferometry the available
I = I0 1 + cos 
⋅ DL ⋅ cos 
⋅ DL 
 2c

 2c


measurement area of the index arm would be limited to
L/2.
Although the contrast does increase when this value
Since ω >> δω
is exceeded there is no information available during the

w

 dw

zero crossings.
I = I 1 + cos
⋅ DL ⋅ cos
⋅ DL 
0




c




2c




.
Since δω is not dependent on ω, this term is constant as
far as the integration of all wavelengths is concerned and
the contrast function of the single mode emission V1(ΔL)
becomes:

 dw

V2 ( DL ) = V1 ( DL ) ⋅ cos 
⋅ DL
 2c


The contrast function resulting from the two-mode emission is reproduced by the single mode emission, but the peDr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011
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2.8 Wave fronts

The planes at which light has the same phases in a spatially
wide radiation emission are known as wave fronts.

mum of the field strength, cuts the plane of the minimum
of a second wave front, then these are the locations for destructive interference. Since the wave fronts in the example according to Fig. 26 represent planes these intersecting
points are on a straight line.

line of sight

Fig. 26: Plain wave fronts of a parallel light bundle

If the light spreads itself in a parallel fashion, the planes
of identical phases will be plane and therefore the wave
fronts are called plane.

Fig. 29: Superimposition of two divergent light bundles

If, however, two light bundles with a slight divergence are
superimposed, the intersecting points of the field strength
minima or maxima lie on circles in space. A ring structure
is formed.

2.9 Gaussian beams

Fig. 27: Curved wave fronts of a divergent light bundle

However, if the radiation expansion is divergent, the wave
fronts will be curved. If the radiation spreads in a solid
angle with the same divergence in all directions, the wave
fronts look like the surface of calotte shells. If two parallel
light bundles are superimposed with plane wave fronts, we
will see only brightness or darkness on a screen according to the relationship of the phases of the waves. If both
bundles are attracted to each other there will be a striped
pattern.

In reality, there are no actual parallel light bundles and
even wave fronts also only exist at a particular point. The
cause for the failure of geometric optics lies in the fact
that they were established at a time when people did not
yet know that light is an electromagnetic wave and that its
behaviour could therefore be described using Maxwell’s
equations. We will again use the wave equation already
known to us for this purpose


 n 2 ∂2E
DE − 2 ⋅ 2 = 0
c ∂t

If light were limitless, it would spread itself in all directions in space as a spherical wave.

 
E = E(r) with r 2 = x 2 + y 2 + z 2

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

 
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
line of sight
beams. According to the existing marginal conditions,
Gaussian beams can be found in various modes. Such
beams, especially the Gaussian basic 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 is different with lasers where
Fig. 28: Two light bundles attracted to each other with
plane wave fronts
the whole light intensity can be produced in the basic mode
alone. This, as well as the monochromatic nature of laser
If one plane of a wave front, which represents the maxiradiation, is the main difference compared to conventional
Dr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011
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light sources. A Gaussian beam always has a beam waist.
The beam radius w (w=waist) is a result of the solution of
the wave equation

 z
w (z) = w 0 ⋅ 1 +  
 zR 

2

w0 is the smallest beam radius of the beam waist and zr is
the Rayleigh length.
Fig. 29 shows the course of the beam diameter with respect
to the length z.

beam diameter

z R = w 02

p
l

creases by 1/z compared to z = 0. The radius of curvature
is infinite at z=0. The wave front is even at this point. The
radius increases again linearly above the Rayleigh length
zr. This statement is of fundamental importance. It states
that a parallel beam only exists at one point of a light wave,
that is, in its focal point.
In the region for

−zr ≤ z ≤ zr

a beam can be seen as approximately parallel or collinear.
In Fig. 30 the Rayleigh area is drawn in as well as the divergence Q in the far field region, i.e. z>>z0.
The graphic representations suggest that one of the significant characteristics of laser beams, i.e. their lack of divergence, cannot be shown in this way.

2W0

Z

Beam diameter

Rayleigh range

2W

-ZR

Z

0

Fig. 30: Beam diameter of a Gaussian beam in the basic
mode TEMoo as a function of the location z.

The beam spreads itself in the z-direction. At the point
when z=z0 the beam’s radius is at its smallest. As the interval increases, the beam radius grows linearly. Since
Gaussian beams are spherical waves, there is a radius of
curvature of the wave front for every point z. The radius
of curvature R can be calculated using the following equation:

R (z) = z +

Θ

z 2r
z

ZR

Z0

Distance z

Fig. 32: Rayleigh range zR and Divergence Q in the far field
region, i.e. z>>zR)

This is because the relationship of the beam diameter to z
in the graphs has not been standardised. If we take a HeNe
laser (632 nm) with a beam radius of wo = 1 mm at the exit
of the laser as an example, we get:

2 ⋅ z R = 2w 02

p
3.14
= 2 ⋅10 −6
= 9,9 m
l
623 ⋅10 −9

for the Rayleigh range 2zr. A moderate picture would
therefore show only a thin line in the drawing.

This situation is shown in Fig.29.

R

Wavefront radius of curvature

Z

Z

0

Z

r

Distance z

Fig. 31: The radius of curvature of a wave front as a function of the distance from the beam waist at z=0

The radius of curvature has a minimum at z = zr and R inDr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011
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Principle of Holography: Huygens principle
3.0 Principle of Holography

The basic concepts of holography are interference and the
structure of wave fronts emerging from an object. For this
we need to understand firstly the Huygens’s and secondly
the Huygens Fresnel principle.

tude of the individual wavelets are summarized and forming a new wave front.
plane wave fronts

barrier

3.1 Huygens principle

curved wave fronts

→
Ei

Fig. 36: Huygens and Fresnel principle shown at an aperture
barrier

Fig. 33: Christiaan Huygens (1629 -1695)

curved wave fronts

→
Ei

In 1678 the great Dutch physicist Christian Huygens published a his “Traite de la Lumiere” on the wave theory of
plane wave fronts
light. In his work he stated that the wave front of a propagating wave of light can be considered as the envelope Fig. 37: Inverse aperture
of spherical wavelets emanating from every point on the
Each location of the surface of a body can be considered
wave front at the previous one.
as  starting point of wavelets. The wavelets are creating a
specific wave front. Parts of such a wave front are entering
our eyes and we can “see” the object.
wavefront at time t+dt If we would be able to create the same wave front let us say
by some physical tricks, we also have the impression that
we see the object.
This is what a hologram does. Firstly we record the wave
fronts of an object. That means we need to store the vectowavefront at time t
rial distribution of the electrical field E of the light which
is emitted from the object.
spherical wavelets
Secondly we need a possibility to “replay” or reconstruct
the hologram, which means that the hologram shall provide actively the same wave fronts enabling us to see the
impression of the recorded body.
Fig. 34: Huygens principle

The wavelets have the same speed as the overall wave.
His idea is shown Fig. 34 and became generally known as
“Huygens Principle”.

body
wavelets

incoming
wave front

wave front
to observer

Fig. 38: Common situation of monitoring or recording of an
illuminated object

Fig. 35: Augustin-Jean Fresnel 1788 – 1827

The situation shown in Fig. 38 demonstrated the simple
“photographing” of the body. We store only the intensity
distribution and no spatial information.

Fresnel added to Huygens principle the idea that the ampliDr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011
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ture inside the emulsion of the photo plate in such a way
that wave fronts are created and formed which are identically as if they would emerge from the body.

body
wavelets

incoming
wave front

emulsion of photo plate

reference
wave front

Fig. 39: Adding a reference wave front

We are using now coherent light for the illumination of the
object. To obtain the spatial information the object waves
are superimposed by a reference wave with the same spectral properties as the illuminating wave front.
In practice the light comes from one light source whereby
the two beams are created by beam splitter in such a way
that both beams maintain the same spectral and phase
properties.
The resulting interference pattern is related to an intensity
distribution which is stored inside the emulsion of a photo
plate.

Fig. 40: Interference pattern of two crossing plane waves

The example of Fig. 40 shows the interference pattern or
intensity distribution of two crossing plane waves.

virtual
body

reference
wave front

emulsion of
photo plate

„body“
wave fronts

Fig. 41: Reconstruction of the hologram

The reference light is diffracted at the interference strucDr. Walter Luhs - Jan. 1999, revised 2003, 2009, 2011

Page 17

Experimental set-up: Description of the modules
4.0 Experimental set-up

1

2

3

9

6

7

5
4

8
Fig. 42: OX-12 Holography set-up

4.1 Description of the modules
4.1.1 Laser module (1)
The laser module consists of a DPSSL (Diode Pumped Solid
State Laser) with second harmonic generation and emits 25
mW at 532 nm. The module is mounted into a 4 axis adjustment holder and is controlled by the timer and controller
device (2).
Caution:
If no measures can be taken to avoid direct looking into the
laser beam, the user should wear suitable laser safety goggles.

Visible Laser Radiation

Power 50 mW max. 532 nm

Class 3B

Fig. 43: Laser module (1)
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Fig. 45: Clear intensity distribution of clean laser and optics

The laser module is cleaned carefully and subsequently
closed by a BK7 window which can be easily cleaned from
The laser module consists of diode pumped Nd:YAG laser
outside. If dust particles are disturbing the image they will
operating at 1064 nm with frequency doubling to 532 nm.  
become visible as additional interference pattern. To find
In Fig. 44 the power of the frequency double radiation at
out which optic is causing this, they are be turned in its
532 nm as function of the injection current of the pump diholder. If the interference is turning as well, then this lens
ode. The typical quadratically relation can be recognised.
needs to be cleaned.
Fig. 44: Laser power versus injection current
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Experimental set-up: Description of the modules
4.1.2 Laser controller and timer (2)

Setting the injection current: Press down the button
gently   for 2 seconds until
the white border starts to
flash. Set the desired value
by turning the knob. Press
the button again for 2 seconds to store the value.

Setting the timer: Press
down the button gently  for
2 seconds until the white
border starts to flash. Set
the desired timer value
in seconds by turning the
knob. Press the button
again for 2 seconds to store
the value.

mirror

5

mounting plate

Start the timer: Highlight by
turning the knob the “Start”
menu. Pressing the knob start
the laser for the selected time.
In addition the back light of
the display is switched off.
When reaching the set time a
signal sounds and the laser is
switched off.

Switch on the laser: The
laser can also be switched
on for continuous operation.
Select the “Laser” menu
and shortly press the set
knob. In the same way the
laser is switched off.

4.1.3 Bridge carrier 1
The bridge 1 consists of the mirror (5) which is mounted
into an adjustment holder. The mounting plate (4) is used
to accommodate the expansion lens (A) or (B). The beam
splitter plate is mounted on top of a rotary table and can be
turned. The splitting ratio is 0.3 for the reflected and 0.7 for
the transmitted beam.
The entire bridge is combined and fixed with the two provided optical rails as shown in Fig. 42.

4
beam splitter

3

bridge 1

4.1.4 Expanding lenses
A

7

In total are 4 expansion lenses are provided:
2 of A focal length -10 mm
2 of B focal length -5 mm

B

4.1.5 Bridge carrier 2

model
plate
holder

8
mirror

The bridge 2 carries the second beam bending mirror (7)
and the holder (8) for the holographic film plates. The model
shown here will be used elsewhere within the set-up. The
entire bridge is combined and fixed with the two provided
optical rails as shown in Fig. 42.
To enjoy the art of holography a sample is provided which
can be viewed and demonstrated at the beginning.

bridge 2
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plate fixing
screw

Plate holder
The holographic plates will be fixed by means of two stud
screws having a spring loaded ball tip. The entire plate
holder can be turned in its position by loosening the rotation set screw. The required 1.5 mm hexagon wrench key is
provided.

rotation
set screw

4.1.6 Set of preparation and development
equipment
For the development of the holograms and preparation of
the developer chemicals the following items are provided:
1. Three dishes are provided, one for the developer, one for
the stop bath and one for the bleacher.
2. Three one litre bottles, two for the developer (part A and
part B) and one for the bleacher.
3. By means of the balance (accuracy 0.1 g) and spatula
the chemicals are exactly portioned in accordance with the
given recipe.

4.1.7 CW-C2  two-part developer
PART A solution
A1 warmed distilled water
A2 Catechol
A3 Ascorbic Acid
A4 Sodium Sulfite (anhydrous)
A5 Urea

500
10
5
5
50

ml
grams
grams
grams
grams

PART B solution
B1 warmed distilled water
B2 Sodium Carbonate

500
30

ml
grams

Part A is good for one month, Part B indefinitely.
Add equal parts A & B to activate just a minute or two before use, just enough to cover one hologram. Mixed solution
is active for 20 minutes. Discard after one use to assure each
hologram has optimum development.

4.1.8 PBU-Amidol bleach
1
warmed distilled water
500
ml
2 Potassium Persulfate
10
grams
3
Citric Acid
10
grams
4
Potassium Bromide
20
grams
5
Cupric Bromide
1
gram
6 Amidol  (- add last ! -)
1
gram
Mix one at a time, in sequence, into 500 ml warmed distilled water, then add another 500 ml distilled water to make
1 litre. Wait at least 30 minutes for chemical activation.
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Experimental set-up: Holographic film processing
4.1.9 VRP-M Holographic plates

rel. sensitivity (log)

laser 532 nm

400

635 nm
LED lab il umination

500

600

700

800

Wavelength [nm] →

Fig. 46: Sensitivity curve of VRP-M holographic plates

The VRP-M emulsions may be used equally well with
pulsed lasers and with cw radiation.
White-light holograms made on VRP-M have a natural
green reconstruction colour. The spectral sensitivity of the
emulsion is ideally suited to use the radiation of 532 nm
which is available from DPSS laser with frequency doubling.
The plates have a size of 63 x 63 mm. As can seen from Fig.
46 the emulsion is not sensitive in the red and a LED with
635 nm can be used as dark room illumination without effecting the exposition process.
The box should only be opened in a dark room. The side
coated with the emulsion is slightly sticky and can be identified by touching.

4.2 Holographic film processing
Process
Development
Wash
Bleach

Medium
CW-C2
water
PBU-Amidol

Wash
Final wash

water
water with wetting
agent
slow air

Drying

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

Duration
2 min
2 -3 min
(until clear)
5 mins
1 min
1 min

Right after the exposition the plate is put inside the developer bath for 2 min. Place it in such a way that the emulsion is upside. Gently shake the developer bath so that the
plate is always dipped in flowing developer. The plate becomes completely dark where it has been exposed to light.
For about one minute the plate is placed into the buffer bath
which consists of distilled water.
The final step is the bleaching for about another 2 minutes
until the plate becomes clear again. From hereon the plate is
washed in water for 5 minutes and for 1 minute in water with
an rinsing agent. By means of a blow-dryer the plate is dried
which takes about one minute. Give the plate another 5 minutes to dry completely, otherwise no hologram will be visible
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Experimental set-up: Michelson interferometer set-up for stability check
4.3 Michelson interferometer set-up for stability check
interference
pattern

Mirror 1

Mirror 2

Fig. 47: Michelson interferometer set-up for stability check

The set-up is aligned in such a way that a Michelson interferometer results. The interference pattern is observed on
a piece of paper or a white wall. The fringes should not
move or dither during a time of about 60 seconds. In this
case the environment is quiet and suitable for holographic
recording.
1

so that the expansion module can be used outside the rail
system. The Fig. 49 shows the expansion of the beam using
the lens with a focal length of -10 mm.

2

3

Fig. 49: Observation of interference fringes
Fig. 48: Mounting plate on base

For better observation of the interfering beams one of the
expansion lenses (1) is placed into the mounting plate (2).
The height of the is adapted to the optical height of 65 mm
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Experimental set-up: Recording of a transmission hologram
4.4 Recording of a transmission hologram
object beam

object

holographic
plate

reference beam

Fig. 50: Set-up for transmission hologram

We start with the setup for the creation of a transmission
hologram as shown in Fig. 50. We are using the provided
reticule (2) and place it into the holder (item 6 as shown
also in Fig. 42).
1

The holographic plate is illuminated from the scattered
light emerging from the object and the reference beam.
70

6

Fig. 51: Reticule to adjust the beam direction

The expansion lens of the reference beam (item 4 as shown
in Fig. 42). The object beams is aligned to the centre of
the reticule by adjusting the X, Y or ϑ, φ fine pitch screws.

ϑ

X

reticule

reference beam

object beam

ϕ
y

ϑ

ϕ

Fig. 52: Using the reticule for beam alignment

The alignment is checked with the reticule in the nearest
and farthest position. In the next step the reticule is placed
on the other rail to align the reference beam. By means of
the ϑ and φ fine pitch screws of the adjustment holder the
reference beam is centred to the reticule.
When this alignment has been done, the expanding lenses
for the object as well as reference beam are inserted into
the respective holders.
In the following step the object is placed into the setup in
such a way that most of the scattered light hits the holographic plate. A piece of paper with the size of the plate
can be used as alignment aid.
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180

Fig. 53: Quick set-up

For a quick start a set-up as shown in Fig. 53 the following
parameters are chosen:
Expansion lenses:
f= -10 mm
Distance to expansion lens: 70 mm
Distance of both bridges:
180 mm
Injection current:
140 mA (0.5 mW)
Exposition time:
6 sec
A sample hologram created by this parameters comes
along with the set-up.
virtual object

holographic plate

reference beam →
direction of view

Fig. 54: Reconstruction or viewing of the hologram

For the reconstruction or observation of the hologram a
laser beam like the reference beam is required. One looks
through the plate which is illuminated from the back side
by the reference beam of the setup. One will notice the
virtual object after a moment of eye adaptation.
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4.5 Set-up for the creation of a Denisyuk hologram
beam not used

B
A

C

Fig. 55: Set-up for a Denisyuk hologram

For the arrangement after Denisyuk only one beam is used
which makes the set-up even more simple. The beam (A) of
the laser is expanded and shines through the holographic
plate (B). The transmitted light is scattered from the object
(C) to the holographic plate where the interference pattern
is recorded.
The development of the plate is processed in the same way
as for the transmission hologram.
A particularity of the Denisyuk holograms are the ability
to be viewed by the illumination with a white light source.

holographic plate
← white light beam

virtual object

direction of view

Fig. 56: Reconstruction or viewing the hologram

4.6 Set-up for a reflexion hologram

object

Fig. 57: Set-up for reflexion hologram

Another possibility for creating a reflexion hologram is the
use of two beams compared to the Denisyuk method. The
object is illuminated by the strong object beam whereas
the reference beam illuminate the holographic plate. Inside
the emulsion the created interference structure is stored
and holograms of this type can also be viewed under white
light illumination.
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