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Abstra
tLight has both parti
le and wave 
hara
ter. Depending on the experiment only oneproperty emerges. This lab 
ourse presents an apparatus, based on a Mi
helson interfer-ometer, that illustrates both aspe
ts and their 
oexisten
e. In the �rst part, you workon theoreti
al exer
ises and in the se
ond part you realize di�erent experiments with theexperimental setup.
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2 1 OVERVIEW1 OverviewThe following pro
edure is re
ommended:1. Get familiar with the theoreti
al ba
kground of a Mi
helson interferometer, based onthis lab instru
tions. If ne
essary, 
onsult further literature. Solve the problems statedin the text.2. Build the setup based on the instru
tions. Open a lab journal and do
ument your workduring the pra
ti
al part.3. Do the experiments 
on
erning the wave 
hara
ter of light.4. Do the experiments 
on
erning the parti
le 
hara
ter of light.5. Extend the setup with the quantum eraser.6. Write a lab 
ourse report based on your lab journal.



32 Theoreti
al basisThis 
hapter in
ludes a 
lassi
al and quantum me
hani
al introdu
tion of the theory of aMi
helson interferometer. Further literature 
an be found in [1, 2, 3℄.2.1 The ele
tri
 �eldThis 
hapter introdu
es the ele
tri
 �eld in its 
lassi
al and quantized representation.2.1.1 Classi
al des
riptionThe 
lassi
al, s
alar ele
tri
 �eld in its 
omplex analyti
al representation reads
E(r, t) = E+(r, t) + E−(r, t). (1)In order to motivate an analogy (see 
hapter 2.1.2) between the quantized radiation �eld andthe harmoni
 os
illator, whi
h you know from the quantum me
hani
s I le
ture, we des
ribethe ele
tri
 �eld in a �nite volume V with 
orresponding dis
rete mode expansion

E+(r, t) =
1

2

∑

k

E+
k
ei(ωkt−kr),

[
E±(r, t)

]∗
= E∓(r, t). (2)2.1.2 Quanutm me
hani
al des
riptionIn quantum ele
tro dynami
 is the ele
tri
 �eld quantized.1 In the framework of this theoreti
alintrodu
tion we limit ourself to the basi
 steps, that are ne
essary for the derivation of thephoton annihilation and 
reation operator. The quantization is done by repla
ing the Fourier
oe�
ients in eq. (2) by hermitian operators, i.e.

E+
k
−→ Ê+

k
= i

√
~ωk

2ε0VQ

âk, E−
k
−→ Ê−

k
= −i

√
~ωk

2ε0VQ

â
†
k

(3)with quantization volume VQ. The Fourier 
oe�
ients âk and â
†
k
denote the photon annihila-tion and 
reation operators, thus annihilate or 
reate a photon in mode k

âk|nk〉 =
√
n|(n − 1)k〉, â

†
k
|nk〉 =

√
n+ 1|(n + 1)k〉, n ∈ N. (4)One 
laims that âk|0〉 = 0, where |0〉 denotes the va
uum state. The operators ful�l the
ommutation relations

[âk, â
†
k′ ] = δ

(3)
kk′ , [âk, âk] = [â†

k
, â

†
k
] = 0, (5)where δ

(3)
kk′ is the Delta Dira
 fun
tion in three dimensions. From the quantum me
hani
sle
ture, you know the des
ription of one harmoni
 os
illator by raising and lowering operators

â and â†. They ex
ite the system in dis
rete energy levels. The quantized ele
tri
 �eld 
an1The quantization of the ele
tri
 �eld is dis
ussed expli
itly in [4℄.



4 2 THEORETICAL BASISbe interpreted as (r, t)-depending superposition of in�nite many harmoni
 os
illators, whereea
h mode k is assigned to one harmoni
 os
illator. The energy of su
h an os
illator is givenby the number of quanta (photons) in the 
orresponding mode. Be
ause photons are bosons,a mode k 
an be populated by an arbitrary number of photons. Equivalently, a harmoni
os
illator 
an be ex
ited to an arbitrary energy level.
2.2 Theory of a beamsplitter 
ubeThe starting point of the theoreti
al and experimental understanding of a Mi
helson interfer-ometer is the beamsplitter 
ube. Its 
lassi
al and quantum me
hani
al physi
s is dis
ussed inthe following subse
tions.2.2.1 The s
attering matrixGenerally, a beamsplitter has two input and two output ports (E1, E2) and (A1, A2). There�e
tion and transmissionn properties of an opti
al layer system are fully des
ribed by thes
attering matrix of S-matrix. Its general form reads

S =

(
t′ r

r′ t

)
=

(
|t′| eiφt′ |r| eiφr

|r′| eiφr′ |t| eiφt

)
, S ∈ C, (6)where (r, t) are the re�e
tion and transmission 
oe�
ients for the input port E1, and (r′, t′)the 
orresponding 
oe�
ients for input E2 of the transmitting medium [2℄ (�g. 1 and �g. 2).

(r,t)Figure 1: S
hemati
 of a beamsplitter 
ube with re�e
tion and transmission 
oe�
ients (r, t) and
(r′, t′).



2.2 Theory of a beamsplitter 
ube 5
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Figure 2: S
hemati
s of a beamsplitter 
ube with input ports (E1, E2) and output ports (A1, A2).Energy 
onservation requires in a lossless medium [3℄
|r′| = |r|, |t′| = |t|, |r|2 + |t|2 = 1, r∗t′ + r′t∗ = 0. (7)A

ording to [5℄ the phases in eq. (6) for a bemasplitter 
ube are 
hosen

φr = φt = φr′ = 0, φt′ = π. (8)For a 50%/50% beamsplitter 
ube, it follows that the re�e
tion and transmission 
oe�
ientsare
r = t = r′ =

1√
2
, t′ =

1√
2
eiπ = − 1√

2
. (9)2.2.2 Classi
al des
riptionAt position z = 0, the laser emits the ele
tri
 �eld E0(r, t) in the form of a linear polarized,mono
hromati
 plane wave, that propagates along the z-dire
tion, i.e.

E0(z, t) = E0e
i(ω0t−kzz). (10)For simpli
ity, we use the notation E0,j(z, t) → E0(z, t), j ∈ {x, y}. After the distan
e z0, wepla
e a beamsplitter 
ube with 
oe�
ients (r, t).Exer
ise 1: Derive eq. (10) out of the general solution

E0(r, t) =
1

(2π)4

∫
d3k′

∫
dω E0(k

′, ω)ei(ωt−k
′
r) (11)of the wave equation in va
uum. We assume E0(k

′, ω) = f(k′)g(ω).



6 2 THEORETICAL BASISConsidering eq. (6) and only one input beam, the output �elds E1(z0, t) und E2(z0, t) aregiven by (�g. 3)
(
E1(z0, t)

E2(z0, t)

)
=

1√
2

(
−1 1

1 1

)(
0

E0(z0, t)

)
=

E0√
2
ei(ω0t−kzz0)

(
1

1

)
. (12)

Figure 3: S
hemati
 of a beamsplitter 
ube with 
lassi
al input and output �elds E0(z0, t), E1(z0, t),and E2(z0, t).2.2.3 Quantum me
hani
al des
riptionAnalogi
ally to the 
lassi
al des
ription, we 
onsider only photons that propagate in z-dire
tion, i.e. k → kz. We repla
e the mode index kz by i, be
ause we deal only withmono
hromati
 photons in mode kz = 2π
λ

in interferometer arm i. Then, the relations in eq.(5) read
[âi, â

†
j ] = δij , [âi, âj ] = [â†i , â

†
j ] = 0, i, j ∈ {0, 1, 2}. (13)One is tempted to set â1 and â2 (equivalently to the 
lassi
al des
ription) to

â1 = râ0 â2 = tâ0 (14)It is easy to show that for general r and t the operators in eq. (14) violate eq. (13). Thus,lead to an in
orre
t quantum me
hani
al des
ription of a beamsplitter 
ube. The 
orre
tquantum me
hani
al des
ription requires an additional input port â3 (�g. 4), although in theexperiment no photon is sent through it. Quantum me
hani
ally this absen
e is asso
iatedto an in
oming va
uum state |0〉. The beamsplitter transforms the in
oming annihilationoperators â0 and â3 by left multipli
ation with the S-matrix [eq. (6)℄. Using the resultingrelation
(
â1

â2

)
=

(
t′ r

r′ t

)(
â3

â0

) (15)and eq. (9), we end up �nally with
â1 =

1√
2
(â0 − â3), â2 =

1√
2
(â0 + â3). (16)



2.3 Theory of a Mi
helson interferometer 7
Exer
ise 2 (fa
ultative): Show for general r and t, that the operators in eq. (16) satisfythe 
ommutation relations in eq. (13) (now with i, j ∈ {0, 1, 2, 3}) under the 
onditions

|r′| = |r|, |t′| = |t|, |r|2 + |t|2 = 1, r∗t+ r′t′∗ = 0. (17)Now, they lead to a 
orre
t quantum me
hani
al des
ription of a beamsplitter 
ube.

Figure 4: S
hemati
 of a beamsplitter 
ube with the photon operators âi, i ∈ {0, 1, 2, 3}.2.3 Theory of a Mi
helson interferometerThe Mi
helson interferometer is 
ompleted by the two mirrors M1 and M2 a

ording to �g. 5.2.3.1 Calssi
al des
riptionThe ele
tri
 �elds in eq. (12) propagate through free spa
e from the beamsplitter 
ube to themirrors M1 and M2 and ba
k again. They be
ome
E1(z0 + z1, t) =

E0√
2
ei(ω0t−kz(z0+z1)),

E2(z0 + z2, t) =
E0√
2
ei(ω0t−kz(z0+z2)). (18)After antoher transmission and re�e
tion, respe
tively at the beamsplitter and propagation

z3, the ele
tri
 �eld rea
hes the dete
tor in a superposition of �elds E′
1(z0 + z1 + z3, t) and

E′
2(z0 + z2 + z3, t), thus lead to

E3(z0 + z3, z1, z2, t) = E′
1(z0 + z1 + z3, t) + E′

2(z0 + z2 + z3, t)

=
E0

2
ei(ω0t−kz(z0+z1+z3)) +

E0

2
ei(ω0t−kz(z0+z2+z3))

=
E0

2
ei(ω0t−kz(z0+z3))(e−ikzz1 + e−ikzz2). (19)
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Figure 5: S
hemati
s of a Mi
helson interferometer. Left: 
lassi
ally, right: quantum mea
hani
allyExer
ise 3: Show that the intensity at the dete
tor is given by
I(z1, z2) =

ǫ0c

2
|E0|2 cos2

[
kz(z2 − z1)

2

]
. (20)For 
ertain arm length z1, at a �xed arm length z2 = z20 and kz =
2π
λ
, we get 
onstru
tive ordestru
tive interferen
e.Exer
ise 4: What happens with the intensity I(z1, z2), if one interferometer arm is blo
ked?This question 
an be answered by means of eq. (19).2.3.2 Quantum me
hani
al des
riptionIf we 
onsider the free propagation and the following transmission and re�e
tion at the beam-splitter, we get the �eld operator d̂ at the dete
tor output of the interferometer using eq.(16)

d̂ = â1e
−ikzz1t+ â2e

−ikzz2r′

=
1

2
[â0(e

−ikzz1 + e−ikzz2) + â3(e
−ikzz2 − e−ikzz1)]. (21)In our experiment, the quantum me
hani
al photon 
ount distribution
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Pm(T ) = Tra
e{ρ̂N̂ (ξd̂†d̂)m

m!
e−ξd̂†d̂

} (22)
an be 
al
ulated with d̂ in eq. (21) [6℄. It is the probability to dete
t m photons during themeasurement time T . The density operator ρ̂ des
ribes the photon statisti
 of the in
ominglight �eld. The normal operator N̂ arranges all operator produ
ts su
h that all 
reation oper-ators are on the left side (regardless the 
orresponding 
ommutation relation). The quantume�
ien
y ξ des
ribes the probability of dete
ting an in
oming photon during measurementtime T . A longer 
al
ulation ends up with a Bernoulli distribution
Pm(z1, z2, T ) =

∞∑

n=m

Pn

(
n

m

){
ξ cos2

[
kz(z2 − z1)

2

]}m

×
{
1− ξ cos2

[
kz(z2 − z1)

2

]}n−m

. (23)This expression is interpreted as the probability to dete
t m photons out of n in
omingphotons. Pn is the probability distribution, that n photons in mode k are emitted during themeasurement time T . The 
osine square has the arm di�eren
e as an argument and weights theprobability of dete
ting a photon. For a mono
hromati
 laser Pn follows a Poisson distribution
Pn =

n̄n

n!
e−n̄, (24)where n̄ is the mean photon number.Exer
ise 5: Show that

Pm(z1, z2, T ) =
(pn̄)m

m!
e−n̄p (25)using eq. (23), Pn of eq. (24), and the de�nition p

.
= ξ cos2

[
kz(z2−z1)

2

].In the 
lassi
 limes, the standard deviation be
omes zero for in�nite number of measurementsof m photons.Exer
ise 6: Show that the expe
tation value m̄ with Pm(z1, z2, T ) in eq. (25) is given by
m̄ = n̄ξ cos2

[
kz(z2 − z1)

2

]
. (26)Equation (26) represents the expe
tation value of dete
ting m̄ photons on average during themeasurement time T . If we assume a dete
tor area A, then m̄ 
orresponds to the 
lassi
 limes.Thus, a

ording to [3℄, the 
lassi
 intensity equation (20) reads
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I(z1, z2) =

m̄~ω

AT
. (27)2.3.3 Mi
helson interferometer with tilted mirrorsIf we slightly tilt mirror M1 (�g. 6), the propagation dire
tion of one beam 
hanges, andrea
hes the s
reen under the angle β 6= 0 with respe
t to the other beam. Be
ause of this,interferen
e fringes arises. Based on �g. 6, it is easy to derive

d =
λ

sin(β)

β≪1≈ λ

β
, (28)where d denotes the distan
e between two intensity maxima and λ is the wavelength (distan
ebetween two su

essively following phase fronts).

k
1

k
2

Figure 6: Left: s
hemati
 of a Mi
helson interferometer with tilted mirror M1. Right: tilted wavefronts rea
hing a s
reen. The superposition leads to interferen
e fringes.With �g. 6, it is easy to see, what happens if one arm length is 
hanged. The phase front ofthe tilted beam moves along the waveve
tor k2, and therefore the interse
tion on the s
reenlies on another position. The number of fringes m, that 
an be seen when tilting the mirror,depends on the path di�eren
e ∆s (�g. 7).
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Figure 7: S
hemati
 of a Mi
helson interferometer with tilted mirror. The laser beam rea
hes thebeamsplitter under 45◦. The mirror (M1) 
an be shifted by ∆s.exer
isee 7: Show that m is given by
m =

∆L

λ

β≪1≈ 2 ·∆s

λ
, (29)where λ is the wavelength, and β is the tilting angle. Cal
ulate the length di�eren
e ∆L ofthe laser beam, that is 
aused by a piezo a
tuator 
hange of ∆s. The tilting angle of M1 is β.Use for the 
al
ulation the quantities L1(∆s), g(∆s, β), j(∆s, β), h(∆s, β), and �g. 7.



12 3 EXPERIMENTAL SETUP3 Experimental setupThe basi
 idea of the setup is the following. Two beams are sent into a Mi
helson interferometerin order to show simultaneously experiments, that illustrate the wave and parti
le 
hara
terof light. One beam is attenuated by a �lter, and dete
ted by a photomultiplier (PM). Theother arrives (not attenuated) to a photodiode (PD). The PD measures the 
lassi
al intensity
I [eq. (20)℄. The PM measures m̄ of eq. (26). This 
hapter explains shortly ea
h 
omponentof the setup by means of a legend, depi
ted in �g. 8.

Figure 8: Photography of the experimental setup.As a light sour
e, we use a laser (1) at 532 nm wavelength. A beamsplitter BS1 (2) preparestwo partial beams. A mirror M0 (3) re�e
ts the re�e
ted beam 
oming from BS1 parallel tothe transmitted one. BS1 and M0 together build a lower beam A and a upper beam B. BeamB 
an be attenuated by a blo
k �lter (4) and a variable �lter (5) (the variable �lter is notused at this stage of the lab 
ourse). The position of the blo
k �lter swit
hes an interlo
k. Ifthe beam blo
k is in the beam path, the PM (14) is enabled. If not, the interlo
k dis
onne
tsthe power supply for the PM, thus prote
ts it against high light intensities. The mount forthe variable �lter allows a stepless attenuation of beam B.



3.1 Elektroni
 box 13Both beams A and B pass through the Mi
helson interferometer. It 
onsists of a beamsplitter
ube BS2 on a pit
h and yaw platform (6) and two tiltable mirrors M1 (7) and M2 (8). Themirror M1 is mounted on a piezo a
tuator, in order to 
hange the path length of one arm ofthe interferometer. A rough positioning 
an be a
hieved by a translation stage. The stage 
anbe lo
ked by a sets
rew on the side of the stage.A D-mirror (9), pla
ed at the output of the interferometer, pi
ks out beam A, and anothermirror M3 (10) re�e
ts the beam parallel to beam B. Ea
h beam is �ared by a di�user lens(11) and (12).The PD (13) dete
ts beam A and the PM (14) dete
ts beam B. The signals are a
quired by anele
troni
 box. It is not only for signal a
quisition and pro
essing, but also used as power sup-ply for the laser, pizeo a
tuator, and PM. As data a
quisition, we use a DSO (digital storage os-
illos
ope), two loudspeakers, and a LabView VI (�Praktikum_Welle_Teil
hen_Dualismus.vi�),that is used as a 
ounter.3.1 Elektroni
 boxThe ele
troni
 box operates the experiment. The front panel is depi
ted s
hemati
ally in �g.9. Here the panel is shortly des
ribed, a

ording to the manual [7℄.Five opti
ally separated elements 
ontrols the experimental setup.Laser A swit
h starts the laser. A potentiometer sets the voltage for the laser. The settingis digitally displayed in units of volts. The maximum voltage is 3.19 volts. The laseroperates at 3 volts (see introdu
tion in 
hapter 5). Note that the laser need about 15minutes to stabilize its power.Photomultiplier If the interlo
k 
ir
uit is 
losed, the PM 
an be started by a swit
h. The
ontrol voltage for the high-voltage of the PM is tuned by the �HV level� potentiometer.This voltage is proportional to the high-voltage.The �dis
r. level� potentiometer allows to set a threshold. If the in
oming signal over-
omes this threshold level, a TTL signal is generated and the LED �photon� �ashes. Theloudspeaker signal and the TTL signal are identi
al.Piezo 
ontrol The piezo a
tuator is used in one of �ve settings� Position �remote�: An external voltage (plugged at the �manual remote� input) isapplied.� Position �manual�: A 
onstant voltage is applied. It 
an be setted with the �man.level� potentiometer.� Position �ramp�: A triangle voltage of 15 ± �s
an amplitude�/2 Volt is applied. Itis de�ned by the �s
an ampl.� potentiometer.



14 3 EXPERIMENTAL SETUP� Position �lo
k�: An internal voltage is generated for the stabilizing mode. The�lo
k� fun
tion is dis
ussed in 
hapter 5.2.1 in more detail.� Position �open�: A 
onstant voltage of 15 Volts is applied.Fringe Lo
k The ele
troni
 in
ludes a PI 
ontroller, that is used for stabilizing the interfer-en
e fringes. The time 
onstant of the integration 
an be set with the potentiometer I.If the integrator rea
hed its maximum voltage, it 
an be reset with the 
orrespondingbutton. The proportional part is set with the potentiometer P.Photodiode A 
onstant voltage 
an be added to the photodiode signal with the �PD o�set�potentiometer. �PD gain� ampli�es the signal. Note that this potentiometer is 
onne
tedin
orre
tly, thus the s
ale has to be inverted (zero 
orrespond to ten units).
Figure 9: S
hemati
 of the ele
troni
 box' front panel (referen
e: [7℄).



154 Alignment of the Mi
helson interferometerNote: Before you start, the lab 
ourse assistent should give you a short instru
tion aboutlaser safety.This 
hapter is a guide for aligning the experimental setup, expli
itly the Mi
helson inter-ferometer. The labels and numbers 
orrespond to 
hapter 3 and �g. 8, respe
tively. Theelements (1)-(4) are prealigned, i.e. beam A has the same height as the D-mirror (9), andpoints parallel to a hole line. Beam B is aligned parallel to beam A. Moreover, the beamsplit-ter 
ube is mounted on the pit
h and yaw platform. The blo
k �lter (4) should only attenuatebeam B, and swit
hes the interlo
k if it is pla
ed in the beam path.1. Arrange all 
omponents (1)-(12) temporary to get an overview. Both arms of the inter-feromter should have about the same length (≈ 9 
m). The positions are marked on thelab table as aid.2. Pla
e an iris diaphragm dire
tly after the blo
k �lter (4) on the height of beam A. Alignmirror M2 (8) with blo
ked beam B (use the blo
k �lter) su
h that the re�e
ted beampasses ba
kwards through the diaphragm to the laser. The beam passes now parallel tothe normal of the mirror.3. Beam A and B should be parallel to ea
h other, be
ause BS1 (2) and M0 (3) are pre-aligned. Che
k this again by looking at beam B. Tilt M0 till the re�e
tion goes ba
k tothe laser too. This is a
hieved by observing the beam at the laser output aperture.4. Pla
e the beamsplitter 
ube of the interferometer BS2 (6) in the lower beam A (blo
kbeam B) and rotate the platform su
h that two surfa
e normals are oriented parallel tothe beam. The generated partial beams propagates to M2 and to M1 (temporary setin step 1). Blo
k the beam that goes to M2 and rotate the 
ube su
h that the ba
kre�e
tion in the 
ube propagates ba
k to the diaphragm of step 2.5. Fix and align mirror M1 (7) in su
h a way, that the two partial beam overlap on a s
reenat the output of the interferometer. Now you should see an interferen
e pattern be
auseof the interfa
es of the beamsplitter 
ube BS2, even if you blo
k the mirrors M1 andM2 (turn o� the ambient light!). This interferen
e disturb the experiments. Thereforerotate (do not pit
h, otherwise the beam height 
hanges) the platform a bit to preventthe superposition of two interferen
e pattern.6. Separate beam A and B with the D-mirror. Afterwards parallelize them again roughlywith mirror M3 (10). To ensure perpendi
ular hitting of the dete
tor, use a iris di-aphragm to keep the beam height.7. Use lense (11) and (12) to �are the interferen
e pattern of beam A and B, respe
tively.To prevent aberration, the beam goes through the 
enter of the lense, and its ba
kre�e
tion passes through a iris diaphragm.



16 4 ALIGNMENT OF THE MICHELSON INTERFEROMETER8. For further attenuation of beam B, the variable �lter (5) 
an be pla
ed after the blo
k�lter (4). The re�e
tion of both �lters should pass ba
kwards through the iris diaphragmof step 2 to the laser.9. The PD (13) (dete
tion area 8 mm2) is mounted on a translation stage and �xed inmaximal distan
e to the lense in the 
enter of the beam A. This distan
e ensures thatthe dete
tor resolves an intensity minimum even with multiple fringes, and does notdete
t light of a following maximum.Note: If ne
essary, let you explain the basi
s of the DSO.Fix the PM at the same distan
e without translation stage in beam B. The atta
hmentin front of the dete
tor is a sequen
e of diaphragms and �lters. It prevents in
iden
eof ambient light. To get a PM signal, you have to observe the DSO signal and a
tivatethe interlo
k by pla
ing the blo
k �lter in the beam path. The PM operates only ifthe swit
h is pressed. This safety me
hanism prevents the dete
tor of overexposure.Chose the setting �ramp� for the piezo voltage, three volts for the laser voltage, andseven units (0.7 volts) for the PM volatge. Align the PM su
h that the DSO shows notonly noise but typi
al photomultiplier signals. They raise strongly and then de
reaseexponentially. Optimize the PM orientation horizontally and verti
ally in order to getmaximal spikes on the DSO. At the same time, you 
an audibly optimize the signalstrength by means of the loudspeakers and 
he
k the 
ount rate with LabView (�Prak-tikum_Welle_Teil
hen_Dualismus.vi�).



175 ExperimentsThe laser operates at a voltage of three volts. This guarantees the maximum di�eren
e betweenintensity maxima and minima in the interferen
e pattern. The following experiments are donewithout the variable �lter (5).5.1 Wave 
hara
ter of light5.1.1 Chara
terization of the interferen
e patternGoal: After aligning the interferometer, you have to 
hara
terize the interferen
e pattern.Pro
edure: If the mirror, mounted on the piezo a
tuator, is tilted, you observe interferen
efringes. Do
ument what happens if you tilt the mirror in
reasingly. Dis
uss the result in the
ontext of eq. (28) and eq. (29).5.1.2 Photodiode signalGoal: Measure lo
ally the intensity with the photodiode in order to get a detailed analysisof the interferen
e fringes. The photodiode gives you a voltage proportional to the intensityof the in
oming light. This voltage is displayed on the DSO.Pro
edure: Tilt the mirror on the piezo a
tuator su
h that three verti
al fringes arise. Theexperiment works with another number of fringes too, as long as the dete
tor 
an resolvemaximum and minimum. Operate the piezo in the "`ramp"' mode and the set the "`s
anamplitude"' to maximum. Re
ord the photodiode signal one time with open interferometerarms and one time with one arm blo
ked. Che
k that the dete
tor does not saturate. Savethe signal with the DSO and analyze them with an suitable software, i.e. plot the signalsdepending on the piezo voltage. Try to get a signal as harmoni
 as possible. Hint: Trigger tothe ramp pattern of the piezo voltage to stabilize the PD signal. This is possible, be
ause theboth signals are 
orrelated. At the ba
kside of the ele
troni
 box, you �nd the piezo voltagethat 
an be 
onne
ted to the DSO. Dis
uss possible 
auses why the PD signal is not perfe
tlyharmoni
. Che
k experimentally the result of exer
ise 4.5.2 Parti
le 
hara
ter of light5.2.1 �Photons interfere only with itself�Goal: Paul Dira
 wrote in 1927 in his work �The Prin
iple of Quantum Me
hani
s� [8℄: �Ea
hphoton interferes only with itself.�. This should be shown with the following experiment.Pro
edure: Despite the low held 
onstru
tion, the interferen
e pattern is very sensitive toexternal in�uen
es. Chara
terize the di�erent external disturban
es that in�uen
e the inter-feren
e. To 
ompensate for disturban
es, the ele
troni
 box has a build in stabilizing mode�lo
k mode�. This mode lo
ks the interferen
e fringes su
h that the PD always measures the



18 5 EXPERIMENTSsame intensity. As soon as the ele
troni
s re
ognize a di�eren
e in the light intensity, thepizeo voltage is adjusted. The 
hange of the piezo voltage leads to a 
hange of the piezoposition. Therefore the phase di�eren
e between the interfering partial beams 
hanges, thusthe intensity at the PD. Finally the PD measures the newly set intensity. If you s
an the pho-todiode transversally through the interferen
e fringes, the PM s
ans it simultaneously. ThePM remains �xed.Blo
k the piezo mirror. The interferen
e disappears. A

ordingly, only one partial beamrea
hes the photomultiplier. Pla
e the blo
k �lter in the upper beam path. This attenuatesthe beam hitting the PM and a
tivates the interlo
k swit
h. Now, the PM 
an be operated.Start with a bias of seven units (0.7 volts). If the PM dete
ts a photon, it generates a out-put signal that enters the ele
troni
 box. If the signal over
omes the threshold (dis
riminatorlevel), a TTL signal is generated. This separates noise and the signal triggered by the photons.The TTL signal is rendered audible by the loudspeakers and 
an be re
orded with the 
ounter(LabView: �Praktikum_Welle_Teil
hen_Dualismus.vi�). Alternatively, the dete
tion rate ofthe PM 
an be re
orded by means of the TTL signals fed into the DSO. Conne
t the TTLoutput of the ele
troni
 box with the DSO for this. Now, the signals 
an be plotted for anappropriate time period, stored, and 
ounted with an suitable software of your 
hoi
e. Statequalitatively what happens with the dete
tion rate of the PM, if you 
hange the high voltage andthe threshold level by means of the a
ousti
 signal. Moreover, state qualitatively the 
hangeswhen looking at the LabView 
ounter and/or your stored TTL signals. Attention: Do notoperate the PM with a high-voltage more than 8 units (0.8 volts). For the experiments withthe PM, a threshold value of about 2.5 - 3 units is established.Now lo
k the interferen
e pattern with appropriate settings of the voltage and threshold levela

ording to the following instru
tions:1. Tilt the mirror M1 (7), till you see three fringes.2. By means of the �o�set� voltage, set the photodiode signal symmetri
ally around the
entral abs
issa on the DSO (piezo mode �ramp�).3. Now, 
hose piezo mode �manual� and �man. level� su
h that the photodiode signal liessymmetri
ally around the 
entral x-axis. With these settings the photodiode is pla
edexa
tly between an intensity maximum and a minimum, and the ele
troni
s knows howto 
orre
t the piezo voltage when a intensity 
hange arise.4. Next, the piezo mode is set to �lo
k�. If the stabilization works 
orre
tly, the signalstays around the 
entral x-axis, even if you push gently on the lab table. If you observeos
illations of the PD signal, redu
e the gain of the signal with the �gain� potentiometer.5. If all is set 
orre
tly, the photodiode 
an be move slowly (!) by means of the translationstage. The fringes move thank to the ele
troni
 box too, su
h that the PD alwaysmeasures the same intensity.



5.3 Transition from parti
le to wave 19If you move the PD in a position, where the loudspeakers are silent, the PM is 
lose to aposition, where the probability to dete
t a photon is almost zero. Re
ord, store, and analyzethe PM signal at this position with both opened interferometer arms and with one arm blo
ked.Note that if you blo
k the lower beam too, the stabilization mode fails. Determine the noise
ontribution of the PM signal by blo
king the PM input. Have you shown Dira
's statementwith this experiment? Isn't it possible that two photons 
an interfere with ea
h other? Pleaseread for this 
hapter I of [8℄, the sub
hapter about photon interferen
e.5.3 Transition from parti
le to waveGoal: This experiment shows the transition from the quantum me
hani
al nature of light tothe 
lassi
al nature.Pro
edure: Re
ord both the PD and the PM signal with the DSO. Now the PM signalshould make the transition to the PD signal. Operate the DSO in the average mode and storethe signal for di�erent number of averages. Note that you have to wait longer for a stabilizedDSO signal as you in
rease the number of averages. Store the PD signal and the PM signal(with di�erent number of averages). Read the signals with a suitable software and interpretyour results.5.4 �Whi
h-path� experiment with a quantum eraserGoal: With a simple extension of the experimental setup a

ording to �g. 10 you 
an realizea quantum eraser. By means of two polarizing �lters the light gets horizontally polarized inone interferometer arm and verti
ally polarized in the other. The a
tual quantum eraser is apolarizer at the output of the interferometer. Its polarization plane 
an be rotated.Pro
edure: Tilt the mirror su
h that you observe three fringes. The experiment workswith another number of fringes too, as long as the PD 
an distinguish between intensityminimum and maximum. The piezo a
tuator operates in the mode �manual�. Moreover, thePM operates with a bias of seven units (0.7 volts), with blo
k �lter, and without the variable�lter. The experimental setup is extended a

ording to �g. 10. The laser is orientated su
hthat its polarisation is tilted about 45 degrees with respe
t to the table plane. Che
k withthe PD the di�eren
e between intensity minimum and maximum for di�erent quantum eraserorientations. For the quantum me
hani
al des
ription of the quantum eraser, we observethe 
ount rate of the PM depending on the orientation of the quantum eraser by means of the
ounter (LabView) or the TTL signals re
orded with the DSO (analogi
ally to 
hapter 5.2.1).Why you do not observe any interferen
e if you superpose two orthogonally polarized beams?What is the 
orresponding quantum me
hani
al interpretation?
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Figure 10: Experimental setup of the �Whi
h-path� experiment with the quantum eraser. Theelements (6)-(8) build the Mi
helson interferometer. The setup is extended with threepolarizing �lters. Filter (15) polarizes the partial beam verti
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