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Observation and verification of the Fresnel and
Arago interference laws using adaptive photodetectors
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The Fresnel and Arago interference laws relate the polarization of the electromagnetic field to the interference phenomenon. Different
methods and interferometers have been reported to verify these laws; most of them rely on visual inspection to determine the positions
of maximum and minimum interference. In this report, the observation and verification of the Fresnel and Arago interference laws using
adaptive photodetectors are presented. These photodetectors generate an electrical current proportional to the square of the visibility of
the interference pattern; thus, the gradual change from the appearance of the interference pattern (maximum visibility) to its disappearance
(minimum or null visibility) is detected as an electrical current. The extreme values of the interference pattern visibility can be accurately
assessed, in real time and without the need of any signal processing. A difference of 3 orders of magnitude between the electrical signals
measured in the maximum and minimum intensity regions in the interference pattern is demonstrated. Due to the adaptive properties of the
photodetectors (compensation of the irregularities of the interfering beams and suppression environmental fluctuations), the proposed method
can be suitable for teaching purposes in undergraduate laboratories.
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1. Introduction methods are described in Ref. [6]. Analytical proofs of Fres-
nel and Arago laws derived for first principles have been re-
The visibility or contrast of interference fringes produced prorted in Refs. [11,12].
the superposition of two waves is strongly dependent notonly | the majority of the aforementioned experimental meth-
on the spatial and temporal coherence of the electromagnetjgys only the points of maximum visibility (total interfer-
field, but also of its state of polarization. The laws that relateence) and minimum visibility (null interference) are reported
polarization of the electromagnetic field and interference argy corroborate the Fresnel and Arago laws, and the position
known as Fresnel and Arago laws [1]. In modern terms, theyf these points relies mainly on visual inspection.
can be stated as follows [2,3]: The following reports experimental results on the utiliza-
1. Two waves linearly polarized in the same plane can in_tion of adaptive photodetectors based on the non-steady state
terfere. photoe'lectromotlve force [13,14] to verify the Fresn.el and
Arago interference laws. One feature of these adaptive pho-
2. Two waves linearly polarized with perpendicular po- todetectors is that they generate an electrical current which is
larizations cannot interfere. proportional to the square of the visibility or contrast of the
interference pattern. So, the use of adaptive photodetectors
3. Two waves linearly polarized with perpendicular po- allows the electrical detection of the points of total and null
larizations, if derived from perpendicular componentsinterference as well as the gradual changes from one posi-
of unpolarized light and subsequently brought into thetion to the other as a function of the relative orientation of
same plane of polarization, cannot interfere. the linear polarization between the two interfering beams. In
) ) ) ) contrast to the previously reported detection methods, which
4. Two waves linearly polarized with perpendicular po- empioved CCD cameras or visual inspection, the proposed

larizations, if derived from the same linearly polarized ,othod does not need record images and perform image pro-
wave and subsequently brought into the same plane Qgessing

polarization, can interfere.

These laws have been corroborated experimentally using,  Adaptive photodetectors
different interferometers, among them, we can mention the
Michelson interferometer [4], the Young interferometer [5,6], The adaptive photodetectors are detectors based on the non-
and the Mach-Zehnder interferometer [7,8]. The use of gratsteady-state photo-electromotive force (p-emf) effect. This
ings as beam splitters and birefringence elements has been effect consists in the generation of an alternating electrical
ported to overcome some experimental problems [9,10]. Deeurrent through a short-circuited photoconductive material
tails on the experimental difficulties and limitations of thesewhen itis illuminated by an oscillating, spatially non-uniform
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light pattern. The current is the result of the spatial mismatch
between the relatively stable space-charge electric field dis
tribution Egc(x), stored in the impurity centers of the pho-
toconductive material, and the photo-excited carriers’ distri-
bution o(x, t), which follows the instantaneous light distri-
bution, that iso(z, t) o< I(x,t) [13,14].

To observe the effect, the photoconductive sample is usu-
ally illuminated by an oscillating interference pattern formed
by two coherent plane waves, one of which is phase mod-
ulated at frequency. For the present report, the electrical
currenti generated by the adaptive photodetector can be ex
pressed as [14,15]:

i(V) = CALLV2K (a)F(f), (1)

where A is the amplitude of the phase modulatidp,is the
average intensity impinging on the adaptive photodetegtor,
is the visibility of the interference patterd («) and F'(f) FIGURE 1. Photograph of the adaptive photodetector employed.
are functions that depend on the spatial frequency of the inter-

ference pattern and the phase modulation frequency, respec- Figure 1 shows a photograph of the actual adaptive pho-
tively, « is the interference angle between the two beams, antbdetector we used in this report. It was fabricated from
the constantC' groups several electroptical constants. Thea piece of GaAs:Cr crystal with approximate dimensions

visibility of the interferece pattern is given by [16,17]: of 3.2 x 3.2 x 0.5 mm, glued to a printed circuit board.
Two parallel electrodes were deposited on its front surface
v — 2v LIy | @ (3.2 x 3.2 mm) with silver paint, in such a way that the effec-
Iy ’ tive interelectrode dimensions wekg = 1 mm (horizontal)

andL, = 3.2 mm (vertical). Finally, with 2Qum gold wires

wherel, andl; are the intensities of the interfering beams athe sjlver painted electrodes were connected to a coaxial ca-
the adaptive photodetectdp, = I, + 1>, andy is the complex  pje.

degree of coherence.

These detectors have been named adaptive photodetec- ]
tors in the sense that they can detect very efficiently high3. Experimental setup
frequency, low-amplitude phase modulated signals in the . ]
presence of low-frequency, high-amplitude phase shifts (suchh® experimental setup to observe the Fresnel and Arago in-
as those produced by environmental perturbations) and Céﬁrfe_rence laws using an adaptlve_ photodetectqr is dep_lcted
produce an efficient signal with interfering beams with ir- N Fig. 2. A 3 mW randomly polarized He-Ne with a emis-
regular wavefronts (even the ones modulated with specklci'On wavelength o = 632.8 nm laser is divided in two
These features are the result of the dynamic properties op€a@ms by a broadband non-polarizing beamsplitter. A phase
the formation of the space charge electric figlg and the ~Modulation of amplituded at frequencyf is introduced in
holographic processes involved in the formation of the p-emPne of the beams (named beam 1) after it is reflected from a
electrical current [13,14]. As detectors of phase modulatednirror glued to a vibrating piezoelectric transducer driven by
signals, the theoretical sensitivity of adaptive photodetectorst Signal generator. This phase modulated beam is superim-
that is, the minimal detected amplitude of phase modulatioosed with the other beam (named beam 2) on the adaptive
is = 2 x 1077 rad(mW/Hz) (or 134 dB/Hz/mW), which
is about 1 order of magnitude worse than the theoretical esti-

S.G
mate for an ideal photodiode [18]. On the other hand, com- &
pared to solar cells, they present a very low light-to-current Sackn
conversion efficiency; at room temperature and in the visi- a2z )
ble range, the theoretical efficiency for the adaptive photode- st -
tectors is abouts 3 x 1074 [13,18]. Adaptive photodetec- @ <

tors have been employed for measuring the coherence lengtl -

Adaptive

of light sources [17], for detecting small amplitude vibra- photodetector

tions, such as those produced by laser-generated ultrasoni¢; re 2. Scheme of the optical setup to verify the Fresnel and
displacements in rough surfaces [19], er QharaCteflzauon_ Ofrago interference laws by using a GaAs:Cr adaptive photodetec-
femtosecond pulses [20], and for monitoring cardiac activ-tor. S.G.: signal generator. The z-axis is along the beam propaga-
ity [21]. tion.
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photodetector, forming an oscillating interference pattern, Rotation angle of polarizer P3 (deg)
which in turn generate an alternating current through the

adaptive photodetector. The electrical current generated bf/GURE 4. P-emf signal as a function of the rotation angle of the
the photodetector is measured as a voltage drop (the p-e

larizer P3. The A/2 plate was removed. Dashed line is used
signal) through the input impedance of a lock-in amplifier, °"!Y t© link the experimental points,
which is referenced to the signal generator excitation fre

qguencyf. The use of a lock-in amplifier (Stanford Researchpr.OVEd to be%. 1.25 mViin our experimental conQJ|.t|ons; n
this way, the first Fresnel and Arago law was verified.
Systems, SRS 510) allows us to measure very low level al-

ternating electrical signals in the presence of much larger To verify the second Fresnel and Arago law in this setup,
background noise; the employed lock-in amplifier present

golarizerP?) was rotated until its polarization axis wasoaf
an input impedance of 100 Mand 25 pF : and a 0.5 Hz to respect to ther-axis; so the linear polarization of the inter-
100 kHz frequency range. The interference angle was set gfnng beams were orthogonal in this case. As a result, it was
a = 1/75 rad, so the period of the interference fringes was

expected that the interference pattern disappeared and it be-
~ 48 um, and the optical path difference was8 mm, which

came a uniform light pattern,e., a light pattern with null
is much lower than the coherence length of He-Ne laser em\fiSibi”ty' So, according to Eg. (1), a minimal (nominally

ployed. The excitation frequency was set at 1,600 Hz an@u”) p-emf signal was expected also. In our experimental
the amplitude of vibration of the piezoelectric transducer pro

conditions this minimum p-emf signal was 7 1V, which is
duced an amplitude of phase modulatidn< 1 rad. The

three orders of magnitude lower than the previous case (in-
time constant of the lock-in amplifier was set at 300 ms. Withterferlng beams with parallel linear polarization).

these settings, the noise level of the measuring system proved Beétween these two positions of the polarizes (0° and

to be~ 100 nV. To verify the Fresnel and Arago interference 90° ) there is partial interference due to the polarization com-
laws the polarizer®1, P2, P3 and)/2 plate were placed in Ponent of the polarizeP3 along thez-axis (0°). Because
the positions indicated in the same Fig. 2. A detailed schem€ P-emf signal is proportional to the square of the visibility

of the electrical connection of the adaptive photodetector t@f the interference pattern, the gradual change of the visibil-
the lock-in amplifier is depicted in Fig. 3.

ity of the interference pattern was easily observed in our ex-

perimental setup without the need for recording images and

performing the corresponding image processing. The Fig. 4

4. Experimental results and discussion shows the p-emf signal as a function of the rotation angle of
polarizerP3 in steps oH°.

A simple verification of the first and second Fresnel and  This Fig. 4 shows the gradual change from maximum in-

Arago law was carried out as follows. The polarization axisterference (maximum p-emf signal) to null interference (min-
of polarizer P1 was set atl5° respect to ther-axis, so the

imum p-emf signal), and the corresponding polarization pe-
transmitted and reflected beams by the beamsplitter had alstodicity (180°). Note, however, that the light intensity of the
a linear polarization at5° respect to thec-axis, the polar- beam 2 impinging at the adaptive photodetector is not con-
ization axes of both polarizer®2 and P3 were set a)°

stant; it depends on the rotation angle of polari&s;; ac-
respect to thes-axis, and the\/2 plate was removed. As cording to the Malus law. Indeed, the intensity maxima are

the polarization axes of the interfering beams were the samigcated at 45 and 225.
at the adaptive photodetectdl°(respect to thec-axis) and

To overcome the aforementioned inconvenience (non-
they were derived from the same linearly polarized wave, arconstant intensity of beam 2 at the adaptive photodetector)

oscillating interference patern with maximum visibility was and to verify the first, second, and fourth Fresnel and Arago
expected, which in turn would generate a maximum signalaws, we proceeded as follows. The polarization axis of po-
from the adaptive photodetector, which

larizer P1 was set again at 45espect to the x-axis, the po-
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larization axes of polarizeP2 and P3 were both set again at =

0° respect to the:-axis, respectively, and the/2 plate was
inserted in the beam 2 after the polariZés, with its axis
parallel to the axis of polarizeP3, that is at0° respect to the
z-axis. Under these initial conditions, as both of the beams —
were derived from the same linearly polarized beam, and they @
had parallel polarizations they formed an interference pattern-2
with maximum visibility at the adaptive photodetector; which €
in turn generated a maximum p-emf signal. So, the first Fres- §
nel and Arago law was verified. Note that this maximum —
value of the p-emf signal{ 0.88 mV) was lower than the
maximum signal obtained in the previous case; this is due to
some light absorption by th&/2 plate, which reduced the
intensity I, and the total light intensity,, see Eq. (1).

Rotation of the\ /2 plate an anglé produced that the po-

larization axis of the emerging beam from th¢2 plate ro-
tated an angley, without changing its intensity. As a result Figure 6. Square root of the p-emf signal values obtained from

of this rotation, the polarization axes of the interfering beamsFig. 5 as a function of the rotation angle of thg2 plate. Solid
were no longer parallel, and only the componeait(24) line is the theoretical dependence given by Eq. (3).
contributed to forming the interference pattern. Therefore,
the visibility of the interference pattern decreased accordindarized wave) was considered as the starting point to verify
to the rotation angle and as a result, the p-emf signal also dthe fourth law. Increasing the rotation angle beyond, 45e
minished gradually. For a rotation anglewf= 45°, the po- ~ componentos(29) of the polarization of beam 2 started to
larization axes of the interfering beams were orthogonal, théorm an interference pattern, the visibility started to increase
light pattern became uniform.€. a light pattern with zero  as well as the p-emf signal. For a rotation angle)ct 90°
visibility) and the p-emf signal reached its minimum value, the polarization of both beams at the adaptive photodetectors
close to the noise level. Note that even when both of thavere parallel again, hence both the visibility and the p-emf
interfering beams were derived from the same linearly polarfeached their respective maximum values.
ized wave, as they had orthogonal linear polarizations in this These features are clearly observed in Fig. 5, which
case, they did not form an interference pattern (almost zershows the p-emf signal as a function of the angle of rotation
p-emf signal); in this way, the second Fresnel and Arago lavef the \/2 plate in steps of & Note that the use of adaptive
was verified. photodetectors allows us to locate with high accuracy the po-
This latter setup (two linearly polarized beams with or- sitions of maximum and minimum interference as well as ob-
thogonal directions and derived from the same linearly po-serve the gradual changes between these two positions. With
this procedure, the first, second, and fourth Fresnel and Arago
laws were verified.
As stated in Eq. (1), the p-emf signal is proportional to

—
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FIGURE 5. P-emf signal as a function of the rotation angle of the

A/2 plate. The polarizing axis of polarizé?1 was set at 45re-
spect to ther-axis, and the polarization axes of polarizétg and
P3 were set at Orespect to the--axis. Dashed line is used only to

link the experimental points.
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the square of the Visibility of the interference pattern; so in
Fig. 6 we plot the square root of the p-emf signal values (ob-
tained from Fig. 5) as a function of the angle of rotation of
the \/2 plate.

The experimental data agree well with the theoretical de-
pendence for the visibility, which is proportional to the ab-
solute value of a cosine functiond. the projection of po-
larization axis of beam 2 to the polarization axis of beam 1).
Indeed, our experimental data fit well to the following equa-

tion:
cos ( ) ‘ , )

whered is the rotation angle of tha/2 plate. Note, how-
ever, that to measure the actual valueloind to calibrate

the adaptive photodetector, it would be necessary to deter-
mine the visibility of the interference pattern according to the

Michelson definition:

27
180°

SQRT{p-emf signal = 0.92

E18(1) 44-49
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function of the rotation angle of the/2 plate for the two ex-
g *®%, ..'"". perimental conditions previously described (both beams de-
. ¢ * ¢ ‘ rived from the same linearly polarized wave and derived from
‘ b k ° orthogonal components of unpolarized light). The difference
0,14 * . \ ¢ between the p-emf signals generated in the positions of max-
v ! ! imum and minimum (null) interference is about 3 orders of
magnitude.

Note that for the case that both beams were derived from
orthogonal components of unpolarized light, it can be ob-
served in Fig. 7 (blue squares) that the p-emf signal remains
practically constant and close to the noise level, independent
of the \/2 plate rotation anglei.e., independent of the rel-
- - ative orientations of the interfering beams polarization axes,
0 30 €0 % 120 150 180 which indicates that in this case, the beams 1 and 2 did not

Rotation angle of the A/2 plate (deg) interfere.

FIGURE 7. P-emf signal as a function of the rotation angle of the
A/2 plate, for two different casess); beams 1y 2 derived from

the same linearly polarized wave (data taken from Fig. ®): ( 5. Conclusions
beams 1 and 2 derived from orthogonal components of the unpo-~ "

larized beam.
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We have demonstrated the use of adaptive photodetectors ex-
perimentally in order to verify the Fresnel and Arago inter-
ference laws. As the adaptive photodetectors generate an
electrical current proportional to the square of the interfer-
wherel,,.., and/,.;, are the maximum and minimum inten- €NC€ patter_n _visibili_ty, the gradual (_:hanges fron"_n the maxi-
mum and minimum interference positions are easily detected.

sities of the interference pattern, respectively. " . .
To verify the Fresnel and Arago third law, the polarizer These extremal positions can be assessed with high resolu-

P1 was removed and, to maintain the same intensity valuelon: in real time, without any signal processing, and with-

of the interfering beamsI( and I), a variable density fil- out any visual Crit_erion. In our experimental cc_)nditions we
ter was placed instead. The polarization axis of polar22r demonstrated a difference of 3 orders of magnitude between

was set parallel to the-axis (0°) and that of polarize®3 the p-emf signals measured in the positions of maximum and

was set parallel to thg—axis ©0°), that is, they were or- Minimum (null) interference.

thogonal. The axis of tha/2 plate was set also parallel to ~ The optical arrangement is simple and reliable. Because
the y-axis in this case. The signal generated by the p-enthese adaptive photodetectors can compensate for irregulari-
detector was minimal. Rotating the/2 plate an angle of ties of the interfering beams and environmental fluctuations,

45° the polarization axis of beam 2 became parallel to that oft is not necessary to dispose of high-quality optical elements

beam 1; however the p-emf signal remained practically conand vibration isolation optical tables. These features allow

stant, around the minimum value. This demonstrated that thengineering or science students to implement the experiment
beams 1 and 2 did not interfere, which was expected becaus@ an undergraduate laboratory easily. With adaptive pho-

they were derived from orthogona| Components of unpo|ar10detect0r3 fabricated from GaAs or CdTe Samples, the ver-
ized light. Hence, the third law was verified. ification of the Fresnel and Arago interference laws can be

For comparison purposes, in Fig. 7 we plot in a semi-Carried out in the visible region of the spectrum, as well as in
logarithmic scale the dependencies of the p-emf signal as #e near-infrared region.
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