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Determination of the coherence length and
beat frequency length using a p-emf sensor
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The coherence of light is essential for understanding interference phenomena, which are pivotal in a wide range of applications. However, due
to the technical challenges of conventional methods, quantifying coherence is difficult to achieve in undergraduate optics laboratories. In this
work, we present a modification of a method and experimental setup that can enhance the understanding of coherence concepts employing
sensor based on the non-steady-state photo-electromotive force (p-emf) effect. This p-emf sensor generates an electrical current proportion.
to the square of the interference pattern’s visibility, eliminating the need for image processing and high-quality optical elements, and allowing

for real-time measurements. We demonstrated the method by measuring the coherence length of a He-Ne laser and the corresponding leng
associated with the beat frequency of the laser cavity’s longitudinal modes. This approach is robust, straightforward and simple, making it
suitable for implementation in undergraduate optics laboratories.
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1. Introduction paper, we report a modification to a method that utilizes a p-
emf sensor to measure the coherence length and the beat fre-
In a broad sense, coherence is the capacity of two light beamgiency length of longitudinal modes within the He-Ne laser
to interfere with each other. Coherence is usually categorizedavity. As described below, this sensor generates in real time
into spatial and temporal coherence. The visibility of the in-an electrical current proportional to the square of the interfer-
terference pattern measures the degree of coherence betweste pattern visibility [6]. Hence, utilizing this sensor allows
the two interfering beams. us to detect gradual changes in the interference pattern visi-
Understanding the temporal coherence of light is highlybility as a function of the optical path difference of the inter-
significant. Various methods have been reported for evalufering beams. In contrast to the aforementioned methods, the
ating the temporal coherence, or equivalently, the coherenderoposed method does not require recording and processing
length of a light source. These include methods based on afie interference pattern, using high-quality optical elements,
alyzing the modulations of the contrast and polarization stat&ibration isolation tables, or carrying on the experiment in
of the interference patterns [1], employing holographic op-a dark room. These features of the proposed method make
tics [2], utilizing two-wave mixing in photorefractive crys- it well-suited for implementation in an undergraduate optics
tals [3], and the widely adopted approach of using a Micheldaboratory.
son interferometer [4,5].
In the methods employing the Michelson interferometer,; 1. Two beam interference
the typical procedure for determining the coherence length of
the light source involves assessing the visibility of the inter-Consider an amplitude-splitting interferometer, such as the
ference pattern as a function of the optical path differencepmichelson interferometer, in which two partially coherent
Visibility is evaluated by analyzing and applying specific cti- plane wavefront beams of intensitiés and I, and wave-
teria to the interference patterns captured with a CCD sensoength \ interfere, forming an anglé between them, as de-
To ensure reliable results, several requirements must be mgjicted in Fig. 1.
These mclulde setting up thellnterferomete.r on a vibration-  The intensity of the interference pattern is given by:
isolated optical table, conducting the tests with the laboratory
illumination lights turned off or placing optical band filters in 2rx
front of the CCD sensor, adjusting the intensity of the inter- I'(AL x) =Io {1 + Veos (p +9¢ (AL)H . (1)
fering beams incident on the CCD, optimizing the gain and
exposure time of the CCD, and carefully aligning the entirewherel, = I; + I, is the average irradiance of the interfer-
setup [5]. ence pattern on the interference plafd, is the optical path
The aforementioned requirements are time-consuminglifference between the beams;~ )\ /26 is the spatial period
and difficult to achieve in a typical student laboratory. In thisof the interference fringes for anglésk 1, and¢ (AL) is a



2 P.RODRGUEZ-MONTERO, A. S. CRUZ-ELIX, E. TEPICHN-RODRIGUEZ, A. F. MUNOZ-POTOSI, AND L. G. VALDIVIESO-GONALEZ

In this equation A is the amplitude of the phase modula-
tion, K (0) andF (f) are functions that depend on the spatial
frequency of the interference pattern and the phase modula-
tion frequency, respectively. The const@higroups several
electro-optical constants of the photoconductive sample.

These p-emf sensors can efficiently detect high-
frequency, low-amplitude phase modulated signals even in
the presence of low-frequency, high-amplitude phase shifts,
such as those caused by environmental perturbations. They
can also produce an efficient electrical signal with interfering
beams that have irregular wavefronts, including those mod-
ulated with speckle. These capabilities result from the dy-
namic properties of the space charge electric figlg: (x)
and the holographic processes involved in forming the p-emf
electrical current [6,10]. These sensors have been employed
for measuring the short coherence length of superlumines-
cent diodes when one of the interfering beams is affected by
speckle [11], characterization of femtosecond pulses [12],
detecting laser-generated ultrasonic waves [10], and moni-
toring cardiac activity [13].

In this paper, we utilize the fact that the electrical current
phase that depends @aL. The visibility V of the interfer- ~ generated by p-emf sensors, or p-emf signals is proportional

FIGURE 1. Interference of two mutually coherent plane wavefront
beams. p stands for the period of the interference fringes.

ence pattern, which is given by [7]: to the square of the visibility, while keeping the rest of the
parameters constant:
2V 1L 1
V= %IW(AL)I. ) i oc V2. 4)

In this equationy (AL) stands for the modulus of the The p-emf sensor is similar to that reported in Ref. [9]. It
complex degree of coherence. Hence, by measuring the vigvas fabricated from a GaAs:Cr crystal with approximate di-
ibility of the interference pattern as a function of the opticalmensions 08.2 x 3.2x 0.5 mm, attached to a printed circuit
path difference, one can determine the modulus of the comboard. Two parallel electrodes were deposited on its front
plex degree of coherence and the coherence length of the ligbtirface §.2 x 3.2 mm) using silver paint, creating effective

source. interelectrode dimensions df,=1.0 mm (horizontal) and
L,=3.2 mm (vertical). To extract the electrical current, the
1.2. P-emfsensors silver-painted electrodes were connected to a coaxial cable

using short gold wires. A photograph of the employed p-emf
The p-emf sensors are based on the non-steady-state phog%'nsgor is sh%wn in Fig. 2 P grap ployedp

electromotive force (p-emf) effect [6]. This effect consists
in the generation of an alternating electrical current through
a short-circuited photoconductive material when it is illumi-
nated by a vibrating, spatially non-uniform light pattern. The
electrical current is the result of the spatial mismatch be-
tween the relatively stable space-charge electric field distri-
bution Es¢ («) stored in the impurity centers of the photo-
conductive material and the photo-excited carriers’ distri-
bution, which follows the instantaneous light distribution
I(z,t).

A simple way to observe the p-emf effect is to illumi-
nate the photoconductive sample with an interference pattern
formed by two coherent plane waves, where one of the beams
is phase-modulated at frequengycausing the interference
pattern to vibrate accordingly. For the purposes of this work
the amplitude of the electrical curreijt generated by the p-
emf sensor at frequency as a function of the interference
pattern visibility can be expressed as [8,9]:

ir (V)= CALZV*K (0) F (f). (3)  FIGURE 2. Photograph of the p-emf sensor employed.
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FIGURE 3. Experimental setup for measuring the coherence length ol
of a He-Ne laser using a p-emf sensor. NDF: neutral density filter, -15 -10 5 0 5 10 15
S.G.: signal generator. Prism displacement AL/2, cm

FIGURE 4. P-emf signal as a function of the prism displacement.

The intensities of the interfering beams wdie= 1.7 mW and

I, = 1.55 mW. The piezoelectric vibration frequengywas set at
2. Experimental setup 610 Hz. The solid line is a Gaussian fit to the experimental data.

A schematic diagram of the experimental setup for measuring

ghe poher_enc_e length of a light source using a p-emf sensor i Experimental results and discussion
epicted in Fig. 3.
The light source used in the present experiment was a He=igure 4 shows the dependence of the detected p-emf signal
Ne laser. It has an output power of 10 mW and an emissioRs a function of the prism displacement, with increments of
wavelength of 632.8 nm. To avoid saturating the p-emf sen1 0 cm. Note that the prism displacement is equal to half
sor, the output beam was attenuated with a neutral densityf the optical path difference between the interfering beams,
filter of 0.3. The laser beam was not collimated. A nonpo-A7, /2.
larizing beam splitter divided the beam into two beams. The The p-emf signal was found to be stable. Indeed, the fluc-
optical path of one of them, labelled beam 1, was kept congyations in the p-emf signal and the uncertainties in the prism
stant, while the optical path of beam 2 was modified usingyisplacement are smaller than the size of the data points used
a prism mounted on a translation stage. The beams interfetg indicate the mean values in Fig. 4.
over the p-emf sensor at an anglefio 1/40 rad. The data presented in Fig. 4 can be re-plotted in a more
The phase modulation —and the corresponding vibratiomonventionally manner. By taking the square root of the p-
of the interference pattern— was introduced in the beam 1. &mf values and normalizing them, we obtain the visibility of
was carried out by reflecting the beam 1 on a mirror attache¢he interference pattern. These visibility values are then plot-
to a piezoelectric transducer driven by a signal generator. Theed in Fig. 5 as a function of the optical path difference, which
electrical current generated by the p-emf sengp(}'), or  corresponds to twice the prism displacement.
p-emf signal, was measured as a voltage drop across the in- The processed experimental data fit well to a Gaussian
put impedancex 100 M, 25 pF) of the lock-in amplifier, dependence, with a coefficient of determinatigh = 0.99.
which was referenced to the signal of the function generatorrhe visibility V' (which is proportional to the square root of
The p-emf signals were large enough to also be measured Uge p-emf signal) as a function of the optical path difference
ing an oscilloscope. AL can be expressed as [14]:
The optical table used for the experiment was not isolated

from environmental perturbations. Additionally, the mea- V(AL — 41n (2) (AL)? 5
surements were conducted with the laboratory lights on, and (AL) = exp _W ’ ®)

no optical bandpass filter was placed in front of the p-emf ¢

sensor. where L is the coherence length, which is defined as the

Note that this experimental setup is a modification of theFull Width at Half Maximum (FWHM) of this dependence.
one presented in Ref. [11]. The setup in Ref. [11] was specifFrom the data, we determide: = (22.5 + 0.4) cm, that is,
ically designed to work with speckle patterns and small op-a percentage uncertainty of 1.8% for the value of the coher-
tical path differences (on the order of tens of microns). Inence length of the employed laser. This value is consistent
contrast, the setup presented here uses Gaussian beams aiilh the reported values for the coherence length of He-Ne
allows for handling optical path differences of several tens ofasers.
centimeters, making it possible to observe the revivals of the Note that the coherence length of the most commercial
longitudinal coherence of a He-Ne laser. He-Ne lasers is typically reported to be 10 [5], 20 [15] and
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FIGURE 6. P-emf signal as a function of the prism displacement in
an extended measurement range. The solid line is a b-spline to the
data.

FIGURE 5. Square root of the p-emf signal as a function of the opti-
cal path difference. A Gaussian fit was applied to the experimental
data (solid line).

The maxima of the signal presented in Fig. 6 do not have
25 cm [7]. However, this length can be modified by al-the same value. This is due to the divergence of the laser
terations of the Doppler line shape and oscillations of nonyeam, which, as mentioned earlier, is not collimated. Since
adjacent modes [16]. The reported percentage uncertaintigge p-emf signal is proportional to the irradiance incident on
in the physical parameters measured by different methods afge larger beam spots result in a lower p-emf signal.
around 5% [5,17], while the percentage uncertainties in the

determined coherence lengths can be as low as 0.75% [18].

The temporal coherence of a He-Ne laser is a periodic4' Conclusions

property. It will replicate at optical path differencés given  \ye have demonstrated the use of p-emf sensors to determine
by: the coherence length of a light source. We illustrated our
L,=n-2d, ©6) method by determining the coherence length of a He-Ne laser
and the associated length corresponding to the beat frequency

wheren is an integer number andlis the laser optical cavit of the longitudinal modes of the laser cavity.
eren reger nu . = laserop y The gradual changes in the visibility of the interference
length. The origin of these revivals is due to the beat fre-

uency between the different longitudinal modes of the lase attern, as the optical path is varied, are easily detected and
quency between U . 9 : guantified by the electrical current generated by the p-emf
cavity that lie within the gain curve of the laser medium.

sensors. Since the measurements are in real-time and do not
Figure 6 shows the p-emf signal as a function of the optivequire any signal processing, the proposed method in this
cal path difference over an extended range of measuremenjgrk can be faster than the CCD-based methods. Because
compared to those presented in Fig. 4. the p-emf signals present a high signal-to-noise ratio even if
From the experimental data, we obtained a separation behe interfering beams are spatially irregular or affected with
tween the peaks dfi4 = 0.1)cm. Using Eq6for n = 1this  speckle patterns and can suppress environmental perturba-
implies that the cavity lengtti is equal to this separation. tions, it is possible to carry out the experiment without the
The cavity length of the laser is not specified directly; Need for high-quality optical elements and vibration isolation
instead, the manufacturer states that the frequency spacifptical tables. Additionally, in contrast to conventional meth-

Sv between the longitudinal modes of the laserdis = ods, the one presented in this paper does not require stringent
341 MHz. Using the relationship between the frequencyalignment. Therefore, the proposed method is suitable for
spacing and the laser length given by: implementation in a standard-equipped undergraduate labo-
ratory.
sy — € 7 The proposed method is simple, inexpensive, robust, and
YL ) reliable. Using p-emf sensors fabricated from GaAs or CdTe

crystals, it is possible to determine the coherence length of
we obtain a theoretical value df= 44cm, which agrees with  lasers emitting in the visible and near-infrared regions of the
the experimental result indicated above. spectrum.
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