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HIGHLIGHTS

® Newton’s rings to measure temporal coherence lengths of light emitting diodes.
® This method is based on accurate visibility determination of Newton’s rings.

® The tolerance of the temporal coherence length measurement is less than 5%.
® We expect applying this method on pulsed lasers.
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In this work, we used a simple accurate method to measure the short temporal coherence length of a light
emitting diode. This method is based on accurate visibility determination of Newton’s ring fringes. The visibility
of Newton’s rings has its maximum value around the position of contact point between the spherical and the
plane surfaces while it decreases, until vanishing, with moving towards the outer rings. This is due to the
gradually increasing thickness of the air gap separating the two surfaces; starting from zero at the contact point.
When the lowest detectable value of visibility tends to zero, there are only two interfered rays which are
temporarily separated by the value of the temporal coherence length of the used light source. By detecting these
two rays and calculating their optical paths, it was easy to evaluate the temporal coherence length of the used
light source. For the purpose of accuracy enhancement, both intensity and visibility calculations of each detected
interference order were automatically determined by employing an algorithm prepared using MATLAB software
environment. Moreover, tracing the real optical paths of the two interfered rays forming the interference enabled
us to calculate the spatial distance which is separating them without any approximation. This distance was too
short (< 20 nm) which means that we almost dealt with a pure temporal coherency. In this work, three com-
mercial light emitting diode sources with different wavelengths were investigated and their temporal coherence
length values were determined. Investigation of tolerance of temporal coherence length measurement was
discussed.

1. Introduction

A light source can be characterized by two types of optical coher-
ency; spatial and temporal. The former measures the phase correlation
between two points locate transversely to the direction of propagation
while the latter measures the phase correlation between two points
locate along the direction of propagation [1-3]. Therefore, the spatial
coherence reflects the uniformity of the phase of the wavefront while
temporal coherence describes the longevity of the phase as a function of
time. Moreover, spatial coherence gives the ability of shaping the
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emitted beam, for instance by using a spatial light modulator [4], and it
is extremely important for the light penetration depth through the
living tissues in the therapeutic purposes [4-7]. Deng et al. concluded
that the sharpness of an image is linearly proportional to the spatial
coherence of the illuminating source while the speckle contrast is lin-
early proportional to the source’s temporal coherency [8]. Both uni-
formity and sharpness of an image can be optimized by selecting sui-
table levels of both types of coherency of the used light source [8].
Furthermore, coherence time (z) is the maximum delay time between
two successive waves which still able to produce interference. It can be
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defined as the ratio between the temporal coherence length (TCL) and
the speed of light [1]. Therefore, TCL expresses the largest difference
between optical pathlengths of two rays before they can no longer in-
terfere.

Lasers have high degree of both spatial and temporal coherency so
that they are used to produce sharp images in holographic displays and
3D imaging [8]. However, significant speckles are always accompanied
with lasers because of the long coherence lengths which affecting the
quality of images [9-13]. To suppress this speckle, there are several
techniques such as applying phase gratings or diffusers. However, these
solutions increase both complexity and costs of the optical system and
might decrease the bandwidth of the image [8]. Alternatively, using a
partially coherent light source such as a light emitting diode (LED) or
an organic light emitting diode (OLED) is a good candidate to reduce
speckle because of their low temporal coherency [8,14-16]. LEDs are
promising competitors for many applications in the daily use; e.g.
lighting, displays, visible light communications, biomedical instru-
ments and photonic devices [4,17-22]. However, an additional spatial
filter would be required, in some applications, to select a certain spot of
light from the LED in order to increase the spatial coherence to some
extent and hence increase the sharpness of the image [8]. In general,
studying both spatial and temporal coherence properties of LEDs and
OLEDs got more attentions in the recent years with more focusing on
the former one [1,2,4,6,8,15,16,23-29].

Optical interferometry is an interesting tool offering solutions to
characterize synthesized waveguides such as those planar passive wa-
veguides prepared by ion-exchange method [30] and by UV-laser li-
thographic method [31]. The problem of measuring refractive indices
of highly refractive index liquids was overcome using an interfero-
metric method called “lens-fibre interference” [32]. Moreover, optical
interferometry can detect tiny changes of refractive index profiles of
fibrous materials experienced mechanical stresses [33-38]. Due to their
accuracy and feasibility, optical interferometric based techniques are
applicable in coherency measurements. For instance, Duarte et al. and
Saxena et al. investigated, interferometrically, the spatial coherence of
OLEDs using Young’s double-slit experiment and inserting another
single slit between the double slit and the used OLED [14,23]. They
obtained clear fringes but they, actually, measured the coherency of the
spatially filtered OLED not the spatial coherency of the OLED itself. Xie
et al. used a telescope and a Young’s double slit to measure the intrinsic
spatial coherence length of OLEDs by the aid of a Fourier transform
imaging system [4]. Due to the low visibility of their fringes, they in-
tegrated diffractive optical elements (DOEs) to improve it. Leppadnen
et al. measured the degree of temporal coherency and its associated
coherence time of a LED by observing Stokes-parameter modulations of
Michelson Interferometer [28]. On the other hand, Newton’s rings in-
terference is quite suitable for measuring coherence properties of light
sources having short coherence lengths like LEDs [29]. Newton’s fringes
represent a distribution of alternate bright and dark concentric rings
formed when a curved surface is placed on a flat surface. These two
optical surfaces are usually having low values of reflectivity and ar-
resting a thin film of air with a graded thickness [39,40]. The central
ring is formed at the point of contact of the two optical surfaces and it is
the most important advantage of Newton’s interferometer where the
optical path difference between the two interfered rays at the contact
point is almost zero [41]. This ensures that one can count the fringes’
order beginning from zero. This advantage is difficult to be found in
another interferometer even with Fizeau fringes [42]. Recently, our
group presented a theory to estimate the intensity distribution evolved
from Newton’s rings apparatus [41,43]. The distribution of Newton’s
rings basically depends on the geometrical parameters of the used
curved surface as well as the temporal coherence length of the used
light source. Therefore, for a certain curved surface, we can study the
coherency of the illuminating source independently as will be explained
below.
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Fig. 1. The optical components used to produce Newton’s ring fringes in
transmission. r is the distance between the central point and any other point in
the interference pattern. X(r) is the spatial distance between the two interfered
rays.

2. Theoretical considerations

When a curved surface is placed on a flat surface, a thin film of air
having a graded thickness is arrested. If a collimated bundle of light
rays falls on this optical setup as shown in Fig. 1, Newton’s rings would
be formed in transmission as a distribution of alternate bright and dark
concentric rings. The central ring is formed in the middle at the position
of the contact point between the curved surface and the flat surface.
Moving away from the central ring towards the outer rings, the air gap
between the two surfaces increases and the difference between geo-
metrical pathlengths of the two interfered rays increases as well. Con-
sequently, the interferometric visibility decreases until vanishing. The
visibility V,, for any interference order n can be given by Eq. (1) [29,44].

In,mux - In,min

In,max + In,min’ (1)

h =

where, I, min is the minimum of the intensities of two dark fringes en-
closing the n bright fringe which having a maximum intensity I, max.

The last detectable fringe (before losing visibility) must be formed
by an interference of only two rays [41]. This is an assurance that the
TCL is the maximum length which is able to produce a detectable in-
terference between two rays separated by a spatial distance X(r), see
Fig. 1. The optical setup has to be designed to produce an interference
pattern contains the fringes, beginning from the central fringe until
visibility vanishing, in a single shot. We can obtain this feature in a
single shot by selecting the appropriate curved surface and optimizing
the magnification of the imaging system. These conditions would be
difficult to be verified for a light source characterized by a long co-
herence length and that is why the presented method is convenient for
short coherent optical sources.

3. Experimental work

We used the optical setup shown in Fig. 2 in order to produce
Newton’s ring fringes in case of transmission. Three LEDs with different
wavelengths (490 nm, 590 nm and 645 nm) were used as illuminating
sources and in order to obtain their TCL values. The collimating lens
was used to obtain a collimated bundle of rays from each LED. This
bundle was permitted to fall on the optical system constituting the
partially reflecting curved surface of radius of curvature 9.40 cm [43]
which placed on the flat glass surface. The produced interference was
imaged with a suitable magnification; 1.17 um/pixel. The interference
patterns were recorded by the attached CCD camera and digitally saved
for the forthcoming analyses. Neither spatial filtering nor additional
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Fig. 2. The setup used for producing and capturing Newton’s rings in trans-
mission where (1) a LED, (2) a divergent beam, (3) a condensing lens, (4) an Iris
diaphragm, (5) a collimating lens, (6) an optical microscope, (7) Newton’s rings
interference apparatus, (8) a CCD camera and (9) a computer for saving and
analyzing the interferograms.

optical components were required to record suitable interference pat-
terns. Additionally, each interference pattern was recorded as a single
shot contains all the required information and no mechanical scanning
was needed to capture the interference pattern.

4. Results and discussion

Fig. 3 shows the experimentally obtained raw interference patterns
of Newton’s rings using the optical setup shown in Fig. 2 with LEDs of
different wavelengths; (a) 490 nm, (b) 590 nm and (c) 645 nm. As a first
glance, these interferograms are almost free of noise since the speckle
accompanied due to using LEDs is low. Moreover, one can notice that
each image is characterized by a highly visible central ring fringe while
the visibility decreases as the ring radius increases until vanishing be-
fore the image boards. Therefore, the interference patterns can be
analyzed by extracting their intensity distributions. In contrast with
Young’s equidistant fringes [15], Fourier transformation can’t be ap-
plied on the non-equidistant Newton’s fringes to extract their phase
distribution. However, it was sufficient to read the intensity distribu-
tions of the obtained patterns in our study. The intensity distribution of
each interferogram was automatically read in one direction assuming
that we have a radially symmetric curved surface, see Fig. 4. In addi-
tion, intensities of every ten adjacent pixels were averaged in order to
reduce the, if exist, noises to their lowest limit. The automatically re-
corded intensity values were feed to a prepared MATLAB algorithm to
determine the visibility (V,,) values, for the three different used LEDs,
according to Eq. (1) and were plotted as shown in Fig. 5.

490 nm 590 nm
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Fig. 4. The intensity distributions of the interference patterns shown in Fig. 3
where X starts from the central ring moving towards the most outer ring.
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Fig. 5. The dotted points represent the visibility values as functions of the rings’
order calculated for the interference patterns shown in Fig. 3. Solid curves re-
present the fittings, by the logistic function, of the drawn points.

As expected, Fig. 5 shows that a visibility curve has a maximum
value at the position of the central fringe and it decays with increasing
the fringes’ order. In order to increase the accuracy of our procedure,
we fitted the visibility data with a standard function which enabled
detecting the minimum visibility value automatically. That is more
efficient than the previous works [29,39] where they were counting the
distinguishable minima of the intensity distribution curve. We found
that each plotted curve in Fig. 5 obeys, and can be fitted by, the logistic
function [45,46] which is described by the following equation.

A1 - Az

+ (_)p @

Va(n) = A +

Fig. 3. The experimentally obtained interference patterns of Newton’s rings, formed in transmission, with LEDs of different wavelengths.
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Fig. 6. Flowchart of the followed procedure to calculate the TCL of a LED.
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where n represents the ring’s order while V,, represents its corre-
sponding visibility value. A; is the minimum value of the visibility
while A, is its maximum value. n, is the order at which the visibility
reaches half of its maximum value. p is a constant controls the tendency
of the fitting curve.

For higher orders of interference, the interferometric visibility drops
to zero, i.e. A, approaches zero. In this case, Eq. (2) can be rewritten as
follows;

A ’
() ®)

which by rearranging gives the following equation;

Vi(n) =

n

1

A P
Vnzoi_l 5
n() "(V ) @

Fig. 6 shows the flowchart which summarizes our procedure from
recording the interference pattern until calculating the visibility and
calculating the TCL of a LED.

Practically, TCL is defined as the optical path difference when the
interferometric visibility drops to zero [44]. Therefore, it can be defi-
nitely given as the product of the wavelength and the value of n cor-
responds to the minimum value of V,,.

TCL = An(Vn) when V, — 0, ()

Referring to Eq. (4), It is obvious that determination of the order n
depends on three variables; n,, A; and p. To evaluate the error propa-
gation An in determining the order n, we had to consider the error
evolved from each variable independently. Therefore, we applied the
following relation;

An = (a” '(an )2+(a—”)2<AA 2+ (22 o
an, ) 7 T e ) T T op ’ ®)

where,
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Table 1

The values of the variables mentioned in Egs. (4) and (6) and their corre-
sponding standard deviation values for the three used LEDs. The calculated
values of both TCL and t are illustrated in the last two rows for the three LEDs.

A (um) 0.490 0.590 0.645
A, 0.058 0.099 0.090
AA; 0.79 x 1073 1.01 x 1073 1.01 x 1073
n, 5.909 10.038 8.720
An, 0.096 0.143 0.138
P 3.060 2.479 2.511
Ap 0.096 0.053 0.060
Va 0.79 x 1073 1.01 x 1072 1.04 x 1072
n(V,) 24 64 51
An 1.126 2.679 2.330
TCL (um) 11.23-12.33 35.87-39.02 31.63-34.63
 (fs) 37.4-41.1 119.6-130.1 105.5-115.4
1
on _ ( A l)p
an, Vn ’ @)
1
on _ n, ( A l)p
84,  pVn\Vn ’ (8)
a A b (A
n n P
in_ (A (A )
op p*\Vn Vn ()]

while An,, AA; and Ap are the standard deviations of the parameters n,,
A; and p, respectively. By applying these calculations in the obtained
visibility curves and performing fittings, we obtained the values illu-
strated in Table 1. However, for the reasons of singularity in Eq. (9), we
considered V,, = AA; instead of V, equals absolute zero in our calcu-
lations. This approach is still acceptable where A4A; is less than
1.01 x 103 Based on the values of An, we calculated TCL values of
the used LEDs which were varying between ca. 11 pm and ca. 39 pum as
illustrated in Table 1. The corresponding temporal coherence time (z)
values were varying between ca. 37 fs and ca. 130 fs.

In addition to the error calculations of our measurements, we in-
vestigated the probability of spatial coherence contribution. Therefore,
we estimated the distance X(r) separating the two interfered rays as a
function of the distance between the contact point and each point in the
interferogram as illustrated in Fig. 1. X(r) is given by the following
equation [41];

X(r) = (4 + p)tana(r)) (10)

where, t; and t, are the air gap thicknesses for the first and the second
interfered rays, respectively. a(r) is the angle of the curved surface’s
tangent at any point in the interference pattern, see Fig. 1. This distance
was extracted by the same way used to estimate Newton’s fringes in
transmission, previously presented in reference [41]. Fig. 7 gives the
calculated X(r) values which varies from (nearly zero) at the contact
point and reaches its maximum value (< 20 nm) at the position of
vanishing visibility. This means that the spatial separation between the
two interfered rays is non-significant compared with the spatial co-
herence lengths of LEDs which are several micrometers [4,8,23].
Therefore, the determined coherence lengths in our study are quite pure
TCLs.

5. Conclusion

In this paper, we utilized Newton’s rings interference, formed in
transmutation, in order to present a simple, stable and accurate method
to determine the temporal coherence lengths of light emitting diodes.
The visibility of the produced ring fringes has a considerable value at
the central fringe while it decreases gradually until vanishing when the
two interfered rays get out of coherence as we go far from the center of
the fringes. This behavior was utilized and recorded automatically from
the experimentally obtained interferogram. The recorded data were
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point r.
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fitted using the logistic function to recognize accurately where the
position of minimum visibility locates. The arranged experimental set
up was aligned in order to have a single shot image containing the
whole formed interference fringes. We applied this method on three
light emitting diodes with different wavelengths; 490 nm, 590 nm and
645 nm. The measured temporal coherence length of the three light
emitting diodes varied between ca. 11 pm and ca. 39 um which are
corresponding to temporal coherence time ca. 37 fs and ca. 130 fs, re-
spectively. The propagating error of the temporal coherence length was
determined and the tolerance of the temporal coherence length mea-
surements was less than 5%. Moreover, we proved that the spatial se-
paration distance between the two interfered rays is non-significant
compared with the spatial coherence lengths of the used sources. In
spite of its simplicity, the presented method is interesting because we
were able to measure a quite sensitive temporal coherence length and
temporal coherence time. The presented method is very promising
where it could be an easy and non-expensive solution to determine the
short temporal coherence lengths of organic laser diodes and pulsed
lasers.
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