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Abstract: We explore light propagation in chicken eggs using time-domain diffuse optical
spectroscopy and Monte Carlo simulations which reveal the eggshell’s role as an integrating
sphere, and demonstrate the ability to distinguish incubated from unincubated eggs.
© 2025 The Author(s)

1. Introduction

Optical technologies, including visible and near-infrared spectroscopy, are widely used for high-throughput food
inspection. One particular industry in need of scientific assistance is that of chicken hatcheries, where infertile
eggs occupy valuable incubation space, and underdeveloped chicks are culled, an unethical and unsustainable
practice. Early, non-invasive identification of infertile eggs could improve efficiency and sustainability. With the
chicken eggshell being known to be highly scattering in nature, the albumen relatively transparent, while the yolk
has a medium scattering and absorption. To enable truly non-invasive measurements on eggs, an understanding
of photon migration in eggs and the effects of the various components is required. In this work, we show the first
time-domain diffuse optical spectroscopy (TD-DOS) [1] measurements to study light propagation in chicken eggs,
supported by Monte Carlo simulations. We retrieve their optical properties and finally, also differentiate between
an incubated and unincubated egg.

2. Materials and methodology

Measurements were performed with a state-of-the-art TD-DOS system [2]. A supercontinuum laser (SuperK Ex-
treme, NKT Photonics) generated picosecond supercontinuum pulses at 40MHz, which were spatially dispersed
using a Pellin-Broca prism. The prism was mounted on a precision rotating stage to allow wavelength selection,
thus enabling scanning across the spectral range of 550-1100 nm. The light was coupled into the sample through
a 62 um core fiber, through a variable attenuator to regulate the input power. Photons were collected using a 1
mm core diameter fiber and detected with a silicon photomultiplier (SiPM) with a 1 mm? active area. The SiPM
converts detected single photons into voltage pulses, which were processed by a time-correlated single-photon
counting (TCSPC) board (SPC-130, Becker Hickl) to generate a timing histogram of photon arrival times —
henceforth referred to as the distribution of time-of-flight (DTOF) curve.

3. The integrating sphere effect

The first measurements (Fig. 1(a) yielded DTOFs with unexpected, curiously long tails with a maximum time-
of-flight (MTOF: which we define as the TOF when the photon counts are at 1% of the DTOF peak) reaching
upto 6-8 ns, as shown in Fig. 1(c), for both brown and white eggs. Initial speculation that these DTOFs tails were
due to fluorescence arising from Protoporphyrin IX (PPIX), which is present in brown and (to a lesser extent) in
white eggshells was put to rest by the use of long pass and bandpass filters in the range off the emission spectrum
of PPIX. The presence of long tails irrespective of the filters applied showed us that the DTOFs being detected
were indeed at the excitation wavelength only. Fig. 1(d) shows a temporal map — the photon counts (normalised)
versus the time for each injected/excitation wavelength — showing the presence of these long tails upto ~ 850 nm.
To understand better the origin of the signal, we treated a white egg with mild acid to dissolve the eggshell to
obtain an egg with its contents held together only by its cell membranes (as shown in Fig. 1(b)) and performed
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Fig. 1. (a) A brown egg being measured, (b) A white egg being measured after removing the eggshell
using a mild acid, (c) The DTOFs obtained from the intact white and brown eggs, and from the
acid treated egg (in orange, blue and green respectively), (d) A temporal map showing the detected
intensity versus time while varying the injection wavelength from 600-1100 nm, (e) A depiction of
the proposed integrating sphere effect due to the eggshell.

measurements on it. As shown in Fig. 1(c), we obtain a DTOF with an MTOF of around 2 ns, as is expected from
a diffusive sample of similar dimensions. Finally we performed measurements on an ’egg phantom’ — an empty
eggshell which was drained of its contents — and we obtained back the long DTOFs with MTOFs > 6 ns, but now
extending over the entire wavelength range.

These results led to an exciting discovery that the eggshell is behaving as a natural ’integrating sphere’. It is
known that shell has a reduced scattering of 800-1000 cm ™! [3]and this can lead to photons being redirected back
into volume of the egg either directly due to a diffuse reflectance at its inner surface or after having undergone
multiple scattering events inside the shell as shown in Fig. 1(e). Considering that the shell is predominantly white
with the brown eggs only having an external pigmented layer, photons are not absorbed largely inside the shell.
This hypothesis was also verified using the gold standard of Monte Carlo (MC) simulations using Monte Carlo
Extreme (MCX) [4]. We simulated a spherical egg with a homogeneous inner volume and shell with p/=1000
cm~! and were able to show the fluence being trapped inside the volume for grater than 6 ns. Further, by varying
the scattering of the shell from 5-1000 cm ™!, we noticed a reduction of the MTOF with reducing scattering values,
showing the integrating sphere effect arising due to the high reduced scattering of the shell as shown in Fig. 2(b).
Further, we were able to extend this applicability to other time-domain techniques and demonstrated the effect of
the integrating sphere of the shell also on time-resolved Raman and fluorescence techniques experimentally.

4. Probing the inside of the egg

To understand the light propagation better, measurements were performed by changing the measurement geometry
with various combinations of source-detector combinations as shown in Fig. 2(c) and the corresponding DTOFs
are shown in 2(d). Of the various combinations, only two combinations of S1-D1 and S3-D1 yield diffuse peaks
while the others give us ballistic peaks. While the long tails due to the integrating sphere effect remain the same,
the differences in the peaks can be explained due to the egg yolk being a semi free-floating structure in the more
dense, transparent albumen, conveniently positioning it always on the top. Since the albumen lack scatterers,
only the the geometries S1-D1 and S3-D1 yield diffusive peaks as the early photons have to pass through the
diffusive yolk to reach the detector, whereas in the other scenarios, photon detection is possible after a few a direct
reflections due to the eggshell, thus creating ballistic peaks with sharp rising edges. This functioning of the yolk
similar to a baffle helps us to decide on the appropriate geometry to ensure that we probe the yolk sufficiently even
with the early photons.

We then attempted to measure incubated eggs (not shown) and were able to show that the u increases upon
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Fig. 2. (a) MC simulation showing the spatial fluence distribution with time, (b) MC DTOFs from a
transmission simulation obtained by varying the ! of the shell, (c) Orientation of various measure-
ment geometries, (d) DTOFs obtained with different geometries with an inset of a their peaks

incubation and can be attributed to the growing size of the embryo, the sub-embryonic fluid and the yolk sac.
Coupled with the fact that we use assume the egg as a homogeneous medium for analysis purposes, the reduction
of the transparent albumen changes the average composition of the egg. With regards to the absorption spectra,
their shape follow that of the water spectrum with the characteristic peak at 980 nm, in line with expectations since
a large percentage of the egg is made of water. However, we do have higher absorption below 700 nm and this is
initially due to the presence of carotenoids in the yolk which give it its yellowish-orange colour. Upon incubation
though, we clearly see an increase in p, below 900 nm, and the lineshape of this difference between the spectra
of an incubated egg and unincubated egg was found to follow the absorption of hemoglobin, clearly indicating the
vasculature of the growing embryo.

5. Conclusions

We presented the first measurements with TD-DOS on intact eggs and were able to prove the remarkable discovery
that the chicken eggshell behaves as a natural integrating sphere. Further, we studied the effects of geometry and
also briefly the appropriate analysis model and were able to differentiate incubated from unincubated eggs. Further
efforts are underway to perform statistically significant experimental campaigns to perform component analysis
and quantify other biomarkers for industrial applications.
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