
SCATTERING OF FOCUSSED LASER BEAM IN ZEBRAFISH BRAIN

Itia FAVRE-BULLE1,*, Daryl PREECE1, Timo A. NIEMINEN1, Ethan K. SCOTT2 and Halina
RUBINSZTEIN-DUNLOP1

1 School of Mathematics and Physics, The University of Queensland, Brisbane, QLD 4072, Australia
2 School of Biomedical Sciences, The University of Queensland, Brisbane, QLD 4072, Australia

*Corresponding author: itia.favrebulle@gmail.com

Abstract
We study the spreading by of a focussed laser beam by

scattering in a zebrafish brain. We compare experimental
results and modelling using generalised Lorenz-Mie
theory.

1 Introduction
Optogenetic methods use light to manipulate neural

activity in genetically or functionally defined neurons with
high precision. Larval zebrafish are widely used in
optogenetics studies as they are easily grown, are a
convenient size, and are relatively transparent. In order to
study neural activity optogenetic methods use fluorescent
proteins. In our study, we use GCamp5 protein. GCamp5
proteins are expressed in the zebrafish brain and convert
blue light into green light when neurons are activated. As
zebrafish neurons are about 5μm in size, it is essential to
be able to manipulate light precisely. Indeed, focussing
light on one neuron and observing firing in the whole
brain (around 400400200 μm3) requires a wide field of
view and good 3D imaging precision at the same time. A
wide enough field of view can be obtained with a 40
microscope objective. Such objectives have an Airy disk
around 0.7μm. However, scattering in the brain tissue can
significantly limit imaging. Here, we study the spreading
by of a focussed laser beam by scattering in a zebrafish
brain.

2 Experiment
A spatial light modulator (SLM) is an ideal tool for

imaging, as it can be computer-controlled and used to
modulate both the phase and amplitude of an incoming
beam. Essentially, an SLM functions as a digital hologram.
With the set-up shown in Figure 1, we can use the SLM to
steer and manipulate the beam. An example of this is
shown in Figure 2. Ideally, we would focus the beam so
that we can excite a single neuron. However, we observe
that the beam is considerably broadened by scattering in
the brain tissue, with the width of the beam increasing
with depth, as shown in Figure 3 and Figure 4.

Figure 1 Experimental set-up for optogenetics studies. A 533nm
laser is used for excitation of fluorescent proteins. A beam
expander collimates the light from the laser onto a spatial light
modulator (SLM). A telescope configuration of lenses images the
SLM screen on the back focal plane of the microscope objective. A
zero order filter is placed in the first lens focal plane to stop zero
order light from the SLM. Finally a beam splitter splits the light
coming out from the microscope objective and scattering from
the sample is measured using a CCD camera.

Figure 2 Intensity profiles of a spot at the depth of 10μm in the
tectum region of a zebrafish brain. Bottom left: Blue light image
of the zebrafish brain; the center dark spot is the spot displayed in
the brain. Bottom right: Blue light intensity profile of the spot
(cut from left image). Top left: Corresponding fluorescence
image. Top right: Fluorescence intensity profile of the spot (cut
from left image).
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Figure 3 Blue curves: Blue light intensity profiles for depths of
100μm deep (top) and 200μm (bottom) within a zebrafish brain.
Red curves: Sum of two Gaussian curves fitted to data. The fitted
curves allow us to easily quantify the width of the core and
wings of the beam as it spreads.

Figure 4 Evolution of the size of each Gaussian with depth. Top
curve: wider Gaussian (wings of beam). Bottom curve: narrow
Gaussian (core of beam).

3 Modelling
Compared with many animal tissues, zebrafish brain is

highly transparent. However, even in the absence of
absorption, there are still refractive index variations that
will result in light passing through the tissue being
scattered. In animal cells such as these, there are two
components that dominate scattering: mitochondria,
which are the main source of large-angle scattering, and
nuclei, which are the main contribution to forward
scattering [1]; these are the major high refractive index
contrast structures within the cells. Since it is forward
scattering that results in the spreading of the beam as it
propagates through the zebrafish brain, a reasonable
approximation of the scattering properties of the brain
tissue can be obtained by modelling scattering by nuclei.

Assuming a cell density of 0.014 cells per μm3, as
measured by counting cells in microscope images, a
nuclear refractive index of 1.4, a background medium
refractive index of 1.36, and a mean nuclear radius of
1.25μm, we calculated the scattering and spread of a
focussed laser beam of free-space wavelength 0.48μm. A
simple approximation was used to model the scattering
medium: we assumed that the average effect of the
scattering by a volume element of the medium was the
same as the scattering effect of a cell nucleus weighted by
the probability of a nucleus being in that volume element.

Calculation of the spreading of the beam is shown in
Figure 5. This is a first-principles calculation, with no fitted
parameters. The calculation only accounts for single
scattering.

Figure 5 Calculation of spreading of beam with propagation
through zebrafish brain. Each higher line corresponds to a deeper
depth, to a maximum depth of 80μm. That the broadening of the
beam results from scattering of the core of the beam into the
wings, with the core (other than the reduction of energy) being
little affected, is clearly shown.

The calculated spreading of the beam approximately
reproduces the observed spreading. However, the
calculation does not match important details. This
probably indicates that either the initial parameters
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assumed for the calculation are incorrect, or that multiple
scattering cannot be ignored. In the first case, we can
obtain more quantitative information about the scattering
properties of the scattering medium by improving the
match between calculations and observations. In the
second case, we can, again, obtain more quantitative
information about the scattering properties of the
scattering medium.
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