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A B S T R A C T

Food dyes are widely used in scientific research apart from the food colorant industry. In this work, we
investigate nonlinear propagation of optical beams in food dye solutions of different colors, experimentally
observing tunable nonlinearity and self-collimating effects of optical beams during propagation. We discuss
possible mechanisms leading to optical nonlinearity by numerical simulation and theoretical analysis of the
optical forces, and show that the nonlinearity in such solutions is mainly attributed to the thermo-optic
effects. In addition, with appropriately mixed food dye solutions, we observe that nonlinear response arises at
otherwise inactive wavelengths, leading to coupling of two self-collimated beams of different wavelengths.
These results illustrate the possibility of employing low-cost food dye solutions for optical limiting and
switching applications.
. Introduction

The study of optical response of bio-soft matter, together with
iological entities-based photonic probes and light guides, has attracted
ncreasing attention in interdisciplinary fields of life sciences, chemistry
nd physics [1–7]. As with soft matter such as colloidal suspensions [8,
], various effects including Brownian motion, diffusion, optical forces
nd thermal effects typically play different roles in the complex media.

Two major competing effects have been concerned with respect
o optical nonlinearity under laser illumination. One is the optical
orce-induced nonlinearity involving colloidal particles, and the other
s the thermo-optic effect. A laser beam exerts optical forces (such as
radient and scattering forces [3]) on suspended particles, leading to
rtificial Kerr nonlinearity [10], which in turn have back reaction on
he beam propagation dynamics [11–15]. Spatial variation in particle
oncentration can lead to a change of the local refractive index. For
nstance, with a positive polarizability of the suspended particles where
heir refractive index exceeds that of the background solution, the par-
icles are attracted toward the high intensity regions. With a negative
olarizability for which the particles have a refractive index lower than
hat of the background solution, they tend to be repelled from the beam
ath [11,13]. In both cases, the optical beam creates an increase of
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local refractive index at the region closer to the center of the beam,
inducing a Kerr-like self-focusing nonlinearity. On the other hand, for
the thermo-optic effect caused by temperature variation, the refractive
index change takes the form of 𝑛 = 𝑛0 + 𝑑𝑛∕𝑑𝑇× 𝛥T [16], where
𝑑𝑛∕𝑑𝑇 is typically negative in most thermal solutions [17,18]. Thus,
a self-defocusing nonlinearity often takes place because a nonuniform
Gaussian-like optical beam results in a higher temperature along central
high intensity regions of the beam path.

As a consequence of these two effects, a variety of nonlinear phe-
nomena including optical spatial solitons [19] and shock waves [20]
have been observed, in diverse nonlinear systems such as organic poly-
mers [21], dielectric [11–14,22,23] and metallic [24–26] nanoparticle
suspensions, and biological soft matter [1,2,4,27]. Certainly, the role of
these two effects varies in different systems. For instance, the gradient
force gives rise to stable soliton formation in a negative polarizabil-
ity suspension in which polytetrafluoroethylene (PTFE) particles are
suspended in a glycerin–water solution, almost without the influence
of thermal effects [13]. Nevertheless, in some plasmonic media, such
as gold nanosuspensions illuminated by light of certain wavelengths,
both effects should be taken into account because of the enhanced op-
tical forces and the extensive heat generated from plasmonic resonant
absorption [24,26,28–30].
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Another kind of nonlinear optical material is the so-called NLO-
hores, which are mainly inorganic, organic, and organometallic com-
ounds dyes. Their designable structures and variable synthetic com-
ounds can bring diverse and tunable optical properties and appli-
ations [31,32]. For instance, they are widely applied in biomedical
esearch thanks to their suitable florescent and specific targeting abil-
ty [33]. In addition, Phthalocyanines, as robust macrocyclic dyes have
lso been explored for nonlinear optical applications [34]. On the other
and, dyes applied in food coloring (food dye) are nontoxic, low-cost,
nd commercially available, yet their nonlinear optical properties in
queous solutions are rarely investigated.

In this work, we study nonlinear beam dynamics in food dye solu-
ions, revealing a tunable optical nonlinearity and formation of a self-
ollimated beam (SCB) in such solutions with low-power continuous-
ave (CW) laser illumination. By conducting a series of experiments
ith food dye solutions of different colors (pigments), we demonstrate

hat the optical nonlinearities of food dye solutions are mainly at-
ributed to the thermo-optic effects, dependent on the pigment, the
oncentration, and the wavelength of the laser illumination. In addi-
ion, with appropriately mixed food dye solutions, we observe that a
onlinear response arises for otherwise inactive wavelengths, leading
o nonlinear coupling between two self-collimated beams of different
avelengths. Using numerical simulation and calculation, we show that

he nonlinear self-collimating effect is mainly attributed to the shifting
f the focal point induced by the absorption-dependent thermo-optic
ffect [35], while the optical forces on the food dye particles seem to
ave negligible contribution to the optical nonlinearity.

. Experimental setup and results

.1. Color-dependent absorption of food dye solutions

Food dyes with four different colors (red, yellow, green, and blue,
cCormick, made in the USA) are purchased from a nearby conve-

ience store. In our experiments, the liquid food dyes are directly
iluted into deionized water to prepare the samples with different
oncentrations. The absorption spectra of the four samples prepared
ith a concentration of 3 × 10−4 g/mL are measured by a spec-

rometer as summarized in Fig. 1. Different food dye samples exhibit
istinct absorption spectra with peak absorptions at different wave-
engths and varying absorbance levels at three laser wavelengths of
88 nm, 532 nm, and 639 nm used in our subsequent measurements.
t 𝜆 = 532 nm, the red dye is the most absorptive, the blue takes
econd place, while the green and yellow have weak absorption. For
he other wavelengths of 488 nm and 639 nm, the absorption strengths
ake different orders for the four dyes.

.2. Nonlinear beam propagation in different food dye solutions

Firstly, we examine the beam propagation dynamics through food
ye solutions (concentration is 7 × 10−4 g/mL) at different input
owers. The setup is illustrated in Fig. 2(a). A Gaussian beam (laser
) operating at 𝜆 = 639, 532, or 488 nm is collimated by a pair of
enses (L1, L2), then focused into a 3-cm-long glass cuvette filled with
he food dye solutions by a convex lens L5. An optical attenuator is used
o tune the optical power. The focal point of the input beam is located
bout 1 cm away from the input facet inside the cuvette. The output
eam after propagating through the sample is collected by a lens L6,
nd recorded by a CCD camera.

We take two kinds of dye solutions, red and yellow, which have
trong absorption and nearly no absorption at 532 nm, respectively.
eam propagation exhibits notably different behaviors as shown in
igs. 2(b)–2(e). In the red dye solution, the input beam (with a di-
meter about 0.35 mm) [Fig. 2(b)] diffracts strikingly at low power
∼0.01 mW) [Figs. 2(c1) and 2(f)]. As the input power increases, local

efractive index changes and the output beam size shrinks dramatically,

2

Fig. 1. Absorption spectra for dye solutions of four different colors at the same
concentration of 3 × 10−4 g/mL. The vertical dashed lines indicate absorbance at the
aser wavelengths of 488, 532, and 639 nm available for experiments. The inset shows

picture of the four food dye solutions used in experiments.

eaching a minimum at 100 mW [Fig. 2(c2)]. Subsequently, when the
ower is further increased, the beam starts to diverge, and gradually
volves into an expanded asymmetrical diffraction ring pattern due
o thermal defocusing nonlinearity accompanied by fluid convection
Fig. 2(c3)]. Such asymmetric patterns were observed and discussed in
everal prior experiments [2,36,37], so it will not be the focus of this
ork. In contrast, a totally different outcome is observed in the yellow
ye solution at the same concentration and with the same wavelength.
he output beam remains almost unchanged when the input power is

ncreased, as shown in the third row [Figs. 2(e1)–2(e3)]. It implies
hat there is no evident optical nonlinearity that exists in the yellow
ye solution due to weak absorption at this wavelength. These results
ndicate clearly that the observed optical nonlinearity is related to
bsorption.

Next, we perform systematic experiments with all four colors of
ood dye solutions using 639 nm and 488 nm lasers to compare the
eam dynamics. The measured output beam diameters (full width
t 1/e2-intensity) as a function of input powers in these solutions
re summarized in Figs. 3(a)–(c). Fig. 3(a) shows that the focusing
onlinearity strength at 𝜆 = 532 nm (examined from the smallest beam
ize) decreases in the following order of red, blue, green, and yellow
yes. At 𝜆 = 488 nm, as shown in Fig. 3(b), the focusing nonlinearity
trength decreases in the order of red, yellow, blue, and green. While
t 𝜆 = 639 nm, Fig. 3(c) shows that the nonlinearity strength decreases
n the order of blue, green, yellow, and red dyes. Comparison of the
onlinearity strength with the absorption spectrum in Fig. 1 reveals
hat these two are positively correlated. In other words, a stronger
bsorption leads to a stronger optical nonlinearity, allowing us to vary
he pump laser to tune the optical nonlinearity. Furthermore, to inves-
igate the effect of dye concentrations on their generated nonlinearity
trength, we also measure output beam diameters as a function of the
nput laser power at different concentrations. Typical results are shown
n Fig. 3(d) for the blue dye solutions. As indicated by the change of
utput beam diameters, we see that the optical nonlinearity depends
trongly on dye concentration, therefore we can also tune the optical
onlinearity by varying concentrations.

Now, we discuss the apparent self-focusing dynamics observed in
bove experiments, i.e., an optical beam undergoes a converging effect
efore it expands at sufficiently high input power. In fact, this origi-
ates from the shifting of the focal point induced by the thermo-optic
ffect. The refractive index in the center of the medium is lower than
hat far from the center at high input power, so the originally focused
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Fig. 2. (a) Schematic of the experimental setup. (L1, L2) and (L3, 𝐿4) are two pairs
of collimating lenses. L5: focusing lenses; L6: imaging lens; The lenses are all double-
glued achromatic lenses to eliminate achromatic aberration of different wavelengths.
DM: dichroic mirror; NF: notch filter; CCD: charge-coupled device. Laser 1 is used as
the main beam for nonlinear propagation experiment, and Laser 2 is employed when
needed for two beam coupling experiment. (b)–(e) Nonlinear propagation results at
different optical powers, where (b) and (d) are inputs, and (c1)–(c3) and (e1)–(e3)
are output intensity patterns of a laser beam at 532 nm, through red and yellow dye
solutions, respectively. (f)–(g) Side-view images taken at 0.01 mW and 25 mW for the
red dye solution.

beam undergoes self-defocusing. The strong negative nonlinearity near
the focal point pushes the beam converging forward, just like what
a concave lens located before the focus of a beam does [35], thus
reducing the apparent beam size at output [Fig. 2(c3)]. Interestingly,
when optical power is increased to 25 mW, focusing induced by the
convergent lens and self-defocusing induced by the thermal lens bal-
ance, so the output pattern becomes almost as same as the input, and
the initially converging beam becomes collimated over a distance, in a
soliton-like profile, which is called self-collimation [Fig. 2(g)] [30,35].
Such a self-collimated beam can penetrate deeply into the solution,
maintaining its beam pattern with very little distortion. This thermo-
optic effect is further confirmed by experiments where the original focal
point is located before the input facet. In such experiments, we find
the SCB cannot be formed. Instead, the beam will undergo defocusing
during its entire propagation through the solution.

2.3. Nonlinear coupling of two beams of different wavelengths in mixed dye
solutions

Since the nonlinearity of food dye solutions is directly related to
their absorption, it should be tunable by mixing different dye solutions.
In principle, a strong nonlinearity of dye solutions can be achieved
at the wavelengths of interest in such synthetic food dye solutions
with appropriate proportions. Here, we illustrate a simple example
by mixing red and green food dyes with equal proportions as shown
in Fig. 4(a). The spectra of the mixture and each individual solution
are also measured and shown in Fig. 4(b). The two beams propagate
collinearly in the mixed solution and they experience a refractive-index
modulation created by both beams. One of pairing beams is at 532 nm
(beam 1), and the other is at 639 nm (beam 2) [Fig. 2(a)]. At a low in-
put power, both beams diffract linearly while propagating through the
3

mixed solution, as shown in the second column in Fig. 4(c). When the
two beams are decoupled, that is, any one of the two beams is blocked,
the remaining beam only displays partial nonlinearity [third column
in Fig. 4(c)]. However, when the two beams are coupled, the optical
beams exhibit stronger nonlinearity [fourth column in Fig. 4(c)]. These
results resemble the incoherently coupled spatial soliton pairs observed
early in a biased photorefractive crystal [38], but here it is due to
the enhanced shifting of the focal point toward the output plane as a
result of combined thermo-optic effects from both beams. Especially,
in our experiments, when the input power is increased to 23.7 mW for
beam 1 and 55.4 mW for beam 2, two self-collimated beams of different
wavelengths seem to be coupled to each other, exhibiting the coupled
soliton-pair-like behavior. It appears that the beam profile in Fig. 4(c4)
is smaller than that in Fig. 4(c3). This may be due to the following
two reasons: firstly, Beam1 at 532 nm is focused to a smaller size at
the input; secondly, from Fig. 4(b), we can see that the absorption at
639 nm is much larger than that at 532 nm, so even the power is less
than 1 mW for test of linear propagation, thermal effects may have
worked slightly on beam 2 at this longer wavelength.

2.4. Z-scan measurement of the nonlinear coefficient

To determine the nonlinear coefficient, we perform closed z-scan
measurements of dye solutions, whose movements are restricted in a
1-mm-thick cuvette [Fig. 5(a)]. The normalized power transmittance is
determined by [39,40]

𝑇 (𝑧) =
∫ 𝑟𝑎0 |𝐸𝑎

(

𝛥𝜙0, 𝑟, 𝑧
)

|

2𝑟𝑑𝑟

𝑆 ∫ ∞
0 |𝐸𝑎 (0, 𝑟, 𝑧) |2𝑟𝑑𝑟

(1)

here 𝐸a is the optical field at the aperture, 𝑟a is the aperture radius,
𝛥𝜙0 is the on-axis phase shift at the focus and S is the aperture
transmittance in the linear regime. The measured power transmittance,
as shown in Fig. 5(b), exhibits a peak-to-valley structure, implying the
self-defocusing nonlinearity of the solutions [41,42]. It is noted that the
asymmetric curve of red dye is due to the absorption saturation under
532 nm. But at this wavelength, other colors have little absorption
so the asymmetry is not obvious. Food dyes with stronger absorption
will exhibit stronger nonlinearity, so under 532 nm laser, the red dye
shows the supreme optical nonlinearity. Representatively, the nonlinear
refraction coefficient of red dye solution is 𝑛2= −2.14 × 10−7 cm 2/W
for the input power of 100 mW calculated by Eq. (1).

3. Simulation and numerical results

We take the red dye solution for example to illustrate the thermal
nonlinearity and the formation of SCB in simulation. The medium
absorbs energy and undergoes a non-radiative transition simultane-
ously with heat generation and the subsequent formation of a thermal
gradient under an inhomogeneous light field. With a Gaussian profile,
the center of the beam has a higher intensity, resulting in a higher
temperature and a lower refractive index, and if we assume the media
suits Kerr-like nonlinearity, 𝑛 = 𝑛0 + dn/dT × 𝛥T can be adapted
to [37,43]

𝑛 = 𝑛0 + 𝑛2𝐼 (2)

where 𝑛0 is the linear refractive index, 𝑛2 is the nonlinear refraction
coefficient which is almost negative in thermal media and I is the local
intensity.

In an absorption media with such an optical nonlinearity, the parax-
ial propagation equation along z is [11]

𝑖 𝜕
𝜕𝑧
𝜓 + 1

2𝑘
∇2
⊥𝜓 + 𝑘𝛥𝑛

𝑛0
𝜓 + 𝑖

𝛼0
2
𝜓 = 0 (3)

where 𝜓 is the amplitude of the wave, 𝛼0 is the linear absorption
coefficient, k is the wavenumber, 𝛥𝑛 = 𝑛2I. We numerically simulate
the beam propagation behavior in red dye solutions using the Beam
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Fig. 3. Measured output beam diameter as a function of the input laser power for dye solutions of four different colors at the same concentration for three laser wavelengths of
(a) 532 nm, (b) 488 nm, and (c) 639 nm. (d) The output beam diameter as a function of the input laser power at 𝜆 = 639 nm in blue dye solutions of different concentrations:
3 × 10−4 g/mL, 5 × 10−4 g/mL, 7 × 10−4 g/mL.

Fig. 4. (a) Red, green food dye solutions and their mixture with equal proportions. (b) Absorption spectra of red dye, green dye, and their mixed solution. (c) Nonlinear coupling
of two laser beams of wavelengths 532 nm (beam 1) and 639 nm (beam 2) in a mixture of red and green food dye solutions. Shown in (c) from left to right are transverse
intensity patterns and corresponding beam profiles taken for input, normal diffraction, decoupled output (when the other pairing beam is blocked), and the coupled soliton-pair-like
behavior (when both beams are in action). The ‘‘x’’ is the abscissa of the profile image.
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Fig. 5. (a) Illustration of the Z-scan setup. (b) Measured Z-scan results of a 1-mm-thick cell filled with food dye solutions of four different colors at 532 nm, all displaying a
negative nonlinear coefficient.
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Fig. 6. Simulated behavior of a 532 nm laser beam propagating through a red dye
solution. (a) Input transverse intensity pattern. (b1)-(b2) Corresponding output beam
patterns at different optical powers. (c1)-(c2) The corresponding side view of the beam
propagating through a 3-cm-long cuvette. The green dashed lines in (c1) and (c2) mark
the position of original focus of the beam in the linear case.

Propagation Method [44]. The critical parameters during simulation
include 𝑛0 = 1.33 for linear refractive index, 𝑛2 = −2.14 × 10−7 cm2/W

easured by the closed z-scan experiment, and 𝛼0 = 2 cm−1. A Gaussian
eam focused by a lens (focal length is 12 cm), diffracts 11 cm linearly
n free space, and then transmits in the food dye solutions for 3 cm
ith a loss in every step. The simulation results are represented in
igs. 6(a)–6(c). The input beam diameter is 0.35 mm [see Fig. 6(a)],
nd diverges into 0.7 mm in linear diffraction at low input power
Fig. 6(b1)]. When we increase the optical power of the input beam,
he intensity near the focal point is extremely enhanced, so giant
onlinearity pushes the focal point forward. After propagating a long
istance, the beam will be less divergent compared with the linear
ase, which is in consistence with experimental results. When the input
ower is increased to 25 mW, diffraction and focusing reach a balance.
ne can see that the output beam diameter is almost the same as the

nput one and a self-collimated beam is formed [see Fig. 6(b2)]. From
he side view of the beam at input powers of 0.01 mW [Fig. 6(c1)] and
5 mW [Fig. 6(c2)], it is clear that the intensity is more converging in
maller area as a result of SCB formation in the red dye solution, which
s in good agreement with experimental results in Figs. 2(f)–2(g).

. Discussion

As mentioned above, in order to make clear the beam propagation
ehavior in food dye solutions, we need to determine whether optical
orce also plays an important role for nonlinear beam dynamics in

ood dye solutions. Actually, in dielectric nanosuspensions under CW

5

laser illumination, optical forces, including gradient and scattering
forces may create a spatial variation in particle concentration, leading
to local changes of refractive index, as explained earlier. Here, we
only discuss the gradient and absorption forces since for food dye
solutions, the scattering force is negligible [45], which is different
from plasmonic and biological suspensions [1,2]. The particle’s size in
food dye solutions is only several nanometers, which is much smaller
than the pump laser’s wavelength. In the Rayleigh regime, the gradient
force is given as 𝑭𝑔𝑟𝑎𝑑 = (𝛼/4)∇|E2

|, where | E2
| corresponds to the

optical intensity, 𝛼 is effective polarizability of the particle and is given
as 𝛼 = 4𝜋𝜀0𝑛2b(𝑚

2-1)/(𝑚2+2)𝑅3, and 𝑚 = 𝑛𝑝∕𝑛𝑏 [13]. The refractive
ndexes of the particle and the background medium are 𝑛𝑝 = 1.56 [46]
nd 𝑛𝑏 = 1.33, respectively, and 𝑅 = 5 nm is the particle radius in
ur numerical calculation. It should be pointed that, we measured the
verage particle through dynamic light scattering (DLS) method by
alvern Mastersizer but found no signals, indicating that detectable

ye particles if any were smaller than 5 nm, so here, we use R = 5 nm as
he estimation of maximum particle size for calculation. The maximum
radient force is estimated to be about 10−9 pN at the location of the
ocal point. Under the action of this force, the maximum speed of the
article will be only ∼10−11 m∕s from Stokes’ law [30] (𝑭𝑔𝑟𝑎𝑑 = 6𝜋𝜇𝑅𝜈,
here 𝜇 = 1.005 × 10−3 Pa s is viscosity of water, and 𝜈 is the velocity
f the particle).

As for absorption force, 𝑭𝑎𝑏𝑠 = ẑ(𝑛b/c)𝐶𝑎𝑏𝑠I [47], is along the
ropagation direction, where 𝐶𝑎𝑏𝑠 is the absorption cross-section and

can be obtained from absorption spectra [47], and I is the optical
intensity. For food dyes in our experiments, we find that when optical
power is 100 mW, the maximum 𝑭𝑎𝑏𝑠 ∼ 10−10 pN, which is 10 times
smaller than the gradient force. Obviously, these two forces are too
small to pull or push the particles, so the local change of refractive
index induced by optical force is impossible, or rather, it can be
neglected compared to that created by the thermo-optic effect. As
such, we believe the observed nonlinear self-collimating effect is mainly
attributed to the shifting of the focal point induced by the absorption-
dependent thermo-optic effect, in accordance with early work based on
colloidal suspensions of gold nanoparticles [35].

We also point out that here the discussion about optical forces
is motivated by any ‘‘nonlinear refractive-index changes’’ due to the
movement and density changes of possible suspended particles induced
by optical forces [1–4,11,13,24]. This is quite different from the ‘‘non-
linear optical force’’ calculated for trapped nanoparticles under the
action of femtosecond pulses [48].

5. Conclusion

We have explored tunable optical nonlinearity exhibited when an
optical beam propagates through food dye solutions of different colors.
Our results show the optical nonlinearity is attributed to the thermo-
optic effect, which causes the focal point to shift forward, leading to
apparent self-collimation of light beams in such solutions. Furthermore,
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we observe soliton-pair-like interaction between two self-collimated
beams of different wavelengths, due to the enhanced shifting of the
focal point toward the output plane of the paired beams. By calculating
the gradient force and absorption force, we find that the optical forces
do not seem to play a dominant role in leading to the local change
of refractive index as previously thought, which is in contrast with
previously reported work on optical force-induced nonlinearity and
self-trapping of optical beams in dielectric and plasmonic suspensions.
This readily available and tunable optical nonlinearity in low-cost food
dye solutions can be potentially used in a wide range of applications
such as optical limiting and switching.
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