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Abstract. In the present work, a 3-Dimensional diffusion model is proposed to predict the main properties of
Diffractive Optical Elements (DOEs), recorded in photopolymers, including refractive index modulation and
the evolution of the transverse intensity distribution. The model enables the selection of appropriate material
characteristics based on the intended application of the DOE. Specifically, a PVA/AA photopolymer based
on acrylamide is simulated using the proposed model, considering coverplating and index matching systems
to mitigate the effects of thickness variation. In order to compare its properties using the suggested model,
the simulation focuses on a Fibonacci Lens and the dependece of the intensity on the polymerization rate.
Accordingly, axial intensity pattern is represented to prove the bifocal-behaviour of these diffractive lenses.

1 Introduction

DOEs have numerous practical applications in diffractive
microoptics, medical laser treatments, solar energy con-
centrators, etc. Due to their unique properties and versa-
tility, DOEs are commonly used to shape light in work-
ing environments for customized illumination. Photopoly-
meric materials provide us with an ideal scenario to regis-
ter DOEs, due to their good phase modulation properties,
which we have successfully modeled recently. This model
describes the diffusion process inside the photopolymer
[1, 2]. Towether with non-local polymerization, light at-
tenuation with depth and variations of the polymerization
rate, such as is dealt with in [3]. The present work can
be divided into three distinct stages. Firstly, the intensity
pattern of a complex DOE is simulated, in particular the
Fibonacci Lenses (FL) [4]. Secondly, the refractive index
modulation due to the polymerization process is obtained
using the theoretical diffusion model. Finally, by means of
Fresnel propagation, effects on the evolution of the axial
transverse intensity distribution produced by a zone plate
constructed by FL are shown.

2 Theorical Diffusion Model

In general, the DOE formation in photopolymers depends
on the polymerization rate, FR, and the molecules diffu-
sion inside the recording media, D, due to Fick’s Law.
Therefore the equations that govern this model are:

∂M(x, z, t)
∂t

= D(t)∇2M(x, z, t) − FR(x, z, t)M(x, z, t)

∂P(x, z, t)
∂t

= FR(x, z, t)M(x, z, t) (1)

,where M and P are the concentrations of the monomer
and the polymer respectively and D is the diffusivity of

the monomer in the material. Diffusion model presented
solves this equations (1) using finite difference method
(FDM). In this work, diffusivity in the polymerization pro-
cess is consider as a constant. On the other hand, FR is the
rate of polymerization, wich depends on the rate of reac-
tion and the recording intensity. This dependence is given
by

FR(x, z, t) = kR(t)I(x, z, t)γ = kR(t)
[
I(x, y)e−β(t)z

]γ
kR(t) = kR0e−αT t

(2)

where I(x, z) is the recording intensity, kR0 is the rate con-
stant, γ is the relationship between intensity and polymer-
ization rate, β(t) is the intensity depth attenuation coeffi-
cient due to light absorption and finally αT is the attenua-
tion of the polymerization due to the Trommsdorff’s effect.

3 Fibonacci Lenses
The Fibonacci sequence is a recursive set of numbers that
obeys:

Fn+1 = Fn + Fn−1 lim
n→∞

Fn+1

Fn
=

1 +
√

5
2

≡ φ (3)

,where φ is the golden ratio. We can define a binary gener-
ating function, Φn(ζ) for a π-phase of the Fibonacci Lens
(FL) like.

Φn(ζ) =


0 if (⌊lφ⌋) − 1)d ≤ ζ < (⌊lφ⌋))d

π other case
(4)

,where l = 1, 2, 3, ..., Fn, and ζ = (r/a)2 is the normalized
radial coordinate, with a the radius of the lens and ∀ ζ ∈
[0, 1], plus this interval is segmented into Fn+1 subintervals
of length d = 1/Fn+1. On the other hand, ⌊x⌋, denotes the
floor function, giving as its value the largest integer less
than or equal to x.
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4 Results and discussion

Fibonacci lens has been chosen to study the precision of
this model. Specifically, FL profile will be simulated after
200 s of exposure time. As it is shown in [4], FL produce
two focal points. In order to verify the aforementioned
fact, an analysis will be conducted on the variation of ax-
ial intensity distribution, considering the influence of the
parameter γ from Eq (2).

4.1 Refractive index modulation and Fresnel
Propagation

Once the FL intensity pattern is incident onto the pho-
topolymeric material, the diffusion process begins. This
leads to a modulation of the refractive index during the
exposure time as it is presented in Figure 1.

Figure 1. Refractive index modulation due to the diffusion pro-
cess after recording the phase of an FL into the photopolymer,
with size 300 × 300 µm2.

Once the refractive index modulation, ∆n, has been ob-
tained, a plane wave is propagated through the material to
simulate its reconstruction. The axial irradiance distribu-
tion produced by an FL and its associated Fresnel Zone
Plate (FZP) can be calculated with the Fresnel-Kirchhof
integral

I(u) = 4π2u2

∣∣∣∣∣∣
∫ 1

0
exp (−i2πuζ) exp

(
i2πd∆n(ζ)
λ

)
dζ

∣∣∣∣∣∣2 (5)

,where u = a2/2λz is the axial reduced coordinate, λ =
633 nm, d is the thickness, z the axial distance from the
material and ζ is the input plane spatial coordinate.

4.2 Influence of the parameter γ

The parameter γ represents the non-linearity of the poly-
merization rate with the incident light into the material [5].
According to Figure 2, the influence of non-linearity in
the diffraction orders generate a deviation between suc-
cessive focal points, which depends on the increase of the
exposure time. We see that the, diffusion model is able to
predict the two first-order foci shows that the second lobe
is broader and reaches higher DE than the first one for a
linear relationship γ = 1.

Figure 2. Evolution of the axial and transverse intensity distribu-
tion produced by a FL for different values of γ by the Diffusion
Model (DM) and the theorical result. Φ9(ζ) lens is used with
a = 2 mm.

Focal distances for different values of γ are shown and the
following relationship between them is f1/ f2 = Fn/Fn−1 =

φ. Therefore, foci approaches the axial positions f1 =
a2/2λF8 = 15 cm and f2 = a2/2λF9 = 9.29 cm.

5 Conclusions
The properties of Fibonacci lenses have been character-
ized. Upon obtaining the theoretical results by the diffu-
sion model, a value of γ can be proposed by utilizing the
relationship between the intensity of recording and poly-
merization rate. To sum up, this study serves as a prelude
to a forthcoming experimental investigation. This bifocal
diffractive lens can be applied to numerous fields, like in
ophthalmology or X-ray microscopy.
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